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Preface

Human beings encounter scenarios where they develop severe symptoms
of a disease. The discovery of antibiotics was thought to relieve human
beings of their miseries caused by microbial infections. However, microbes
have been evolving rapidly to become resistant to antibiotics. It has been
realized that bacteria have a unique system of multiplying silently through
the phenomenon termed Quorum Sensing (QS). QS operates through signal
molecules, which enable bacteria to sense their population density. At high
cell density, bacteria activate their arsenal of virulence factors. QS mediated
biofilms formed by pathogenic bacteria allow them to with stand high
doses of antibiotics. This provoked scientist to look for novel alternatives
to antibiotics. It led to the discovery of QS inhibitors, both natural and
synthetic. Recent studies have indicated that QSIs may meet the same fate
as antibiotics. Although a lot of scientific literature is being published rapidly
since the last few years, it is limited largely to scientific research journals.
A compilation of these important findings is not available to students at
graduate and post-graduate levels. The best thing about this book is that
the various chapters have been written by experts in the respective areas.
As it demands tremendous and dedicated effort, we are extremely thankful
to all the authors for their prompt responses and their contributions. I was
inspired by my parents (Mr. R.B. Kalia and Mrs. Kanta Kalia), wife (Amita),
Sunita (Sister), Ravi and Satyendra (Brothers), children (Daksh and Bhrigu),
teachers, and Rup and Hemant (friends) to write this book. Throughout the
preparation of this work, I was supported by Mr. Prasun Kumar, my Ph.D.
student.

Delhi, India Vipin Chandra Kalia
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Microbes: TheMost Friendly Beings?

Vipin C. Kalia

Introduction

Microbes, plants, animals, and human beings are
intricately related to each other. In quite a few
scenarios, these organisms live in close associa-
tion with each other, for example, in rhizosphere,
phyllosphere, etc. (Lindow and Brandl 2003).
Epiphytes harbor microbes which prove helpful
to the host (Hempel et al. 2008). Endophytic
fungi prevent diseases and provide drought toler-
ance to Poaceae (grasses), and mycorrhizal fungi
form symbiosis with vascular plants and protect
them from diseases and enable them to sequester
phosphate from the soil (Khan 2006; Rodriguez
et al. 2009). Among all the symbiotic relation-
ships, nitrogen fixation by rhizobia-legume in-
teraction can be listed as the most beneficial
outcomes (Drevon et al. 1987, 1988; Zhuang et al.
2013; Gao et al. 2014).

Human beings are conscientiously accom-
plished to exploit others for their personal
benefits. Associations of microbes and human
beings are not viewed in the positive light.
Most microbes with an ability to infect human
beings are perceived to lead to an unhealthy
situation (http://ca-biomed.org/csbr/pdf/connect.
pdf). However, each organism has been bestowed
with a mechanism to protect itself from attack

V.C. Kalia (�)
Microbial Biotechnology and Genomics, CSIR-Institute
of Genomics and Integrative Biology, Mall Road,
Delhi 110007, India
e-mail: vckalia@igib.res.in; vc_kalia@yahoo.co.in

(Peterson et al. 2014). All organisms have
distinct genetic makeup that they are able to
maintain their identity and integrity with high
precision. Incidentally, recent developments in
microbial sciences have revealed that microbes
stay on and inside our body (Walter et al.
2011). It has been realized that we harbor ten
times more bacterial cells than our own (10
trillion) (http://gotsomescienceonyou.com/2013/
05/08/there-isnt-that-much-you-in-you/). Skin
microbiota is dominated by members of Bac-
teroidetes, Corynebacteria, Propionibacterium,
Proteobacteria, Staphylococcus, etc. A second
major group of microbes (around 160 species)
is present in the human gut (Qin et al. 2010).
Intensive analysis of gut microbes has provided
very interesting insights for human health.
In fact, our well-being is dependent upon the
composition of this community (Gerritsen et al.
2011). It may not be inappropriate to state that
their meticulous functioning is important for
our health and welfare. We feel happy and are
able to enjoy life while bacteria inside the gut
are working silently. Our physical fitness and
healthy appearance can be assigned to Firmicutes
and Bacteroidetes (Wexler 2007). When these
two groups compose between 44 and 48 % of
the total gut microbiota, our metabolic activities
allow us to have a lean appearance. However,
if these two dominant groups reach a threshold
level of around, 82–86 % of the total population,
our body loses track of its growth. Our body
starts expanding outward like a half balloon and
we become obese. Firmicutes grow rapidly if

V.C. Kalia (ed.), Quorum Sensing vs Quorum Quenching: A Battle with No End in Sight,
DOI 10.1007/978-81-322-1982-8__1, © Springer India 2015
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the fat intake is high, whereas Bacteroidetes
multiply on a diet rich in carbohydrates (David
et al. 2014). Actinobacterial, Fusobacterial, and
Verrucomicrobial members assist the gut bacteria
to function normally. While bacterial activities
are going on in full swing, we do not take any
notice of their presence. In addition to these, two
relatively gentle set of bacteria, our body is also
inhabited by a third group. It is composed of
the pathogenic bacteria, which infect different
body parts and our body becomes diseased. This
pathogenic association is caused by two kinds
of bacteria. They “love” our body and stay there
for short or long duration depending upon their
nature. The first group infects the body, multiplies
fast, and exits hurriedly. These rapidly flushing
out bacteria cause diseases like diarrhea, cholera,
septicemia, etc. These gastroenteric infections
are caused by enterotoxigenic Escherichia
coli, Klebsiella, Pseudomonas aeruginosa,
Salmonella typhi, Serratia, Shigella, Vibrio
cholerae, Bacteroides, and Proteus (http://www2.
hawaii.edu/ johnb/micro/m130/eadings/Septic
Shock.htm). The worst part is their high
resistance to antibiotics (White et al. 2002).
The second group is composed of those bacteria
which seem to have permanently “migrated”
to the human body. They settle in different
body parts and feel “comfortable” as there is no
crunch of nutrients. Bacteria like Mycobacterium
tuberculosis, P. aeruginosa, and Burkholderia
cepacia cause infections and multiply in an
uninterrupted manner by constantly evading the
human immune system (Costerton et al. 1999;
Mahenthiralingam et al. 2002; Purohit et al.
2007; Bhushan et al. 2013). Hence, we take
notice of the presence of bacteria in and on our
body when they cause diseases which we can no
longer afford to avoid.

The Rise and Fall of Antibiotics

In the last few centuries, human beings have
encountered severe bacterial infections. In the
absence of any effective mechanism to get rid of
these pathogenic organisms, the mortality rates
used to be skyrocketing (Schmid-Hempel 2009).
Health departments worldwide are constantly

on their toes and making efforts to control the
growth of these organisms and achieve a major
reduction in human mortality and morbidity rate.
During these epidemics, there were instances of
entire human communities getting wiped out.
It was realized that toxin-producing organisms
such as Staphylococcus aureus, Clostridium spp.,
Yersinia enterocolitica, Streptococcus mutans,
S. pneumoniae, etc., were the major culprits.
A great discovery came to the rescue of patients
infected with chronic and acute diseases. Sir
Alexander Fleming was honored with the Nobel
Prize for his contribution – the discovery of the
wonderful antibiotic, penicillin. It totally shifted
the way people could envision the future – a
world free from diseases. All the same, this
notion was soon shattered as bacteria were quick
to respond. Their arsenal of genetic reservoir
came to their deliverance. By undergoing genetic
mutations, bacteria became resistant to penicillin.
Staphylococcus resistant to penicillin emerged
in 1940, which was soon followed by Shigella
showing resistance to tetracycline, and evolution
of erythromycin-resistant Streptococcus, etc.
This trend of evolution of bacterial resistance
to the newly discovered antibiotics was seen in
the last few decades (Davies and Davies 2010).
Now, we are in an era where the prevalence of
multiple drug resistant (MDR) and extremely
drug resistant (XDR) bacteria seems to be the
norm of the day (Bhardwaj et al. 2013). It
reckons a very depressing picture for scientists
and pharmaceutical companies. Industrial houses
are ordained to think before investing in R&D
for novel antibiotics. It appears that bacterial
genetic makeup is quite subsistent after having
been exposed to antibiotics produced by other
organisms. Pharmaceutical companies find
investing in scouting drugs for chronic diseases
more lucrative than in short-term diseases, which
can be treated with a few doses of an antibiotic
(Kalia et al. 2007).

Biofilm: The Bacterial Shield

It has been realized that the biofilm-forming bac-
teria are responsible for 80 % of the infectious
diseases. This biofilm formation happens only

http://www2.hawaii.edu/~johnb/micro/m130/readings/SepticShock.htm
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under specific conditions and allows bacteria to
survive in the presence of antibiotic doses up
to 1,000 times more than those required to kill
them than their free-living counterparts. Biofilm
is a unique structure which is formed only when
certain genes get expressed by a phenomenon
called quorum sensing (QS) (Kalia and Purohit
2011). Bacteria grow and remain “silent” while
their cell density is low. It enables them to evade
the human immune system. Nevertheless, once
above a threshold population density, they are
able to sense it. This requisite cell density is
paramount to survive under stress conditions,
and they kick-start expressing genes which are
responsible for biofilm formation, production of
virulence factors, toxins, etc. This process of gene
expression at high cell density is mediated by
signal molecules produced by genes responsible
for synthase enzymes. These signal molecules
are sensed by the bacteria and form a complex
with intended receptor molecules, which in turn
transcribes genes for pathogenic behavior of the
bacteria. The system was initially detected in
Vibrio fischeri, which produced light and helped
to eliminate the shadow of the host (squid) organ-
ism, cast by the moonlight and enables it to save
itself from praying fishes (Nyholm et al. 2000). It
was realized that if bacteria are not expressing bi-
oluminescence, they are involved in phenomena
such as antibiotic production, biofilm formation,
nitrogen fixation, motility, sporulation, toxins,
virulence, etc. (Nakayama et al. 2006; Kolodkin-
Gal et al. 2007, Kolodkin-Gal and Engelberg-
Kulka 2008; Rinaudi and Giordano 2010; Kalia
and Purohit 2011, Kalia et al. 2011; Li and
Tian 2012; Bogino et al. 2013). QS-regulated
biofilm-forming bacteria – Aeromonas, Vibrio,
and Yersinia spp. – are a major cause of diseases
in fish (Bhargava et al. 2012; Chu et al. 2013).
It affects the economies of Departments of Fish-
ery and Aquacultures. Another adversely affected
industrial sector that is involved in the recla-
mation of wastewater and producing drinking
water. Biofilms formed on the membranes used
for filtering water lead to inadequate recovery
and add to economic losses (Bereschenko et al.
2010). The growth of bacteria on archaeological
buildings and monuments leads to their rapid
deterioration (Scheerer et al. 2009).

A New Era of Antibacterials

In view of the fact that we are losing a battle
against bacteria, scientists have embarked
upon a search as to how to circumvent this
problem. It has been envisaged that the QSS
can be interrupted at one or more stages, which
consequently may enable us to inhibit their
pathogenicity (Kalia and Purohit 2011, Kalia
2013). This strategy of employing quorum-
sensing inhibitors (QSIs) can prove effective
in designing novel antibacterials (Romero et al.
2012; LaSarre and Federle 2013). The presence
of bioactive molecules with properties to act
as QSIs have been detected in prokaryotes,
animal, and plants (Huma et al. 2011; Kalia
and Purohit 2011, Kalia et al. 2011; Desouky
et al. 2013; Kalia 2013; Kumar et al. 2013;
Nakayama et al. 2013). Chemists, with their
specialty in synthesizing analogues of natural
QSIs, have contributed significantly in improving
the efficiency of these molecules (Mai et al.
2011; Klein et al. 2012; Kalia et al. 2013; Lu
et al. 2012; Sahner et al. 2013). Only those
molecules which exclusively affect QS without
affecting bacterial growth are categorized as QSI.
Thus, unlike antibiotics, which affect bacterial
growth and eventually kill them, QSIs do not
put much selective pressure (Kalia and Purohit
2011, Kalia 2013). This has become a strong
basis for scientists to jump to the conclusion
that bacteria will not evolve resistance to QSIs.
It is no surprise that bacteria persistently tailor
their genetic potential to blunt any attack on their
survival. For bacteria the encounter with “novel”
antibiotics is a situation of déjà vu. Questions
are conjuring around the fate of QSIs. There
are evidences which suggest that bacteria may
evolve mechanisms to evade QSIs? (Defoirdt
et al. 2013; Kalia et al. 2014). So the great query
is: Are we doomed to drop dead at the hands
of bacteria and lose the battle of life? Will we
be the mute witnesses to human beings dying
at an annual pace of millions of deaths by these
pathogens (http://www.civilwar.org/education/
pdfs/civil-was-curriculum-medicine.pdf)? How
or will we be able to survive the onslaughts of
this never-ending battle?

http://www.civilwar.org/education/pdfs/civil-was-curriculum-medicine.pdf
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Evolution of MDRs
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Introduction

With the evolution of multidrug-resistant
bacteria at threatening rates, the mankind has
witnessed the glorious rise and fall of antibiotics.
Antibiotics, the miracle drugs and the magic
bullets that appeared to have marked the end
of the infectious diseases, are fast losing their
charm and effectiveness in human medicine.
The swift and untimely demise of these wonder
molecules has been attributed chiefly to the
resistance mounted by bacteria against them.
The phenomenon of antibiotic resistance is
inevitable and was something that was cautioned
in the Noble Prize lecture by Sir Alexander
Fleming in 1945. Dr. Joshua Lederberg very
accurately fathomed the seriousness of these
resistant bacteria whom he considered much
more dangerous a threat as compared to Ebola
and West Nile virus. Resistance to any molecule
or drug intended to kill a target organism is
a very natural phenomenon for the survival of
that organism; a cancer cell being subjected
to chemotherapeutic treatment, a fungal cell
subjected to anti-fungals and, similarly, anti-
parasitic and antibacterial compounds are all
likely to face resistance from their target
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cells. Thus, all the popular drugs including
antimalarials, anti-tuberculosis, anti-parasitic,
antivirals, anti-fungals and antibacterial drugs
are facing the risk of becoming obsolete.
Consequently, the human race faces the risk of
an apocalypse in the hands of these invincible
bugs that no drug is able to kill. This chapter
describes various genetic and some of the non-
genetic factors such as environmental, social and
political factors that have led to the evolution
of a phenomenon called multidrug resistance
(MDR). The threat of antibiotic resistance now
spans a wide range of infectious agents including
Gram-positive and Gram-negative bacteria, all
the infectious diseases and all the geographical
locations on this planet.

There has been an evolution of a myriad of
resistant bacteria such as methicillin-resistant
Staphylococcus aureus (MRSA), vancomycin-
resistant Enterococci (VRE), vancomycin-
resistant Staphylococcus aureus (VRSA),
extremely drug-resistant tuberculosis (XDR),
totally drug-resistant tuberculosis (TDR), New
Delhi metallo-“-lactamases (NDM)-carrying
superbugs, extended spectrum “-lactamases
(ESBLs)-carrying bugs and carbapenem-resistant
Klebsiella pneumoniae (CRKP) to name a few.
Having thrived in hospital settings at operation
theatres and intensive care units or in community
settings, these superbugs have wreaked havoc
and led to the number of deaths spiralling
high. This exhaustive list also deserves the
mention of major threats posed by Pseudomonas
aeruginosa and Acinetobacter baumannii in

V.C. Kalia (ed.), Quorum Sensing vs Quorum Quenching: A Battle with No End in Sight,
DOI 10.1007/978-81-322-1982-8__2, © Springer India 2015
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nosocomial infections. In addition to this,
Vibrio cholerae actually stands at the top of
the superbug list (Davies and Davies 2010). The
world has witnessed seven pandemics due to this
pathogen which has shown continuous evolution
in terms of virulence factors and antibiotic
resistance traits.

Causes of MDR

MDR is a complex phenomenon that arises due
to interplay of large number of factors that work
in synergy to manifest this problem. Some of the
causes of MDR are described below.

Genetic Factors

There is a plethora of genes responsible for the
evolution and dissemination of MDR. These
genes could be chromosome borne or carried
by molecular vehicles such as plasmids, viruses,
integrons and transposons, some of which will
be described in sections “General mechanisms
involved in the evolution of antibiotic resistance”
and “Role of MGEs in evolution of MDR”.

Social and Political Factors

The underuse, overuse as well as misuse of
antibiotics can lead to serious consequences in
treatment of infectious diseases. Inappropriate
prescriptions due to callousness of the medical
doctors like prescribing drugs with improper
dosage or prescribing wrong drugs could be
one of the reasons. Using antibiotics to treat
viral infections could lead to the development
of resistance in bacteria residing in the human
body. Poor compliance to the drug courses,
sub-inhibitory concentrations or premature
abrogation of antibiotic usage by humans
serve as crucial factors for the development
of resistant bugs. Profligate use of antibiotics
in human medicine, aquaculture, agriculture
and poultry adds to the reservoir of resistance-
conferring genes from drug-resistant bacteria in
environment, also termed as resistome. Through

the extensive and persistent use of antibiotics,
the selective pressures continue to be exerted on
the bacterial communities. In this scenario, the
probability of infection of any individual with
a drug-resistant bacterium is much higher as
compared to infection with a drug-susceptible
bacterium. Therefore, the problem that started
with a single patient or a small group of people
assumes the proportion of a public health
problem. Lack of government policies for proper
disease surveillance, antibiotic usage as well as
containment of the infectious diseases often leads
to the spread of MDR. Pharmaceutical industries
are losing interest in the antibiotic development
due to the lack of government policies that
could give incentives to the pharmaceutical
sector for the research and development of new
antibiotics. Inability to detect the newer and
more subtle antibiotic resistance phenotypes with
the available laboratory diagnostic techniques
may lead to longer survival and circulation of
MDR pathogens in human populations often
hindering successful treatment regimens. For
example, pneumococcal resistance to “-lactams
and staphylococcal resistance to vancomycin are
the difficult phenotypes to detect.

Environmental Factors

Natural disasters or calamities like earthquakes,
floods, tsunamis and famines and political
situations like civil wars or unrest where the
medical facilities are heavily impaired can also
lead to the high case fatality rates due to the
thriving MDR bacteria. Many drugs such as
antibiotics, antidepressants, chemotherapeutics
and their residues often escape purification by
water treatment plants and, therefore, contam-
inate drinking water supplies. Considerable
amounts of these antibiotics are released into
the biosphere by hospitals, research laboratories,
pharmaceutical industries and domestic use. It
is not surprising that the microbial world in
soil, water and food has to resort to myriad
resistance determinants to avert the catastrophe
due to these contaminants. The Environmental
Protection Agency (EPA) and Food and Drug
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Administration (FDA) have not yet formulated
any rules and regulations on this aspect of drug
contamination in drinking water. This has serious
consequences not only for humans but also for
the aquatic ecosystems. At many places such
as the United States and India, drugs have been
dumped by pharmaceutical companies in the
rivers (http://www.purewaterfreedom.com/osc/
pharma_water_contamination.php). In addition
to the spurt in the appearance and dissemination
of drug resistance genes, their toxicity to all the
organisms in water or land or air is probably
unfathomable.

Consequences of MDR

The dissemination of MDR traits in bacteria has
different consequences for mankind as well as the
pathogens.

For the human hosts that fall prey to the super
bugs, it leads to:
• Treatment failure
• Prolonged stays in the hospitals escalating the

health-care budgets
• Reduction in manpower that has both social as

well as economical consequences
For the bacterial populations, this MDR trans-

lates into:
• Increased virulence of the bacterium. For ex-

ample, the studies on A. baumannii have re-
vealed that genomic islands in this organism
also harbour virulence determinants in addi-
tion to the antibiotic resistance determinants
(Barbe et al. 2004). Similarly, the community-
acquired MRSA has equipped itself with a
wide range of genes that endow the bacteria
with pathogenicity genes as well as antibiotic
resistance genes (DeLeo and Chambers 2009).

• More efficient transmission of bacterium.
• Dissemination of the resistance genes to all

other pathogens in their vicinity leading to
amplification of the resistance genes in the
nature.

• Transfer of resistance genes to the commensal
organisms residing in the host affecting the mi-
croflora often leading to some other outcomes
in the host health.

General Mechanisms Involved in the
Evolution of Antibiotic Resistance

The evolutionary history of resistant bacteria pre-
dates the introduction of the antibiotic era. It is
understandable that the antibiotic producers were
actually the reservoirs of drug resistance genes.
These antibiotic resistance genes were part of
the paraphernalia involved in the production of
antibiotics by the bacteria where they provided
protection to the producers.

As antibiotics target the vital processes of a
bacterial cell, they create a do-or-die situation
for a bacterium. Hence, it is indispensable for
the bugs to resist the action of antibiotics at any
cost by devising various tactics. The molecular
mechanisms of resistance exerted by bacteria to
overcome drugs have been well studied, and they
employ any one or a combination of the following
strategies (Alekshun and Levy 2007).

Chromosomal Mutations
at the Target Sites of Antibiotics

Mutations at the antibiotic target sites are
the main mode of resistance to most of the
antibiotics. Mutations occurring as a result
of replication errors reduce the affinity of
the antibiotics to their targets resulting in the
resistant phenotype. For example, quinolone and
fluoroquinolone resistance occurs through the
mutations at the DNA gyrase and topoisomerase
IV genes. Similarly, mutations in the gene
encoding dihydropteroate synthase decrease
the enzyme affinity to the sulphonamides. In
Mycobacterium tuberculosis, resistance to the
common drugs such as rifampin, streptomycin,
ethambutol and fluoroquinolones used to treat
the pathogen arises due to mutations in the
genes that are involved in metabolic pathways
or in housekeeping. Additional mutations in
the already mutated genes result in increasing
the minimum inhibitory concentration (MIC) of
the antibiotic for the pathogen or extending the
spectrum of resistance such as the development
of extended spectrum “-lactamases (ESBLs) in
the pneumococcus (Medeiros 1997).

http://www.purewaterfreedom.com/osc/pharma_water_contamination.php
http://www.purewaterfreedom.com/osc/pharma_water_contamination.php
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Increased Efflux and Reduced Influx
of Antibiotics in the Bacterial Cell

Efflux pumps play a major role in conferring
resistance to antibiotics by efficiently recognising
and throwing them out of the cells. Efflux pumps
in bacteria can be classified into five different
families, namely, the resistance nodulation cell
division (RND), major facilitator super family
(MFS), small multidrug resistance (SMR), ATP-
binding cassette (ABC) and multidrug and toxic
compound extrusion (MATE) families (Bhardwaj
and Mohanty 2012). Among these five pumps,
ABC pumps utilise ATP as their energy source,
whereas others are driven by the proton-motive
force (PMF). Generally efflux pumps are known
to extrude out a wide range of substances
including antibiotics, and therefore, this is a non-
specific mechanism of resistance. However, few
pumps are shown to have high specificity towards
particular drugs. For example, TetA and NorM
are found to be more specific towards tetracycline
and norfloxacin, respectively, whereas AcrB,
VcmA and MdfA have multiple substrate
specificities. Efflux pumps confer only low
level resistance to the bacteria towards drugs but
their over-expression or cooperativity with other
mechanisms could result in moderate to high-
level resistance (Bhardwaj and Mohanty 2012).

Porins present in the cell membrane of bac-
teria are the passages which facilitate the entry
and exit of antibiotics and other small organic
molecules. Decrease in the expression of porins
results in reduced uptake of antibiotics. For ex-
ample, mutations that caused reduced expression
of OprD porins contributed to imipenem resis-
tance (Alekshun and Levy 2007).

Enzymatic DrugModification
or Degradation

This mechanism of resistance involves enzymes
that either degrade or chemically modify the
antibiotics so that they cannot exert their action.
“-lactamases are the well-known examples for
the enzymes that degrade “-lactam antibiotics.

Few of them behave as extended spectrum
“-lactamases (ESBLs) and as carbapenemases
and show wider spectrum of resistance to
newer generation “-lactam antibiotics (Alekshun
and Levy 2007). There are a large number
of aminoglycoside-modifying enzymes which
chemically modify (acetylate or adenylate or
phosphorylate) the aminoglycosides. Similarly,
chloramphenicol is inhibited by chloramphenicol
acetyltransferases and tetracycline by a flavin-
dependent monooxygenase TetX (Alekshun and
Levy 2007).

Protection and Alteration of Drug
Target

Resistance to fluoroquinolones is mediated by a
large number of pentapeptide repeat proteins,
quinolone resistance (Qnr) proteins, which
protect target DNA gyrase and topoisomerase
IV from the antibiotic action. As these proteins
mimic the structure of DNA, they occupy the
DNA-binding portion of the topoisomerases
and prevent the antibiotics from exerting
their effect on these protected topoisomerase
targets. The altered penicillin-binding protein
(PBP) of methicillin-resistant S. aureus, PBP2a,
confers resistance to most of the “-lactams by
contributing the transpeptidase activity when
exposed to methicillin (Fig. 1a).

Other Mechanisms

Sometimes resistance to different antibiotics can
be conferred by a single determinant. For ex-
ample, aminoglycoside acetyl transferase (aac
(60)-Ib) generally acetylates aminoglycosides like
amikacin, kanamycin and tobramycin. But its
mutant form aac (60)-Ib-cr is known to acety-
late quinolones like ciprofloxacin also (Robicsek
et al. 2006). Therefore, a single protein ren-
ders resistance to aminoglycosides as well as
quinolone class of antibiotics (Fig. 1b).

The tandem duplication of the resistance-
conferring gene results in overexpression which
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Fig. 1 Evolution of methicillin-resistant Staphylococcus
aureus (MRSA) and Aac (60) Ib-cr, an enzyme showing
promiscuous drug resistance. (a). The evolution of MRSA
by the successful acquisition and expression of mecA from
Staphylococcus sciuri. The evolved S. aureus expresses

mecA-derived PBP2a that acts as an alternate transpepti-
dase that is not inhibited by methicillin; (b). By acquiring
mutations at the active sites, the modifying enzyme Aac
(60)-Ib evolves as Aac (60)-Ib-cr with the additional ability
to modify ciprofloxacin

eventually helps the bacteria to exhibit a high-
level resistance to the antibiotics. In one instance,
the overexpression of tandem duplicated genes
of AcrAB drug efflux pumps in E. coli led to an
MDR phenotype (Alekshun and Levy 2007).

Processes That Drive Evolution
of MDR

There are chiefly two processes through which
the mechanisms of resistance described in section
“General mechanisms involved in the evolution
of antibiotic resistance” lead to the evolution and
persistence of MDR. These processes described
below are either the horizontal gene transfers or
the pressures due to environment. SOS responses
mounted in a bacterium due to antibiotic expo-
sure or HGT are also related to these processes
and therefore deserve a special mention in this
section (Fig. 2).

Horizontal Gene Transfer (HGT)

The process of HGT enables bacteria to exchange
genetic material within themselves without

the requirement of cell division. Different
kinds of mobile genetic elements (MGEs)
are transferred between bacteria through this
process leading to the adaptation and evolution
of bacteria/bacterial communities in tune with
the changing environments. HGT is mediated by
the processes of transformation, transduction or
conjugation, and different types of MGEs could
move through these processes of HGT (Fig. 2).
These MGEs as agents of evolution will be
described in section “Role of MGEs in evolution
of MDR”.

Selective Pressure due
to Environment

Environment plays a vital role in the selection
and spread of antibiotic resistance among bac-
terial communities that would be discussed at
many places in this chapter with examples. These
selective pressures lead to induction of mutations
in the drug target genes conferring the mutant
bacteria, a resistant phenotype (Fig. 2). The trans-
mission dynamics of MDR is hugely responsive
to the environmental factors at the hospitals or the
communities.
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Fig. 2 The process of evolution of MDR bugs. The sus-
ceptible bacteria attain some mutations at their antibiotic
target sites prior to the exposure of antibiotics. These
mutants are selected under antibiotic pressure when they
emerge, persist and disseminate as resistant bugs. The
acquisition of resistance genes by the bacteria through

horizontal gene transfer (HGT) also helps bacteria to resist
antibiotics under selection pressure. Antibiotic exposure
elicits SOS responses which facilitate both mutations
and HGT processes. Therefore, evolution of MDR is an
interplay of three processes: HGT, selection pressure and
SOS responses

SOS Responses in Bacterium
on HGT/Antibiotic Exposure

Any type of HGT through conjugation, transfor-
mation and transduction or any type of antibiotic
challenge induces SOS response (Fig. 2) through
events mediated by single-stranded DNA, RecA
protein and LexA repressor (Baharoglu et al.
2013). On antibiotic exposure/HGT, RecA gets
activated which leads to autoproteolysis of LexA
repressor that keeps the SOS regulon in the
repressed state under normal conditions. LexA
inactivation thus leads to the expression of a
diverse array of genes that were repressed by it.

Integrases associated with integrons and integrat-
ing conjugative elements (ICEs) are examples
of the genes that are induced during SOS due
to LexA inactivation (Baharoglu et al. 2013).
This leads to the escape of integrons and ICEs
from the bacterial cell under crisis. Similarly, the
regulation of expression of qnrB2 (a quinolone
resistance determinant) through SOS response
is induced by ciprofloxacin in LexA-/RecA-
dependent manner. Even sub-inhibitory concen-
tration of ciprofloxacin was found to cleave LexA
repressor so that it was prevented from binding
on the LexA binding site present in the promoter
region of qnrB2 gene (Da Re et al. 2009).
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Therefore, under ciprofloxacin pressure, the
bacterial cell expressed resistance gene for this
antibiotic through SOS-mediated pathway.

Role of MGEs in Evolution of MDR

MDR evolves through a large spectrum of ge-
netic elements that could either reside on the
chromosomes of a bacterium or reside on the
pieces of DNA that are mobile. The latter types
are called mobile genetic elements (MGEs) and
include a diverse class of genetic elements such
as integrons, bacteriophages, integrating conjuga-
tive elements (ICE) and conjugative plasmids
(Fig. 3). These MGEs play an important role in
reshaping and in the evolution of the bacterial
genomes enabling bacteria to thrive in a variety
of ecological niches. In the subsequent sections,
the MGEs that have resulted in fast acquisi-
tion and dissemination of MDR genes have been
described.

Integrons

These MGEs are capable of capturing the gene
cassettes by site-specific recombination, integrat-
ing them and expressing them using a common
promoter (Stokes and Hall 1989; Recchia and
Hall 1995). Integrons therefore convert the ac-
quired open reading frames (ORFs) into their
functional form. Integrons consist of an integrase
gene (intI), a recombination site (attI) and a
promoter Pc. There are numerous classes of in-
tegrons known that are classified based on the
sequences of their integrase genes. Class 1 in-
tegrons have been studied most extensively, and
these integrons have been characterised vis-à-vis
their role in dispersal of the MDR genes in clin-
ical isolates of Gram-negative bacteria. Integrons
have been an important part of bacterial evolu-
tion, are widespread among all the bacteria and
have a wider role to play in bacterial physiology
and adaptation than simply antibiotic resistance
(Rapa and Labbate 2013). The structure of a class

5’CS
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Fig. 3 MGEs that facilitate evolution of MDR. (a). Struc-
ture of a class 1 integron having conserved segments
at its 50 and 30 ends (50CS and 30CS, respectively) and
variable region consisting of extraneous gene cassettes
that encode various functions including antibiotic resis-
tance. intI 1 encodes an integrase and attI 1, and attC
sites are formed with the insertion of the extraneous gene

cassettes. (b). Insertion and excision of integrating con-
jugative elements (ICEs) in the prfC region of a bacterial
genome. The recombination process is mediated by a
circular intermediate. (c). A conjugative R plasmid that
may carry resistance genes, integrons and transposons
along with transfer factor determinants
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1 integron consists of the conserved segments at
the 50 and 30 ends of the integron (50 CS and
30CS). These conserved segments encompass a
variable region which varies with the number
and nature of the gene cassettes captured by the
integrons (Fig. 3a). The 50 CS consists of intI
gene, the attI site and the promoter, whereas the
30CS consists of two genes that encode resistance
for ethidium bromide and sulphonamides. The
extraneous gene cassettes captured by integrons
are usually promoterless, and they recombine
with the attI site through a recombination site
called attC or 59-base element (Fig. 3a). Each
gene cassette captured in an integron is thus
bound by the attI site on its 50 end and an attC
site on its 30 end. The attC sites share a com-
mon set of characteristics that enable them to be
identified despite the diversity of their sequences
and sizes (Hall et al. 1991). They are charac-
terised by a palindrome of variable length and
sequence between the RYYYAAC (R D Purines;
Y D Pyrimidine) inverse core site and the GTTR-
RRY core site. The size of these recombination
sites vary in length from 57 to 141 bp.

Integrons have been reported from a wide vari-
ety of bacteria such as V. cholerae, V. fluvialis, V.
parahaemolyticus, P. aeruginosa and K. pneumo-
niae. They have been shown to harbour a diverse
array of genes including antibiotic resistance
genes. Resistance genes for chloramphenicol
(catB, cmlA), trimethoprim (dfrA, dfrB), “-lactam
antibiotics (bla, oxa), aminoglycosides (aac and
aad) and many ORFs of unknown functions have
been observed in integrons. Two types of inte-
grons are known to exist: chromosomal integrons
(CIs) or superintegrons (SIs) that are sedentary
in nature and the mobile integrons (MIs) that are
associated with mobile DNA elements and in-
volved in the spread of antibiotic resistance genes
(Rowe-Magnus et al. 2002). CIs are located on
the chromosomes of a large number of bacteria.
MIs usually contain less than 20, while SIs/CIs
contain more than twenty-gene cassettes. The
nature of gene cassettes harboured by MIs and SIs
also varies. While MIs usually contain antibiotic
resistance gene cassettes, majority of cassettes
associated with SIs are of unknown functions.

Integrating Conjugative
Elements (ICEs)

ICEs are a type of conjugative transposons that
integrate and replicate with the chromosomal
DNA of the host bacterium (Burrus and Waldor
2004). ICEs are not capable of autonomous repli-
cation, and therefore, they have to depend on the
host cell machinery for its survival. They excise
themselves from the host chromosome, form a
circular intermediate and then get transferred to
the recipient cell during conjugation (Fig. 3b).
OriT, a cis-acting site, is required on ICEs
for their translocation to the recipient through
the mating bridge formed during conjugation.
ICE known as SXT element was first reported
from Madras, India, in 1992, in V. cholerae
O139 strains where they imparted resistance
to drugs like trimethoprim, sulphamethoxazole,
streptomycin and chloramphenicol (Waldor
et al. 1996). Since then, these elements have
been reported from a large number of bacteria
such as V. cholerae, Providencia alcalifaciens
and P. rettgeri at many places as important
vehicles for spreading of antibiotic resistance.
The integration in the host genome is mediated
by an integrase, and ICEs also encode other
functions required for their maintenance. These
functions include conjugative transfer of these
elements, their excision and integration and
regulation of the events related to ICE transfer
and maintenance. ICEs harbour a wide array of
genes for diverse functions such as antibiotic
resistance, heavy metal resistance and complex
degradation pathways for toxic compounds.
Two different ICE elements can also recombine
to produce a tandem array of ICE elements
called hybrid ICEs. One such hybrid is an
SXT/R391 family of ICEs which is the largest
family of ICEs detected in clinical as well as
environmental strains of many bacteria. Through
the process of recombination mediated mainly
by RecA protein, these hybrids are known to
promote their own diversity resulting in the
formation of novel mosaics with new combi-
nations of antibiotic resistance genes (Garriss
et al. 2009).
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Plasmids

Plasmids are autonomously replicating extrachro-
mosomal DNA molecules that are transferred
from donor to the recipient bacterium through
conjugation. Resistance plasmids also known
as R plasmids, harbouring genes conferring
antibiotic resistance, have been well known for
their role in the transfer of resistance traits from
a drug-resistant bacterium to a drug-sensitive
bacterium (Fig. 3c). Plasmids appear to have a
major contribution in the spread of drug resis-
tance, and several pathogens have been reported
that harbour plasmids with multiple resistance
traits. Bacteria carry either conjugative plasmids
that are large in size or non-conjugative small-
sized plasmids. Non-conjugative plasmids can be
mobilised with the help of other conjugative plas-
mids present in the same cell or by the process
of transformation. In some cases, these plasmids
may carry integrons or transposons on them facil-
itating the dissemination of antibiotic resistance
gene cassettes in different species of bacteria
(Fig. 3c). In enteric pathogens V. cholerae and
Shigella dysenteriae, the multidrug resistance
plasmids have been responsible for MDR thus
complicating the treatment of diarrhoeal diseases
(Ries et al. 1994; Sack et al. 2001). In another
pathogen V. fluvialis, plasmids have been shown
to confer resistance to a large number of drugs
(Rajpara et al. 2009; Singh et al. 2012).

Role of Environmental Factors
in Evolution of MDR

The presence of an antibiotic in the environment
accentuates the appearance of bacteria resistant
to this antibiotic. Often, there is a direct correla-
tion between the antibiotic consumption and the
appearance of strains resistant to that antibiotic.
Antibiotics promote evolution of MDR by the
random genetic drift or by induction of large
mutational events selecting for the survival of
resistant bacteria (Baquero et al. 1998). Ran-
dom genetic drift occurs during the crisis sit-
uations where the random variations acquired
by the bacteria may improve the chances of

bacterial survival. Apart from antibiotic usage,
other environmental factors such as epidemiolog-
ical features, other drugs being used at the time
of study, host immunity and pollutants present
in an environment also induce selective pres-
sures for the development of MDR (Baquero
et al. 1998). The resistant strain may have higher
possibility of surviving in an immunocompro-
mised host as compared to an immunocompe-
tent host. Similarly, the presence of some other
non-antibiotic drugs could alter the expression
of porins or efflux pumps of bacteria eventually
affecting the antibiotic concentrations inside the
bacterial cell. This will lead to a change/evolution
in the resistance phenotype of this bacterium.
For example, drugs such as salicylate lead to
the increase in efflux pump expression. Cumu-
lative effect of all these environmental factors
allows the survival of bacteria which have ac-
quired the mutations to face the antibiotic pres-
sure. These factors also promote the prolifera-
tion and dissemination of such novel bacterial
mutants. Profligate use of antibiotics in all the
spheres of life including human health, veterinary
medicine, food industry and aquaculture actually
seems to have provided selective pressures for
the evolution of MDR in frightening proportions
as we witness it today. Each new generation of
antibiotics has spawned new generations of bac-
terial proteins/mechanism to thwart the effect of
antibiotics. As described in Sect. “Extended spec-
trum “-lactamase (ESBL)-producing bacteria”,
when new “-lactams such as cefotaxime were
produced to face the challenges imposed by early
“-lactam-resistant bacteria, the “-lactamases ac-
quired some additional mutations to inactivate
these newer drugs. Higher mutated variants like
TEM-10 of the “-lactamase TEM were evolved to
provide higher resistance. Especially interesting
is the scenario in intensive care units where multi-
ple antibiotics are used at varying concentrations
for different patients and different pathogens.
This leads to selection of a large number of
MDR bacteria due to the vast availability of
resistome (the population of resistance genes in
nature) with the potential to get incorporated into
the genome of any bacterial cell and to express
the trait.
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Case Studies on the Evolution
of MDR Bugs

As described in the earlier sections, the evolution
of MDR bugs is mediated by the processes such
as HGT, selective pressure and SOS response,
and these processes are induced by several ge-
netic and environmental factors. The antibiotic
era has witnessed the evolution of several resis-
tant bugs, and the following examples can explain
the evolution of MDR bugs as a result of interplay
of the above-mentioned factors.

Methicillin-Resistant Staphylococcus
aureus (MRSA)

The rise of MRSA could explain the extraordi-
nary ability of bacteria to evolve as a menace
for public health. S. aureus is an omnipresent
bacterium mostly found in the human nostrils
and skin. They often cause respiratory diseases
(e.g. nosocomial pneumonia) and skin diseases
(e.g. impetigo) in humans. During early 1940s,
the infections caused by this bacterium were
treated using penicillin as they were extremely
sensitive to these wonder drugs at that time.
But soon the upsurge of penicillinase-mediated
penicillin-resistant strains of S. aureus led to
the arrival of an alternative drug, methicillin,
a semisynthetic penicillin. Methicillin with a
power to resist the penicillinase action came to
therapeutic use in 1959. But within a short time
span, the first case of MRSA was reported. The
spectacular mechanism of resistance exhibited by
MRSA to fight methicillin was a new penicillin-
binding protein, PBP2a. PBPs, the targets of
penicillin, methicillin and other “-lactams, are
transpeptidases which are responsible for the
cross-linking of the cell wall of bacteria. But
the new variant of PBP, PBP2a, has low affinity
for methicillin and other “-lactams and could
substitute the role of native PBPs for cell wall
formation (Fig. 1a). PBP2a was encoded by
mecA gene which is a distinctive feature of
MRSA and hence the methicillin resistance. The
mecA gene was found in the chromosome of

MRSA but associated with a large mobile genetic
element called staphylococcal chromosome
cassette [SCC] (Pantosti and Venditti 2009).
The mecA gene seemed to have originated from
Staphylococcus sciuri and then got incorporated
into SCC to become SCCmec (Fig. 1a). The
successful acquisition and expression of SCCmec
in S. aureus gave rise to the strain of MRSA (de
Lencastre et al. 2007). The first MRSA clone
appeared in the 1960s, spread widely in the
hospitals and clinical settings for about 17 years
and new clonal types with different SCCmec
elements were reported subsequently. The
epidemic hospital-acquired MRSA (HA-MRSA)
clones reported so far mainly fall into three
types (type I, II and III) based on the multilocus
sequence typing (MLTS) method. Subsequent
to the acquisition of SCCmec, MRSA further
evolved to resist other classes of antibiotics such
as aminoglycosides, tetracycline, sulphonamides
and quinolones as a result of selective pressure on
exposure to antibiotics and acquisition of various
resistance genes through HGT. In the 1990s the
enigmatic emergence of community-acquired
MRSA (CA-MRSA) has been reported with
different epidemiological and molecular profile
than that of HA-MRSA. Initially CA-MRSA
clones carried the single trait of mecA mainly in
two SCCmec element types (type IV and V) and
were susceptible to non-“-lactam antibiotics. But
few typical CA-MRSA have been reported now
to evolve as multidrug-resistant strains (e.g. USA
300 and ST80 clone) (Pantosti and Venditti 2009;
de Lencastre et al. 2007).

Vancomycin-Resistant
Staphylococcus aureus (VRSA)
and Vancomycin-Resistant
Enterococci (VRE)

Vancomycin served as a possible alternate ther-
apy for the infections caused by the MRSA.
Vancomycin inhibits cell wall synthesis by block-
ing the transglycosylation and transpeptidation
reactions as it binds to the C-terminal peptide of
D-Ala-D-Ala of pentapeptide precursor for the
formation of bacterial peptidoglycan. The van
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gene mediating vancomycin resistance was first
observed in enterococci only. These genes are
of seven types (vanA, vanB, vanC, vanD, vanE,
vanG, vanL) which are known to synthesise a
new target (peptidoglycan precursor) which re-
places the normal D-Ala-D-Ala precursor, and
hence, the antibiotic cannot find its target. The
vanA-, vanB- and vanD-type genes produce the
D-Ala-D-Lac target, whereas vanC, vanE, vanG
and vanL gene types synthesise the D-Ala-D-
Ser target. The acquisition of plasmid-borne vanA
gene through conjugation from Enterococcus to
S. aureus resulted in the development of VRSA.
The evolution of S. aureus which were already
resistant to multiple drugs into VRSA further
complicated the treatment of infections caused by
such bacteria (Perichon and Courvalin 2009).

Extended Spectrum “-Lactamase
(ESBL)-Producing Bacteria

The emergence of “-lactamases served as a com-
mon mechanism of resistance for “-lactam an-
tibiotics in Gram-negative bacteria. In the 1970s
to 1980s, “-lactamases such as TEM-1, TEM-
2 and SHV-1 that hydrolysed penicillin, ampi-
cillin and early generation cephalosporins were
detected. TEM-1 and TEM-2 were predominant
in E. coli and SHV-1 was prevalent in K. pneumo-
niae (Chong et al. 2011). During the early 1980s,
the emergence of modified “-lactamases carrying
amino acid mutations in TEM-1, TEM-2 and
SHV-1 enzymes was detected. As they were able
to hydrolyse the third-generation cephalosporins
such as cefotaxime, ceftriaxone, ceftazidime, ce-
furoxime and cefepime, apart from penicillin and
ampicillin, they were termed as ESBLs. The
TEM and SHV ESBLs were genetically evolved
by amino acid substitutions from their non-ESBL
progenitors TEM-1, TEM-2 and SHV-1, whereas
another ESBL called CTX-M evolved indepen-
dently of this lineage. Some other ESBLs dif-
ferent from TEM, SHV and CTX-M are OXA,
BEL-1, BES-1, GES/IBC, SFO-1, TLA-1, TLA-
2, PER and VEB enzyme families. ESBLs soon
became pervasive and were reported all across
the globe within two decades. So far more than

300 ESBLs have been described (Lynch et al.
2013). The increased incidents of dissemination
of ESBL genes among bacteria through vari-
ous MGEs which carry other antibiotic resis-
tance genes have reduced the therapeutic op-
tions and caused an emerging threat to public
health.

Quinolone-Resistant Bacteria

The increased drug resistance among bacteria
towards various natural and semisynthetic antibi-
otics led to the introduction of synthetic drugs
like quinolones and fluoroquinolones due to their
broad spectrum of activity and possibilities of the
absence of resistance mechanisms in bacteria to
these synthetic drugs. Quinolones inhibit nucleic
acid synthesis in bacteria by targeting DNA
gyrase and topoisomerase IV enzymes which are
involved in the essential activities of bacterial cell
such as replication, transcription, recombination
and repair. The mutations at the quinolone
resistance determining regions (QRDRs) of
subunits of DNA gyrase (GyrA, GyrB) and topoi-
somerase IV (ParC, ParE) enzymes cause their
reduced affinity towards quinolones which lead to
quinolone resistance phenotypes. Mutations that
occur at the target sites of the antibiotics prior
to the exposure of antibiotics help in selection
and subsequent evolution of resistant bacteria.
The accumulation of multiple mutations in the
drug target facilitates the development of high-
level resistance to quinolones in bacteria. The
quinolone resistance can also be mediated by
efflux pumps encoded by chromosome-borne
genes such as norM, norA, vcmA and bmrA
(Bhardwaj and Mohanty 2012). When quinolones
were introduced, it was imprudently predicted
that there would not be any quinolone resistance
genes as these antibiotics were not naturally
produced by any bacteria (Hernandez et al.
2011). Hence, the dissemination of resistance
among bacterial communities through HGT was
not expected. But the emergence of factors like
target-protecting quinolone resistance proteins
(Qnr), drug-modifying enzyme and plasmid-
borne efflux pump genes falsified the latter belief.
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Qnr proteins are pentapeptide repeat proteins
which are believed to be evolved from the
proteins like McbG that protect topoisomerases
from the naturally occurring toxins like microcin
B17, a topoisomerase poison. These pentapeptide
repeat proteins occupy the DNA-binding region
of the enzyme and protect them from the
drug action. Though the Qnr proteins are
of chromosomal origin, they are more often
found in plasmids through which they tend to
disseminate among different bacterial species.
Similarly, as shown in Fig. 1b, a variant
aminoglycoside acetyl transferase (AAC(60)-Ib-
cr) borne on plasmid was found to inactivate
(by acetylation) ciprofloxacin and norfloxacin
apart from aminoglycosides due to two amino
acid changes (Trp102Arg and Asp179Tyr) in the
active site of the enzyme (Robicsek et al. 2006).
Two plasmid-mediated quinolone transporters
(OqxAB and QepA) have been described to
effectively efflux out quinolone antibiotics. All
the above-mentioned resistance mechanisms may
work alone or in synergy to combat the quinolone
drugs. Apart from the mutation in the target sites,
other genetic factors of quinolone resistance such
as qnr genes, aac(60)Ib-cr gene and oqxAB and
qepA genes are often harboured by plasmids and
cause plasmid-mediated quinolone resistance
(PMQR). Though higher-level resistance through
PMQR has not been reported, they could help the
isolates to attain clinical breakpoint of resistance
in combination with other mechanisms. Hence,
the great plasticity of the bacterial systems allows
them to educe their armaments to battle against
these drugs.

Conclusions

Evolution of MDR is a very natural process,
and from the discussions above, it can be
concluded that the resistance determinants for
antibiotics were always present in nature even
before the miracle drugs were introduced for
human use. These determinants just made their
public appearances with the escalating use
of antibiotics in many applications. With the
selective pressures rising due to antibiotic use,
the resistance genes kept appearing in their

new avatars. Evolution of antibiotic resistance
mechanisms paralleled evolution of antibiotics.
Therefore, new strategies need to be used for
keeping one-step ahead of the MDR pathogens.
The advent of technologies based on microbial
genomics, proteomics, combinatorial chemistry
and high-throughput screening could lead to
success stories in the development of new anti-
infectives inspite of the large funds required for
them. There are many innovative strategies being
used to curb the problem of MDR (Breithaupt
1999; Tegos and Hamblin 2013). In pathogens
Neisseria gonorrhoeae and N. meningitides,
lipooligosaccharides on the bacterial surface
have been shown to be crucial for their virulence-
associated functions such as colonisation and
immune evasion. The glycosyltransferases and
hydrolases involved in the synthesis of these
lipooligosaccharides have been used as targets
for synthesis of small inhibitors as antibiotics.
Companies such as TerraGen Diversity Inc.
(Canada), ChromaXome Corp.(California) and
GLYCODesign (Toronto) have been actively
involved in the innovations pertaining to
antibiotic research and development. Strategies
of quorum-sensing inhibition and efflux pump
inhibition also provide attractive alternatives to
solve the problems of MDR (Bhardwaj et al.
2013; Kalia 2013; Bhardwaj and Mohanty 2012)
though the possibility of evolution of resistance
to these new molecules cannot be ruled out
(Bhardwaj et al. 2013; Kalia et al. 2014). The
governments should realise the seriousness of
impending disaster due to MDR bacteria and
urgency of the situation (Finch and Hunter 2006).
Accordingly, new policies should be made to
deal with this problem. In India, a national policy
has been made for containment of antimicrobial
resistance by the Directorate General of
Health Services (2011), and a task force was
constituted to work on various aspects related to
antimicrobial resistance and its monitoring.

Opinion

From the concepts and facts presented in this
chapter and reiterated throughout this book,
it would be amply clear that the problem of
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multidrug resistance is real and threatening and
in all possibilities here to stay. Prudent choices
need to be made to keep this problem to its lowest
or least dangerous level where solutions for this
problem are easier to make. As Dr. Stuart Levy
pointed out in one of his writings, the mankind
should understand how this equation of drug
resistance should be balanced. Improving labora-
tory techniques for diagnosis of drug resistance
profiles of prevailing pathogens or environmental
organisms, proper surveillance and molecular
epidemiology studies, striking a balance between
the antibiotic use and abuse and utilisation of
novel anti-virulent and anti-infective strategies
are some of the approaches that should be utilised
in synergy to keep the magic of antibiotics
alive. Obviously, this herculean task can only
be realised with the concerted efforts by people
from different spheres of life including clinicians,
policymakers, academicians, researchers, clinical
microbiologists, citizens and pharmaceutical
companies.
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Biofilms: Maintenance, Development,
and Disassembly of Bacterial
Communities Are Determined by QS
Cascades

Hadas Ganin, Eliane Hadas Yardeni, and Ilana Kolodkin-Gal

Introduction

Unicellular organisms use a variety of
mechanisms to coordinate activity within
communities, called biofilms, and across species
to accomplish complex multicellular processes
(Aguilar et al. 2007; Kolter and Greenberg
2006; Miller and Bassler 2001; Stoodley et al.
2002). Informed by chemical communication,
motile cells of the myxobacteria and filamentous
cells of the streptomycetes organize themselves
into conspicuous multicellular structures that
carry out specialized tasks in spore formation
and dispersal. Furthermore, most bacteria have
evolved elaborate mechanisms for adhering to
solid surfaces and thereby establishing complex
communities referred to as biofilms. Biofilms
can be viewed as differentiated communities
in which an extracellular matrix holds the
cells together in the multicellular community.
Bacterial biofilms are of a high significance in
agricultural (Chen et al. 2013), environmental
(Cha et al. 2012; Sanchez 2011), and clinical
(Bryers 2008; Costerton et al. 1999) settings. In
many instances they provide beneficial effects to
other organisms. Such is the case for biofilms
of Bacillus subtilis that form on the surface
of plant roots, thereby preventing the growth
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of fungal pathogens (Nagorska et al. 2007).
However, in other situations, bacterial biofilms
can have deadly effects; in a clinical context,
biofilms in human hosts are inherently resistant
to antimicrobial agents (Costerton et al. 1999)
and are thus the cause of many persistent and
chronic bacterial infections.

For decades, it has been mysterious how bac-
teria in these biofilm communities communicate
with each other to coordinate their behavior. This
chapter sheds new light on cell-to-cell signaling
during the development of a bacterial biofilms in
the most prominent models of Gram-negative and
Gram-positive bacteria.

Quorum sensing is an efficient type of
cell-to-cell communication between bacteria.
This process is concentration dependent and
regulated by small chemical signals produced by
bacteria. These small molecules are termed auto-
inducers, and when bacterial concentration is
high enough, their concentration raises up to a
threshold concentration in which different genes
are being transcribes and expressed by the group
of bacteria (Miller and Bassler 2001).

Below we are going to discuss QS cascades
determining the fates of bacterial biofilms
belonging to five fascinating examples. Three
belong to the family of Gram-negative bacteria,
generally communicating via small diffusible
organic molecules such as homoserine lactones:
(1) the deadly opportunistic Gram-negative
pathogen, Pseudomonas aeruginosa; (2a)
the Gram-negative pathogen Vibrio cholerae,
and his immediate classic QS model, (2b)

V.C. Kalia (ed.), Quorum Sensing vs Quorum Quenching: A Battle with No End in Sight,
DOI 10.1007/978-81-322-1982-8__3, © Springer India 2015
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the Gram-negative Vibrio fischeri. Two are
Gram-positives, generally communicating via
peptide autoinducers: the agriculturally relevant
bacterium (3) Bacillus subtilis and the Gram-
positive pathogen (4) Staphylococcus aureus.

Chemical Communication Cascades
Regulate Biofilm Development
in Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Gram-negative,
opportunistic human pathogen and is one of the
most common bacteria found in nosocomial and
life-threatening infections of immunocompro-
mised people (Hentzer et al. 2003b). Patients with
cystic fibrosis (CF), burn victims, and patients
with implanted medical devices (Sadikot et al.
2005) are especially sensitive to get infected by
this bacterium. The threat of P. aeruginosa relies
in its ability to produce diverse virulence factors
such as elastase, alkaline protease, exotoxin A,
rhamnolipids, pyocyanin, and biofilm formation
which will be further discussed here in this
chapter. P. aeruginosa uses two main QS systems
to control its pathogenicity: the Las and Rhl
systems in addition to other regulators which will
be discussed later (Pesci et al. 1997) (Schuster
et al. 2003a).

The P. aeruginosa
LasI–LasR/RhlI–RhlR Systems

The lasR–lasI system consists of the lasI gene
which produces the signal molecule N-(3-
oxododecanoyl)-L-homoserine lactone (3-oxo-
C12-HSL) that is detected by a transcriptional
regulatory protein LasR, and the rhlR–rhlI
system (also called vsmR–vsmI) in a similar way
produces and recognizes the signaling molecule
N-butyryl-L-homoserine lactone (C4-HSL) that
is detected by the transcriptional regulator RhlR
(Latifi et al. 1996; Pesci et al. 1997). The las
and rhl systems are organized in hierarchy.
The LasI–LasR system controls the expression

of lasI for autoregulation and also activates the
RhlI–RhlR system by activating the production
of RhlR (Koch et al. 2005; Ochsner et al. 1994).
The role of these quorum-sensing systems in
P. aeruginosa was described, for the first time,
by Davies and colleagues in 1998 (Davies et al.
1998). Biofilm formation of wild-type (WT)
P. aeruginosa PAO1 and a lasI–rhlI double
mutant that makes neither of the quorum-
sensing signals was analyzed. Though both the
mutant and the wild type adhered to the surface
and made a biofilm, the mutant biofilm was
thinner and about 20 % of the WT thickness.
The WT formed characteristic microcolonies
composed of groups of cells separated by
water channels, whereas the mutant appeared
to grow rather as continuous sheets on the
glass surface. Thus, although lasI–rhlI were not
involved in the initial attachment and growth
stages of biofilm formation, the P. aeruginosa
quorum-sensing systems jointly participated in
the subsequent biofilm differentiation process.
The flat biofilms of the quorum-sensing mutant
were susceptible to treatment with the surfactant
sodium dodecyl sulfate, while the structured
biofilms were resistant. The authors concluded
that las-regulated functions were required for
biofilm formation.

Subsequent research indicated that quorum
sensing’s role in P. aeruginosa biofilm formation
was not always as dramatic (Kirisits and
Parsek 2006). Yet, Purevdorj and colleagues
showed that although under high flow conditions,
both wild-type and quorum-sensing mutant
strains formed structured biofilms, the biofilms
differed in their microscopic appearance
(Purevdorj et al. 2002). Independently, it was
demonstrated that AHL signal analogues called
furanones, known to inhibit P. aeruginosa quo-
rum sensing, impaired biofilm development when
added to the growth medium (Hentzer et al. 2002;
Hentzer et al. 2003a). In addition, it was shown
that a lasR–rhlR double mutant strain produced
biofilms which are more susceptible to the
clinically relevant antibiotic tobramycin than the
isogenic wild-type strain (Bjarnsholt et al. 2005).
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Notably, the las- and rhl-based quorum-
sensing systems regulate many different
functions, and their control of these functions can
change depending on environmental conditions.
Supporting this notion, several different quorum-
sensing-regulated functions have been shown
to impact biofilm formation at different stages;
the quorum-sensing-regulated surfactant rhamno-
lipid is necessary for maintaining the open spaces
between cell aggregates in structured biofilms
(Davey et al. 2003). In addition, rhamnolipid
production may aid in the formation of mature
mushroom structures (Lequette and Greenberg
2005). Another quorum-sensing-regulated factor
shown to contribute to biofilm formation is
the siderophore pyoverdine. Siderophores are
small, high-affinity iron chelators secreted by
bacteria. In Pseudomonas pyoverdine is critical
for acquiring iron, and mutants unable to
make pyoverdine formed flat biofilms, while
an isogenic wild-type strain formed structured
biofilms (Banin et al. 2005). P. aeruginosa also
uses quorum sensing to regulate the production
of two sugar-binding lectins, LecA and LecB,
which are secreted from the cell. These lectins
are expressed in biofilms and both lecA and lecB
mutant strains formed aberrant biofilms (Diggle
et al. 2006; Tielker et al. 2005).

Since so many different quorum-sensing-
regulated functions affect biofilm development,
it is especially clear that in Pseudomonas both
critical behaviors are intervened.

Several open questions remain to be answered
to explain the discrepancies between different
studies. One is whether quorum-sensing response
may not be induced or active in biofilms grown
under these conditions. It was shown by De
Kievitand and colleagues that the expression of
lasI and rhlI is highest near the attachment sur-
face and decreases toward the periphery of the
biofilm (De Kievit et al. 2001). This spatiotem-
poral distribution of quorum-sensing autoinduc-
ers producing community members suggests that
there may be conditions, such as high liquid flow,
where signal concentrations may not reach an
inducing level in the biofilm.

The PQS System

The PQS system which is comprises from the
Pseudomonas quinolone signal (PQS); 2-heptyl-
3-hydroxy-4-quinolone, the synthase PqsH and
the response regulator PqsR (also called MvfR).
The PQS structure is very similar to the Pyo
compounds, which had been identified as antibi-
otics in 1945 (Dietrich et al. 2006; Hays et al.
1945) and shown to belong to the family of
4-quinolones in 1952 (Wells 1952; Wells et al.
1952).

The three QS systems in P. aeruginosa are
arranged in a temporal manner, with AHLs and
PQS being released in the early and late expo-
nential phase, respectively (Lepine et al. 2003).
The expression of the PQS requires LasR, and
the PQS in turn induces transcription of rhlI.
These data indicate that the PQS is an additional
link between the Las and Rhl circuits (Miller and
Bassler 2001). Thus, the PQS initiates the Rhl
cascade by allowing the production of the RhlI-
derived autoinducer only after the establishment
of the LasI–LasR signaling cascade (Pesci et al.
1999a).

The Las, Rhl, and Pqs systems mutually
regulate the production of virulence factors
such as elastase, alkaline protease, exotoxin A,
rhamnolipids, pyocyanin biofilm formation, and
others (Smith and Iglewski 2003). Specifically,
PqsR/MvfR positively regulates the production
of a number of virulence factors as well
as the expression of PA2274, a putative
monooxygenase, and the mexGHI–opmD operon
that encodes proton-driven efflux pumps of
the resistance-nodulation-cell division (RND)
transporter super family (Deziel et al. 2005;
Dietrich et al. 2006). It is thought that this
response is mediated through PqsE and the PQS
(Deziel et al. 2005). P. aeruginosa releases a 4-
quinolone signal molecule into the extracellular
milieu, as culture supernatants were found to
contain approximately 6 �M (Pesci et al. 1999b).

Importantly, the PQS has recently been
isolated from the lungs of CF patients infected
with P. aeruginosa (Collier et al. 2002;
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Guina et al. 2003), and the presence of the
molecule in vivo may be a factor in allowing
P. aeruginosa to develop or maintain a chronic
state (Collier et al. 2002), involving biofilm
formation. In support of this hypothesis, it was
shown that PQS concentrations of 60 �M and
above significantly enhanced surface coverage
and biofilm formation of PAO1 on stainless steel
coupons. The PQS expression was shown to
be involved in DNA release in P. aeruginosa
biofilms, and the expression of the pqsA reporter
occurred specifically in the microcolonies in the
early phase of biofilm formation (Allesen-Holm
et al. 2006; Yang et al. 2007). A later study
has suggested that the pqsA gene is expressed
specifically in the stalk-forming subpopulation,
suggesting strongly that a subpopulation of
quorum-sensing producers dramatically affects
the development of the biofilm structure as a
whole (Yang et al. 2009).

Phenazines

P. aeruginosa releases phenazines which are a
group of small heterocyclic, redox-active com-
pounds that are toxic to both prokaryotes and
eukaryotes (Mavrodi et al. 2006; Mazzola et al.
1992; Price-Whelan et al. 2006).

Phenazines are important virulence factors
(Lau et al. 2004) that serve as antibiotics toward
microbial competitors (Baron and Rowe 1981)
and damage mammalian cells (Britigan et al.
1992). Phenazines can benefit P. aeruginosa by
serving as signaling molecules (Dietrich et al.
2006), regulating persister cell formation (Moker
et al.), influencing colony morphology (Dietrich
et al. 2008; Kempes et al. 2014), and promoting
iron acquisition and biofilm development
(Glasser et al. 2014; Wang et al. 2011). Like
quinolones, phenazines are excreted from cells
at specific points following exponential growth
(Diggle et al. 2003). The phenazine pyocyanin
(PYO) is a terminal signaling molecule in
the P. aeruginosa QS network (Dietrich et al.
2006). D. K. Newman and coworkers reported
that micromolar concentrations of phenazines
can support anaerobic survival by transferring

electrons to an extracellular oxidant (Wang et al.
2010). This is a critical observation for devel-
oping biofilms. Indeed a phenazine-null mutant
makes an especially rugose morphology. Using a
variety of approaches, it was demonstrated that
the rugose morphotype increases colony surface
area and access to oxygen for resident bacteria
when phenazines and other electron acceptors
are absent (Dietrich et al. 2008). Consistent
with this, the production of phenazines or
medium amendment with the alternate electron
acceptor nitrate promotes colony smoothness.
Furthermore, in the phenazine-null mutant, an
increase in the cellular NADH/NADC coincides
with the onset of wrinkling and a decrease
occurs as wrinkles develop (Dietrich et al. 2013).
This pioneering work was followed by several
independent works that suggested that indeed
colony wrinkling is an adaptation that supports
redox balancing in response to electron acceptor
limitation (Kolodkin-Gal et al. 2013; Okegbe
et al. 2014). Furthermore, it provided a novel
missing link between QS and redox balancing.

QscR

QscR is an orphan LuxR homolog that does not
have a partner LuxI homolog, although QscR
can bind the AI 3-oxo-C12-HSL (Lequette et al.
2006; Lintz et al. 2011; Oinuma and Greenberg
2011).

QscR forms mixed dimers with LasR and
RhlR and inactives them (Ledgham et al. 2003).
QscR has broader signal specificity than LasR
and can respond to some non-self-signals.
Synthetic 3OHC10 activated QscR much more
strongly than 3OC12 did (Ha et al. 2012).
The acyl side chain of C2 is ten-carbon as
with that of C10-HSL, although it is a non-
self-produced signal. The bacterial species
P. fluorescens, Burkholderia vietnamiensis,
and Roseobacter gallaeciensis are capable
of producing signals such as C10, C12, and
3OHC10, which can preferentially activate
QscR to LasR (Wagner-Dobler et al. 2005). The
difference between QscR and LasR is the broader
signal specificity, suggesting that QscR might
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respond to extrinsic signals by autoactivating its
own expression. In this situation, P. aeruginosa
can preferentially activate QscR. The QscR
regulon may be turned on independently of the
LasR system in the presence of its preferred
signal. The earlier and stronger activation of
QscR may antagonize the conventional QS
signaling pathway led by LasR and RhlR. The
mechanism of C2 inhibition of PAO1 biofilm
formation is through repression of the Las and
Rhl systems by QscR (Weng et al. 2014). QscR
activation was also able to block the antibiotic
tolerance of biofilms and, when combined with
antibiotics, abolish biofilm formation completely.
This indicates a possible QSCr-based treatment
strategy for P. aeruginosa biofilms.

Parallel QS Cascades Initiate
Dispersal in Vibrio Biofilms

Vibrio species are natural inhabitants of aquatic
environments and form symbiotic or pathogenic
relationships with eukaryotic hosts. Recent
studies reveal that the ability of Vibrio to
form biofilms depends on specific structural
genes (flagella, pili, and exopolysaccharide
biosynthesis) and regulatory processes (two-
component regulators, quorum sensing, and c-di-
GMP signaling (Ng and Bassler 2009b; Tischler
and Camilli 2004)). While many Vibrio species
are free living, a small group can form pathogenic
or symbiotic interactions with eukaryotic hosts.
These Vibrios change modes between growth
within their hosts and prolonged survival in
aquatic habitats (Yildiz and Visick 2009).
Adaptation of Vibrio species to changes in the
aquatic ecosystem and changes of their hosts is
critical to their survival and colonization success.
One key factor for environmental survival is the
ability to form biofilms.

Vibrio cholerae

V. cholerae is a Gram-negative bacterium, which
usually inhabits natural aquatic environments
and is best known as the causative agent of the

human disease cholera, and its QS mechanisms
have been investigated extensively in recent
years. This pathogen triggers the disease cholera
in humans, which is characterized by acute
enteric infection and severe diarrhea (Yildiz and
Visick 2009), and it is a major cause of death in
developing countries. Factors that are important
for V. cholerae virulence are the cholera
enterotoxin (CT) (enterotoxin is a protein toxin
released by a microorganism in the intestine),
the intestinal colonization factor known as the
toxin coregulated pilus (TCP) and the regulatory
protein ToxR, which regulates their expression.
The expression of CT and TCP in vivo is affected
by environmental signals such as optimum
temperature, sunlight, and osmotic conditions
(Faruque et al. 1998; Lee et al. 1999). V. cholera
uses cell-to-cell communication to control
pathogenicity and biofilm formation (Miller
et al. 2002) (Zhu et al. 2002). Several structural
components play a cardinal role in pathogenicity
and in biofilm formation. For example, the
type IV pilus, MSHA, which is responsible
for mannose-sensitive hemagglutination by V.
cholerae El Tor, has been implicated in biofilm
formation on nonnutritive, abiotic surfaces
(Watnick et al. 1999), as well as in host
colonization. Also, the colony morphology of
the wrinkled form of V. cholerae El Tor, which
forms thicker biofilms than non-wrinkled El
Tor, results from an exopolysaccharide (EPS)
encoded by the vps locus (Yildiz and Schoolnik
1999). Importantly, mutants lacking vps clusters
exhibited a defect in intestinal colonization. The
specific quorum-sensing systems most critical for
biofilm regulations are AI-2 and CAI-1.

Bassler and coworkers elucidated the
structure of V. cholerae’s autoinducer, (S)-3-
hydroxytridecan-4-one (CAI-1), and demon-
strated its control of virulence factor production
(Higgins et al. 2007); another important study,
by Kelly et al. showed that (S)-3-aminotridecan-
4-one (amino-CAI-1) is the precursor of CAI-1
produced by the synthase CqsA (Kelly et al.
2009). Recently, Wei et al. proposed that
3-aminotridec-2-en-4-one (Ea-CAI-1) is the
precursor of CAI-1 (Perez et al. 2012; Wei et al.
2011).
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CAI-1 is produced by the enzyme CqsA and
sensed by the receptor CqsS, and AI-2 is synthe-
sized by the enzyme LuxS and its receptor is the
LuxPQ complex (Higgins et al. 2007). Besides
CAI-1, V. cholerae also uses the autoinducer AI-2
to control virulence and biofilm formation. The
CqsA/CqsS system is found in several Vibrio
species (Henke and Bassler 2004; Miller et al.
2002), which suggests that it functions as an
intragenus signal and used for communication
between Vibrios (Ng et al. 2011).

CAI-1 and AI-2 operate synergistically to
control gene regulation in V. cholerae, although
CAI-1 was shown to be the dominant signal by
Higgins et al. (Higgins et al. 2007).

At low cell density, when AI concentrations
are below the detection limit, CqsS acts as a
kinase and phosphorylates the response regulator
LuxO. As a result V. cholerae expresses virulence
factors and forms biofilms (Hammer and Bassler
2003; Miller et al. 2002; Zhu and Mekalanos
2003).

This pattern of gene expression enables host
colonization and contributes to persistence in the
environment. At high cell density, when AI con-
centration is sufficient, CAI-1 binds CqsS, which
converts from kinase to phosphatase, leading to
dephosphorylation and inactivation of LuxO and
thus suppression of both the expression of vir-
ulence factors and the formation of biofilms,
through activation of the negative regulator HapR
and repression of the positive regulator VpsT.
Bassler and coworkers suggest that these events
allow V. cholerae to exit from the host, reenter the
environment in large numbers, and initiate a new
cycle of infection (Higgins et al. 2007). We note
that in Gram-negative bacteria, CAI-1 is proba-
bly the strongest known trigger of dispersal, the
last stage in a biofilm life cycle (Oppenheimer-
Shaanan et al. 2013), allowing planktonic cells
to leave behind the differentiated colony and
colonize a new environment.

Vibrio fischeri

The best described QS system is the Lux
system of Vibrio fischeri, a bioluminescent

Gram-negative bacterium. The V. fischeri QS
mechanism consists of a synthase (LuxI) that
produces the autoinducer signal, an acyl-
homoserine lactone (AHL), 3-oxo-hexanoyl-
homoserine lactone (3-oxo-C6-HSL) (Eberhard
et al. 1981), and a transcriptional activator(LuxR)
that recognizes the signal, leading to activation
of genes in the lux operon (Engebrecht et al.
1983). Sensor kinases LuxQ (in association with
the periplasmic protein LuxP), LuxN, and CqsS
(not depicted), the histidine phosphotransferase
LuxU and the response regulator LuxO (Ng
and Bassler 2009a) are involved in transmitting
the signal. Under low cell densities (low AI
concentrations), the Sensor Kinases exhibit net
kinase activity and serve as phosphoryl donors
to LuxU, which serves as a phosphoryl donor to
the response regulator LuxO. Biofilm formation
plays a key role in host colonization by V. fischeri
(Nyholm et al. 2000; Yip et al. 2006). Vibrio
fischeri is known to promote biofilm formation
through the symbiotic polysaccharide (syp) locus.
The syp locus is a set of 18 genes thought to
be involved in the regulation, production, and
transport of a polysaccharide involved in biofilm
formation (Shibata et al. 2012). It was recently
demonstrated that syp is regulated by QS pathway
and more specifically by LuxU. The loss of
LuxQ and LuxU resulted in a delay in wrinkled
colony formation. In the aforementioned study,
LuxU played a more critical role than LuxO
in controlling biofilm formation suggesting that
LuxU may function independently of LuxO (Ray
and Visick 2012).

Bacillus subtilis, Biofilm
as aMulticellular Organism:
Differentiation and Paracrine
Signaling Orchestrated by QS
Cascades

Bacterial communities and bacterial biofilms, a
higher order community, thrive in their natural
habitats as a result of their ability to respond
accordingly to environmental changes. Some
microorganisms are capable of differentiating
into subpopulations of phenotypically distinct but
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genetically identical cells (Aguilar et al. 2007).
These subpopulations of cells produce or respond
to different signals and serve distinct functions
within the community. A classic example is the
soil bacterium Bacillus subtilis that responds to
different environmental cues by differentiating
into subpopulations of specialized cell types,
which coexist within a biofilm (Lopez et al.
2009b). Each subpopulation must have the ability
to sense one particular extracellular signal and
integrate it with the rest, discarding irrelevant
signals. For this purpose, B. subtilis possesses
at least three different master regulators, Spo0A,
DegU, and ComA, that coordinate the activation
and regulation of the developmental programs
that result in distinct cell fates within the biofilm
(Vlamakis et al. 2013). The initiation of the
production of the extracellular matrix, which is
essential for biofilm formation, is carried out by
a subpopulation of specialized cells in B. subtilis,
activating a protein named SinI, derepressing
SinR, the master regulator of the matrix genes
(Chai et al. 2008; Kearns et al. 2005). All of
the cells are encased within the matrix in a
mature biofilm. Thus, the matrix serves as a
“public good,” benefiting the community as a
whole (Vlamakis et al. 2008). Matrix-producing
cells specialize to secrete the main components
of the matrix through dedicated machinery:
the extracellular polysaccharide (EPS) (Branda
et al. 2004) and the structural matrix-associated
proteins TasA (Branda et al. 2006), forming
amyloid fibers (Romero et al. 2010), and BslA,
forming a hydrophobic layer. The expression of
both EPS and TasA is simultaneously triggered
upon induction of sinI. sinI induction commences
at low levels of Spo0A � P (Branda et al. 2001;
Chai et al. 2008; Fujita et al. 2005). Low levels
of spo0A � P in the cell are reached by the
action of four membrane-bound and cytoplasmic
sensor histidine kinases: KinA, KinB, KinC,
and KinD (McLoon et al. 2011; Vlamakis et al.
2013). KinA and KinB synergistically sense the
redox state of the biofilm cells. KinB is activated
via a redox switch involving interaction of its
second transmembrane segment with one or
more cytochromes under conditions of reduced
electron transport. In parallel KinA is activated

by a decrease in the nicotinamide adenine
dinucleotide (NADC)/NADH ratio via binding
of NAD(C) to the kinase in a PAS domain A-
dependent manner (Kolodkin-Gal et al. 2013).
KinD is a canonical membrane kinase with two
transmembrane segments connected by a 211-
amino acid extracellular sensing domain that
is presumably involved in signal recognition
and binding to a specific extracellular signal.
KinD was suggested to specifically respond to
small secreted molecules produced by plants
(Beauregard et al. 2013), as well as nonspecific
signals, such as osmotic pressure (Rubinstein
et al. 2012). The membrane kinase KinC
harbors two transmembrane segments with no
extracellular sensor domain. Instead, KinC has
a PAS–PAC sensor domain in the cytoplasmic
region of the kinase. PAS–PAC sensor domain of
KinC somehow senses the leakage of cytoplasmic
potassium cations (Lopez et al. 2009a). Diverse
small molecules that are able to form pores in
the membrane of the bacterium can induce this
potassium leakage. This triggers the phospho-
rylation of Spo0A � P, which leads to matrix
production. Because of the nature of the stimulus,
the various small molecules identified that induce
matrix production via KinC differ vastly in
their molecular structure that share the ability
to cause potassium leakage by making pores in
the membrane of B. subtilis (Lopez et al. 2009a).
The most important small molecule described
to trigger matrix production via KinC is the
self-generated lipopeptide, surfactin (Arima et al.
1968; Lopez et al. 2009b). Surfactin production is
via a nonribosomal peptide synthetase machinery
termed SrfAA–AB–AC–AD (henceforth, Srf). In
this process, multidomain enzymes coordinately
catalyze several of the reactions needed to
synthesize surfactin (Kluge et al. 1988).

Once produced, surfactin causes the leakage
of potassium with the formation of pores in the
membrane (Sheppard et al. 1991), and that is
sensed as a trigger to the subpopulation of matrix
producers to differentiate. Surfactin thus serves
as an autoinducer signal. Surfactin is recognized
by its specific mode of action, generating pores
in the membrane, promoting membrane leak-
age rather than by its chemistry, and offering
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Fig. 1 QS signals and biofilm formation by Pseudomonas aeruginosa

an efficient strategy to allow sensing of quite
a large repertoire of signals. This mechanism
allows B. subtilis to respond not only to self-
produced molecules but also to natural products
secreted by other soil-dwelling organisms. This
mechanism may also suggest that ECM secretion
may have developed primarily as a defense strat-
egy versus neighboring enemies.

The production of the quorum-sensing
molecule surfactin is tightly regulated by another
quorum-sensing pathway, mediated by the
bacterial pheromone ComX, and the subsequent
phosphorylation of the response regulator
ComA (Roggiani and Dubnau 1993). ComA � P
activates the expression of the operon responsible
for surfactin production (Magnuson et al. 1994).
Only after ComX is sensed and surfactin is
produced can surfactin go on to trigger matrix
production via activation of KinC, suggesting the
need for several sequential cascades for proper
biofilm development (Lopez et al. 2009d).

The activation of ComA is at some extent
controlled by bimodal regulation because only
a subpopulation of cells senses ComX and be-
comes surfactin producers (Lopez et al. 2009d).
The subpopulation of surfactin producers is dif-
ferent from the matrix producers, responding to
surfactin. Therefore, surfactin acts as a unidirec-
tional signal in which one population produces
the molecule and another population responds
to it by producing an extracellular matrix. This
mechanism adds sophistication to the concept of
“quorum sensing,” where all cells are physiolog-
ically similar and thus able to produce the signal
and response (Bassler and Losick 2006; Miller
and Bassler 2001). In the case of surfactin, the
signaling can be referred to as paracrine signaling

because there is a producing cell that is distinct
from the nearby cell that can sense the signal.

The “paracrine signaling” system of B. subtilis
can be compared with other autocrine quorum-
sensing signaling systems described previously
in bacteria. For example, as we discussed, Pseu-
domonas aeruginosa possesses two interrelated
acyl-homoserine lactone quorum-sensing signal-
ing systems. These systems, the LasR–LasI sys-
tem and the RhlR–RhlI system, are global regula-
tors of the expression of a large number of genes
involved in diverse developmental processes. The
analysis of quorum-induced genes suggests that
the gene expression is sequential and time depen-
dent (certain genes are activated early in growth,
most genes are activated during the transition,
and some genes are activated at the stationary
phase) (Schuster et al. 2003b) (Fig. 1).

QS Signaling Promotes Cannibalism,
Tightly Linked with Biofilm
Formation

Bacillus subtilis responds to nutrient depletion
by sporulating, a developmental process that re-
sults in the formation of two distinct cell types
(McKenney et al. 2013). However, sporulation is
a time- and energy-consuming process. B. subtilis
delays the commitment to initiate sporulation
under nutrient-limited conditions by forming a
subpopulation of cells termed cannibals, obtain-
ing nutrients by lysing their surrounding sensitive
cells. Cannibal cells secrete two peptide toxins,
Skf and Sdp, while at the same time express-
ing the immunity machinery to resist the action
of these toxins. The toxins kill their sensitive
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siblings in a process termed cannibalism because
the dead cells can be used as food to temporar-
ily overcome the nutritional limitation and de-
lay the onset of sporulation (Ellermeier et al.
2006; Engelberg-Kulka et al. 2006; Gonzalez-
Pastor et al. 2003). The expression of the Skf
and Sdp toxins is positively regulated by the
transcriptional regulator Spo0A, when the cell
has low levels of Spo0A � P (Fujita et al. 2005).
Spo0A � P directly induces the expression of the
operon responsible for Skf production (skfA–H)
and indirectly, by repressing the repressor AbrB,
induces the expression of the operon responsi-
ble for Sdp production (sdpABC). Because both
cannibalism and matrix production are triggered
by low levels of Spo0A � P, the expression of
cannibalism and matrix production have been
reported to occur in the same subpopulation of
cells. This subpopulation specializes to produce
the extracellular matrix required for biofilm for-
mation at the same time that the cannibalism
toxins and the immunity to the action of the tox-
ins are expressed. Additionally, as described for
matrix production, the differentiation of cannibal
cells is also triggered by the quorum-sensing
signal surfactin (Lopez et al. 2009c). Because
only cells that have achieved high-enough levels
of Spo0A � P express the cannibalism genes, any
cells that do not have Spo0A � P will be sensitive
to the toxins and lyse. The nutrients released by
these lysed cells are used to promote the growth
of the matrix producers/cannibals, because those
are the only cells immune to the action of the
cannibalism toxins. In this way, the representa-
tion of matrix producers within the community
increases, allowing them to thrive at the expense
of the rest of the cell types (sporulation is delayed
and the other cell types are killed). Cannibalism
in B. subtilis may also play a role in regulating
the differentiation of matrix producers/cannibals.
The subpopulation of cells that produce surfactin
(the molecule responsible for the differentiation
of matrix producers/cannibals) will also benefit
from cannibalism. Because a fraction of surfactin
producers will ultimately differentiate into com-
petent cells, they might take up the DNA released
when cells are killed by the cannibalism toxins
(Lopez et al. 2009c, d).

QS Signaling Through AI-2 Controls
Biofilm Formation

As mentioned previously, LuxS-/AI-2-dependent
QSS has been proposed to act as a universal lexi-
con that mediates intra- and interspecific bacterial
behavior. B. subtilis luxS produces active AI-2
able to mediate the interspecific activation of light
production in Vibrio harveyi. It was demonstrated
that in B. subtilis, luxS expression was negatively
regulated by the master regulatory proteins of
biofilm development, SinR and Spo0A. B. sub-
tilis cells, from the undomesticated natto strain,
required the LuxS-dependent QSS to form robust
and differentiated biofilms and also to swarm on
solid surfaces. Furthermore, LuxS activity was
required for the formation of complex colonies.
AI-2 production and spore morphogenesis were
spatially regulated at different sites of the de-
veloping architectonically complex colony (Lom-
bardia et al. 2006). Though the research of this
QS cascade in Bacillus is still scarce, it is highly
feasible that AI-2 behaves as a morphogen that
coordinates the social behavior and biofilm de-
velopment of B. subtilis.

Bacillus subtilis Biofilms as aModel
for Multicellularity Regulated by QS
Cascades

Differentiation of distinct cells types in B. sub-
tilis is necessary for the proper development of
the bacterial community. This differentiation is
regulated, at least partially, by sensing several
extracellular signals. Most of these signals are
produced by B. subtilis itself. Secretion and sens-
ing of these extracellular signals might regulate
the timing of development in concordance with
the surroundings.

Staphylococcus aureus: A Cross Talk
Between the AIP Pheromone
and the Agr Regulon

Biofilm formation plays a critical role in many
device-related infections, infective endocarditis,
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urinary tract infections, and acute septic arthritis
through pathogens such as Staphylococcus
aureus. S. aureus forms complex and highly
heterogeneous communities in the presence of
glucose to enhance as a result of acidification
of the media caused by increased excretion of
metabolites. Other supplements such as serum
and high salt were also reported to induce biofilm
formation. Once a biofilm forms, strikingly,
over 60 % of the total cells become phenotypic
variants, making heterogeneity at the molecular
level in the staphylococci, perhaps the highest of
all Gram-positive bacteria.

Biofilms are known to be heterogeneous struc-
tures, with channels running throughout that fa-
cilitate the transport of nutrients and water. The
cells are held together by extracellular matrix that
includes the following:
(a) polysaccharides similar or identical to

staphylococcal polysaccharide intercellular
adhesion polysaccharides (PIA) (Mack et al.
1992). PIA-related polymers are produced
by Staphylococcus epidermidis and S. aureus
(PNAG) (Foreman et al. 2013);

(b) proteins, mostly surface adhesins, such as
Bap and SasG (Roche et al. 2003); and

(c) extracellular DNA (eDNA) are the primary
matrix components.

The reason for these assignments is straight-
forward; enzymes that degrade each of these ma-
terials, such as polysaccharide hydrolases, pro-
teases, and DNases, can disassemble staphylo-
coccal biofilms.

Staphylococci regulate biofilm formation and
dispersal using the agr quorum-sensing system.
The agr system responds to the extracellular
concentration of an autoinducing peptide (AIP)
signal (Boles and Horswill 2008), which is a
cyclic thiolactone-containing peptide of varying
amino acid composition depending on the strain
(McDowell et al. 2001). Once the local AIP
concentration reaches a critical level, usually
in the low nanomolar range, AIP binds to
the membrane-bound receptor domain of the
AgrC histidine kinase, activating the AgrCA
two-component system. This activation alters

global gene expression and leads to increased
detachment cells from a mature biofilm and
returns them to a planktonic state, completing
the biofilm life cycle (Boles and Horswill 2008,
2011). Agr activation can result in increased
levels of staphylococcal proteases that cut cell
surface proteins and disrupt cell–cell interactions
within the biofilm, and proteases can also be
added exogenously to cause biofilm dispersal.
Matrix-degrading materials, such as dispersin B,
can lead to biofilm disassembly by weakening
the structural integrity of the biofilm matrix
(Boles and Horswill 2011; Tegmark et al. 1998;
Tsompanidou et al. 2011).

The agr system controls staphylococcal
biofilm formation in several scenarios. S. aureus
biofilm formation in some in vivo models
was pronounced in agr mutants accumulated
suggesting that the quorum-sensing mechanism
was inhibitory toward biofilm formation.
Importantly, pockets of agr-activated S. aureus
cells within an established biofilm were observed
to detach under in vitro flow conditions, while
the agr inactive cells remained in the biofilm
(Dai et al. 2012). Exogenous AIP addition was
found to activate the agr system throughout a
mature biofilm, leading to complete disassembly
and conversion of biofilm-associated cells back
to a planktonic phenotype. Thus, QS via the
AIP system triggers a biofilm disassembly
mechanism (Boles and Horswill 2008). Notably,
across the staphylococci, activation of the
agr system by QS is known to induce the
expression of phenol-soluble modulins (PSMs).
PSMs are surfactant-like molecules and have an
important role in the structuring of staphylococci
biofilms, a property achieved by their shared
physicochemical properties. PSM expression
can also result in biofilm dispersal (i.e., the
detachment of cells or cellular clusters from
biofilms), which is a key mechanism leading
to the systemic dissemination of infections
involving biofilms (Periasamy et al. 2012). Thus,
the AIP-mediated QS system may have a dual
role in the structuring of biofilms, as well in their
dispersal.
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Conclusion

The plasticity of transiting between unicellular
and multicellular lifestyle renders bacterial cells
similar to many other types of living cells, which
are capable of unicellular existence, yet gen-
erally reside within multicellular communities.
Biofilms offer their member cells several ben-
efits: they protect their residents from environ-
mental insults and assaults, improve their attach-
ment to many different hosts, and allow effi-
cient access to oxygen and nutrients (Chen et al.
2012; Costerton et al. 1987; Dietrich et al. 2013;
Kolodkin-Gal et al. 2013). Importantly, the for-
mation, maintenance, and disassembly of struc-
tured multicellular communities critically depend
upon the chemical communication between cells.
Those chemical autoinducers are various: They
can be HSLs determining the maturation of Pseu-
domonas biofilms, or CAI-1 signal triggering
Vibrio to disperse, ComX pheromone initiating
complex development of Bacillus biofilms, or
the AI-P autoinducers controlling the stability
of staphylococcal communities. But, whatever
the signal is, it seems that bacterial multicellu-
lar communities critically depend on a chemical
cross talk between resident bacteria.
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and Virulence
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Introduction

The bacterial species have co-evolved with the
human race and account for more than 3,000
distinct species of which most are beneficial to
the humans. They are a few micrometres in length
and outnumber the eukaryotic cells by a ratio of
10,000:1. They have evolved their own strate-
gies for countering the defences of the human
host. Pathogenicity of microorganisms is through
the expression of the virulence factors, which
could be attributed to their genetic or biochemical
or structural features, which are responsible for
the organism to cause an infection in the host
(Oelschlaeger et al. 2002). The dynamic relation-
ship between the host and pathogen is an outcome
of the virulence of the pathogen and the resis-
tance or susceptibility of the host to the invading
pathogen (Casadevall and Pirofski 2000).

Colonization of the Host Surfaces

Penetration of microbes through the skin unaided
by surgery, catheters or other events that breach
the integrity of skin proves to be an impos-
sible task with the exception of the pathogen
that causes Lyme disease, Borrelia burgdorferi,
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which enters the skin through the wound inflicted
by the tick bite (Kung et al. 2013). Mucous
lines the body of the host in most parts and
are referred to as skin-associated lymphoid tissue
(SALT), gastrointestinal-associated lymphoid tis-
sue (GALT) and mucosa-associated lymphoid tis-
sue (MALT). Mucin and a meshwork of proteins
that protect the mucosal cells act as a lubricant
(intestinal and vaginal regions) and serve to trap
pathogens from gaining access to the mucous
cells present in between the SALT, GALT or
MALT in the host cells (Godaly et al. 2000).
Bacterial pathogens that lack surface proteins or
carbohydrates bind to the mucin components and
penetrate this layer without being trapped. In
addition, the fact that mucin is highly viscous
in nature and replaced every few days acts as
a continuous defence mechanism of the body,
making the propagation of pathogens in this layer
difficult (Lievin-Le Moal and Servin 2006).

Communication Amongst Bacteria

The adherent bacteria rapidly multiply to produce
intracellular bacterial communities within the
host cells and communication or quorum sensing
(QS) within the bacteria in this communal living
established through the production, detection and
response to extracellular signalling molecules
called autoinducers (AI) (Platt and Fuqua 2010).
These AI bring about genetic reprogramming
in the pathogenic bacteria in a cell density-
dependent manner (Ng and Bassler 2009).
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Once the threshold concentrations are attained,
the release of AI works on a feedback
mechanism, and the activity of the target sensor
kinase is modulated to induct the repressors
of the transcriptional regulators (Carnes et
al 2010). QS regulates alteration of gene
expression amongst groups of bacteria acting
in synchrony and between the individual cells
their bioluminescence, sporulation, competence,
virulence, symbiosis, biofilm production,
motility, production and resistance to antibiotics
and transfer of genetic material (Fuqua et al 2001)
and environmental factors such as diffusion and
confinement (Platt and Fuqua 2010).

QS, amongst the groups of bacteria, works on
three basic principles although they use different
types of systems; firstly all bacteria produce AI,
which diffuse away at low cell density and remain
undetected but, at high local concentration, en-
able detection and response. Secondly, the recep-
tors for these AI are cytoplasmic or membrane
bound in nature, and finally, their detection is
necessary to bring about their coordinated gene
expression and repression (Novick et al. 1995;
Seed et al. 1995).

In gram-negative bacteria, QS is by the
amphiphilic N-acyl homoserine lactones (AHLs)
(Pearson et al. 1999) that are synthesized by
Luxl-type AL synthases from acyl-acyl carrier
proteins and S-adenosylmethionine and differ
from each other by the length of their acyl side
chains that contain C3 substitutions. The AHLs
move across the bacterial membranes through
efflux pumps or by passive diffusion (Pearson
et al. 1999) to bind to their LuxR transcriptional
regulators and modulate their activity (Williams
2007).

The autoinducing peptides (AIPs) are respon-
sible for QS in gram-positive bacteria. When
the concentration of AIPs is high, they bind to
their membrane-bound two-component histidine
kinase (HK) receptors; HK receptor autophos-
phorylation activates the cytoplasmic regulator,
which in turn leads to the transcription of the
genes associated with QS. Upon release from
the HK receptor, the AIPs are recycled back in
to the cell cytoplasm where they modulate the
activity of the transcription factors (Rutherford
and Bassler 2012).

Virulence Factors of the Pathogens

As we all know that bacterial cells have three
distinct regions in their structure: the flagella and
the pili (proteins attached to the cell surface);
the capsule, cell wall and the plasma membrane
that constitute the envelope of the cell; and the
cell genome, ribosomes and the inclusions which
form the cytoplasmic content of the bacterial
cell. Virulence factors (Fig. 1, Table 1) are de-
termined by the exact molecular composition of
the plasma membrane, cell wall and LPS and the
role of flagella, fimbriae and capsule. They serve
as permeability membranes to allow the passage
of nutrients and prevent the passage of harmful
substances, adhesins to attach to specific surfaces
or tissues, protection against phagocytosis and
secretion of various enzymes on the cell surface
and sensing proteins that respond to temperature,
osmolarity, salinity, nutrients, etc. (Johnson and
Russo 2002).

Surface Components

Flagella are filamentous structures that aid in
the motility of the pathogen and for adherence
to the host cell. Motility is through the rotator
action of the motor apparatus powered by the
proton motive force and ATP hydrolysis in the
plasma membrane. This allows the cell to swim
across the fluid environment in response to the
chemotaxis (Antunez-Lamas et al. 2009). The
fimbriae and pili are short hairlike structures
that are stiffer and smaller than the flagella and
found all over the surface of the pathogen. They
are involved in the adherence, colonization and
resistance of the phagocytic attack by the leuko-
cytes. The cell wall of the pathogen protects the
protoplasm from osmolysis and is composed of
peptidoglycan. On the periphery of the cell wall
is the endotoxin, lipopolysaccharide. The bacte-
rial membranes consist of saturated or monoun-
saturated fatty acids, which are branched with
repeating isoprenoid subunits that attach to the
glycerol through the ether linkage, which serves
as an adaptation to exist in host environment.
The capsule (also known as glycocalyx or slimy
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layer) mediates the attachment of the bacteria to
surfaces and protects it from phagocytosis by the
antimicrobial agents.

Cytoplasmic Constituents

The chromosome and the plasmids contribute
to the genetic material of the pathogen. The
protoplasm of the pathogen also contains the
ribosomes, involved in the protein synthesis and
the inclusions that serve as the energy reserves
for the bacteria. Bacteria undergo genetic recom-
bination, through conjugation, transduction and
transformation, where their genetic material is
exchanged, although sexual reproduction is not
evident. Horizontal gene transfer across genera
serves as the single responsible factor for the
evolution of new species. Genes for drug resis-
tance are incorporated into the extrachromoso-
mal genetic material. There are several factors

that contribute for the evolution and adaptabil-
ity of the microbes such as their multiplication
rate, number of cells within their area, mutation,
species and gene transfer mechanisms in the host
niche (Juhas et al. 2009).

Pathogens have developed mechanisms to
evade peptides found at the base of the tongue to
the mucosal layer in the urinary tract; these host
peptides intercalate into bacterial membranes
and create pores that allow essential molecules
from the protoplasm of the bacterium to leach
out. The presence of lipopolysaccharide layer in
the gram-negative bacteria provides protection
against the action of the antimicrobial peptide
molecules. In addition, the presence of peptidases
and granules in the cytoplasm of the bacteria
that degrade the proteins provides a defence
mechanism to the pathogen. It is interesting that
certain bacteria like Helicobacter pylori have
developed a slow yet effective mechanism to
digest mucin and survive in this region before
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Table 1 Common pathogens with their prominent virulence mechanisms that have been identified for the establishment
of an infection in the human host

Organism Virulence factors

Bacillus anthracis 1. Unique protein capsule (polymer of ”-D-glutamic acid: antiphagocytic)

2. Nonmotile

3. Virulence depends on acquiring 2 plasmids; one carries gene for protein

4. Capsule, other carries gene for exotoxin

Bacteroides fragilis 1. Does not contain lipid A

Bordetella pertussis 1. Pertussis toxin

2. Extracytoplasmic toxin

3. FHA: binding to ciliated epithelial cells

4. Tracheal cytotoxin: kills ciliated epithelial cells

Borrelia burgdorferi 1. Antigenic variation of outer membrane Vmp lipoproteins

Borrelia recurrentis

Borrelia hermsii

Campylobacter jejuni 1. Flagella (H antigen)

2. Invasiveness

Chlamydia trachomatis 1. Resistant to lysozyme

2. Prevents phagosome-lysosome fusion

3. Nonmotile

4. No pili

5. No exotoxins

Clostridium perfringens 1. Nonmotile

Clostridium tetani 1. Flagella (H-Ag (C))

Clostridium botulinum

Clostridium difficile

Enterococci 1. Extracellular dextran helps bind to heart valve

Escherichia coli 1. Fimbriae (pili): colonization factor

2. Siderophore

3. Adhesins

4. Capsule (K antigen)

5. Flagella (H antigen)

Haemophilus ducreyi 1. No capsule

Haemophilus influenzae 1. Capsule

2. Attachment pili (FHA)

3. IgA1 protease

Klebsiella pneumoniae 1. Capsule

2. Nonmotile

Legionella pneumophila 1. Capsule

2. Flagella and multiple fimbriae

3. Haemolysin

Mycoplasma pneumoniae 1. Produces hydrogen peroxide
2. Ab’s against RBCs (cold agglutinins), brain, lung and liver cells produced during

infection

Neisseria gonorrhoeae 1. Pili

(a) Adherence

(b) Antigenic variation

(c) Antiphagocytic: binds bacteria tightly to host cell

2. IgA1 protease

(continued)
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Table 1 (continued)

Organism Virulence factors

3. Outer membrane proteins:

(a) Protein I: porin

(b) Protein II

Neisseria meningitides 1. Capsule:

2. IgA1 protease

3. Siderophores

4. Pili (adherence)

Pseudomonas aeruginosa 1. Polar flagellum (H antigen)

2. Haemolysin

3. Collagenase

4. Elastase

5. Fibrinolysin

6. Phospholipase C

7. DNAase

8. Antiphagocytic capsule

Salmonella species 1. Flagella (H antigen)

2. Capsule (Vi antigen)

3. Siderophore

Shigella dysenteriae 1. Nonmotile (no H antigen)

2. Invades submucosa not lamina propria

Shigella dysenteriae 1. Nonmotile (no H antigen)

2. Invades submucosa not lamina propria

Staphylococcus aureus 1. Protective

(a) Microcapsule

(b) Protein A: binds IgG

(c) Coagulase

(d) Haemolysins

(e) Leukocidins

(f) Penicillinase

2. Tissue destroying

(a) Hyaluronidase

(b) Staphylokinase

(c) Lipase

Staphylococcus epidermidis 1. Protective

Staphylococcus saprophyticus 2. Polysaccharide capsule

Streptococcus pneumoniae 1. Capsule

Streptococcus pyogenes 1. M protein (adherence factor, antiphagocytic, antigenic)

2. Lipoteichoic acid (adherence factor)

3. Steptokinase

4. Hyaluronidase

5. DNAase

6. Anti-C5a peptidase

Treponema pallidum 1. Motility

Vibrio cholera 1. Flagellum (H antigen)

2. Mucinase

3. Fimbriae

4. Noninvasive
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causing an infection through the production of
extracellular enzymes and toxins (Yoshiyama
and Nakazawa 2000).

Adherence

Adherence of the pathogen through the pili, fim-
briae and afimbrial adhesins to the host surface
is the most important dogma in the pathogene-
sis of infections (Mulvey et al. 2000). Bacteria
adhere and stay for long periods in the mouth,
small intestine, bladder and mucosal surfaces and
rapidly multiply, although these surfaces are con-
stantly in a fluid environment, which helps in the
removal of the non-adherent and weakly adhering
bacteria from the host. Therefore, adhesion to the
surface becomes an essential feature of virulence
to cause an infection (Mulvey 2002).

Pili and fimbriae are proteinaceous, rod-
shaped structures composed of repeated subunits
of pilin (20 kDa) that link into a helical array to
form a long cylindrical structure. The fimbriae are
shorter, thinner structures, while pili are generally
thicker in nature and seen as long outgrowths
from the bacterial surface. Pili establish contact
with the host cell surface without getting close
to the electrostatic repulsion that prevents attach-
ment, due to the negativity of both the surfaces.
Also, it has been identified that the shorter
fimbriae and the surface proteins are required
for the irreversible attachment between the host
cells and the bacteria (Tomme et al. 1995). The
highly specific receptors for the pili on the host
surface are the carbohydrate moieties of the gly-
coproteins or glycolipids. Bacteria propagating
in the host constantly lose and reform pili due
to their fragile nature. Pilus replacement also
proves to be an effective evasion against the host
immune response as the host produces antibodies
against the bound pili, due to which these pili are
lost and replaced (Giltner et al. 2012).

The adhesion of the bacteria to the host cell
through the pili brings an altered expression in
the virulence genes due to the physical changes
in the conformation of the pilus tip proteins and
the host surface receptors, which results in a

conformational change in the shaft subunit pro-
teins, which reflect along the bacterial surface.
In gram-positive bacteria, such as Streptococcus
pyogenes, a non-fibrillar adhesion through M
protein-mediated attachment to fibronectin oc-
curs. The afimbrial adhesins are proteins that
mediate lighter binding of the bacteria to the host
cell. Bacterial surface proteins allow attachment
and invasion of host cells. Although only a few
bacterial surface proteins have been identified
with regard to their role during attachment, these
proteins have been reported to recognize proteins
on the host cell surface in contrast to the carbo-
hydrate moieties (Kuehn 1997).

Another adhesion that paves way for
infections in the host is the exopolysaccharide-
mediated attachment between the bacteria in
the host milieu that leads to the formation of
biofilm or intracellular bacterial communities
within the host cells. The metabolism within the
biofilm shifts closely to a dormant state even
though there is a constant supply of nutrients
through channels that reach most of the microbial
community that are deep seated. Biofilms in
lungs (Legionella pneumophila), dental caries
or periodontal disease (plague) or plastic tubing
(catheters, stents) or implants (heart valves or
hip joint replacements) have become primary
source of concern due to the refractory potential
of the biofilm to antibiotics and disinfectants,
the protection it offers the pathogens from
phagocytosis and the added risk of sepsis, make
it difficult to eliminate a biofilm once established
(Anderson et al. 2003).

sIgA Proteases

The mucin surrounding the host cells contains
the sIgA molecules that simultaneously bind to
the bacterial antigens via their antigen binding
sites and interact with the mucin via the Fc por-
tions. The pathogens avoid sIgA-mediated trap-
ping through the production of sIgA proteases
that cleave human IgA in the hinge region, which
separates the IgA part that binds to the bacteria
from the mucin (Pastorello et al. 2013).
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Iron AcquisitionMechanisms

Bacterial pathogens being no respecters of human
paradigms defy the statement that iron is essential
for their growth. Some bacteria have evolved
mechanisms to by-pass the problem of iron
acquisition from the host by not using iron at
all for their growth. The concentration of free
iron in the host is generally low as it exists in
chelated forms as lactoferrin, transferrin ferritin
and haemoglobin. To survive in such conditions,
bacteria possess iron acquisition mechanisms
known as siderophores that chelate to iron with
high affinity (Skaar 2010). These siderophores
are low-molecular-weight compounds that exist
in two forms, catechols and hydroxamates, that
are recognized by the siderophore receptors
on the bacterial surface in a bound state to the
host iron. Once the complexes are internalized,
into the bacterial cell, they are cleaved for iron
utilization. The receptors for siderophores are
not pathogen specific, and bacteria have been
reported to utilize siderophores produced by
other species for free iron loading.

Recently it has been identified that pathogenic
strains have more than one iron-sequestering
system, a mutant-deficient system where the
pathogenic bacteria rely on iron abstinence
mechanisms, where they require no iron at all.
Few bacteria have been reported to contain iron-
sulphur centres associated with their respiratory
mechanism that are indispensable for the bacteria
in their anaerobic lifestyles as in the case of
B. burgdorferi, the causative of Lyme disease
(Ouyang et al. 2009), where the bacteria survive
on manganese, to replace iron as a cofactor in
indispensable enzymes (Whittaker 2012).

Invasion and Intracellular Homing

Bacteria enter host epithelia that are not natu-
rally phagocytic by adhering to the host cell and
making alterations in the host cell cytoskeleton.
This causes polymerization and depolymeriza-
tion of the actin in the host cell to form pseu-
dopods that result in the engulfing of the bacte-
ria. This pseudopod formation by the bacteria is

also enhanced by the bacterial surface proteins,
invasins (Bohdanowicz et al. 2010). Bacteria also
invade non-phagocytic cells by vesicle formation
as mode of transiting to reach underlying host
tissues. Bacteria that force ingestion by the host
cell continue to interact with the host actin by
moving along the pre-existing fibres that form
the cytoskeleton of the host cell as in the case of
Listeria sp. (Martinez et al. 2000).

Bacteria also induce their uptake by phago-
cytes and are present as either membrane-bound
vesicles in the phagolysosomes where they are
killed, or they prevent the fusion of phagosome
and lysosome, or they disrupt the membrane
vesicle they are bound in by crating pores or
disrupting the membrane.

Evading Host Innate Immune
Response

A loose, unstructured network composed of
polysaccharides or polypeptides or protein-
carbohydrate mixtures forms the capsule of
the bacteria. The capsule serves to protect the
bacterium from the host immune response and
prevent the formation of C3 convertase by
failing to bind to serum protein B due to high
affinity towards serum protein H and due to their
high content of sialic acid (Almagro-Moreno
and Boyd 2009a, b). The failure to form C3
convertase offers protection to the encapsulated
pathogens as only the capsule is digested and this
prevents the pathogen from being engulfed by
the phagocytes. Subversion of the host response
also occurs through the presence of capsules that
resemble host polysaccharides such as sialic acid
(e.g. Neisseria meningitidis) and sialic acid (e.g.
Streptococcus pyogenes) (Groisman 1994).

The pathogens also circumvent the host
response by resistance to host nitric oxide, an
important antibacterial mechanism of the host,
through the flavohaemoglobin of the respiratory
chain as in E. coli. Flavohaemoglobin utilizes
NADPH, FAD and oxygen to convert nitric oxide
to NO3� (Bower et al. 2009).

Lipopolysaccharide serves not only as the
target for complement system but also for the
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attachment of C3b and C5b and the nucleation
site for the formation of MAB. This is inhibited
by the binding of the sialic acid to LPS O antigen,
which inhibits the formation of C3 convertase,
and also the changes in the length of the LPS
O antigen prevent MAC formation. Bacteria
that are not killed by the MAC become serum
resistant and cause systemic infections. The other
strategies prevent migration of the phagocytes
to where the bacteria are residing within the
host cell, through the bacterial enzymes found
in gram-positive cocci (Brodsky and Medzhitov
2009). Toxic proteins that kill phagocytes and
inhibit their migration or reduce the strength
of oxidative burst and production of LPS-like
molecule that does not elicit the strong host
response as in the case of H. pylori are the other
mechanisms (Terao et al. 2008).

Prevention of Phagocytosis

Bacteria survive inside the leukocytes, macro-
phages and monocytes through fusion with
the lysosome, thereby avoiding phagocytosis
(Duclos and Desjardins 2000). These pathogens
are the most dangerous as they are immune
to all the defence strategies of the host,
making their eradication difficult (Smith 1998).
Acidification of the membrane-bound vesicle
before phagolysosome formation and releasing
of toxins into the phagolysosome, production of
catalase and superoxide dismutase that detoxify
the reactive oxygen species and production of cell
surface polysaccharides that reduce the effect of
oxidative burst and cell walls that are refractory
to destruction by the lysosomal proteases and
lysosomes are some of the other mechanisms of
virulence that pathogens have evolved to subvert
phagocytosis (Lu and Zhou 2012).

Toxins

All the methods of bacterial virulence discussed
above are invasive methods through which bacte-
ria are responsible in the pathogenesis of an infec-
tion. Toxins produced by the bacteria on the other

hand are non-invasive and have a limited capacity
to disseminate infection in the host. They act on
the host at a distance from the site of infection
and are target specific (Schmitt et al. 1999). Heat-
stable enterotoxins are a group of toxins that
are proteinaceous in nature and expressed by
pathogenic E. coli and V. cholera (Galen et al.
1992). They accumulate in the intestine and elicit
their response in the host.

Pore-forming toxins such as colicins, and
diphtheria toxins, are the other group of toxins
that form pores on the surface of the host cells
and alter the membrane permeability, thereby
leading to ion imbalance. They are soluble units,
which form stable multimeric complexes on the
target membranes and translocation across lipid
membranes (Schmitt et al. 1999).

The other class of toxins are the superanti-
gens that are secreted by Staphylococcus aureus,
Streptococcus sp., Mycoplasmas and Yersinia sp.
that bind to the major histocompatibility complex
II and stimulate the peptide-independent MHC
II/T cell receptor interaction and immune activa-
tion. They are responsible for toxic shock syn-
drome and food poisoning (Schmitt et al. 1999).

Quorum Sensing and Regulation
of Virulence Factors

Clinically relevant pathogens utilize QS to
regulate the collective production of VFs. In
gram-positive bacteria, the AIPs are oligopeptide
precursors and are diverse in sequence and
structure (Thoendel et al. 2011). These AIP
require transporters that not only process the
pro-AIPs but also help in their translocation. The
post-translationally modified AIPs are generally
5–17 amino acids long and are linear or cyclic
in nature (Bouillaut et al. 2008). These AIPs
are detected by the HK sensor kinases, which
are autophosphorylated due to the transfer of the
phosphoryl group from the histidine to a con-
served aspartate, which thereby controls the QS
target genes (Peterson et al. 2000). Expression
of these genes is activated by the phosphorylated
response regulator, resulting in an autoinducing
feedforward loop that coordinates the QS
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response. This QS mechanism controls the
virulence factor production in gram-positive
pathogens such as Streptococcus pneumonia
(competence), Bacillus subtilis (competence and
sporulation), S. aureus, Listeria monocytogenes,
Enterococcus faecalis and Clostridium perfrin-
gens (Kleerebezem et al. 1997; Autret et al. 2003;
Podbielski and Kreikemeyer 2004; Ohtani et al.
2009; Riedel et al. 2009).

S. aureus is a commensal of the human skin
and is responsible for minor skin infections
that lead to pneumonia, bacteraemia and sepsis
(Massey et al. 2006). The array of VFs such
as adhesion molecules and toxins that affect
the immune system are responsible for its
pathogenesis, and two-component QS system
encoded by agr locus regulates the expression
of these genes. The P2 promoter drives the
expression of the RNAII transcript, which
encodes the four-component QS system (Novick
et al. 1995), while the agrD encodes for the pro-
AIP, which is processed into the final cyclic AIP
(7–9 peptide long) by the transmembrane protein
AgrB (Thoendel and Horswill 2010). When the
AIP accumulates, it binds to the membrane-
bound AgrC, which autophosphorylates and
transfers the phosphate group to AgrA, which
subsequently autoinduces the agr operon (Lina
et al. 1998) and activates the P3 promoter, which
encodes the RNAIII promoter (Novick et al.
1993). RNAIII activates the ’-toxin production
and simultaneously represses the expression of
rot, fibronectin binding proteins A and B, protein
A, coagulase and other surface proteins (Dunman
et al. 2001). Repression of rot leads to the acti-
vation of genes that encode for the production of
additional toxins, lipases, proteases, enterotoxins,
superantigens and ureases (Geisinger et al. 2006).
As a result of this, the surface virulence factors
and biofilm formation are downregulated at
high cell density of the pathogen, to facilitate
its dispersal (Yarwood et al. 2001; Boles and
Horswill 2008). This behaviour of S. aureus is
analogous to the strategy of V. cholera.

In more than 100 gram-negative bacterial
species such as Vibrio fischeri, P. aeruginosa,
Serratia marcescens, Brucella melitensis,
Chromobacterium violaceum, etc., the QS

circuits control the VFs. The LuxI/LuxR-type
QS systems are present. The LuxI homolog is an
AI synthase that catalyses the reaction between
SAM and the ACP to produce the diffusible AHL
(Ng and Bassler 2009). At high concentrations,
AHL binds to cytoplasmic LuxR transcriptions
factors and activates luxI expression leading to
the feedforward autoinduction loop (Zhu and
Winans 1999, 2001). The AHLs produced by
different bacteria vary in their side chains at
the C3 position and are highly specific in their
interactions (Chen et al. 2011).

In P. aeruginosa, a ubiquitous gram-negative
pathogen that is responsible for both acute
and chronic infections (Mena and Gerba 2009)
in immunocompromised hosts, cystic fibrosis
patients (Zemanick et al. 2011) and patients
with severe burns, tracheal intubation and
mechanical ventilation, where up to 10 % of
its genome is under the influence of QS, that
is collectively responsible for the production
of VFs that contribute its pathogenicity. Three
QS circuits (two LuxI/LuxR-type QS and one
Pseudomonas quinolone signal (PQS)) are
present in P. aeruginosa. The LuxI circuit is
responsible for the transcription of the target
genes that encode for the VFs elastase, proteases
and exotoxin A through the production of
the homolog 3-oxo-C12-homoserine lactone
(Schuster et al. 2003, 2004). The second AI
butanoyl homoserine lactone activates genes
responsible for the production of pyocyanin and
siderophores along with elastase and proteases
(Schuster and Greenberg 2007). The other VFs
that are encoded by the QS system are lectin
and rhamnolipid production, swarming motility
and toxins. The third non-LuxI/LuxR QS system
in P. aeruginosa is used to control the VF gene
expression (Deziel et al. 2004).

VirulenceMechanisms
of Opportunists

Opportunists are members of the commensal
flora of the humans that cause infections in
people whose defence system is compromised
by acquiring virulence genes through horizontal
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gene transfer mechanisms. The common
opportunists are Staphylococcus epidermidis,
Enterococcus faecalis, Streptococci, Bacteroides
fragilis and Burkholderia cepacia. Some of
the virulence mechanisms that are acquired in
this class of pathogens are capsule formation,
presence in high numbers at the site of infection
in the host, ability to escape from the immune
system of the host and the resistance to antibiotics
(Brown et al. 2012).

Conclusion

The virulence factors present in pathogenic bac-
teria aid in the dissemination of infections within
the host. A clear understanding of the underly-
ing mechanisms of virulence helps identify ways
in which the pathogens are responsible for the
pathological changes they induce in the host and
the signalling pathways that are up- or downreg-
ulated during QS to bring in this effect. With
an alarming increase in resistance to antibiotics,
knowledge on how virulence factors and QS
interact with the host receptors and proteins helps
in designing new diagnostic kits that can identify
the presence of infections at a quicker pace and
develop new drug targets that help combat this
menace. In addition, an idea on the structural and
genetic characterization of the virulence factors
sheds light to design possible drug targets that
can combat infections and act as inhibitors of
infection through the QS mechanism in individ-
uals genetically prone to infections. A complete
analysis also provides insight into the evolution-
ary interplay involved in the generation of new
species and the interactions of the pathogens with
the commensal species in the niche they adapt to
cause potential infections.
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Quorum Sensing in Nitrogen Fixation

Jie Gao, Anzhou Ma, Xuliang Zhuang, and Guoqiang Zhuang

Introduction

Soil microbial activity in the rhizosphere has
the effects on soil biodiversity and quality and
the health of plants, thus affecting the stability
and productivity of above-ground plant parts.
Amazingly complex interactions exist within the
unseen underground environment, including root-
root, root-insect, and root-microbe interactions,
which can have both positive and negative out-
come (Bais et al. 2006). Over the past decade,
studies of the rhizosphere have revealed that
when roots, microorganisms, and soil fauna phys-
ically contact one another, bioactive molecular
exchanges often mediate these interactions as in-
tercellular signal, which prepare the partners for
successful interactions. These signal molecules
are derived from multiple types of biosynthesis
and provide cell-signaling networks to control the
individual physiological process.

Quorum sensing (QS) is an important
communication system used during symbiosis,
defense, forming biofilm, and other interactions
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between plants and microorganisms, and
it appears that this cross-talk system in
microorganisms provides information in complex
unseen networks. By studying QS between plants
and microbes, scientists can better understand
how communication occurs. The autoinducing
signals, mediated by bacteria, cover the N-acyl
homoserine lactones (AHLs) as well as other
molecules, including quinolone, p-coumarate,
and 3OH palmitic acid methyl ester (3OH
PAME) in several gram-negative bacteria and
oligopeptides in gram-positive bacteria (Waters
and Bassler 2005). Moreover, furanosyl borate
diester produced by Vibrio harveyi allows
bacteria to communicate between species. One of
the best-studied examples of quorum sensing is
AHL-mediated cell-cell communication. The key
stages involved in QS include secretion of signal
molecular, accumulation of signals, recognition
process, autoinduction synthesis process, tran-
scriptional activation by the operon of QS, and
QS signal withering. These processes, involving a
number of signal transduction cascades, regulate
enzymatic synthesis, transport protein synthesis,
transduction by membrane, transcriptional acti-
vation, gene expression, and signal degradation.

While we have been able to describe the QS
system in the individual microorganism for some
time now, understanding the positive and negative
effects on different microbial communities is
more important. Signaling molecules involved
in QS are strongly associated with stimulating
biological activities and triggering a range of
signal transduction cascades during root-microbe
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interaction processes (Zhuang et al. 2013). Plant-
growth promoting and biocontrol bacteria, such
as certain Pseudomonas biocontrol strains, are
affected by QS systems. And the regulation
of QS and the positive interaction effect can
improve overall plant growth and health (Alavi
et al. 2013). Biosynthesis of antibiotics and
other antifungal compounds, such as phenazines,
pyrrolnitrin, 2,4-diacetylphloroglucinol, hydro-
gen cyanide, and pyoluteorin, is related to the
phzIR QS system of Pseudomonas aureofaciens
in the wheat rhizosphere (Wood et al. 1997).
Quorum sensing was also found to modulate
expression of virulence genes in Pseudomonas
aeruginosa, a plant pathogen that infects the
roots of Arabidopsis and sweet basil. And it is
possible that higher plants may also synthesize
and secrete compounds that mimic the activity of
bacterial AHL signaling compounds. The AHL
signal-mimic activities detected in pea (Pisum
sativum) exudates might play important roles in
stimulating AHL-regulated behaviors in certain
bacterial strains while inhibiting these behaviors
in others (Teplitski et al. 2000). Also, the R-type
proteins of some plant pathogens are stimulated
by a compound present in rice, which does not
make AHLs and does not possess a LuxI-family
AHL synthase themselves (Ferluga and Venturi
2009). Furthermore, the response of plants to
AHLs depends on various external factors, such
as AHL type and concentration. Plants or parts of
the plant will react differently to treatment with
AHLs. These sophisticated information feedback
systems show the importance of QS in cross-
kingdom signaling in the rhizosphere.

Biological nitrogen fixation is mainly driven
by soil bacteria, called rhizobia, that form sym-
biotic associations with roots. Nitrogen fixation
by rhizobia is one of the best-studied examples of
root-microbe interactions (Jackson et al. 2008).
Nitrogen availability is important to nitrogen cy-
cling and plant productivity within the ecosys-
tem. The formation of nitrogen-fixing nodules
in legumes involves complex molecular inter-
actions and recognition (Oldroyd and Downie
2008). We will discuss the process of this impor-
tant symbiosis controlled by QS in the followed
section.

QS in Symbiotic Nitrogen-Fixation
Process

The symbiotic relationship formed between the
nitrogen-fixing rhizobia and their legume host
is complex signaling communication process.
Many bioactive molecules are involved in
the regulatory network, such as root exudates
(flavonoids), exopolysaccharides (EPSs), Nod
factors, and AHLs. A review by Gonzalez
and Marketon (Gonzalez and Marketon 2003)
reported that quorum sensing is involved in the
signal exchange process and perhaps plays a
major role in preparing and coordinating the
behavior of nitrogen-fixing rhizobia during the
establishment of the symbiosis. During the course
of rhizobial nodulation, the bacteria undergo
chemotaxis toward the plant roots, leading to
an increase in cell density, and the subsequent
phenomena, including nodulation, symbiosome
development, exopolysaccharide production, and
nitrogen fixation, all involve the QS process
(Wisniewski-Dyé and Downie 2002; Sanchez-
Contreras et al. 2007) (Fig. 1).

QS System in Rhizobia

Sinorhizobium sp. and Rhizobium sp., able to fix
atmospheric nitrogen, are two main types of soil
bacteria that are capable of nodulation with al-
falfa plants, including Medicago, Melilotus spp.,
Vicia, and Pisum. These strains possess multiple
quorum-sensing systems that can synthesis of
AHLs with different chains (Braeken et al. 2008).
These AHL-based QS systems usually include a
luxI-homolog AHL synthase gene and one gene
of luxR family detecting the presence of AHLs
and regulating transcription accordingly.

For example, in Rhizobium leguminosarum
bv. Viciae, four different AHL-based QS systems
(tra, rai, rhi and cin), synthesis of seven AHLs,
have been identified, and cinI-cinR-determined
quorum-sensing regulation is at the top of a
hierarchy that induces the other QS regulatory
systems (Frederix et al. 2011). Mutations
in cinR and cinI abolish the production of
N-(3-hydroxy-7-cis-tetradecenoyl)-l-homoserine
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Fig. 1 A series of complex signal transmission of
rhizobia-root nodule symbiosis. Plant roots secrete chem-
icals (flavonoids) that attract the correct plant symbiont.
These exudates induce nodule bacteria to recognize the
plant and produce Nod signaling molecules. The Nod
factors elicit root hair curling and trigger the root corti-
cal cell divisions, and lead to the development of plant

nodules. And then plant receptor kinases are involved
in the perception of Nod factors to generate suitable
rhizobia-root nodule symbiosis. The invasion produced by
rhizobia requires the action of chemotaxis, an increase
in cell density, nodulation, symbiosome development, ex-
opolysaccharide production, symbiotic plasmid transfer,
and nitrogen fixation, all involve the QS process

lactone (3OH-C14:1-HSL) and also reduce the
production of several other AHLs produced by
raiI, traI-like, or rhiI, whereas mutations in cinI
have little effect on growth or nodulation of
the host plant (Lithgow et al. 2000). The AHL
synthetase CinI produces 3-OH-C14:1-HSL, and
this signal can induce a strong growth-inhibitory
response of several strains of R. leguminosarum
(Lithgow et al. 2000). A gene (cinS), coexpressed
with cinI, acts downstream of a luxR-type
regulator (expR) for raiR induction. It appears
that the link between the cin QS system and
rai QS system is regulated by CinS and CinS
and ExpR act to increase the glycanase (PlyB)
levels that influence the surface polysaccharide
(Edwards et al. 2009). The raiI and raiR genes
seem no observed effect on nodulation process by
producing 3-OH-C8-HSL. The other QS element
TraR is responsible for transfer of the symbiotic
plasmid pRL1JI. pRL1JI from R. leguminosarum
is the first identified plasmids in the rhizobia
including genes required for nodulation and ni-
trogen fixation. It has the traI-trbBCDEJKLFGHI
plasmid transfer operon, and two regulatory
BisR and TraR take charge of conjugation
for transferring between different rhizobial
strains. The rhiR and rhiI genes found in R.
leguminosarum bv. Viciae induce the rhiABC
genes by RhiI-made C6, C7, and C8-HSLs. And
the operon plays a role in nodulation efficiency.

Sinorhizobium meliloti is also a gram-negative
soil bacterium that is capable of nodulation with
leguminous plants. In Sinorhizobium meliloti
strain Rm1021, the Sin QS system depends upon
two genes, sinR and expR, which can respond
to AHLs made by signal synthetase SinI. The
AHL signals, from C12- to C18-HSL, can regulate
motility, swarming, nodule formation, and other
important processes in symbiosis with host plant.
The QS system in some typical rhizobia has
demonstrated in Table 1.

QS for Exopolysaccharide Production
andMotility

AHL-mediated QS systems have been ex-
tensively characterized in different rhizobia
and various aspects of the legume symbiosis.
Exopolysaccharide (EPS) is indispensable for
the invasion of leguminous plants (infection,
attachment, and biofilm formation), which is
regulated by QS.

Rhizobia strains are capable of synthesizing
the distinct EPS succinoglycan and second
exopolysaccharide (EPS II), which are both
involved in symbiosis. The precise physiological
function of EPS, as produced by nodule bacteria,
has been investigated in an exopolysaccharide-
deficient mutant. As a result of this mutation,
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these bacteria failed to invade legumes and estab-
lish symbiosis due to a defect in initiating the pro-
duction of infection threads (Jones et al. 2008).
In S. meliloti, the ExpR/Sin quorum-sensing
system is involved in the regulation of genes
responsible for succinoglycan biosynthesis. At
least five different AHLs (which are produced
by SinI) can induce expression of several genes
involved in the biosynthesis of EPS and EPS-
II, which play important roles during symbiosis
(Glenn et al. 2007). The regulatory protein MucR
also plays a key role in the control of EPS and
EPS II production by binding to promoter regions
in both exopolysaccharide biosynthesis gene
clusters (Downie 2010). Exopolysaccharides
are secreted in a range of sizes, represented
by two major fractions: high-molecular-weight
and low-molecular-weight fractions. Moreover,
the low-molecular-weight fraction represents
symbiotically active forms of EPS, and it
has been suggested that they may act as
signaling molecules during this process (Pellock
et al. 2000). During nitrogen-fixing symbiosis,
lectins respond to polysaccharides produced by
nodule bacteria; lectins are carbohydrate-binding
proteins that promote the aggregation of rhizobia
on the surface of legume root hairs, and they bind
polysaccharides of the rhizobia with specific
sugar-binding sites (Díaz et al. 1989). According
to some reports, lectins are likely necessary
within the nodule primordium to sustain cortical
mitotic activity and increase the concentrations
of Nod factors, which are necessary for the
nodulation process (Mathesius and Watt 2011).

The ExpR/Sin quorum-sensing system in
S. meliloti also regulates motility and chemotaxis.
In order to make a successful symbiosis with
its legume host, the microorganism needs to
activate the chemotactic movement to the host.
Many genes encode activators of the motility
status, and the ExpR/Sin QS system controls
the VisN/VisR regulators, which appear to
regulate the expression of proteins used for
flagella assembling and mobility and available
energy for movement. One recent research
has reported a series of genes expression was
dependent on the level of AHLs in S. meliloti
symbiosis with legume, and the QS-based

expression activity was controlled in a type of
temporal expression program (Charoenpanich
et al. 2013). The result also showed that activation
of the expression of genes responsible for
exopolysaccharide production prior to mediating
genes required for the repression of flagella
production (Charoenpanich et al. 2013).

Nod Factors and Plant Receptor
Kinases

Nod factors are lipochitooligosaccharide-based
signaling molecules secreted by rhizobia that
initiate nodule development in legumes. Sev-
eral rhizobia genes, for example, the nodulation
(nod) genes, are essential for successful inter-
action with the host, similarly to the genes in-
volved in exopolysaccharide synthesis. Once the
plant recognizes the nodulation factors, transcrip-
tional and developmental changes occur in the
root, such as cortical cell divisions, which allow
bacterial invasion and nodule formation. Some
scientists have tested whether quorum sensing is
involved in Nod factor production in Mesorhi-
zobium tianshanense by root hair deformation
assays. The QS mutants have showed no differ-
ence to induce root hair deformation with the
wild-strain (Zheng et al. 2006). While it had
been shown that MucR could play a key role in
the control of EPS production, the production of
Nod factor could be increased by the transcrip-
tional activator MucR (Mueller and González
2011). Quorum-sensing regulatory systems could
modulate a series of MucR functions to coor-
dinate some symbiosis behavior of S. meliloti,
like the biosynthesis of EPS II. However, in
S. meliloti, quorum sensing appeared not to be in-
volved in MucR regulatory effects on Nod factor
production.

Due to the specificity of nodulation in hosts
and the low concentrations of Nod factors, re-
ceptors for the bacterial signals are necessary.
Different types of plant receptor kinases are in-
volved in the perception of Nod factors, such as
the lysine motif (LysM)-type kinase gene NFR5
from Lotus japonicus, which encodes a trans-
membrane serine/threonine receptor-like kinase
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and is required for the earliest detectable plant
responses to Nod factor (Madsen et al. 2003),
as well as the downstream component SymRK,
which encodes a leucine-rich-repeat receptor ki-
nase involved in nodulation symbiosis (Gherbi
et al. 2008). Studies have shown that individual
bacterial strains can enable nodulation in a range
of hosts and can synthesize a mixture of sev-
eral different Nod factor molecules (Mathesius
and Watt 2011). Furthermore, plants also choose
specific rhizobium species through recognition of
Nod factors (Radutoiu et al. 2007). It has been
hypothesized that receptor kinases in legumes
co-evolved with the structure of Nod factors to
generate suitable rhizobia-root nodule symbiosis
by selective perception (Radutoiu et al. 2007).

Symbiotic Plasmid Transfer

In the soil rhizobia, a large proportion of
beneficial genes required for establishment of
nitrogen-fixing associations with their host plants
are located on one or more extrachromosomal
plasmids, known as symbiotic plasmids (pSyms).
Conjugal transfer of rhizobial plasmids has been
shown to play adaptive roles in environmental
conditions and in the evolution of these soil
bacteria (Nogales et al. 2013). In general,
conjugation is mediated by potential genes for
DNA transfer and replication: Mpf (mating
pair formation) system and Dtr (DNA transfer
and replication, containing transfer origins
oriT sequence) components. At least two
different regulatory mechanisms regulating the
conjugal transfer of rhizobial plasmids have
been identified: the quorum-sensing-regulated
system and the RctA-regulated system. The QS-
regulated conjugation systems show that LuxR-
type regulators are involved in the transfer of
the symbiotic plasmids in response to bacterial
cell density. Ti plasmid and pAoF64/95 plasmid
from Agrobacterium tumefaciens strains, pRL1JI
from R. leguminosarum strains, and p42a from
Rhizobium etli CFN42 are regulated by QS
system through inducing expression of plasmid
transfer operons. RctA-type plasmids, like
pSymA from S. meliloti, contain the rctA gene to

prevent the plasmid transfer. Recently, the third
and fourth groups of conjugal transfer regulation
systems were proposed by some plasmids
(pRL10JI, pRL11JI, pRL12JI, pRleVF39d,
pRleVF39e, pRleVF39f) of R. leguminosarum bv
Viciae based on the phylogenetic analyses of the
rhizobial relaxase sequences (Ding et al. 2013).

Signals fromHost Plants

Interestingly, the activation of the bacterial
nodulation process is induced by root exudates.
The first step toward establishing a successful
symbiosis is to attract the correct plant symbiont
(Mathesius and Watt 2011). Flavonoids released
from legume roots affect root nodulation by
inducing chemo-attraction of rhizobia toward
the root, enhancing the growth rate of bacterial
cells and inducing transcription of rhizobial
nod genes (Phillips and Tsai 1992). This
suggests that molecular communication within
the rhizosphere is complex and interactive
flavonoids secreted by the legume root cause
nodule bacteria to recognize the plant and
produce Nod signaling molecules, which in
turn trigger a number of processes within the
root, including division of root cortical cells and
nodule morphogenesis. Quorum sensing helps
rhizobia to adjust themselves to the different
type and concentration of phenolic signals and
regulate their gene expression in response to
changes in their population density for successful
symbiosis with their host plants. However, some
eukaryotes, including a variety of higher plants,
can secrete bioactive molecules to interfere with
bacterial QS system, so-called AHL mimics.
These compounds in plant seed and root exudates
are able to inhibit or activate some AHL report
biosensors. A recent work indicated AHL-mimic
molecules from seed and root extracts of bean
and rice and bean did not have the typical lactone
ring of the AHL molecules, and these signals
enhanced biofilm formation of Sinorhizobium
fredii SMH12, which suggested the AHL-
mimic molecules played important roles in the
process of interactions between legume roots and
bacterium (Pérez-Montaño et al. 2013).
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Other Nitrogen-Fixation
and Nodulation Form

Researchers have also analyzed the effects of
AHLs on the growth and nitrogen metabolism of
the cyanobacterium Anabaena sp. PCC7120.
However, the AHL signals tested strongly
inhibited nitrogen fixation (Romero et al.
2011). The genomic analysis of sugarcane
nitrogen-fixing endophyte Gluconacetobacter
diazotrophicus Pal5 has demonstrated that
three luxI-luxR-type quorum-sensing genes,
present in genome, might play roles in
nodulation and nitrogen fixation (Bertalan
et al. 2009).

In addition, nitrogen fixation by actinomycete-
nodulated plants is a major source of biological
fixation of atmospheric nitrogen. The actino-
mycete genus Frankia contains nitrogen-fixing
symbionts of many species of actinorhizal plants
belonging to eight dicotyledonous families,
which is in contrast to the rhizobium-legume
symbiosis in which the host plants mainly
belong to the leguminous plant family (Benson
and Silvester 1993). Recently, scientists have
sequenced the genomes of several Frankia strains
and uncovered no evidence of the dissemination
of nodulating ability by symbiotic genes (i.e., nod
genes) in Frankia (Normand et al. 2007), which
suggests that novel interaction mechanisms may
be used during actinorhizal symbioses (Popovici
et al. 2010).

QS in the Next Transformation
of Nitrogen

Rhizobia plays a vital role in the nitrogen
cycling and the chemolithoautotrophic ammonia-
oxidizing bacteria (AOB) is also involved in
affecting the process of nitrogen conversion.
Nitrosospira multiformis, oxidizing ammonia to
obtain energy for growth, is an agriculturally
important soil bacteria that is commonly used
as model organism for soil AOB. The ecological
importance of N. multiformis and other ammonia-
oxidizing bacteria is affecting the biological
oxidation of inorganic nitrogen compounds in

the environment. During the ammonia oxidation
process in water or soil, biofilm formed by AOB
can greatly affect the nitrification efficiency and
the ecological behavior of nitrifying bacteria.
In recent study, we have shown a LuxI/R-type
quorum-sensing signal synthase and regulator
in this AOB strain (Gao et al. 2014). With
research of QS in N. multiformis, it has offered
the possibility of exploring whether QS effects
nitrification rates and other performance in the
AOB strain and the interaction with rhizobial
communities in soil.

Conclusion

Quorum sensing is a well-known system to
control cell-to-cell communication, used by many
species microorganisms. The QS typical circuit
was first discovered in the gram-negative marine
bacteria Vibrio fischeri; however, numerous
nitrogen-fixing rhizobia have been described
that QS controls a variety of processes in the
development of symbiosis with legume plants.
These plant-associated bacteria, harboring LuxI-
LuxR-type QS system, are keen on the production
of signal molecules to communicate, by acting
as multicellular organisms. AHL is one type of
symbiotic association-dependent signals which is
commonly found in bacterial density-dependent
behaviors. A hierarchical QS cascade controls
motility and swarming, exopolysaccharide
production, colonization, plasmid transfer, root
nodulation efficiencies, and nitrogen fixation in
these plant symbionts. These results indicate
that bacterial density-dependent behaviors play
multiple roles to show different regulatory
capabilities. There remain lots of phenomenon
seemed to linked with quorum sensing, and
the increasing range of signal compounds and
the responses of both bacterium and plants are
benefiting for further study of the QS effects
on soil nitrogen cycling (Lindemann et al.
2011). To integrate the complete contribution
of quorum sensing in soil nitrogen cycling, in
a sense, it is also important to identify what
kind of QS function before or after the stage of
symbiosis.
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Opinion

The signal transduction mechanism is accurate
and effective in the soil-plant-microorganism
ecological system. A lot of work have been
expended to elucidate the complex communica-
tion systems used by plants and microorganisms
and to identify the various bioactive compounds
generated by different species. In the nitrogen
fixation process, a successful symbiotic
interaction of the indigenous rhizobia and host
plant relies upon the AHL-regulated action
of chemotaxis, exopolysaccharide production,
symbiotic plasmid transfer, and so on. Because
many genes in bacterium are induced by QS,
understanding the specific biological chemicals
between microbes and plants is a critical first
step to achieve sustainable production of crops,
due to some limiting nutrients in soil. By taking
advantage of the plants response of QS, it is
possible for us to create transgenic plants able
to secrete QS signals into soil for attracting
rhizobia. However, various genes associated with
virulence factor of pathogenic bacterium are reg-
ulated by QS system. According to the biocontrol
point, it seems quorum quenching (QQ) is a better
mean of keeping plant health. In fact, soil-plant-
microorganism interaction network mediated by
QS has proven to be far more sophisticated in a
true soil environment. The bio-communities use
“sophisticated algorithms” to generate signal
maps and layout of the location where the
responders can develop statistically based plans.
Understanding how QS affects the rhizosphere
interactions and the responses triggered by this
system should be the priority before it is used.
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Quorum Sensing in Competence
and Sporulation

Navneet Rai, Rewa Rai, and K.V. Venkatesh

Introduction

In several Gram-positive bacteria, competence
and sporulation are few of several physiological
processes controlled by quorum sensing (QS).
Competence is a phenomenon wherein a bac-
terium acquires extracellular DNA for its mainte-
nance. Cells committed for competence halt DNA
replication and do not form stable RNA. Only
a fraction of cells (10–20 %), in a population,
develop competence, at a particular window of
growth phase, and in response upregulate expres-
sion of genes involved in the uptake and process-
ing of extracellular DNA (Maamar and Dubnau
2005). Sporulation, second QS-controlled pheno-
type, occurs under extreme stress and nutritional
scarcity. Prolonged nutrient deprivation compels
the cell to enter the process of sporulation, the
outcome of which is the production of a metabol-
ically dormant endospore that resumes growth
once the conditions become favorable again. En-
dospores can sustain high temperature, pressure,
and anhydrous conditions. Spore formation is
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a complex and tightly regulated phenomenon,
where several hundred genes are directly and
indirectly involved (Narula et al. 2012). Some
examples of well-studied Gram-positive bacteria,
where QS regulates competence and sporulation,
are Streptococcus species, Bacillus subtilis, and
sporulation in B. subtilis (Lazazzera et al. 1997).

Autoinducer peptides (AIPs) are the QS
molecules, which regulate competence and
sporulation. AIPs are posttranslationally
modified oligopeptides, produced and recognized
by a diverse range of Gram-positive bacteria.
Some AIPs freely diffuse across the cell
membrane, and some are actively transported.
These signaling molecules are recognized by
a membrane-bound histidine kinase receptor.
Reception signaling initiates a phosphorylation
cascade that alters the activity of a DNA binding
transcriptional regulatory protein termed as
the response regulator. Each Gram-positive
bacterium responds to a specific type of signaling
peptide by using a specific type of membrane-
bound receptor (Waters and Bassler 2005).

Competence in Streptococcus
pneumoniae

S. pneumoniae infection causes pneumonia and
sepsis. During the last couple of decades, this
bacterium has acquired resistance against several
antibiotics. One of the many reasons responsible
for the development of antibiotic resistance is the
horizontal transfer of antibiotic resistance genes
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Fig. 1 Quorum-sensing-regulated competence and
sporulation pathways. (a) CSP-mediated competence de-
velopment in S. pneumoniae. (b) CSP- and XIP-mediated

competence development in S. mutans. (c) ComX- and
CSF-mediated competence development in B. subtilis. (d)
CSF-mediated sporulation in B. subtilis

among bacteria. Bacteria susceptible to antibiotic
get transformed into antibiotic resistance form
during their competent phase by acquiring for-
eign antibiotic resistance gene(s). S. pneumoniae
develops competence during mid-log phase of
growth. QS signaling molecule, competence us-
ing competence and sporulating peptide (CSP),
drives the competence development in S. pneu-
moniae (Fig. 1a) (Weng et al. 2013). CSP is the
product of comC gene, which once synthesized, is
modified, and transported out by the membrane-
bound transporter, ComAB. Extracellular con-
centration of CSP increases as the cell density
increases. Once cell density reaches a threshold
value (107 cells/ml, corresponds to 1–10 ng/ml
CSP), CSP binds to a membrane-bound histidine
kinase, ComD. CSP bound ComD gets auto-
phosphorylated and subsequently transfers the
phosphate group to a response regulator protein,
ComE. Phosphorylated ComE activates early and
late competence genes, directly and indirectly
(Johnsborg and Havarstein 2009). It has been
observed that expression of early competence
genes is maximum during 6–7 min and late genes

during 9–10 min, after activation of this pathway
(Peterson et al. 2000). ComE � P activates early
competence genes, including comAB and com-
CDE. ComE is the product of comE of comCDE
operon, and hence, by activating comCDE, ComE
positively regulates its own expression, creating a
sensitive autocatalytic loop. ComE � P activates
late competence genes indirectly by upregulating
transcriptions of comX and comW, which in turn
upregulate late competence genes involved in
the binding, uptake, and recombination of the
extracellular DNA (Luo et al. 2004).

Competence in Streptococcus
mutans

S. mutans forms biofilms on dental surfaces,
preventing the removal of bacteria, consequently,
leading to the decay of teeth. In S. mutans,
QS regulates competence using two pathways,
ComRS and ComCDE (Fig. 1b). ComRS
pathway was discovered recently and is the major
QS signaling system involved in the development



Quorum Sensing in Competence and Sporulation 63

of competence in S. mutans. In ComRS
regulatory network, comS encodes an immature
AIP, ComS, which is transported and processed
by the unknown mechanism and converted in
to mature hydrophobic AIP, XIP (sigX inducing
peptide). XIP is internalized via Opp/Ami class
of ABC transporter. Once above the threshold
concentration inside the cell, XIP binds with
an Rgg family transcription factor, ComR,
and forms a complex. XIP-ComR complex
activates comS, early, and late competence
genes by upregulating the transcription of sigX
(also called comX). Concentration of SigX is
maximum during transition from late log phase
to stationary phase, indicating that cells are more
competent during this phase. Second competence
regulatory machinery in S. mutans, ComCDE, is
similar to the ComCDE competence development
machinery of S. pneumoniae. But in S. mutans,
it is not clear, how does ComE regulate the
expression of late competence genes. It has been
hypothesized that at high cell density, ComE
upregulates the expression of sigX, directly or
indirectly, which in turn, activates competence
genes (Mashburn-Warren et al. 2010).

Competence and Sporulation
in Bacillus subtilis

B. subtilis is a soil bacterium, uses peptide
quorum-sensing signal molecules to choose
one of two physiological stages, competence
and sporulation, depending on environmental
conditions and growth phase. B. subtilis
develops competence during transition between
logarithmic and stationary phases of growth.
Two QS peptides, ComX and CSF (competence
and sporulation factor), facilitate competence
development in B. subtilis. ComX is derived
from pre-ComX, a 55 amino acids long peptide.
Mature ComX is 10 amino acids long peptide
with an isoprenyl modification at a tryptophan
residue (Okada et al. 2005). ComQ is required
for the posttranslational modification of ComX
and its secretion into the extracellular medium
(Bacon Schneider et al. 2002). Extracellular
ComX is detected by the membrane-bound

histidine sensor kinase, ComP. Once above
threshold concentration, ComX binds to ComP
and stimulates its autophosphorylation, which
later transfers phosphate to the DNA-binding
response regulator ComA. ComA � P induces
the expression of comS. ComS plays a significant
role in maintaining the high concentration of
the competence master regulator protein, ComK,
by preventing its targeted degradation in the
cell (Fig. 1c). High level of ComK produced in
the cell, regulates the late competence operons,
leading to the synthesis of proteins required for
the DNA uptake, processing, and integration into
the genome. Late competence operons include
comG, comE, comF, and comC. The DNA uptake
system of B. subtilis does not show any specificity
for the foreign DNA sequences or the origin of
the foreign DNA and is internalized with same
specificity, as a single-stranded DNA, which is
further recombined with the host genome. A
nuclease located in the cell membrane, encoded
by nucA, cleaves the DNA resulting in a fragment
of about 20 kb. The complementary strand is
degraded, with the release of nucleotides into
the medium and the single-stranded DNA is
taken up into the cell. After internalization of
the single-stranded DNA, it is associated with
bacterial recombination proteins, such as RecA
and AddAB, which integrates the single-stranded
DNA into the host genome (Hamoen et al. 2003).

Second QS molecule CSF is encoded by
phrC. CSF is a pentapeptide derived from
the C-terminal end of a 40 amino acid long
secreted polypeptide, PhrC. CSF is released
in the extracellular medium by the simple
diffusion. With the increase in cell density the
extracellular level of CSF increases. CSF is
transported back into the cell by the Opp peptide
transporter and counteracts the action of RapC
protein, subsequently, leading to the synthesis
of ComS by ComA � P (Fig. 1d). Presence
of ComS stops targeted degradation of ComK,
hence activates competence. CSF inhibits RapC
phosphatase when present at a relatively lower
concentration of 1–10 nM. But, at a relatively
higher concentration of >20 nM, CSF binds to
and inhibits the phosphorylation of ComP, hence,
decreasing the level of active ComA � P in the



64 N. Rai et al.

cell, which subsequently leads to an inhibition
of ComS synthesis, resulting in the inhibition of
competence development. Also, at such higher
concentration, CSF inhibits the activity of an
aspartyl-phosphate phosphatase, RapB. RapB
dephosphorylates sporulation response regulator
protein, Spo0F � P. Inhibition of RapB results
in the accumulation of high levels of Spo0F � P
which further drives the synthesis of high levels
of Spo0A � P in the cell. The presence of high
level of Spo0A � P favors the establishment of
sporulation in the cell. Hence, at higher concen-
trations, CSF compels the cell to progress toward
the sporulation pathway by two paths, inhibition
of continued synthesis of ComK that is switching
off the synthesis of competence machinery and
activation of components of the sporulation
phosphorelay (Lopez and Kolter 2010).
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How Important Is the Absolute
Configuration to Bacteria Quorum
Sensing and QuorumQuenching?

Francisca Diana da Silva Araújo, Armando Mateus Pomini,
and Anita Jocelyne Marsaioli

Bacteria communicate with each other by
producing and detecting small diffusible
molecules in a process called quorum sensing
(QS). This mechanism allows bacteria to
coordinate their activities in response to their
populations. For instance, QS regulates diverse
phenotypes, such as virulence factors biolu-
minescence, biofilm formation, and antibiotic
production, in various bacteria that survived in
plants and mammals, only after reaching critical
populations (Waters and Bassler 2005).

Some of the chiral signaling molecules shown
in Fig. 1 belong to the acyl-homoserine lactone
group (AHSLs) (1-3) used by Gram-negative
bacteria (Eberhard et al. 1981; Fuqua and Winans
1994; Schaefer et al. 2008; Thiel et al. 2009;
Pomini et al. 2009; Lindemann et al. 2011; Kai
et al. 2012), cyclic peptides and linear peptides
used by Gram-positive bacteria (Ji et al. 1995;
Ansaldi et al. 2002), autoinducer-2 (AI-2, fura-
nosyl borate diester) (4) used by Gram-positive
and Gram-negative bacteria (Chen et al. 2002;
Miller et al. 2002; Miller et al. 2004), and CAI-1
(5, (S)-3-hydroxytridecan-4-one) found in Vibrio
species (Higgins et al. 2007). Each bacterium
species has its own QS mechanism; however, they
share a general stepwise process beginning with
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the signal production followed by signal diffu-
sion, signal accumulation, and signal detection.

Signal detection involves the interaction of
signal molecules with biological receptors, usu-
ally proteins and or DNA, causing phenotype
expression (virulence, color, etc.) (Waters and
Bassler 2005). However, how stereogenic ele-
ments of signal molecules modulate communica-
tion has been approached in a few publications
and will be discussed from now on.

In higher organisms, chirality is used as an
additional parameter to communicate and some
populations of distinguishing each other by the
enantiomeric ratio of some volatile compounds.
A specific example is provided by the bark beetle,
which (Ips pini) appears to be using enantiomeric
ratios of (C)- and (�)-ipsdienol to distinguish
populations over the geographic range of L pini;
the western population (British Columbia) av-
eraged nearly 100 % (�)-ipsdienol, while the
eastern population (New York) produced about
65 % (C)-ipsdienol. Thus, the response can be
modulated by the subtle change of enantiomeric
ratio in higher organisms, and it can be con-
cluded that the same should occur in bacteria,
even though such phenomenon has never been
revealed in microorganisms (Miller et al. 1989).

Observing major classes of bacterial signal
molecules, few are devoid of stereogenic ele-
ments; thus, this asset should be important in
communication. Focusing on AHSL, one can
observe that there are at least two chiral centers,
one at position 5 of the homoserine lactone ring
and another at the fatty acid moiety (Fig. 1).
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Fig. 1 Some structures of chiral quorum sensing signaling molecules in bacteria

In the first work describing the chemical
characterization of a signaling substance from a
Gram-negative bacterium, the racemic synthetic
compound (˙)-N-(3-oxo-hexanoyl)-HSL was
less active than the (S) natural product in
triggering Vibrio fischeri bioluminescence. At
that time, the smaller induction capacity was
attributed to the presence of the less active
enantiomer, in the racemic mixture (Eberhard
et al. 1981). Pectobacterium carotovorum also
responded differently to AHSL enantiomers;
the synthetic (R)-N-(3-oxohexanoyl)-HSL was
90 % less active than the natural enantiomer
(S) in the regulation of carbapenem antibiotic
biosynthesis (Chhabra et al. 1993). Despite
the importance of absolute configuration of
biological activity and the large number of Gram-
negative bacteria studied, only in a few cases, the
absolute configuration of AHSLs was directly
accessed from the natural products (Bainton et al.
1992; Lithgow et al. 2000).

The absolute configuration determination at
the lactone moiety of natural AHSLs has been
achieved applying different techniques including
comparison of optical and circular dichroism of
natural products with authentic standards. How-
ever, gas chromatography-flame ionization detec-
tion with a chiral column is certainly a technique
of choice when dealing with small amount of
natural AHSLs (Pomini et al. 2006; Pomini and
Marsaioli 2008; Araújo et al. 2012).

It should be mentioned that up to now all
signaling AHS possess (S) stereochemistry
(Bainton et al. 1992; Lithgow et al. 2000),

with the exception of a small amount of
(R)-N-heptanoyl-homoserine lactone detected in
the cultivation media of Pantoea sp. (Pomini and
Marsaioli 2008). The biosynthetic origin of these
metabolites was fully investigated in the marine
luminescent bacterium V. fischeri. The acyl side
chain came from acyl-ACP (acyl carrier protein),
while the homoserine lactone moiety came from
SAM (S-adenosyl-methionine) (Schaeffer et al.
1996). The conserved (S) configuration seems
to derive from the (S) configuration of the
amino acid portion of SAM. However, these
findings do not exclude the characterization
of the absolute configurations of AHSLs from
other producers. Based on the smaller activity
of synthetic (R) enantiomers in some quorum-
sensing systems (Chhabra et al. 1993) and on
the hypothesis that isomerization is one of
the possible quorum quenching (disruption of
quorum sensing) mechanisms (Roche et al. 2004)
the search of (R)-AHSL producing bacterium
or a microorganism capable of isomerizing these
metabolites is of importance to science in general.

Rare unsaturated AHSLs (S)-N-(7Z)-
tetradecenoyl (6), (S)-N-(2E,7Z)-tetradecadienyl-
HSL (7) and a new natural product (S)-N-
(2E)-dodecenoyl-HSL (8) were detected in the
extracts of Methylobacterium mesophilicum
isolated from orange trees infected with the
citrus variegated chlorosis (CVC) disease. The
double-bond position at C-7 was obtained by
microderivatization with dimethyl disulfide
(DMDS) (Buser et al. 1983), and the double
bond in C-2 position in compounds 7 and 8 did
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Fig. 2 Chromatograms (GC-FID) with a chiral column
(Chrompack CP, chirasil-dex) for (a) synthetic product
(˙)-N-tetradecanoyl-HSL, (b) synthetic product (S)-N-
tetradecanoyl-HSL, (c) fraction containing hydrogenated

AHSL 6 and 7 of the M. mesophilicum extract, and
(d) co-injection of A and C (1/1, 1 mg/each). (This figure
is part of the experimental section of Prof. Armando
Mateus Pomini, PhD thesis [Portuguese])

not react with DMDS due to its conjugation with
the carbonyl group. The double-bond geometries
were determined by the 1H NMR spectrum as
trans at C-2 and cis configuration at C-7 position.
The absolute configuration at the lactone moiety
of the natural unsaturated AHSLs produced by
M. mesophilicum was analyzed by chiral GC-FID
using saturated homologues obtained from a mi-
croscale catalytic hydrogenation reaction using
Pd/C, and all natural AHSLs showed S absolute
configuration (Pomini et al. 2009) (Fig. 2).

The acyl chain of AHSLs (1, Fig. 1) may
carry other asymmetric centers as the 3-hydroxy-
substituted which have been identified in species
as in Vibrio scophthalmi (Garcia-Aljaro et al.
2008), Vibrio harveyi (Cao and Meighen 1993),
Aeromonas culicola (Kai et al. 2012), Rhizobium
leguminosarum (Schripsema et al. 1996), and
Acinetobacter baumannii (Stacy et al. 2012),
among others. The (R) stereochemistry at 3-OH
position predominated in most cases, and this
stereoisomer was the more efficient autoinducer
than the corresponding (S)-stereoisomer. In
A. baumannii, for example, the (R) and (S)
diastereoisomers of N-(30-hydroxydodecanoyl)-
homoserine lactone (3-OH-C12-HSL) were
tested using A. baumannii reporter strain (�abaI)
lacking AbaI synthase and reports AbaR activity
via “-galactosidase production, and the results
showed that (R)-3-OH-C12-HSL was �40-fold
more active than (S)-3-OH-C12-HSL (Stacy
et al. 2012).

The predominance of (R)-stereochemistry at
AHSL 3-OH position can be explained in the
light of the AHSL biosynthesis, which involves
the coupling of S-adenosyl-L-methionine and
acyl-acyl carrier protein (acyl-ACP) by LuxI-

type synthases. In the biosynthesis of the
substrate acyl-ACP, the enzyme FabG reduces
stereoselectivity of “-ketoacyl-ACP to (R)-3-
hydroxyacyl-ACP, which can be preferentially
selected for enzyme AbaI, as substrates, to
generate the R-stereoisomer of 3-hydroxy-
substituted AHSLs (Stacy et al. 2012).

The antimicrobial activities of enantiomeric
AHSLs against three Gram-positive bacteria
(Bacillus cereus, B. subtilis, and Staphylococcus
aureus) are less dependent on the absolute
configuration, and S and R enantiomers have
equivalent antimicrobial activity; however,
the racemic mixture was less active than the
pure enantiomers. The N-heptanoylhomoserine
lactone was considerably less active than the
3-oxo derivatives (Pomini and Marsaioli 2008).

AI-2 QS pheromone (4, Fig. 1) is also
chiral and produced by a wide variety of
bacteria. It is part of the AI-2 pool, a group of
equilibrium-connected compounds derived from
(S)-4,5-dihydroxy-2,3-pentanedione (DPD), and
different bacterial species recognize different
signals within this AI-2 pool. Bioassays
developed with Vibrio harveyi showed that
LuxP receptor protein binds the 2,3-borate
diester, demonstrating the necessity of boron
for induction of bioluminescence (Meijler et al.
2004). However, in Salmonella typhimurium, the
LsrB receptor protein recognizes a chemically
distinct form of the AI-2 signal with opposite
configuration at C-2, (2R,4S)-2-methyl-2,3,3,4-
tetrahydroxytetrahydrofuran (Miller et al. 2004).

Investigation of AI-2 has employed indirect
methods of detection based on fluorescence of
receptor proteins modified with fluorophores or
by bioluminescence of sensor strain as V. harveyi
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mutant (BB170). This mutant contains the sensor
protein (LuxP) for AI-2 and the LuxN receptor
for type 1 autoinducers (AHLs) is absent. A
direct method for identification, quantification,
and determination of the AI-2 absolute config-
uration of DPD was developed by Thiel et al.
(2009) employing chiral gas chromatography and
quinoxaline derivatives. This method is not influ-
enced by the presence or absence of borate and
showed similar sensitivity to or even better than
currently employed biological sensor systems.

One could not finish this chapter without men-
tioning CAI-1 (5, Fig. 1) which was discovered
in V. cholerae, which uses synergistically two
quorum-sensing systems, CAI-1 and AI-2, to as-
sess its population density. CAI-1 is produced by
several Vibrio species, probably functioning as an
intragenus signal. The structure was determined
as S stereoisomer of 3-hydroxytridecan-4-one,
using chiral chromatographic methods associated
with synthetic standards. Bioassays with syn-
thetic CAI-1 and homologues for the ability to
stimulate bioluminescence production in the V.
cholerae CAI-1 reporter strain confirmed the QS
role, concluding that molecules with longer acyl
chains are more active than those with shorter
acyl chains and the S stereoisomer at the C3
position is more active than corresponding R
stereoisomer (Higgins et al. 2007). Additional
studies showed that the membrane-bound recep-
tor CqsS in this bacterium tolerated several struc-
tural changes in the fatty acid tail portion of CAI-
1 (Perez et al. 2012). Higgins et al. (2007) also
demonstrated that CAI-1 acts repressing produc-
tion of the canonical virulence factor TCP (toxin
co-regulated pilus), suggesting that CAI-1 could
be used as a therapy to prevent cholera infection.

It is easy to conclude that absolute configu-
ration is an important asset in QS, however, not
fully explored and we hope that the next decades
will reveal more about this issue.
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Quorum-Sensing Systems
in Pseudomonas
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Introduction

Quorum sensing (QS) or cell-to-cell
communication is a mechanism used by bacteria
to control a broad range of activities in bacteria.
The modulation of gene expression by quorum
sensing causes phenotypic changes in bacteria
leading to their better adjustment to environ-
mental conditions and stress during growth
(Turovskiy et al. 2007). Quorum sensing involves
the production, secretion, and response to small
diffusible signaling molecules also known as au-
toinducers. Bacteria produce signaling molecules
at a basal level during the stationary phase of their
growth, and with the increase in cell density,
the concentration of the signaling molecule in
the environmental medium increases; and on
reaching a threshold level, it induces phenotypic
effects by regulating quorum-sensing-dependent
target gene expression (Czajkowski and Jafra
2009). Quorum sensing is involved mainly in the
regulation of virulence, development of genetic
competence, transfer of conjugative plasmids,
sporulation, biofilm formation, antimicrobial
peptide synthesis, and symbiosis (Bai and
Rai 2011).

There are two groups of signal molecules
involved in bacterial quorum sensing. One is
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the peptide derivatives typically used by
Gram-positive bacteria, while the fatty acid
derivatives are utilized by the Gram-negative
bacteria. Most bacteria utilize two general
mechanisms for detecting and responding to
quorum-sensing signals and in modulating the
target gene expression. In the acyl-homoserine
lactone (AHL)-dependent quorum-sensing
systems, the quorum-sensing signal is detected
by a cytosolic transcription factor, whereas the
quorum-sensing signal autoinducing peptide
(AIP) is detected by a membrane-associated two-
component response regulatory system (Dong
et al. 2005).

In AHL-mediated quorum sensing, AHL
synthase (I-protein) encoded by LuxI ho-
mologue synthesizes AHL molecules using
S-adenosylmethionine (SAM) and acyl chains
derived from the common fatty acid biosynthesis
pathway. The short-chain AHL signal passively
diffuses across bacterial membranes and
accumulates in the environment, and the long-
chain AHL signals require active transportation
mechanisms for their efflux. The bacteria produce
signaling molecules at a basal level during the
stationary phase of their growth. With an increase
in bacterial population, the concentration of
AHL signal reaches a threshold level, resulting
in signal accumulation and recognition by
the cognate receptors. The signal reception
involves R protein which belongs to the LuxR
family of transcriptional regulators and acts as a
receptor for the AHLs synthesized by the LuxI
proteins. The R-AHL complex is a dimer and
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DOI 10.1007/978-81-322-1982-8__8, © Springer India 2015
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binds to conserved palindromic sequences of
the quorum-controlled promoters, including the
promoter of the luxI-type gene, and boosts AHL
production (autoinduction) and expression of
other genes in the quorum-sensing regulon. Thus,
the R-AHL complex is involved in autoinduction
and control of quorum-sensing regulons. The
AHL degradation enzyme and the cognate
regulatory transcription factor(s) are involved
in signal decay (Schuster et al. 2004).

The LuxI-LuxR system was first discovered
in Vibrio fischeri during the investigation of
the phenomenon of bioluminescence. Now, the
LuxI/LuxR system has become the model system
upon that the other quorum-sensing systems have
been based. Homologous LuxI/LuxR systems
have been identified in many Gram-negative
bacteria, each capable of producing specific
AHLs. In the opportunistic pathogens, such as
P. aeruginosa and Serratia marcescens, these
signaling mechanisms control the expression of
the virulence factors. Pseudomonas aeruginosa
contains two systems homologous to LuxI/LuxR.
LasI/LasR has been shown to control biofilm
formation and the production of extracellular
enzymes, as well as transcription of another
quorum-sensing system, RhlI/RhlR, adding an
additional level of control through AHL signaling
(de Kievit and Iglewski 2000).

Pseudomonads are ubiquitous Gram-negative
bacteria capable of surviving in several environ-
mental niches. The genus comprises of important
plant pathogens (e.g., P. syringae) and human
opportunistic pathogens (P. aeruginosa). Some
of them are able to colonize plant-related niches,
such as the rhizosphere (e.g., P. aeruginosa,
P. fluorescens, P. putida, P. aureofaciens, and
P. chlororaphis), where they can act as biocontrol
agents through the production of traits that
directly influence plant disease resistance and
growth (Venturi 2006). Therefore, it is important
to study the quorum-sensing systems in the genus
Pseudomonas as it comprises of opportunistic
pathogens, plant pathogens, biocontrol agents,
and industrially relevant organisms. The quorum-
sensing systems, the signaling molecules, and
the QS regulated phenotypes in the genus
Pseudomonas have been summarized in Table 1.

Quorum Sensing in Pseudomonas
aeruginosa

P. aeruginosa is an opportunistic human
pathogen responsible for microbial keratitis,
burn wound, and pulmonary infections in cystic
fibrosis and immunocompromised patients. It is
a highly environmentally adaptable pathogen
having a large dynamic genome of which
10 % codes for regulatory elements including
a complex multi-signal QS system. Quorum
sensing plays a key role in regulating a majority
of genes related to various physiological
processes, virulence factor production, motility,
biofilm formation, and the expression of
antibiotic efflux pumps, while the QS signal
molecules are involved in the host–pathogen
interactions (Williams and Camara 2009).

In P. aeruginosa, the QS circuit is integrated
by two complete sets of LuxI-LuxR systems,
LasI-LasR and RhlI-RhlR, and one incomplete
system, QscR which has no cognate “I” protein
(Lee et al. 2006). LasR responds to N-3-
oxododecanoyl homoserine lactone (3-oxo-C12-
HSL) synthesized by LasI, while RhlR responds
to N-butyryl homoserine lactone (C4-HSL)
produced by RhlI, and QscR responds to 3-
oxo-C12-HSL, sharing it with LasR (Liu et al.
2009). Through this QS circuit, the LasI-LasR
system controls expression of many extracellular
virulence factors, the RhlI-RhlR system regulates
production of rhamnolipid and secondary
metabolites, and QscR induces PA1897 and
its own gene, qscR (Choi et al. 2011). These
QS systems are well regulated in a hierarchical
cascade in which LasR activates expression of
the RhlI-RhlR system and LasI-producing 3-oxo-
C12-HSL activates QscR, which autoactivates
its own expression (Ha et al. 2012). In certain
cases, the LasR and RhlR regulate some genes
in a mutually antagonistic manner, and QscR
represses many genes induced by LasI-LasR
and RhlI-RhlR systems (Choi et al. 2011; Park
et al. 2013). Thus, P. aeruginosa has two acyl-
HSL synthases and three receptors. The LasI
synthase produces 3-oxo-C12-HSL, for which
there are two receptors, LasR and QscR. The
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Table 1 An overview of quorum-sensing systems in Pseudomonas species

Pseudomonas
species

Quorum-sensing
systems

Quorum-sensing
signals

Quorum-sensing-regulated
phenotypes References

Pseudomonas
aeruginosa

LasI/R
RhlI/R
QscR
PQS

3-oxo-C12-HSL
C4-HSL
PQS, HHQ

Biofilm formation, virulence
factors, elastase, lipase,
exotoxin A, lectins, alkaline
protease, hydrogen cyanide,
swarming, twitching,
pyocyanin, pyoverdine,
rhamnolipids, and others

Winzer et al. (2000)
Chugani et al. (2001)
Wade et al. (2005)
Lee et al. (2006)
Williams and Camara
(2009)
Dubern and Diggle (2008)
Liu et al. (2009)

Pseudomonas
fluorescens

MpuI/R
HdtS

3-OH-C14:1-HSL,
C-10-HSL
C6-HSL, C8-HSL,
C4-HSL
3-OH-C6-HSL
3-OH-C8-HSL
Diketopiperazines

Mupirocin and
metalloprotease biosynthesis

Laue et al. (2000)
Shaw et al. (1997)
Cha et al. (1998)
Cui (2004)
Liu et al. (2007)

Pseudomonas
putida

PpuI/R 3-oxo-C12-HSL Biofilm development Bertani and Venturi
(2004)

Pseudomonas
syringae

AhlI/R 3-oxo-C6-HSL Cell aggregation and
epiphytic fitness

Chatterjee et al. (2003),
Quinones et al. (2004)

Pseudomonas
aureofaciens

PhzI/R
CsaI/R

C6-HSL Phenazine antibiotics
synthesis, cell surface
components, and rhizosphere
colonization

Zhang and Pierson (2001)

Pseudomonas
chlororaphis

PhZI/R C6-HSL Phenazine-1-carboxamide
biosynthesis

Chin et al. (2005)

Pseudomonas
mediterranea

PmeI/R C6-HSL Virulence factor and
lipodepsipeptides production

Licciardello et al. (2012)

Pseudomonas
corrugata

PcoI/R C6-HSL,
3-oxo-C6-HSL,
and C8-HSL

Virulence factor and
lipodepsipeptides production

Licciardello et al. (2009)

RhlI synthase produces C4-HSL, for which
the receptor is RhlR. Integrated into the acyl-
HSL quorum-sensing circuits is a third signal,
2-heptyl-3-hydroxy-4-quinolone, known as the
Pseudomonas quinolone signal (PQS). The
structures of the major signaling molecules
of P. aeruginosa have been represented in
Fig. 1. Transcriptome analyses have shown that
quinolone signaling directly or indirectly controls
the expression of at least 90 genes. The acyl-HSL
and PQS signaling systems influence each other;
the las system activates synthesis of PQS, which
in turn activates rhlI expression. In addition,
LasR, RhlR, and QscR influence expression of
genes that can potentially alter intracellular levels
of the PQS biosynthesis precursor anthranilate.
Together these quorum-sensing systems regulate
hundreds of P. aeruginosa genes. Different

elements of the P. aeruginosa quorum-sensing
circuit also influence each other at multiple
levels; for example, LasR-3-oxo-C12-HSL
activates rhlR and rhlI transcription, and QscR
influences expression of a subset of las- and
rhl-controlled genes. In fact, the regulons of
LasR, RhlR, and QscR are partially overlapping
(Chugani and Greenberg 2010).

The primary system is the Las system, which
encodes the proteins LasI and LasR. The LasI
protein catalyzes the production of the AHL
molecule N-3-oxododecanoyl-L-homoserine
lactone (3-oxo-C12-HSL). The 3-oxo-C12-
HSL molecule docks with the DNA-binding
transcription regulator LasR, which allows LasR
to bind to the promoters of QS-regulated genes to
control virulence factor such as lasB (elastase),
lasA (staphylolysin), aprA (alkaline protease),
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Fig. 1 Structures of the P.
aeruginosa major
quorum-sensing signal
molecules C4-HSL,
3-oxo-C12-HSL, and PQS
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toxA (exotoxin A), hcnABC (hydrogen cyanide
synthase), and lasI. The Las circuit induces a
positive feedback loop to produce more AHL
and also induces a secondary QS circuit, the Rhl
system. The Rhl system consists of RhlI, which
synthesizes N-butyryl-L-homoserine lactone
(C4-HSL), and the receptor RhlR. As with the
Las system, C4-HSL accumulates to a sufficient
concentration and binds to RhlR. The Rhl
system induces expression of rhlAB (rhamnolipid
synthesis genes), rhlI, lasB, rpoS (the stationary-
phase sigma factor), lecA (type 1 lectin), lecB
(type II lectin), hcnABC, and genes involved in
pyocyanin production (Winzer et al. 2000).

The additional P. aeruginosa gene that codes
for a homologue of LasR and RhlR, QscR, is
an orphan quorum-sensing signal receptor. QscR
mutants are hypervirulent, and a number of genes
controlled by the other AHL-based QS systems
are repressed by QscR. There are several possible
mechanisms for QscR repression of LasR- or
RhlR-activated genes. The QscR protein forms
homomultimers and also heteromultimers with
LasR and RhlR. The heteromultimer formation
could interfere with the activity of LasR and
RhlR. QscR might also bind to the AHLs and
compete with LasR and RhlR for these signals.
QscR can also function by direct binding as a
homomultimer to specific promoters and function
in an acyl-HSL-independent manner, or it could
utilize the signal produced by LasI or RhlI. It

has been shown that QscR does not bind to
LasR-dependent promoters. QscR can repress the
activation of selected LasR- and RhlR-dependent
quorum-sensing responsive genes. This could be
the result of competition for signal, competition
for binding sites on the regulatory DNA, or het-
erodimer formation (Chugani et al. 2001). Thus,
it is clear that the qscR gene codes for an orphan
AHL transcription factor. Unlike lasR and rhlR,
which are linked to lasI and rhlI, genes that code
for the production of acyl-HSL signals, there is
no I gene linked to qscR. However, the DNA-
binding activity of QscR is dependent on the
presence of a long-chain acyl-HSL. The 3-oxo-
C12-HSL produced by LasI and to which LasR
responds is an effective ligand for QscR. Like
LasR, QscR requires 3-oxo-C12-HSL to fold into
an active conformation, but unlike LasR signal
binding to QscR is not irreversible. However,
binding of purified QscR to DNA is dependent
on added acyl-HSL. That two 3-oxo-C12-HSL-
responsive transcription factors differ fundamen-
tally in their ability to exist in the absence of
the signal. This would allow for a very rapid
response of the QscR regulon to sudden decreases
in environmental levels of 3-oxo-C12-HSL where
the LasR regulon may respond more slowly. Like
other transcriptional activators in the LuxR fam-
ily that have been studied, QscR requires the
presence of an acyl-HSL in the culture growth
medium for folding in an active state. However,
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unlike LasR, which also responds to 3-oxo-C12-
HSL, purified QscR requires exogenous addition
of 3-oxo-C12-HSL for binding to target DNA.
QscR has a broader signal specificity than does
LasR, and QscR may even respond to 3-oxo-C10-
HSL, C10, and C12 better than it does to 3-Oxo-
C12 HSL. This suggests that QscR might respond
to signals produced by other bacteria that coexist
with P. aeruginosa. This also shows the possibil-
ity that qscR and the genes surrounding it may be
relatively recent acquisitions in the P. aeruginosa
genome (Lequette et al. 2006). The structure
of the transcription factor, QscR, bound to N-
3-oxododecanoyl-homoserine lactone has been
elucidated at a resolution of 2.55 Å. The ligand-
bound QscR is a dimer with a unique symmetric
“cross-subunit” arrangement containing multiple
dimerization interfaces involving both domains
of each subunit. The QscR dimer appears poised
to bind DNA. QscR recognizes 3-oxo-C12-HSL
in almost exactly the same way as LasR. How-
ever, QscR shows greater promiscuity in its re-
sponse to AHLs than does LasR in P. aerugi-
nosa. Although the binding pocket surface areas,
packing densities, and pocket volumes are nearly
identical in QscR and LasR, different interactions
involving the 3-oxo position of the acyl chain
may be responsible for the more relaxed speci-
ficity of QscR relative to LasR (Lintz et al. 2011).

The Pseudomonas quinolone signal (PQS) is
a third P. aeruginosa QS signal that is dependent
on the balanced production of 3-oxo-C12-HSL
and C4-HSL. The PQS molecule (2-heptyl-3-
hydroxy-4-quinolone) plays a significant role in
the transcription of Rhl-dependent P. aeruginosa
virulence genes encoding the production of
pyocyanin and rhamnolipid. PQS production
is intimately linked to the QS hierarchy, with
its production and bioactivity requiring both the
las and rhl QS systems. Additionally, PQS was
recently shown to be solubilized by rhamnolipids,
the production of which is controlled by the
Rhl system, which may be important for the
activity of PQS as an extracellular signal. LasR
has been shown to regulate PQS production,
and the provision of exogenous PQS induces
expression of lasB (coding for elastase), rhlI,
and rhlR implying that PQS activity constitutes

a regulatory link between the las and rhl
quorum-sensing systems. It is possible that PQS
upregulates the rhl quorum-sensing system in
late stationary-phase cultures. The structural
genes required for PQS have been identified
(pqsABCDH) along with a transcriptional
regulator (pqsR) and a response effector (pqsE).
The transcription of pqsH is regulated by the
las QS system, linking QS and PQS regulation.
Mutations in the PQS genes result in a loss
of PQS synthesis and a corresponding loss
of pyocyanin production. A mutation in the
pqsE gene also results in a loss of pyocyanin
even though PQS synthesis remains intact. This
suggests that pqsE is not required for PQS
biosynthesis and may have a role in the cellular
response to PQS (Gallagher et al. 2002). PQS is
synthesized via a “head-to-head” condensation
of anthranilate and “-keto dodecanoate and
requires the products of the pqsA, pqsB, pqsC,
and pqsD genes, which also generate over 50
other 2-alkyl-4-quinolones (AHQs) including 2-
heptyl-4(1H)-quinolone (HHQ). The function
of the last gene in the pqs operon (pqsE) is
not known, but while pqsE mutants produce
parental levels of AHQs, they do not exhibit
any PQS-associated phenotypes; consequently,
PqsE is considered to facilitate the response
to PQS. The immediate precursor of PQS is
HHQ, and its conversion to PQS depends on the
action of PqsH, a putative monooxygenase that
is LasR regulated so linking the AHL and AHQ
regulatory systems. Expression of the pqsABCDE
operon and hence AHQ production are controlled
by the LysR-type regulator PqsR (MvfR), which
binds directly to the pqsA promoter. As PqsR
binding is enhanced in the presence of PQS, it
implies that PQS acts as a PqsR coinducer. The
pqsR gene is itself positively regulated by lasR
and negatively regulated by rhlR, establishing
a further link between AHL-dependent quorum
sensing and AHQ biosynthesis and hence AHQ
signaling. Among the many different AHQs
produced by P. aeruginosa, two of the major
compounds are PQS and its precursor, HHQ,
although similar concentrations of 2-nonyl-4-
quinolone (HNQ), 2-nonenyl-4-quinolone, and 2-
heptyl-4-quinolone-N-oxide (HQNO) have been
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Fig. 2 Regulation of the LasI/R, RhlI/R, and PQS quorum-sensing systems in Pseudomonas aeruginosa

reported to be present in culture supernatants
(Diggle et al. 2007). PQS regulates the produc-
tion of virulence determinants including elastase,
rhamnolipids, the galactophilic lectin, LecA, and
pyocyanin and influences biofilm development.
Thus, PQS signaling plays an important role
in P. aeruginosa pathogenesis. In contrast to
the AHLs, when supplied exogenously, PQS
overcomes the cell population density-dependent
production of P. aeruginosa exoproducts
(McKnight et al. 2000; Dubern and Diggle 2008).
PQS is also produced in the lungs of cystic
fibrosis patients infected with P. aeruginosa and
is required for virulence in eukaryotes. It can
also induce apoptosis and decrease viability of
eukaryotic cells (Wade et al. 2005).

The QS signaling systems of P. aeruginosa
are complex in nature and are well regulated in
a hierarchical cascade targeting the expression
of genes required for growth, survival, virulence,
and biofilm formation (Fig. 2).

Quorum-Sensing Regulatory
Network in P. aeruginosa

Quorum sensing controls a significant proportion
of the virulence factors used by P. aeruginosa for
establishing infection. Additional genes can also
influence the QS response. The QS regulator
(QscR) represses 3-oxo-C12-HSL-regulated
virulence factors and prevents the premature
activation of QS cascade within a host and
in environments where it is not required.
This inhibitory effect is controlled by the
global activator protein GacA. RsaL, the
product of a gene found between lasI and
lasR, negatively regulates the Las QS circuit.
The product of the vrf gene is a cAMP
receptor homologue and is required for the
transcription of lasR. RsmA avoids early
activation and downregulates production of QS-
regulated phenotypes – protease, elastase, and
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staphylolytic activities – and the production
of a cytotoxic lectin, hydrogen cyanide, and
pyocyanin. Overexpression of RsmA results
in reduction in the expression of the AHL
synthase genes lasI and rhlI. The RpoN is a
negative transcriptional regulator of the lasIR
and rhlIR but positively regulates the expression
of rhlI in minimal media (Willcox et al.
2008). The catabolite repressor homologue Vfr
directly induces lasR transcription. The stringent
response protein RelA, which synthesizes
guanosine tetraphosphate (ppGpp) under amino
acid starvation conditions on overexpression,
causes early activation of several QS-controlled
processes and lasR and rhlR expression. The
GacA/GacS two-component regulatory system
posttranscriptionally regulates QS through
RsmZ and RsmA. In the absence of RsmZ,
RsmA represses the synthesis of acyl-HSL
signals. RsmA also regulates the production of
virulence factors. The anaerobic regulator ANR
activates expression of the quorum-controlled
hydrogen cyanide biosynthetic genes hcnABC;
ANR appears to be an important factor in the
co-regulation of quorum-controlled genes under
oxygen-limiting conditions. The rsaL gene,
which is directly activated by LasR-3OC12-HSL,
encodes an 11-kDa protein which inhibits QS
by repressing lasI. The stationary-phase sigma
factor RpoS can affect the expression of 40 % of
QS-regulated genes. The transcriptional regulator
VqsR, which is activated by LasR-3-oxo-C12-
HSL, is required for AHL production and the
expression of QS-controlled genes. Further, the
genes required for the synthesis of a direct
precursor of PQS (pqsABCD and phnAB) are
activated by the transcriptional regulator MvfR,
and it itself is under the control of LasR-3-oxo-
C12-HSL. MvfR regulates rhl-dependent genes
without affecting the production of AHLs or the
expression of lasR or rhlR. MvfR/PQS and rhl
QS are parallel pathways that converge at the
promoters of their target genes. All these suggest
that QS in P. aeruginosa is highly complex and
the QS gene expression is integrated in a highly
interconnected network of other regulatory
systems (Schuster and Greenberg 2006; Williams
and Camara 2009).

Quorum Sensing in Pseudomonas
fluorescens

A quorum-sensing system has been found in
P. fluorescens strain NCIMB 10586 (EI-Sayed
et al. 2001). Two genes, mupR and mupI, have
been cloned and sequenced and the gene products
are identical to LasR/LuxR and LasI/LuxI,
respectively. mupR encodes a predicted protein
of 234 amino acids with a molecular mass of
26 kDa, while mupI produces a 191 amino acid
protein with a molecular mass of 21 kDa. The
mupR/mupI quorum sensing has been found to
regulate the mupirocin biosynthetic gene cluster
in P. fluorescens NCIMB 10586. Although the
QS molecule has not been identified in
P. fluorescens NCIMB 10586, several QS signals
have been reported to be present in different
P. fluorescens strains. P. fluorescens F113
produces at least three different AHLs, N-(3-
hydroxy-7-cistetradecenoyl)homoserine lactone
(3 OH, C14:1-HSL), N-decanoyl homoserine
lactone (C10-HSL), and N-hexanoyl homoserine
lactone (C6-HSL). C10-HSL has not been
previously found as a naturally occurring AHL
(Laue et al. 2000). A gene in P. fluorescens
F113, termed hdtS, was capable of directing
synthesis of all three AHLs. The HdtS, a
33-KDa protein, does not belong to the known
AHL synthase families and is related to the
lysophosphatidic acid acyltransferase family. It
was concluded that HdtS is from a third protein
family capable of AHL biosynthesis. The three
AHLs identified in P. fluorescens F113 have yet
been identified in any other P. fluorescens strains
(Laue et al. 2000).

Many AHLs have been identified in P. fluo-
rescens 2–79 such as N-(3-hydroxyhexanoyl)-
L-HSL, N-(3-hydroxyoctanoyl)-LHSL and
N-(3-hydroxydecanoyl)-L-HSL, N-octanoyl-
L-HSL, and N-hexanoyl-HSL (Shaw et al.
1997). In P. fluorescens NCIMB 10586, a
compound characterized as cyclo(L-Phe-L-Pro),
a diketopiperazine (DKP), was identified. This
shows the complexity of the QS system and the
existence of cross-talk among bacterial signaling
systems in P. fluorescens (Cui 2004).
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A food isolate P. fluorescens strain 395 was ca-
pable of producing C4-HSL and 3-oxo-C8-HSL.
It was also demonstrated that the alkaline met-
alloprotease gene in P. fluorescens is regulated
by the AHL-based quorum-sensing system at a
transcriptional level during the late exponential
growth phase (Liu et al. 2007).

Quorum Sensing in Pseudomonas
syringae

Plant pathogen P. syringae pv. syringae strain
B728a possesses an AHL QS system called
AhlI/R which produces and responds to 3-oxo-
C6-HSL. The two regulators are independently
involved in the positive regulation of ahlI
expression. The GacA/GacS system regulates
AHL QS in P. syringae through regulation of ahlI
expression. A TetR family transcriptional regula-
tor designated as AefR positively regulates ahlI
expression independently from GacA/GacS. The
expression of ahlI is restored in gacA and aefR
mutants on exogenous addition of 3-oxo-C6-
AHL, implying that ahlI expression is responsive
to AHL through a positive feedback mechanism
as in other AHL QS systems. This also indicates
that neither regulator is acting through a direct
interaction at the promoter sequence. The
GacA/GacS system present at the top of the
regulatory cascade system affects AHL accumu-
lation in P. syringae pv. tomato strain DC3000
(Chatterjee et al. 2003; Quinones et al. 2004).

Quorum Sensing in Pseudomonas
putida

The AHL QS system designated PpuI/R has
been identified in two P. putida plant-beneficial
rhizobacteria. The ppuI/R genes of P. putida
have between them a repressor gene called
rsaL, which negatively controls ppuI and lasI
gene expression. In P. putida, ppuI expression is
under strong negative transcriptional regulation
by RsaL. It plays a major role in keeping the
AHL system at very low expression levels,
by competing for ppuI promoter binding with

PpuR/3-oxo-C12-HSL. ppuI expression in P.
putida is positively regulated by the GacA/GacS
two-component system and undergoes cross-
regulation with the stationary-phase RpoS sigma
factor (Bertani and Venturi 2004).

Quorum Sensing in Pseudomonas
aureofaciens and Pseudomonas
chlororaphis

The biological control bacterium Pseudomonas
chlororaphis (aureofaciens) strain 30–84
employs two quorum-sensing (QS) systems:
PhzR/PhzI regulates the production of the antibi-
otics phenazine-1-carboxylic acid, 2-hydroxy-
phenazine-1-carboxylic acid, and 2-hydroxy-
phenazine, whereas CsaR/CsaI regulates various
aspects of the cell surface. The PhzR–PhzI
quorum-sensing system regulates phenazine
production in a cell density-dependent manner.
The phzR gene encodes a transcriptional regulator
of the phenazine operon, and phzI encodes
an AHL synthase that directs the synthesis of
the signal hexanoyl homoserine lactone (HHL).
Upon binding HHL, PhzR becomes activated and
induces transcription of the phenazine genes. The
GacS–GacA two-component signal transduction
system is also involved in controlling phenazine
production by regulating transcription of phzI
and other regulatory elements. The second QS
regulatory system, termed CsaR–CsaI (for “cell
surface alterations”), is only marginally involved
in phenazine regulation. The primary function
of the CsaR–CsaI system is the regulation of
exoprotease production in conjunction with the
PhzR–PhzI system and also the regulation of cell
surface properties. CsaI and CsaR are similar
to RhlI and RhlR of P. aeruginosa. However,
rhlI and rhlR are separated by 181 bp and
rhlI has its own promoter, whereas csaR and
csaI are separated by only 30 bp, and csaI has
an RBS but no promoter, implying that csaI
expression is dependent on csaR. The PhzR–PhzI
and CsaR–CsaI appear to function independently
and do not exist in a hierarchical relationship.
However, the AHL produced by PhzI can
interact with CsaR and the AHL produced
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by CsaI can activate PhzR. The two systems
are cooperatively involved in the regulation of
exoprotease production and colonization of the
wheat rhizosphere. The CsaI/CsaR system is also
under positive regulation by GacA/GacS (Zhang
and Pierson 2001).

In the rhizobacterium P. chlororaphis
PCL1391, the expression of the antifungal
metabolite phenazine-1-carboxamide (PCN)
biosynthetic gene cluster is population density
dependent and is regulated by the quorum-
sensing genes phzI and phzR via synthesis
of the autoinducer N-hexanoyl-L-homoserine
lactone (C6-HSL). A mutation in the psrA
gene (Pseudomonas sigma regulator), the gene
product of which is a member of the TetR/AcrR
family of transcriptional regulators, resulted in
increased production of autoinducer molecules
and PCN. PsrA also negatively regulates an
as yet unidentified AHL QS system(s) in
P. chlororaphis. PsrA in P. chlororaphis is
well connected with the RpoS stationary-
phase sigma factor, as it positively regulates
rpoS expression (Chin et al. 2001, 2005).
The psrA gene is itself positively regulated
by the two-component GacA/GacS system in
P. chlororaphis (Bertani and Venturi 2004;
Chin et al. 2005).

Quorum Sensing in Pseudomonas
corrugata and Pseudomonas
mediterranea

Pseudomonas corrugata and Pseudomonas
mediterranea are two closely related phy-
topathogenic bacteria. P. corrugata CFBP 5454
has an N-acyl-homoserine lactone (AHL) QS
system PcoI/PcoR which produces C6-HSL,
3-oxo-C6-HSL, and C8-HSL and is involved
in virulence and regulates lipodepsipeptides
LDP production at high population densities.
P. mediterranea also produces LDPs as well as
possessing an AHL-dependent QS system, desig-
nated PmeI/PmeR, which is highly homologous
to the PcoI/PcoR system of P. corrugata pro-
ducing and responding to C6-AHL. Downstream
of pmeI revealed the presence of a homologue

of the rfiA gene of P. corrugata which encodes
a transcriptional regulator involved in bacterial
virulence. As in other Gram-negative bacteria,
the production of AHL signal molecules occurs
in a cell density-dependent fashion and requires
the expression of the AHL synthase gene, pcoI,
and the pcoR regulator gene. The protein RfiA
in P. corrugate is an important and novel tran-
scriptional regulator, directly linked to QS by co-
transcription with pcoI (Licciardello et al. 2009).
RfiA and PcoR are required for full virulence in
tomato. Mutation of either pcoR or rfiA drasti-
cally reduces virulence in tomato. PmeI and PcoI
and PmeR and PcoR have high homology to LuxI
and LuxR family proteins of different pathovars
of P. syringae and other oxidase-negative Pseu-
domonas plant-associated bacterial species other
than to oxidase-positive species such as P. fluo-
rescens and P. putida (Licciardello et al. 2012).

AI-2-Mediated QS in P. aeruginosa

P. aeruginosa is unique from the other bacteria
because it is does not make its own signaling
molecule autoinducer-2 (AI-2). However, there
is an increase in the expression of its virulence
factor in response to AI-2 produced by other mi-
croflora. Although the P. aeruginosa QS circuit is
AHL signaling based, it is capable of sensing AI-
2 and is therefore susceptible to AI-2-mediated
QS inhibition. P. aeruginosa was able to sense
and respond to AI-2 produced by the normal
microflora of cystic fibrosis patients, which led
to increased virulence factor expression and in-
fection (Duan et al. 2003; Roy et al. 2011).

Additional AHLs and Signaling
Molecules in Pseudomonas

Apart from the two main AHLs of P. aeruginosa
(C4-HSL and 3-oxo-C12-HSL), low concentra-
tions of other distinct AHLs, such as 3-oxo-C14-
HSL and 3-oxo-C10-HSL, have been detected in
P. aeruginosa. These AHLs may be synthesized
due to the LasI synthase coupling the wrong acyl
carrier protein (ACP) to S-adenosylmethionine
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(SAM) or from the action of a different type
of AHL synthase. The two other unrelated AHL
synthase families that have been reported are
the LuxM synthase family similar to Vibrio spp.
and the HdtS synthase homologous to those of
P. fluorescens. The other signaling molecules
are diketopiperazines (DKPs), a novel family
of cyclic dipeptides, identified from the culture
supernatants of various bacteria. These can in-
terfere with the quorum-sensing systems of var-
ious bacteria by binding to the LuxR family
of receptors and either activating or antagoniz-
ing AHL signals. The DKPs present in the su-
pernatants of pseudomonads are cyclo(�Ala-L-
Val) and cyclo(L-Pro-L-Tyr) in P. aeruginosa
and cyclo(L-Phe-L-Pro) in P. fluorescens and
P. alcaligenes (Sio et al. 2012).

Interkingdom Signaling
in P. aeruginosa

The 3-oxo-C12-HSL and PQS of P. aeruginosa
are capable of modulating inflammatory and
immune responses in mammals. The QS signal
3-oxo-C12-HSL exerts immune-suppressive
or anti-inflammatory effects at concentrations
below 10 �M, whereas pro-inflammatory
or pro-apoptotic effects are found at much
higher concentrations. It attenuates LPS-induced
inflammation required for the establishment
of chronic P. aeruginosa infection. The host
environment modulates QS in P. aeruginosa
either through nonenzymatic or enzymatic
destruction of AHLs through lactonolysis.
The mammalian paraoxonases (PON1, PON2,
PON3) are a unique family of calcium-dependent
hydrolases and are known to possess enzymatic
activities toward a broad range of substrates
including the AHLs (Williams and Camara
2009).

QuorumQuenching in P. aeruginosa

The functional analysis of putative acylase
genes in the P. aeruginosa PAO1 genome,
the PA2385 gene, revealed the presence of an

acylase that removes the fatty acid side chain
from the homoserine lactone (HSL) nucleus
of AHL-dependent QS signal molecules. The
posttranslational processing of the acylase and
the hydrolysis reaction type are similar to
those of the beta-lactam acylases, implying
that the PA2385 protein is a member of the
N-terminal nucleophile hydrolase superfamily.
The purified acylase was capable of degrading
AHLs with side chains ranging in length from
11 to 14 carbons at physiologically relevant low
concentrations. The substituent at the 30 position
of the side chain did not affect activity, indicating
broad-range AHL quorum-quenching activity.
Of the two main AHL signal molecules of
P. aeruginosa PAO1, N-butanoyl-L-homoserine
lactone (C4-HSL) and N-(3-oxododecanoyl)-
L-homoserine lactone (3-oxo-C12-HSL), only
3-oxo-C12-HSL is degraded by the enzyme.
The purified protein completely inhibited the
accumulation of 3-oxo-C12-HSL and production
of the signal molecule 2-heptyl-3-hydroxy-
4(1H)-quinolone and reduced production of
the virulence factors elastase and pyocyanin in
P. aeruginosa PAO1 cultures. Similar results
were observed on overexpressing the PA2385
gene in P. aeruginosa. The AHL acylase has in
situ quorum-quenching activity, and it enables
P. aeruginosa PAO1 to modulate its own
quorum-sensing-dependent pathogenic potential
(Sio et al. 2012).

Conclusion

P. aeruginosa is the most common nosocomial
pathogen and is associated with chronic lung
disease in cystic fibrosis (CF) patients. The ma-
jor virulence signaling systems in P. aeruginosa
are the AHL systems Las and Rhl, which to-
gether control the expression of multiple viru-
lence factors in response to cell density. The
third group of signaling system, the PQS, con-
nects virulence factor production with adapta-
tion and survival as a strategy to eliminate com-
petition when survival depends on iron avail-
ability. Similarly, a number of regulators and
more than one AHL-based QS system have been
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identified in plant growth promoting P. aureo-
faciens/P. chlororaphis, root colonizing P. fluo-
rescens, and the plant pathogen Pseudomonas
syringae. Understanding the molecular mecha-
nisms of regulation of QS and the complete sig-
naling integration network in Pseudomonas will
help in identifying the various drug targets to
interrupt pathogenic activities by designing novel
antimicrobials.
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Quorum Sensing in Escherichia coli:
Interkingdom, Inter- and Intraspecies
Dialogues, and a Suicide-Inducing
Peptide

Bloom-Ackermann Zohar and Ilana Kolodkin-Gal

Introduction

An emerging theme in microbiology is the ability
of bacteria to communicate with one another via
quorum-sensing signal molecules (Bassler and
Losick 2006; Camilli and Bassler 2006; Fuqua
et al. 1996; Waters and Bassler 2005). Quorum
sensing provides a mechanism for bacteria to
monitor one another’s presence and to modu-
late gene expression in response to population
density. In the simplest scenario, accumulation
of a threshold autoinducer concentration, which
is correlated with increasing population density,
initiates a signal transduction cascade that cul-
minates in a population-wide alteration in gene
expression. Our text brought here is highlighting
the recent development in the study of quorum-
sensing behaviors in E. coli. E. coli is a rod-
shaped bacterium from the family Enterobac-
teriaceae. It is able to grow both aerobically
and anaerobically, preferably at 37 ıC, and can
either be nonmotile or motile. Besides being
prominent and a fascinating model organism,
Escherichia coli can be an innocuous resident of
the gastrointestinal tract or cause significant diar-
rheal and extraintestinal diseases (Croxen et al.
2013). Genome sizes of E. coli can differ by
a million base pairs between commensals and
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pathogenic variants, and this extra-genetic con-
tent can contain virulence and fitness genes. The
pathogenic ability of E. coli is therefore largely
afforded by the flexible gene pool through the
gain and loss of genetic material at a number of
hot spots throughout the genome (Touchon et al.
2009).

Quite surprisingly, this Gram-negative bac-
terium, which has been intensively investigated
for over 60 years and is the most widely stud-
ied prokaryotic model system, is poorly under-
stood and investigated for its social behaviors
and more particularly for quorum-sensing path-
ways. The relative meagerness of data regarding
the quorum-sensing pathways participating in the
regulation of group behaviors in E. coli may
also relate to some critical riddles regarding the
exact mechanism of pathogenicity, for example,
the regulation of attaching and effacing lesions
and acid resistance during the persistent cattle
infection by enterohemorrhagic E. coli (EHEC)
that causes severe foodborne disease (Kanamaru
et al. 2000).

This review focuses on the major quorum-
sensing systems comprehensively studied in E.
coli. We chose to divide them into the following
five categories:
(I) SdiA-mediated signaling [SdiA is a LuxR

homolog, a receptor for homoserine
lactones]

(II) Indole signaling, mediated by the self-
produced effector indole

(III) AI-2 signaling, mediated by an autoinducer
produced by the enzyme LuxS
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Fig. 1 Self-produced QS signals as well as signals pro-
duced by epithelial cells and neighbor gut bacteria are in-
tegrated by Escherichia coli. The QscEF two-component
system integrates self-produced autoinducer names AI-
3, and the hormones produced by the mammalian host
(epinephrine and norepinephrine) represented as hexagons
(Fig. 1). Self and neighbor bacteria-produced AI-2 repre-

sented as diamond is sensed by LasR. Self-produced EDF
represented by a star is sensed by the toxin MazF, and
finally, SdiA senses HSLs produced by neighbor bacteria
represented by triangles. The overall gene expression and
behavior of E. coli, residing in the gut, represents an
outcome of integration of all these signals

(IV) EDF signaling conveyed by a self-produced
peptide that triggers the activation of toxin–
antitoxin systems

(V) AI-3/epinephrine/norepinephrine signaling
pathway, involved in host–bacteria commu-
nication

The majority of these signaling systems are
involved in interspecies communication, and
the AI-3/epinephrine/norepinephrine signaling
system is also involved in interkingdom
communication (Fig. 1).

SdiA Quorum-Sensing System:
Sensing Bacterial Neighbors in the
Gastrointestinal Track

In Gram-negative bacteria, the most studied type
of quorum-sensing (QS) systems are LuxI/LuxR
homologs. The LuxI homolog synthesizes a QS
signal molecule, and the LuxR homolog, the
signal receptor, binds the signal and responds

by regulating gene transcription (Engebrecht
and Silverman 1984; Fuqua et al. 1996).
LuxI homologs produce a spectrum of related
N-acyl-homoserine lactone (acyl-HSL) signal
molecules. The acyl-HSLs have a conserved
homoserine lactone ring connected by an amide
linkage to a variably structured acyl side chain.
The acyl side chain can vary in length, ranging
from 4 to 18 carbons, can be substituted with
a carbonyl or hydroxyl group on the third
carbon, and may or may not be saturated. Each
individual LuxI produces a type of acyl-HSL
specific for detection by its cognate LuxR.
These autoinducers are synthesized in the
cytoplasm during exponential growth and can
diffuse passively through the bacterial membrane,
accumulating both inside and outside of the cell.
When the concentration of AHLs reaches the
stimulatory level, the AHLs are bound by LuxR-
type protein molecules (Hanzelka and Greenberg
1995). The LuxR–AHL complexes activate the
transcription of quorum-sensing-regulated target
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genes by binding to the appropriate promoters
(Hanzelka and Greenberg 1995). Most LuxR-
type proteins require binding of AHL as a folding
switch that stabilizes them; as in the absence of
the signal, they are targeted to degradation (Zhu
and Winans 2001).

In a singular exception, one branch of the
proteobacteria phylum, within the Gammapro-
teobacteria class, encodes an orphan LuxR
homolog named SdiA (Ahmer 2004). This
branch includes the medically relevant genus
of Escherichia, Salmonella, Klebsiella, Shigella
(Smith and Ahmer 2003), and Enterobacter
(Swearingen et al. 2013). In these genomes, there
are no acyl-HSL synthase genes, reminiscent to
LuxI. Furthermore, it has been experimentally
verified that Escherichia coli and Salmonella do
not synthesize acyl-HSLs. While E. coli and
Salmonella do not produce acyl-HSLs, they
can sense and respond to a variety of acyl-
HSLs produced by other QS bacterial species,
a phenomenon described as eavesdropping (Lee
et al. 2009).

The sdiA (suppressor of cell division inhibitor)
gene was first isolated as a positive regulator of
the cell division genes ftsQAZ (Wang et al. 1991).
When expressed from a multi-copy plasmid,
SdiA suppresses the expression of a number of
chromosomally encoded cell division inhibitors
leading to an increase in cell division (Wang
et al. 1991). SdiA acts as a positive transcription
regulator by controlling the P2 promoter of the
ftsQAZ operon. The overexpression of the ftsQAZ
gene cluster increases bacterial cell division and
blocks the action of endogenous cell division
inhibitors (Wang et al. 1991). The effect of
chromosomal sdiA on chromosomal ftsQAZ
expression was not examined, but sdiA mutant
does not have any apparent cell division defects
(Wang et al. 1991). Sitnikov and colleagues ex-
plored the hypothesis that SdiA regulates ftsQAZ
in response to AHL, examining the activation
of a plasmid-encoded ftsQ–lacZY fusion by
a plasmid-encoded sdiA using synthetic AHL
(3-oxo-C6-HSL, 3-OH-C4-HSL, or C12-HSL)
(Sitnikov et al. 1996). A fourfold activation of
the system was observed without AHL, yet upon
addition of AHL, there was a further increase in

the activation up to 7.5-fold. Experiments using
chromosomal sdiA or chromosomal fusions were
not reported (Sitnikov et al. 1996).

Later, an intriguing finding by Kanamaru and
colleagues (2000) linked sdiA-mediated signaling
to pathogenicity in enterohemorrhagic E. coli
(EHEC) O157:H7. Overexpression of sdiA (us-
ing an overexpression vector) caused abnormal
cell division and reduced adherence to cultured
epithelial cells (Kanamaru et al. 2000). In addi-
tion, SdiA reduced expression of virulence fac-
tors, encoded on the enterocyte effacement (LEE)
pathogenicity island (Lee et al. 2009). The signals
activating sdiA remained unknown.

Additional link between SdiA-mediated sig-
naling and intestinal colonization of calves by
E. coli O157:H7 was provided by comparing
wild-type and sdiA mutant strains. Transcrip-
tome studies of SdiA–AHL signaling in EHEC
revealed that SdiA–AHL signaling altered the
expression of 49 genes, including the LEE (lo-
cus of enterocyte effacement) locus and GAD
(glutamic acid decarboxylase) system. LEE is a
pathogenicity island, encoding for type III secre-
tion system, and the associated chaperons and
effectors required attaching and effacing (AE)
lesions in the large intestine. The GAD sys-
tem is the most efficient acid resistance (AR)
mechanism in E. coli (Castanie-Cornet et al.
1999). Both are essential for EHEC colonization
of cattle and pathogenicity (Dziva et al. 2004;
Sheng et al. 2006). Importantly, when oxo-C6-
homoserine lactone was added, transcription of
the LEE genes was decreased in the WT strain
but not in an sdiA mutant. These results suggested
that AHLs repress transcription of the LEE genes,
and, critically, this repression is mediated through
SdiA. In addition, Hughes and colleagues demon-
strated, by electrophoretic mobility shift assays,
that SdiA binds to the promoter of ler (LEE-
encoded regulator). Ler (encoded by ler) is the
master regulator of the LEE locus. Thus, SdiA in
the presence of AHL appears to repress the LEE
virulence locus in E. coli O157:H7 by regulating
the transcription of ler (Hughes et al. 2010).

SdiA has an additional role in controlling
biofilm formation. Biofilms are bacterial
multicellular communities in close association
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with surfaces and interfaces, who acquire
phenotypic resistance versus environmental
insults and antimicrobials (Costerton et al. 1999).
Overexpression of sdiA in E. coli at 37 ıC led to
an increase in biofilm formation, and an isogenic
sdiA null mutant showed a threefold decrease in
biofilm formation as compared to the wild type
(Suzuki et al. 2002). Lee and colleagues found
that an sdiA mutant of E. coli demonstrated a 51-
fold increase in biofilm formation as compared
to the wild type at moderate temperatures. The
presence of SdiA is required to reduce E. coli
biofilm formation in the presence of AHLs as
well as in the presence of indole, which will
be discussed later (Lee et al. 2007). It was also
demonstrated that SdiA plays a role in decreasing
the formation of extracellular matrix components,
such as the curli fibers anchoring cell to cell
within the biofilm, and regulates motility (Lee
et al. 2009).

SdiA was also demonstrated to play a role
in antibiotic resistance. Overexpression of sdiA
confirmed resistance to mitomycin C (MMC)
(Wei et al. 2001). The proposed mechanism for
this resistance was the activation of efflux pumps
by SdiA. It was also noted that, although overex-
pression of sdiA resulted in increased resistance
to MMC, an sdiA mutation in the chromosome
did not increase sensitivity to MMC (Wei et al.
2001).

In addition to mitomycin C, ectopic expression
of sdiA can confer resistance to quinolones and
chloramphenicol, as well as a less pronounced
increase in resistance to kanamycin and tetracy-
cline (Rahmati et al. 2002). This sdiA-dependent
resistance was found to depend on the drug efflux
genes acrAB. An sdiA mutant was reported to
be two- to threefold more sensitive to fluoro-
quinolones than wild type but was not more sensi-
tive to chloramphenicol, tetracycline, or nalidixic
acid (Rahmati et al. 2002).

In E. coli K-12 (with chromosomal sdiA), the
gadA gene was upregulated when C6-HSL was
added; upregulation was noted at 30 ıC but not
at 37 ıC (Van Houdt et al. 2006). gadA encodes
glutamate decarboxylase A, involved in acid re-
sistance (i.e., acid resistance system 2 [AR2]),
which allows survival of the bacteria at extreme

pH values. The addition of C6-HSL increased the
tolerance of the wild-type E. coli strain to pH 4,
whereas the addition of AHL to an isogenic strain
with a deleted sdiA did not lead to acid tolerance
and resulted in cell death (Van Houdt et al. 2006).
Thus, SdiA is involved in acid resistance. The
authors did not complement the mutant E. coli
strain with an active sdiA gene followed by addi-
tion of C6-HSL. Lee and colleagues showed that
overexpression of SdiA downregulated the genes
associated with acid resistance, including gadA
(Lee et al. 2007).

In summary, SdiA-dependent signaling plays
various important roles in regulating social
and communal behaviors in pathogenic and
nonpathogenic strains of E. coli. It is highly
unlikely that it is not dedicated to sense a signal
with physiological relevance. It was suggested
in several studies to sense a stationary-phase-
related secondary metabolite, which remains
to be elucidated. However, both E. coli and
Salmonella carry functional SdiA, but lack the
LuxI homologs, and both inhabit the intestinal
environment of humans and many other animals.
We suggest that the simplest hypothesis is that
E. coli and Salmonella use SdiA to detect
acyl-HSL production of the normal intestinal
microbiota.

Indole Signaling

Indole production by E. coli during a stationary
growth phase was reported in 1897 (Smith
1897). Indole is an aromatic heterocyclic
organic compound, consisting of a six-membered
benzene ring fused to a five-membered nitrogen-
containing pyrrole ring. In bacteria, indole is
produced by the tnaA gene product, coding
for the enzyme tryptophanase, whose major
enzymatic reaction is the breakdown of
tryptophan into ammonia, pyruvate, and indole.
E. coli produces very little indole during
exponential growth. However, the expression
of tryptophanase is strongly upregulated by the
stationary-phase sigma factor RpoS, so indole
production rises as cells approach the stationary
phase (Gaimster et al. 2014).



Quorum Sensing in Escherichia coli: Interkingdom, Inter- and Intraspecies Dialogues. . . 89

Indole is highly produced by E. coli, and a
test for its presence has been regularly used as a
diagnostic marker for the identification of E. coli
(Wang et al. 2001). The identity of indole as
a possible extracellular signaling molecule was
confirmed by Wang and colleagues (2001) who
demonstrated that indole can act as a signaling
molecule activating the transcription of gabT,
astD, and tnaAB genes (Wang et al. 2001). Acti-
vation of the tnaAB operon is predicted to induce
more indole production potentially creating a
positive feedback loop. The other two targets of
indole-mediated signaling, astD and gabT, are
involved in pathways that degrade amino acids to
pyruvate or succinate providing energy to starv-
ing cells. These results led to a speculation that
signaling by indole may have a role in adaptation
of bacterial cells to a nutrient-poor environment
where amino acid catabolism is an important
energy source (Wang et al. 2001). Currently,
multiple roles have and are been assigned for
indole signaling in various aspects of bacterial
physiology. The biological function of indole has
been extensively studied in the past decade, and
diverse functions were reported for the molecule.

Multiple studies have shown that indole in-
creases drug resistance by inducing the intrinsic
xenobiotic exporter genes (mdtEF and acrD),
acting via a two-component system (BaeSR and
CpxAR) (Hirakawa et al. 2005). Hirakawa and
colleagues (2005) proposed a model suggesting
that indole first acts on the sensor kinases BaeS
and CpxA; the signals are then transmitted to
the cognate response regulators which directly
bind to different sites in the promoter regions of
the exporter genes upregulating their expression.
Further evidence for indole-induced drug resis-
tance was introduced when the development of
antibiotic-resistant strains was studied. Lee and
colleagues found that a few highly resistant mu-
tants rose in the population upon increasing levels
of antibiotic treatment. These mutants improved
the survival of the population’s less-resistant con-
stituents, in part by producing indole (Lee et al.
2010). Following this research, Vega and col-
leagues examined the hypothesis that indole sig-
naling may trigger the formation of bacterial
persisters, a phenomenon in which a subset of an

isogenic bacterial population tolerates antibiotic
treatment. Incubating E. coli cultures with indole
prior to treatment with high concentrations of
bactericidal antibiotics led to different degrees
of persistence to different antibiotics (Vega et al.
2012). Furthermore, the incubation with indole
increased persistence to each of the tested antibi-
otics by at least an order of magnitude indicat-
ing that the protective effects of indole are not
specific to a single antibiotic and suggesting that
indole induces the transition to a persistent state
(Vega et al. 2012).

Indole also controls group behavior such as
biofilm formation, i.e., a process whereby mi-
croorganisms irreversibly attach to and grow on
a surface and produce extracellular polymers that
facilitate attachment. Using DNA microarrays,
Ren and colleagues discovered that genes for
the synthesis of indole (tnaAL) were induced
by a stationary-phase signal (Ren et al. 2004b).
Following this work, they revealed that the gene
encoding tryptophanase, tnaA, was significantly
repressed in 6-day-old E. coli biofilms in com-
plex medium (Ren et al. 2004a). The differential
gene expression of two E. coli mutants, yliH
and yceP, both exhibiting increased biofilm for-
mation, demonstrated that indole probably in-
hibits biofilm formation (Domka et al. 2006).
The deletion of each gene leads to biofilms with
lower intracellular indole concentrations, result-
ing in a dramatic increase in biofilm formation.
At the same time, the addition of extracellular in-
dole reduced biofilm formation for these mutants
(Domka et al. 2006).

In contrast, Di Martino and colleagues re-
ported that indole induces biofilm formation in
E. coli as tnaA deletion resulted in reduction in
biofilm formation which was restored by the ad-
dition of indole (Martino et al. 2003). To explore
this contradiction, Lee and colleagues examined
the role of indole in biofilms by performing DNA
microarrays on mutants of genes that control
indole synthesis in E. coli (Lee et al. 2007). They
revealed that the effect of exogenous indole is
more significant in the presence of glucose, as
glucose turns off endogenous indole production
resulting in a profound effect of the experimen-
tal conditions on biofilm formation. In addition



90 B.-A. Zohar and I. Kolodkin-Gal

they discovered that indole negatively regulates
E. coli biofilm formation through SdiA by reduc-
ing motility and by influencing acid resistance
(Lee et al. 2007). An additional explanation for
the discrepancy observed in the effects of indole
on biofilm formation was the discovery that in-
dole signaling occurs primarily at low tempera-
tures (below 37 ıC) (Lee et al. 2008).

Indole has also been shown to influence
biofilm formation of enterohemorrhagic E. coli
O157:H7 (EHEC) (Bansal et al. 2007) by
influencing motility, acid resistance, chemotaxis
(i.e., movement of an organism in response to a
chemical stimulus), and adherence to HeLa cells.
The migration of EHEC to the epithelial cell
surface while primarily driven by epinephrine
and norepinephrine occurs only in regions of
the biofilm where indole concentrations are
below the critical threshold. Accordingly, EHEC
colonization occurs to a large extent in regions of
the gastrointestinal tract that are not colonized by
nonpathogenic E. coli (regions with low indole
levels). Moreover, since E. coli O157:H7 itself
secretes indole, subsequent colonization will
occur only in places that are not already colonized
by the pathogen, thereby contributing to further
colonization and the spread of infection (Bansal
et al. 2007).

The relationship between indole and type III
secretion and the formation of A/E lesions in
pathogenic Escherichia coli (EHEC) O157:H7
was examined by Hirakawa and colleagues
(2009). They revealed that indole increases the
production and secretion of type III secretion
system-mediated translocators, leading to an
increase in the formation of A/E lesions in HeLa
cells. Addition of indole restored and enhanced
the secretion of type III secretion system-
mediated translocators as well as the formation of
A/E lesions by the tnaA deletion mutant EHEC.
Taken together, the results reported by Bansal
and colleagues and Hirakawa and colleagues
may indicate that indole has dual roles in the
virulence of EHEC (Bansal et al. 2007; Hirakawa
et al. 2009). These observations suggest that
the virulence of EHEC is tightly regulated by
the concentration of the indole. While addition
of 500–600 �M of indole decreased motility,

biofilm formation, and attachment to HeLa cells
(Bansal et al. 2007), type III secretion-related
protein production and virulence phenotypes are
stimulated by indole concentrations of 125 �M
(Hirakawa et al. 2009). Indole concentration
in the enteric site may change dynamically
with the amount of indole-producing enteric
bacteria the amount of commensal bacteria and
the environmental conditions leading to a tight
control of EHEC virulence.

In summary, indole is one of most influen-
tial cell-to-cell signaling systems that have been
identified in E. coli. It may be metabolic in
nature or true “quorum-sensing” systems meant
to coordinate the behavior of microbial popula-
tions. It seems to play a cardinal role in regu-
lating E. coli social behaviors, persistence, an-
tibiotic resistance, and maybe most importantly
virulence.

luxS/AI-2 System

AHLs represent the major class of known bacte-
rial cell–cell signaling molecules. However, the
bacterial repertoire of communication was sig-
nificantly enhanced by the discovery of a family
of molecules generically termed autoinducer-2
(AI-2). These families have been found to be
widespread in the bacterial world and to facilitate
interspecies communication. AI-2s are all derived
from a common precursor, 4,5-dihydroxy-2,3-
pentanedione (DPD), the product of the LuxS en-
zyme (Surette et al. 1999). DPD undergoes spon-
taneous rearrangements to produce a collection
of interconverting molecules, some (and perhaps
all) of which encode information (Xavier and
Bassler 2005a). Presumably, AI-2 interconver-
sions allow bacteria to respond to endogenously
produced AI-2 and also to AI-2 produced by other
bacterial species in the vicinity. Thus, in contrast
with the specific dialogue-based communication
channels provided by the HSLs, AI-2 represents
a universal language. AI-2, often in conjunc-
tion with an AHL or oligopeptide autoinducer,
controls a variety of traits in different bacte-
ria ranging from bioluminescence in V. harveyi
to growth in Bacillus anthracis to virulence in
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Vibrio cholerae and many other clinically rele-
vant pathogens. E. coli carries an active copy of
LuxS, the enzyme involved in the metabolism
of S-adenosyl methionine (SAM); it converts
S-ribosyl homocysteine into homocysteine and
4,5-dihydroxy-2,3-pentanedione (DPD).

In E. coli, expression of LuxS demonstrated
a fascinating case of coupling the production of
quorum-sensing signals to the cell’s metabolic
state. As expected, the expression of luxS in-
creases with bacterial growth (Li et al. 2006;
Xavier and Bassler 2005b). However, luxS is
also induced at low pH, high osmolarity, and in
the presence of a preferred carbon source such
as glucose (Ahmer 2004). The synthesis and
uptake of AI-2 are subject to catabolite repres-
sion through a complex of cyclic AMP (cAMP)–
CRP (catabolite regulation protein), which di-
rectly stimulates transcription of the lsr (luxS
regulated) operon and indirectly represses luxS
expression. The cAMP–CRP complex was shown
to bind to a CRP binding site located in the
upstream region of the lsr promoter and that
mutation in the CRP binding site abolishes this
stimulation (Wang et al. 2005a). The expression
of luxS and the production of AI-2 are regulated
at the posttranscriptional level by a small RNA
(sRNA) cyaR, by direct binding with comple-
mentary sequences in luxS mRNA, activating
its degradation (De Lay and Gottesman 2009).
Given that cyaR is positively regulated by the
cAMP–CRP complex, it is thus induced under
conditions of low glucose, providing an expla-
nation for the observed increase of LuxS in the
presence of glucose (De Lay and Gottesman
2009). A second sRNA, micA, was found to affect
the length and transcript levels of luxS in an
RNase III-dependent manner (Udekwu 2010), but
whether this regulation affects protein amounts
and activity or explains the observed growth de-
pendence of LuxS expression is not yet known
(Udekwu 2010).

Alternative pathways for AI-2 formation
which are LuxS independent were reported
by Li and colleagues, as AI-2 activity was
observed from luxS-deficient extracts supplied
with adenosine (Li et al. 2006). Similar results
were observed by Tavender and colleagues

using an E. coli luxS mutant carrying additional
mutations that alter carbon fluxes, suggesting
LuxS-independent formation of AI-2, via
spontaneous conversion of ribulose-5-phosphate
(Tavender et al. 2008). The importance of this
route for AI-2 production in E. coli may be
negligible; it may, however, be responsible for
the AI-2-like signals reported for some higher
organisms or bacteria lacking luxS (Tavender
et al. 2008).

While the export mechanisms of AI-2 are not
fully understood, the uptake of AI-2 by the Lsr
transport system has been extensively studied in
multiple organisms (Pereira et al. 2013; Wang
et al. 2005a, b; Xavier and Bassler 2005b). The
AI-2 uptake system by the lsrACDBFG operon
was first elucidated by Taga and colleagues in
Salmonella enterica serovar typhimurium (Taga
et al. 2001). The receptor for AI-2 is LsrB, a
high-affinity substrate-binding periplasmic pro-
tein which interacts with the membrane compo-
nents of an ABC transport system. The trans-
porter comprises a membrane channel formed by
two transmembrane proteins, LsrC and LsrD, and
an ATPase, LsrA, which provides the energy for
the transport of the AI-2 signal (Pereira et al.
2013; Xavier et al. 2007). The transporter pro-
teins are regulated by cyclic AMP/cyclic AMP
receptor protein and by the product of lsrK and
lsrR, located immediately upstream of lsr and di-
vergently transcribed in its own lsrRK operon (Li
et al. 2007). Following uptake, AI-2 is phospho-
rylated by the kinase LsrK to produce phospho-
AI-2 (P-AI-2); the active molecule then binds and
derepresses the lsr repressor LsrR (Wang et al.
2005b). In the absence of P-AI-2, LsrR represses
the transcription of both the lsr operon and lsrRK
operon, thus regulating its own expression and
that of LsrK (Pereira et al. 2013). This positive
feedback loop derives the uptake of AI-2, allow-
ing a rapid uptake. The AI-2 is further processed
by two additional genes within the lsr operon,
LsrF and LsrG (Xavier et al. 2007). Recently,
it was reported by Pereira and colleagues that
phosphoenolpyruvate phosphotransferase system
(PTS) is required for Lsr activation and AI-2
internalization (Pereira et al. 2012). The PTS cat-
alyzes transport across the periplasmic membrane
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of a large range of compounds concomitant with
their phosphorylation. The proposed mechanism
suggests that the initial uptake of AI-2 is PTS
dependent, thereby allowing derepression of the
lsr operon and the initiation of Lsr-dependent
uptake of AI-2 (Pereira et al. 2012).

The uptake of AI-2 would lead to differential
gene expression regulating various social
behaviors. Multiple studies have used DNA
microarrays to show AI-2 controls 166 to 404
genes, including those for chemotaxis, flagellar
synthesis, motility, and virulence factors in
E. coli (DeLisa et al. 2001; Ren et al. 2004b;
Sperandio et al. 2001). Gonzalez Barrios and
colleagues demonstrated that AI-2 stimulates
biofilm formation and motility in five different
E. coli hosts (ATCC 25404, MG1655, BW25113,
DH5’, and JM109) in two different media
(Gonzalez Barrios et al. 2006). The induction was
dependent upon the presence of the LsrK enzyme,
indicating that AI-2 signaling through the Lsr
system was responsible for these phenotypes
(Gonzalez Barrios et al. 2006). These results
further explain previous reports by Sperandio
and colleagues and Ren and colleagues indicating
that AI-2 controls chemotaxis, flagellar synthesis,
and motility in E. coli and that the quorum-
sensing antagonist furanone was effective in
preventing the biofilms of E. coli by repressing
these same chemotaxis, flagellar synthesis, and
motility genes (Ren et al. 2004a, b; Sperandio
et al. 2001). Further analysis of lsrR and lsrK
mutant strains using microarrays increased the
evidence for Lsr-dependent regulation of biofilm
formation and motility (Li et al. 2007).

An additional role for AI-2 is as a chemoat-
tractant (i.e., a chemical agent that induces move-
ment of chemotactic cells) for E. coli K-12,
a behavior dependent upon both the L-serine
receptor (Tsr) and LsrB (Englert et al. 2009;
Hegde et al. 2011). It is hypothesized that LsrB
binding to AI-2 in the periplasm enables inter-
action with the periplasmic domain of Tsr; the
resulting signaling elicits downstream chemo-
tactic responses, while the LsrC seems to be
dispensable for this process (Hegde et al. 2011).
Given that AI-2 is produced by many different

species of biofilm-forming bacteria, the proposed
ecological context in which AI-2 chemotaxis oc-
curs may serve to recruit free-swimming, plank-
tonic bacteria to biofilm (Hegde et al. 2011).
Concentration-dependent chemoattraction of en-
terohemorrhagic E. coli (EHEC) by AI-2 has also
been observed through the use of luxS mutant
bacteria (Bansal et al. 2008). In this verotype, AI-
2 also regulates pathogen motility and attachment
to HeLa cells (Bansal et al. 2008). Similarly,
luxS mutant of enteropathogenic E. coli (EPEC)
exhibits reduced motility compared to wild-type
bacteria when in the presence of epithelial cells
(Girón et al. 2002).

Overall, these studies show that in E. coli, luxS
gene expression and AI-2 signaling are impor-
tant for proper regulation of biofilm formation,
motility, attachment to epithelial cells, and other
crucial virulence traits.

Peptide Signaling in E. coli, the EDF

In Gram-positive bacteria, autoinducers are short,
usually modified peptides processed from pre-
cursors. They are involved, for example, in the
development of competence and sporulation in B.
subtilis (Lazazzera 2001; Magnuson et al. 1994;
Tortosa and Dubnau 1999) as well as in the vir-
ulence response in S. aureus (Ji et al. 1997; Laz-
dunski et al. 2004; Novick 2003) and in biofilm
formation in Streptococcus mutans (Aspiras et al.
2004). These oligopeptide autoinducers are ac-
tively transported out of the cell, and they interact
with the external domains of membrane-bound
sensor proteins. Signal transduction occurs by
a phosphorylation cascade that activates a DNA
binding protein that controls transcription of tar-
get genes. These autoinducers in Gram-positive
bacteria are highly specific because each sen-
sor oligopeptide selects for a given peptide sig-
nal (Lyon and Novick 2004; Waters and Bassler
2005). Unique case for peptide based signaling
linking Programmed Cell Death and QS exists
in E. coli, several prokaryotic genetic modules
have been described as systems that mediate pro-
grammed cell death. Among these is the E. coli
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toxin–antitoxin module mazEF, which is the first
bacterial programmed cell death system that was
described. mazF encodes a stable toxin, MazF,
and mazE encodes a labile antitoxin, MazE, that
prevents the lethal effect of MazF. Thus, any
stressful condition that prevents the expression
of the chromosomally borne mazEF module will
lead to the reduction of MazE in the cell, permit-
ting toxin MazF to act freely (Engelberg-Kulka
et al. 2006). Such conditions include (1) short-
term inhibition of transcription and/or translation
by antibiotics such as rifampin, chlorampheni-
col, and spectinomycin (Sat et al. 2001); (2) the
overproduction of ppGpp, which inhibits mazEF
transcription (Aizenman et al. 1996); and (3)
DNA damage caused by thymine starvation (Sat
et al. 2003) as well as by DNA-damaging agents,
such as mitomycin C or nalidixic acid (Hazan
et al. 2004). These antibiotics and stressful con-
ditions that are well known to cause bacterial
cell death have been found to act through the
mazEF module. Clearly, a system that causes
any given cell to die is not advantageous to that
particular cell. On the other hand, the death of an
individual cell may be advantageous for the bac-
terial population, enduring stressful conditions
as a whole. E. coli mazEF-mediated cell death
could only be observed in cultures with high
population density. Therefore, it was assumed
that cell death probably requires a “quorum sens-
ing,” a process in which a secreted autoinducer
allows cells to “measure” cell density of the
medium. This quorum-sensing process involves a
secreted signaling molecule that was designated
the extracellular death f actor (EDF). EDF was
determined to be an oligopeptide. Thus, it was
different from other molecules so far described
to participate in quorum sensing in E. coli: AHL,
AI-2, and indole. The characterization of the
chemical nature of EDF revealed that EDF is a
linear pentapeptide NNWNN. Each of the five
amino acids in EDF is important for its mazEF-
mediated killing activity, and the terminal as-
paragines are the most crucial (Kolodkin-Gal
et al. 2007). The quorum-sensing process in-
volved in mazEF-mediated cell death and the
quorum-sensing peptide EDF are particularly in-

teresting not only because no other peptide has
apparently been reported to be involved in quo-
rum sensing in E. coli but also because EDF
appears to be a distinct type of molecule re-
lated to the quorum-sensing peptides of gram-
positive bacteria. An additional surprising find-
ing was the source of the pentapeptide. Many
self-generated, secreted signaling molecules in
bacteria are small molecules, including peptides.
So the fact that the “extracellular death factor”
is a peptide was no surprise. But the peptide
signals described in earlier studies are encoded
in small genes that generate prepeptides, which
are processed to yield the signaling molecule. The
E. coli peptide is derived from the degradation of
glucose-6-phosphate dehydrogenase, a metabolic
enzyme. Although the exact pathway leading to
the production of this pentapeptide remains to be
defined, it seems reasonable that it is made when
the bacterium is under an apparent internal stress.
Such stress can be due to the onset of starvation
that can generate this signal, priming the popu-
lation such that some cells can be killed through
the programmed cell death pathway when con-
fronted with other stresses (Kolter 2007). The
zwf product, carrying the sequence NNWDN,
may generate the full NNWNN sequence only
by subsequent amidation step. Amidation may
occur either before or after the cleavage of the
precursor by one of E. coli’s proteases. The
involvement of Asn synthetase A, an enzyme
that can perform such a modification (Humbert
and Simoni 1980), was implied; deleting the
gene asnA prevented production of active EDF.
In the mid-log phase only, the rate-limiting en-
zyme in the pentose phosphate shunt, glucose-6-
phosphate dehydrogenase (G6PD), E. coli Zwf,
is apparently cleaved between its catalytic and
structural domains to release an internal pen-
tapeptide, NNWDN. Amidation of the third as-
paragine residue is presumed to yield the killer
pentapeptide, NNWNN; exposure to recombinant
NNWNN, together with a transient stress (e.g.,
10 min rifampicin), which activates MazEF, re-
sults in significant, but not complete, loss of
viability. Other stresses that enforce MazF sta-
bilization or activate RelA to synthesize ppGpp
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might also activate this pathway (Kolodkin-Gal
and Engelberg-Kulka 2008; Kolodkin-Gal et al.
2007).

More recently, the mode of action for EDF was
revealed (Belitsky et al. 2011). It was shown that
EDF specifically affects the endoribonucleolytic
activities of MazF, the mRNA interfering toxin,
and of an homologous toxin ChpBK. In vitro,
EDF significantly amplified the endoribonucle-
olytic activities of both MazF and ChpBK. EDF
also overcame the inhibitory activities of the
antitoxin MazE over the toxin MazF and of the
antitoxin ChpBI over the toxin ChpBK. EDF and
MazF were directly interacting, and peptide–
protein modeling showed parallel contacts
between EDF–MazF and MazE–MazF. Thus,
the EDF system is a quorum-sensing system of
many novel components, both at the level of the
peptide autoinducer, derived by proteolysis of
metabolic protein, and at the mechanistic level,
where once accumulated, the peptide carries
catalytic properties.

Very recently, Kumar and colleagues have
further demonstrated that the E. coli mazEF-
mediated cell death could be triggered by QS
peptides from the supernatants (SN) of the
Gram-positive bacterium Bacillus subtilis and
the Gram-negative bacterium Pseudomonas
aeruginosa. A hexapeptide RGQQNE was
produced by Bacillus, and three peptides,
a nonapeptide INEQTVVTK and two hex-
adecapeptides VEVSDDGSGGNTSLSQ and
APKLSDGAAAGYVTKA, were produced by
Pseudomonas aeruginosa. When added to diluted
E. coli cultures, each of these peptides acted as an
interspecies EDF that triggered mazEF-mediated
death. Furthermore, though their sequences are
very different, each of these EDFs amplified the
endoribonucleolytic activity of E. coli MazF,
probably by interacting with different sites on
E. coli MazF. Therefore, the group of QS peptides
was expended to several additional different
peptides. This family provides the first example
of quorum-sensing molecules participating in
interspecies bacterial cell death. Furthermore,
each of these peptides provides the basis of a new
class of antibiotics triggering death by acting
from outside the cell (Kumar et al. 2013).

AI-3/Epinephrine/Norepinephrine
System

Prokaryotes and eukaryotes coexist in both
commensal and pathogenic relationships for
millions of years, consequently coevolving to
sense and respond to each other’s signaling
molecules (Karavolos et al. 2013). Interkingdom
chemical signaling plays an important role in
the relationships forged between bacteria and
animals. Such interkingdom signaling processes
led to high-jacking by bacterial pathogens, such
as enterohemorrhagic Escherichia coli (EHEC),
to activate virulence genes, colonize the host,
and initiate the disease process (Clarke et al.
2006; Walters and Sperandio 2006). EHEC
colonizes the large bowel and causes a lesion
on intestinal epithelial cells (AE lesions). The
genes involved in the formation of the AE
lesion are encoded within the chromosomal
LEE pathogenicity island, which is present in
EHEC but absent in commensal and K-12 E. coli
(Sperandio et al. 2003). The majority of the
LEE genes are organized in five operons (LEE1–
5), containing a transcriptional activator (Ler)
essential for the expression of the LEE genes
in addition to the type three secretion system
and virulence effectors (Sperandio et al. 2001;
Sperandio et al. 2003). Upon reaching the human
colon, EHEC senses the autoinducer-3 (AI-3)
produced by the microbial gastrointestinal flora
and epinephrine and norepinephrine, produced by
the host, through histidine sensor kinases (HKs)
in their membrane (Clarke et al. 2006). HKs
constitute the predominant family of signaling
proteins in bacteria, usually acting in concert with
a response regulator (RR) protein constituting a
two-component system (Hughes et al. 2009).
Two HKs, QseC and QseE, both part of the
two-component systems (QseCB and QseEF)
characterized in E. coli have been reported to
sense AI-3, epinephrine, and norepinephrine.
Upon sensing AI-3, QseC initiates the signaling
cascade that will activate the flagella regulon,
leading to swimming motility, which may aid
EHEC to reach the intestinal epithelial layer.
QseC activates transcription of the master
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regulators of the flagellar regulon, directly
through QseB as well as activating AE lesion
formation and Shiga toxin expression. While the
activation of the flagellar regulon is dependent
on QseB’s phosphorylation state (Clarke and
Sperandio 2005), the expression of the LEE and
Shiga toxin genes is not regulated by QseB.
As EHEC approaches the epithelium and starts
forming AE lesions, it is exposed to epinephrine
and/or norepinephrine; AE lesion formation
and the commencement of bloody diarrhea
may increase EHEC exposure to epinephrine
and norepinephrine, further upregulating
expression of virulence genes in EHEC (Hughes
et al. 2009).

A second two-component system, the QseEF
system (Reading et al. 2007), where QseE is the
HK and QseF is the RR was shown to also reg-
ulate virulence in EHEC. QseE can also respond
to the host hormone epinephrine like QseC but,
in contrast, does not sense the bacterial signal
AI-3. The QseEF system is not involved in the
regulation of flagella and motility but plays an
important role in activating genes necessary for
AE lesion formation (Reading et al. 2007) and
also activates expression of Shiga toxin.

Norepinephrine has been reported to induce
bacterial growth (Freestone et al. 2000), in addi-
tion to a role in activates virulence, e.g., Shiga
toxin expression in E. coli (Lyte et al. 1996) by
an unknown mechanism of induction. Because
epinephrine and norepinephrine exert a profound
effect on the host physiology and immune sys-
tem, the ability to sense these hormones by bac-
teria may facilitate gauging the fitness of the host.

Following their earlier studies (Clarke et al.
2006; Clarke and Sperandio 2005) (Hughes et al.
2009; Walters et al. 2006), the Sperandio group
recently discovered a novel two-component
signal transduction system, named FusKR,
where FusK is the histidine sensor kinase
and FusR the response regulator. FusK senses
fucose and controls expression of virulence and
metabolic genes. This fucose-sensing system is
required for robust EHEC colonization of the
mammalian intestine (Pacheco et al. 2012). The
proposed model is that fucose freed from the
mucus layer by a member of the microbiota,

Bacteroides thetaiotaomicron, inhibits LEE
expression, relieving the pathogen from the
metabolic burden of expressing the type III
secretion system and giving it a competitive
growth advantage in the lumen of the gut
(Pacheco et al. 2012). Once EHEC approaches
the mucosal surface, adrenergic metabolites
derepress the LEE, initiating its adherence
mechanisms. B. thetaiotaomicron was able to
repress ler expression when incubated with
mucin, a derivative of mucus that contains bound
fucose, suggesting that the fucosidases produced
by B. thetaiotaomicron cleave fucose from mucin
to directly repress virulence expression of EHEC
(Keeney and Finlay 2013).

The existence of multiple evidences for
interkingdom communication by bacterial
pathogens, relying on the host adrenergic
network, may hence reflect the culmination of
many millions of years of receptor structural
evolution to accommodate these signals and
orchestrate the best survival response. These
interactions are delicately balanced, and it is
clear that in most circumstances, they can benefit
the pathogen.

Summary

The existence and importance of quorum-
sensing signaling in E. coli have been established
throughout the last decades. Some scenarios in
which this occurs in nature, however, are still
largely unknown and many questions remain.
First, it is clear that the gastrointestinal tracts
of most animals, excluding the bovine rumen,
do not contain AHL. It appears that EHEC
uses sdiA in the bovine rumen to repress the
LEE pathogenicity island and to increase acid
resistance. What organism(s) are producing the
AHLs and what role do the AHLs play in the
rumen community? Is detection of bacteria in
the rumen the only scenario in which sdiA
provides a benefit to EHEC? Second, it has
been embroiled that LuxS synthesizes AI-2,
as well as an autoinducer coined AI-2, which
remains structurally unsolved. Thus, LuxS
can govern bacterial behaviors such as the
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secretion of virulence factors, biofilm formation,
and swarming motility. Can novel approaches
to interrupt LuxS sensing be recognized as
next-generation antimicrobials? How does
interspecies communication from neighbor
gastrointestinal tract resident [both Gram-
negative and Gram-positive bacteria] use this
pathway to communicate with E. coli? And
lastly, how prominent is the role of interkingdom
communication is in shaping the behaviors of
E. coli in vivo? Clearly, the study of QS and QS
sensing by Escherichia coli has only just begun.
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Quorum Sensing in Acinetobacter
baumannii

Nidhi Bhargava, Prince Sharma, and Neena Capalash

Introduction

Despite all advances in antimicrobials and
vaccines development, infectious agents rank
among the most common causes of death
worldwide (Perez et al. 2007). Microorganisms
cover almost all the outer surfaces of the human
body and normally do no harm to the host.
They exist as commensals and play a vital role
in maintaining human body homeostatis. At
times these microbes may also result in severe
infections in individuals with a compromised
immune system. Such microorganisms are called
opportunistic. Breach in the first line of defence,
i.e., the skin, may allow bacteria to enter the
host. Production of various virulence factors by
the pathogen may cause host tissue damage,
thus leading to establishment of infection in
the host (Fig. 1). Factors which predispose such
occurrences include increased number of invasive
medical procedures, long tenure of hospitaliza-
tion and capability of the microorganisms to
evolve mechanisms of antimicrobial resistance.
An exponential increase in drug resistance
among pathogens is a major challenge for the
management of infectious diseases.
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Acinetobacter baumannii is a Gram-negative,
non-fermentative coccobacillus that is widely
distributed in nature and colonizes the human
skin. It has recently gained importance in the
health-care setup because of its ability to survive
in the hospital environment for extended periods
of time which makes it a frequent cause of
health-care-associated infections. A. baumannii
shows immunity to disinfectants, can survive
desiccation conditions and also resists antibiotics.
It is an opportunistic pathogen which has been
implicated in a wide spectrum of infections, e.g.,
nosocomial pneumonia, urinary tract infections,
secondary meningitis and superinfections in
burn patients (Adams et al. 2011) with varying
frequency of occurrence (Gaynes and Edwards
2005). A. baumannii has emerged as an important
pathogen associated with the most common
autosomal genetic disorder with high death toll
called cystic fibrosis (Davies and Rubin 2007).
The infection rate of A. baumannii in populations
is alarming and accounts for 20 % of all the
organisms isolated from intensive care units
(ICUs). The increasing number of A. baumannii-
related infection cases has led to its comparison
with methicillin-resistant Staphylococcus aureus
(MRSA) and accounts for 5 % mortality in
general wards and 54 % mortality in ICUs
(Fournier and Richet 2006).

Global surveillance programmes conducted
over the last decade have shown an unparallel
increase in resistance rates against different
classes of antimicrobials among the clinical iso-
lates of Acinetobacter spp. (Adams et al. 2011).
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Fig. 1 Infection caused by an opportunistic pathogen

This situation is variable in different countries but
has gained worldwide importance, and multiple
outbreaks are being reported. A. baumannii
shows resistance against major antibiotic classes,
namely, broad-spectrum “-lactams (Bonnin et al.
2011), third-generation cephalosporins (Meyer
et al. 2010), carboxypenicillins (Mammeri et al.
2003) and carbapenems (Poirel and Nordmann
2006). They also produce a wide range of
aminoglycoside-inactivating enzymes, and most
strains are resistant to fluoroquinolones (Singh
et al. 2013). Such resistance pattern is defined
as multidrug resistance (MDR) and is a major
cause of worry as it is rapidly nullifying the
therapeutic armamentarium. The emergence
of carbapenem-resistant New Delhi metallo-“-
lactamase-producing A. baumannii strains has
started a new wave of MDR worldwide (Bonnin
et al. 2012). Drug resistance in A. baumannii is
due to both acquired and intrinsic mechanisms.
The main underlying mechanisms of resistance
to multiple antibiotics in Acinetobacter spp. can
be summarized as follows:
1. Production of hydrolyzing enzymes, e.g.,

“-lactam hydrolysis by different kinds of
“-lactamases (Classes A to D)

2. Changes in penicillin-binding proteins (PBPs)
that prevent action of “-lactams

3. Alterations in the structure and number
of porin proteins that result in decreased

permeability of antibiotics through the outer
membrane of the bacterial cell

4. The activity of efflux pumps that further de-
crease the concentration of antibiotics within
the bacterial cell
MDR as well as the ability to stand

environmental stresses makes eradication of
A. baumannii infection difficult, particularly
from hospital settings. A possible remedy
to the emergence of A. baumannii as a
superbug is to adopt anti-virulence strategy
targeting its quorum-sensing system with com-
pounds or enzymes holding quorum-quenching
potential.

Quorum Sensing in A. baumannii

During infections, bacteria interact with
each other (intraspecies), with other bacteria
(interspecies) and with eukaryotic hosts. Gram-
negative bacteria communicate with their
neighbours through chemical signals, namely,
N-acyl homoserine lactones (AHLs). The density
of these signal molecules indicates the number of
bacteria in a population. Single-celled bacteria at
a minimum population unit, ‘quorum’, exhibit a
complex pattern of multicellular behaviour. Such
concerted population response is called quorum
sensing (QS) (Diggle et al. 2007).
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Table 1 AHLs produced by Acinetobacter baumannii

Molecular formula Structure Probable AHLs in A. baumannii

C16H29NO4

ON
H

O

O

OH N-(3-hydroxy-dodecanoyl)-L-
homoserine lactone (3-OH-C12
HSL)

C16H29NO3

ON
H

O

O

N-dodecanoyl-L-homoserine lactone
(C-12 HSL)

C14H25NO3

ON
H

O

O

N-dodecanoyl-L-homoserine lactone
(C-10 HSL)

C18H33NO3

ON
H

O

O

N-tetradecanoyl-L-homoserine lactone
(C-14 HSL)

C17H29NO4

ON
H

O

O

O N-(3-oxotridecanoyl)-L-homoserine
lactone (3-oxo-C13 HSL)

C20H35NO3

ON
H

O

O

N-hexanoyldecanoyl-L-homoserine
lactone (C-16 HSL)

Quorum-sensing system in A. baumannii, like
other Gram-negative bacteria, consists of:
• Signal molecules: AHLs (autoinducers)
• AbaI: AHL synthase
• AbaR: AHL receptor (regulator)

Acyl Homoserine Lactones
in A. baumannii

Crosstalking between Gram-negative bacteria
belonging to the same or different species or
genera is carried out through N-acyl homoserine
lactones (AHLs) which are hormone like signal
molecules. These molecules have a conserved
homoserine lactone ring that is acylated with
an acyl group at the ’-position. AHL may
contain a C4–C18 long acyl side chain with
either oxo, hydroxy or no substitution at C3
position. Based on the length of the acyl chain,

AHLs are classified as short- or long-chain
molecules. A. baumannii synthesizes more than
one long-chain (�C10) AHLs (Table 1). Other
species of Acinetobacter like A. calcoaceticus
also produce one or more than one AHL
molecules. However, none of the AHL signals
could be specifically assigned to a particular
species of this genus (Gonzalez et al. 2009).
Since quorum signals are not homogenously
distributed among the different strains of
Acinetobacter, distinction between virulent and
non-virulent strains on the basis of quorum-
sensing signals is difficult. Transportation of
AHLs is fundamental in the process of QS.
Movement of AHLs from inside of the cell to
the environment and vice versa is by diffusion
where AHLs move freely across the bacterial
membrane in a density-dependent manner. Since
permeability of bacterial membrane is limited
only to short-chain AHLs, transportation of long-
chain AHLs (>C8) takes place through efflux
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Fig. 2 Quorum-sensing system in Acinetobacter baumannii

pumps. However, very little is known about the
pumps involved in transportation of AHLs in
Acinetobacter.

Quorum-sensing system in A. baumannii
consists of one chromosomally encoded AHL-
dependent signalling system, comprising of
LuxI and LuxR homologues. abaI is responsible
for the synthesis of 3-hydroxy-dodecanoyl-(L)-
homoserine lactone (3-OH-C12 HSL), and the
cognate receptor of this ligand is synthesized
by abaR. When a threshold concentration is
attained within the culture, the AHL molecules
which are either present inside the cell or have
been transported into it from the environment
bind to its cognate receptor, AbaR (Fig. 2).
This complex binds to the putative lux-box
(CTGTAAATTCTTACAG) which is located
67 bp upstream the putative ATG of abaI and
results in the synthesis of more AHL molecules.
Since AHL molecules can induce production
of more ‘like’ molecules themselves, they are
referred to as autoinducers. It is suggested that
all those virulence genes whose expression is
controlled by AHL-mediated quorum-sensing
system in Acinetobacter are likely to have the lux-
box sequence in their respective promoter region.
Since abaI is the only autoinducer synthase
deciphered in A. baumannii which is responsible
for synthesis of 3-OH-C12 HSL, other types
of AHLs may probably be synthesized by the
organism through the action of acyltransferases
(Niu et al. 2008).

Structure of AHL Synthase (AbaI)

Sequence analysis of A. baumannii AHL syn-
thase (AbaI) shows that it contains a conserved
consensus pattern, [LMFYA]-R-x(3)-F-x(2)-
W-x-[LIVM]-x(6,9)-E-x-D-x-[FY]-D, which is
characteristic of autoinducer synthase family. The
protein contains a single domain and is predicted
to perform the function of signal transduction
and quorum sensing. LasI, autoinducer synthase
in Pseudomonas aeruginosa, is the only protein
closest (46 % similarity and 27.5 % identity)
to AbaI whose X-ray crystal structure (1RO5)
is known (Gould et al. 2004). Thus, similarity
in the primary structure of LasI and AbaI could
form the basis for making predictions about the
tertiary structure of AbaI. LasI structure is a
three-layered (’“’) sandwich containing eight
’ helices (31 %) surrounding a highly twisted
platform of nine “ strands (29 %) (Fig. 3).
This platform is composed of antiparallel “-
sheet with prominent V-shaped cleft between
parallel “-strands, “4 and “5. A six-stranded “-
sheet platform is buttressed by three ’ helices,
forming a V-shaped substrate binding cleft that
leads to a tunnel passing through the enzyme,
which could accommodate the acyl chain of
acyl-acyl carrier protein (acyl-ACP). Residues
Arg23, Phe27 and Try33 in the N-terminal
region of LasI form the substrate binding pocket.
Several of these residues, including Met79,
Phe105, Thr142 and Thr144, are well conserved
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Fig. 3 Predicted tertiary structure of Acinetobacter baumannii AHL synthases (AbaI) (a) based on P. aeruginosa AHL
synthases (LasI) (b) by protein homology modelling server CPHmodels 3.2

among AHL synthases and appear to position
the acyl chain in the proper orientation for
catalysis. The conservation of the same residues
in AbaI suggests the same role being played
by these residues in catalysis of AHL molecule
in Acinetobacter. Mutational studies reveal that
Arg23, Asp42, Asp44, Asp47, Arg70, Glu101,
Ser103 and Arg104 residues play a role either in
stabilizing the interactions or in catalytic function
(Gould et al. 2004). AbaI is predicted to interact
with chemical ligands, sulphate and zinc ions and
contains two cysteine molecules which may be
involved in disulphide bond formation.

Structure of AHL Receptor/Regulator
(AbaR)

AHL receptor protein in A. baumannii, AbaR, is
198 amino acids in length and is 29.2 % identical
and 45 % similar to autoinducer receptor,
LasR, of P. aeruginosa. Since the structures of
autoinducer synthases of P. aeruginosa (LasI)
and A. baumannii (AbaI) are similar, the structure
of AbaR too was predicted based on the X-
ray crystallographic structure of LasR (3IX3).
LasR protein is 239 amino acids in length and
is comprised of 50 % helical and 15 % “-sheet
structure (Fig. 4). The protein has LuxR-type
DNA-binding, helix-turn-helix (HTH) domain of

about 65 amino acids, present in transcription
regulators of the LuxR/FixJ family of response
regulators. The domain is named after V. fischeri
LuxR, a transcriptional activator for quorum-
sensing-controlled luminescence. The DNA-
binding HTH domain is usually located in
the C-terminal, and the N-terminal contains
an autoinducer binding domain or a response
regulatory domain. Most LuxR-type regulators
act as transcription activators, but some can be
repressors or have a dual role for different sites.
LuxR-type HTH regulators control a wide variety
of activities in various biological processes.
Several structures of LuxR-type HTH proteins
have been resolved and show that the DNA-
binding domain is formed by a four-helix bundle.
The HTH is involved in DNA-binding into the
major groove, where the N-terminal part of the
recognition helix makes most DNA contacts. The
regulators bind DNA as multimers (Ducros et al.
2001; Egland and Greenberg 2001; Vannini et al.
2002; Pristovsek et al. 2003).

LuxR-type HTH protein can be activated to
form multimers by four different mechanisms:
(a) Regulators belonging to two-component sen-

sory transduction systems in bacteria are acti-
vated by phosphorylation, generally on an as-
partate residue, by a transmembrane kinase.

(b) Regulators involved in quorum-sensing
systems get activated on binding with
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Fig. 4 Predicted tertiary structure of Acinetobacter baumannii AbaR (a) based on P. aeruginosa LasI (b) by protein
homology modelling server CPHmodels 3.2

autoinducer molecule. AbaR falls under
this category with consensus pattern of the
LuxR-type HTH domain: [GDC] – x(2) –
[NSTAVY] – x(2) – [IV] – [GSTA] – x(2) –
[LIVMFYWCT] – x – [LIVMFYWCR] –
x(3) – [NST] – [LIVM] – x(2) – fTg – x(2) –
[NRHSA] – [LIVMSTA] – x(2) – [KR]. It
gets activated and dimerizes on binding to its
cognate lactone (3-OH-C12 HSL).

(c) Spore germinating protein (GerE) in Bacillus
subtilis is regulated by an autonomous effec-
tor but lacks the regulatory domain.

(d) Regulators with multiple ligand binding, ex-
emplified by MalT in E. coli, activate the
maltose operon by binding to maltose and
ATP.

Evolution of A. baumannii
Quorum-Sensing System

A. baumannii was found to be closest to
Bukholderia ambifaria on the basis of 16S
rRNA sequence. Phylogenetic comparison
of autoinducer synthase (AbaI) and autoin-
ducer receptor protein (AbaR) sequences
of pathogenic and nonpathogenic organisms
exhibiting quorum sensing shows that these
two proteins of A. baumannii ATCC 17978

were most closely related to those of the
archaebacterium Halothiobacillus neapolitanus.
A. baumannii and H. neapolitanus belong to
the order Pseudomonadales and Chromatidales,
respectively. Evolutionary studies on members
of the class Gammaproteobacteria suggested
that Pseudomonadales are more recent than
Chromatidales. This suggested that abaI might
have been acquired by A. baumannii from
H. neapolitanus and not from B. ambifaria
with which it shared ancestry (Bhargava et al.
2010).

Pathogenicity and Virulence Factors
of A. baumannii

Pathogenicity is the ability of microorganisms
to cause disease. Virulence is the degree of
pathogenicity of a microorganism that can
vary among the members of the same species.
Virulence depends on various parameters of
the microorganism, the host and the interaction
between both (Winn et al. 2005). An infection
begins when the balance between the host
resistance and bacterial pathogenicity is not
stable. Although virulence factors responsible
for pathogenicity of Acinetobacter are still not
well defined, a few of them are described below:
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Fig. 5 Quorum-sensing-controlled virulence factors in Acinetobacter baumannii

Quorum-Sensing-Regulated
Production of Virulence Factors
in A. baumannii

Quorum sensing in A. baumannii is a central
mechanism known for the autoinduction of two
virulence factors: biofilm formation and surface
motility (Fig. 5).
Biofilm: It is a sedentary mode of life exhibited by
bacteria. Cells in biofilm, unlike their planktonic
counterparts, attach themselves to the substratum
irreversibly and exist as a sessile community.
The biofilm cells show an altered phenotype with
respect to growth rate and gene transcription as
compared to the planktonic cells. The biofilm
cells are embedded in a matrix of extracellular
polymeric substances comprising of polysaccha-
rides, proteins and DNA which makes it 1,000–
1,500-fold more resistant to antibiotics as com-
pared to the free living cells.

Formation of biofilm is a complex process
which can be described in four stages: (1) attach-
ment, (2) growth, (3) maturity and (4) dispersal.
A. baumannii, like many other Gram-negative
pathogens, also forms biofilm. Biofilm formation
is a community phenotype and is associated with

quorum sensing. An autoinducer synthase mutant
(4abaI) of A. baumannii strain M2, exhibiting
a disrupted QS system, formed biofilm which
was impaired in the later stages of development
(Niu et al. 2008). Exogenous supplementation of
its quorum-sensing molecule (3-OH-C12 HSL)
compensated for the deficiency which occurred
due to mutation and rescued the phenotype simi-
lar to the wild type. AbaI deficiency did not affect
the survival of the pathogen but was vital for the
formation of mature biofilm.
Surface motility: Bacteria use surface appendages
such as flagella and pili to show motility of
different types, namely, swimming, swarming,
twitching, gliding and sliding. Motility is an im-
portant virulence factor as it allows bacteria to
penetrate into the host followed by its coloniza-
tion. Genetically, A. baumannii is regarded as
nonmotile as genes coding for flagellar assembly
responsible for motility are absent in it. How-
ever, it demonstrated motility on soft agar (agar
concentration ranging from 0.2 to 0.4 %) which
was defined as surface motility. In A. baumannii,
surface motility was found to be quorum sens-
ing dependent as decreased motility of autoin-
ducer synthase mutant (4abaI) of A. baumannii
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strain M2 was restored on exogenous addition of
3-OH-C12 HSL (Clemmer et al. 2011). Further,
RNA sequencing and transcriptome analysis of
A. baumannii M2 revealed a subset of the genes
(A1S_0112 to A1S_0118) which were activated
by quorum sensing. One of the genes, A1S_0119,
encoded phosphopantetheine protein transferase
which has a function in the production of a
lipopeptide, but its role in virulence is not yet
determined.

Other Virulence Factors

Hydrolytic enzymes: Many bacteria synthesize
enzymes that play an important role in resisting
the host immune system. Enzymatic activities,
namely, esterases, certain aminopeptidases,
ureases and acid phosphatases, have been
reported in A. baumannii and may also be
associated with virulence (Bergogne-Berezin
et al. 2008). Esterases might help the pathogen
to successfully enter the host and damage host
lipid tissues by hydrolyzing short-chain fatty
acids at ester linkages, while urease production
might help them to colonize the hypochlorhydric
or achlorhydric stomach causing inflammation
(Rathinavelu et al. 2003).
Lipopolysaccharide (LPS): The outer membrane
of A. baumannii contains LPS which renders the
organism resistant to bactericidal action of host
serum (Panilaitis et al. 2002). As a result, bacteria
survive in the blood and cause infection. Diamine
tetraacetic acid treatment made the pathogen
susceptible to antibacterial action of serum as it
reduced the LPS content.
Hydrophobicity: Surface hydrophobicity of
bacteria protects it from being phagocytozed
and plays an important role in attachment
to various surfaces such as that of catheters.
Surface hydrophobicity of strains obtained from
catheter surfaces was higher than that of strains
obtained from healthy carrier skin (Boujaafar
et al. 1990). Thus, virulent and non-virulent
bacteria could be differentiated on the basis of
their hydrophobicity.
Siderophore – the iron regulator: A. baumannii
isolates survive iron-deficient conditions by

producing siderophores which solubilize the
polymeric ferric oxy-hydroxides into soluble
iron (Actis et al. 1993). The ability of bacteria
to assimilate iron is known to be related to
invasiveness and thus virulence. Other genes
responsible for iron uptake in A. baumannii are
regulated by the Fur protein of A. baumannii.
Since Fur and Fur-like repressors are known to
regulate some virulence-determinant genes in
other bacteria (Wooldridge and Williams 1993),
similar genes in A. baumannii may also regulate
a subset of genes with vital role in pathogenesis.
Phospholipases: Phospholipases are group of
enzymes produced by A. baumannii which cleave
phospholipids present in the cell membrane and
are linked to virulence.

Phospholipase-C (PLC) and phospholipase-D
(PLD) remove glycerophosphate bond and the
head group, respectively, from the phospholipid
molecule. PLC production increases toxicity of
epithelial cells (Camarena et al. 2010), whereas
PLD production is linked to serum resistance and
epithelial cell invasion (Jacobs et al. 2010).

Quorum-Sensing-Controlled
Production of Superoxide Dismutase
(SOD) and Catalase Enzymes

A. baumannii produces SOD and catalase to
protect itself against toxic products of oxygen
reduction, namely, hydrogen peroxide (H2O2),
superoxide (O2

*) and hydroxyl (OH*) radicals.
Pathogens are exposed to killing mechanisms
by the host including various reactive oxygen
species (ROS) generated by respiratory burst
response. It is proposed that by the production of
SOD and catalase enzymes, the pathogen is able
to resist free radicals and persist under oxidative
stress.

Autoinducer synthase mutant (4abaI) of A.
baumannii strain M2 produced lower levels of
antioxidant enzymes, namely, SOD and catalase,
as compared to the wild type (unpublished data).
Production of these enzymes in the mutant
increased on exogenous addition of the quorum-
sensing molecule of A. baumannii (3-OH-C12
HSL). Treatment of the wild type with a known
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quorum-quencher salicylic acid interfered with
the quorum-sensing system and decreased the
SOD and catalase enzyme production. This
suggested that production of antioxidant enzymes
was controlled by AbaI-mediated quorum-
sensing system in A. baumannii (Bhargava et al.
2014).

Crosstalking of A. baumannii
with Other Pathogens

A. baumannii and P. aeruginosa have overlapping
sites of infection and exist as coinfecting organ-
isms in patients (Dent et al. 2011). None of the
two pathogens showed any inhibitory effect on
the other, and both could coexist stably in vitro
(Bhargava et al. 2012). Comparative genomics
analysis of A. baumannii with P. aeruginosa re-
veals that they share 65 % orthologs (Gospodarek
et al. 2009). Both the organisms exhibit quorum
sensing which involves acyl homoserine lactone
(AHLs)-mediated regulation.

P. aeruginosa has two AHL-dependent
quorum-sensing systems, lasI-R and rhlI-R,
and one 2-heptyl-3-hydroxy-4-quinolone (PQS)-
dependent quinolone system (Dekimpe and
Deziel 2009). A. baumannii has only one
AHL-dependent AbaI-R-mediated quorum-
sensing system (Niu et al. 2008). LasR in P.
aeruginosa is a transcriptional regulator protein
which responds to N-(3-oxododecanoyl)-L-
homoserine lactone (3-oxo-C12 HSL) generated
by lasI, and AbaR in A. baumannii is a
transcriptional regulator that responds best to
abaI-generated N-(3-hydroxydodecanoyl)-L-
homoserine lactone (3-OH-C12 HSL). Due to
high similarity between the receptor proteins
of the two organisms, they were probably able
to interact with each other’s AHL molecules.
Such flexibility of AbaR and LasR to C-12
HSL, irrespective of the modification at C3,
suggested that A. baumannii and P. aeruginosa
can show two-way communication with each
other (Bhargava et al. 2012). It is suggested that
interspecies interactions between A. baumannii
and P. aeruginosa could have serious medical
implications as both the nosocomial pathogens

are associated with overlapping sites of infection
and can influence disease courses and therapeutic
control measures during infection.

Managing Acinetobacter Infections
by Inhibiting Quorum Sensing

Quorum sensing has drawn the interest of medi-
cal community due to the role it plays in control-
ling the virulence of A. baumannii as it does in
other Gram-negative pathogens such as Yersinia
enterocolitica, P. aeruginosa and Vibrio cholera.
Not much work has been reported on quorum-
sensing inhibition of A. baumannii. The con-
tinued evolution of resistance mechanisms and
alarming increase in the prevalence of multi-
ple drug resistance among the emerging bacte-
rial pathogens like A. baumannii necessitates the
search for new antibacterial agents aimed at new
targets. Quorum-sensing inhibition can provide
an alternative treatment option when the ‘last-
resort’ drugs such as colistin and tigecycline lose
their efficacy. Since QS is not directly involved
in essential processes, such as growth of the
bacteria, one can reason that unlike antibiotics,
the use of quorum-sensing inhibitors (quorum
quenchers) will not lead to selective pressure on
the bacteria for the development of resistance
(Sperandio 2007). Misregulation or inhibition of
quorum sensing can be achieved through three
mechanisms:
1. Inhibition of AHL synthesis
2. Inhibition of AHL binding to AbaR receptor
3. Quorum quenching enzymes

Inhibition of AHL Synthesis

Methylthioadenosine nucleosidase (MTAN) is
a hydrolase found only in bacteria and not in
humans which is involved in the synthesis of
AHL. It salvages methionine for S-adenosyl
methionine (SAM) regeneration and thus is
linked to quorum sensing in Gram-negative
bacteria. BuT-DADMe-ImmA is an MTAN
inhibitor which could suppress AHL synthesis
by disruption of SAM supply with high efficacy
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Fig. 6 Quorum quenching by inhibition of AHL binding to its cognate receptor

even at picomolar concentration (Schramm
et al. 2008). Inhibition of MTAN could block
the synthesis of quorum-sensing molecule
without challenging the bacterial survival.
Another protein with a vital role in AHL acyl
chain formation is enoyl-acyl carrier protein
reductase (FabI) and is a potential candidate
for quorum-sensing inhibition of pathogenic
bacteria. Triclosan at low concentration inhibited
FabI to almost 50 % (Hoang and Schweizer
1999). Since enzymes like MTAN and FabI are
involved in AHL synthesis, a process conserved
in all Gram-negative bacteria exhibiting QS, it is
suggested that inhibitors of these enzymes can be
used to disrupt QS in A. baumannii as well.

Inhibition of AHL Binding to AbaR
Receptor

Antagonists are structural analogues or chemicals
which inhibit the binding of natural AHLs
to AbaR receptor (Fig. 6). AHLs with non-
native stereochemistry and chemicals containing
aromatic acyl group act as antagonists and can
disrupt the AbaR receptor’s binding activity for
native AHLs in A. baumannii. L-Conformation
of AHLs is biologically active while the inactive
D-conformation is regarded as non-native. D-
AHLs were successful in inhibiting quorum-
sensing-regulated surface motility and biofilm
formation in A. baumannii. Recently, it has been
found that streptomycin (an aminoglycoside) at
subinhibitory concentration acts as antagonist of
AHL and prevents the formation of functional

3-OH-C12 HSL-AbaR complexes, thereby
obstructing QS in A. baumannii (Saroj and
Rather 2013). A macrolide like azithromycin,
usually used for the treatment of cystic fibrosis
patients infected with P. aeruginosa, besides
showing antibacterial activity also decreases
QS which reduces its pathogenicity and could
show better clinical outcome (Skindersoe et al.
2008). Thus, it is suggested that these antibiotics
could act as signalling agents in a concentration-
dependent manner, thereby affecting quorum-
sensing-mediated expression of virulence genes
in pathogenic bacteria.

Compounds with not only structural but also
functional similarity to AHLs are known as ago-
nists. These can bind and activate AbaR to cause
QS inhibition in A. baumannii. AHLs closely
resembling OH-dDHLs (Stacy et al. 2012) and
triazole HL (IV-AE) exhibited agonist activity
(Stacy et al. 2013).

Quorum-Quenching Enzymes

Gram-negative bacteria share common AHL
types. Hence, enzymatic cleavage of these
signalling moieties, also known as enzymatic
quorum quenching, might be useful in broad-
spectrum attenuation of virulence of various
pathogens (Czajkowski and Jafra 2009). There
are two kinds of quorum-quenching enzymes:
(a) those that hydrolyze the lactone ring of AHL
and (b) those that break the amide linkages of
the AHLs. The former are called lactonases,
while the latter are acylases (Fig. 7). Since the
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Fig. 7 Quorum-quenching enzymes
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Fig. 8 Lactonase-mediated quorum quenching controls biofilm formation by Acinetobacter baumannii (Adapted from
Tay and Yew 2013)

substitution groups on acyl chain do not affect
the enzymatic activities, it is suggested that
enzymes could be more effective in the disruption
of a broad range of AHL signals. Lactonase
from Geobacillus kaustophilus was engineered
to enhance its activity against different AHLs

(chain length range C6–C12) (Chow et al. 2014).
The engineered lactonase was able to disrupt
biofilm formation in A. baumannii (Fig. 8) due
to its broad AHL specificity and could be used
to treat infectious diseases caused by various
Gram-negative bacteria.
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Conclusion

Bacteria have a tendency to adopt more economic
processes such as quorum-sensing-controlled
virulence which help the organism to conserve
resources and avoid wasteful expression of
virulence genes which are otherwise ineffective
at lower cell densities (Czárán and Hoekstra
2009). The QS system, including autoinducer
synthase and its cognate receptor, is regarded as
a new target for antimicrobial strategies since,
unlike antibiotics, quorum-sensing inhibitors
control pathogenesis without placing immediate
life-or-death pressure on the targeted pathogen.
Currently there is a need to develop such alternate
strategies to combat rapidly emerging multidrug
resistance. Understanding the role of quorum-
sensing-controlled network of genes in A.
baumannii will suggest new targets and strategies
to control infections.
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Quorum Sensing Systems
in Aeromonas spp.

Weihua Chu, Wei Zhu, and Xiyi Zhuang

Introduction

Quorum sensing (QS) is an intercellular
communication system by which bacterial cells
are capable of indirectly monitoring their own
population density through production and
exchange of diffusible signal molecules. This
enables bacteria to control gene expression
dependent on population size and thereby
perform coordinated phenotypic changes in a
multicellular fashion. At present, QS regulatory
systems have been reported for Gram-positive
and Gram-negative bacteria. These systems rely
on two major components, a small diffusible
signalling molecule which accumulates in a
population density-dependent manner and a
transcriptional activator protein which, in concert
with the signalling molecule, activates the
expression of relevant genes. For Gram negatives,
they employ N-acyl homoserine lactones (acyl
HLs, AHLs) as the signalling molecule. AHL
synthase encoded by LuxI homolog synthesizes
AHL molecules. Short side-chain AHLs diffuse
freely across cell membranes, whereas long
side-chain AHLs have to use active efflux to
partition to the membrane (Pearson et al. 1999).
Upon reaching a threshold concentration in
the extracellular medium, AHL molecules are
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perceived by cytoplasmic LuxR family proteins
to regulate the downstream processes (Parsek and
Greenberg 2000). As a consequence, expression
of certain functions, often virulence factors
required for pathogenesis, is triggered at high
population densities in a coordinated manner.

Aeromonas species are facultative anaerobic
Gram-negative bacteria that belong to the family
Aeromonadaceae, and to date, there are 24 validly
published species names in the genus Aeromonas
spp. Misidentification of Aeromonas as members
of the genus Vibrio or as an Escherichia coli
is a continuing problem. Among different
Aeromonas species, A. caviae is most frequently
isolated from fecal specimens, followed by
A. hydrophila and A. veronii. These bacteria
have a broad host spectrum, with both cold-
and warm-blooded animals, including humans,
and are known as psychrophilic and mesophilic.
In humans, Aeromonas spp. cause diarrhea,
gastroenteritis, and extraenteritic conditions such
as septicemia, wound infection, endocarditis,
meningitis, and pneumonia. Aeromonas are
Gram-negative rods with rounded ends to
coccoid, 0.3–1.0 �m in diameter and 1.0–3.5 �m
in length, occur singly, in pairs, or short chains.
This genus is divided into two well-separated
groups: the nonmotile A. salmonicida and the
motile group. A. salmonicida cells are nonmotile
and atrichous. Optimum growth temperature is
22–25 ıC. Most strains grow at 5 ıC. Maximum
temperature for growth is usually 35 ıC. The
following carbohydrates are usually fermented
by A. salmonicida: arabinose, trehalose,
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galactose, mannose, and dextrin. The following
biochemical tests are universally negative for
A. salmonicida: growth in KCN broth, growth
in nutrient broth containing 7.5 % NaCl,
urease, ornithine decarboxylase, tetrathionate
reductase, and acidification of media containing
rhamnose, sorbose, sorbitol, lactose, raffinose,
and cellobiose. Some strains produce pigments.
The motile Aeromonas can be divided into three
species: A. hydrophila, A. caviae, and A. sobria.
The optimum growth temperature for motile
Aeromonas species is 28 ıC. Some strains can
grow at 5 ıC. The maximum growth temperature
is usually 38–41 ıC. Temperature-dependent
differences in soluble protein production in some
of the Aeromonas strains were observed. On
nutrient agar, colonies are round, raised, with an
entire edge and a smooth surface, translucent,
and white to buff (deep yellow) in color.
Usually most strains do not have pigment. The
following tests are universally positive for motile
species: catalase, starch hydrolysis, lecithinase,
phosphatase, arginine dihydrolase, hydro-
lysis of o-nitrophenyl-beta-D-galactopyranoside
(ONPG), growth in nutrient broth without NaCl,
and fermentation of mannitol, trehalose, fructose,
galactose, and dextrin (Martin-Carnahan and
Joseph 2005). These Aeromonas spp. produce a
variety of extracellular products that contribute to
the pathogenesis of disease. The virulence
factors produced by Aeromonas spp. include
amylase, chitinase, elastase, aerolysin, nuclease,
gelatinase, lecithinase, lipase, and protease.
These proteins are known as virulence factors
that cause disease in fish and humans (Janda
and Abbott 2010; Igbinosa et al. 2012). Their
capacity to produce various virulence factors
could contribute to the pathogenesis of disease
mediated by Aeromonas spp. The regulation
of virulence determinants by pathogenic
bacteria, such as Aeromonas, throughout
the infection and transmission cycle is an
important consideration for the etiology of
disease. A number of virulence factors have
been identified in Aeromonas spp., such as
adhesins (e.g., pili), S layers, exotoxins such as
hemolysins and enterotoxin, and a repertoire of
exoenzymes which digest cellular components

such as proteases, amylases, and lipases
(Pemberton et al. 1997). The expression of sev-
eral of these exoproducts is associated with high
cell densities in the late exponential/stationary
phase, and they therefore represent putative
phenotypes for control by quorum sensing
(Khajanchi et al. 2009).

Quorum Sensing in Aeromonas spp.

Quorum sensing is a mechanism for controlling
gene expression in response to an expanding
bacterial population. In many Gram-negative
bacteria, the diffusible quorum sensing signal
molecule is a member of the N-acyl homoserine
lactone (AHL) family (Whitehead et al. 2001).
Accumulation of this molecule above a threshold
concentration, through the activity of a signal
generator protein, indicates that the population
has reached a minimum population size, and
the appropriate target gene(s) is activated via
the action of a member of the LuxR family of
transcriptional activators (Galloway 2011). In
general, the signal generator proteins responsible
for the synthesis of AHLs belong to the
LuxI family, the archetypal member of which
was originally identified within the Vibrio
(Photobacterium) fischeri lux operon as the gene
product responsible for the synthesis of N-(3-
oxohexanoyl)-L-homoserine lactone and then
bind to its cognate receptor (LuxR) which in turn
will regulate gene expression. The LuxR protein
consists of two domains with an AHL binding
site within the N-terminal end and a helix-turn-
helix DNA binding motif within the C-terminal
domain. It is plausible that the expression of
various virulence factors of Aeromonas spp.
could be controlled by quorum sensing. The role
of an AHL-dependent, quorum sensing system,
based on the LuxRI homolog AsaIR and AhyRI
in A. salmonicida and A. hydrophila, has been
reported. As a consequence, expression of certain
functions, often virulence factors required for
pathogenesis, is triggered at high population
densities in a coordinated manner. Autoinducers
produced by Aeromonas spp. has been reported
(Table 1).
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A. salmonicida comprises the LuxIR-type
QS system, termed AsaIR, where AsaI is the
autoinducer synthase and AsaR the transcrip-
tional regulator. The QS signals, N-butanoyl-L-
homoserine lactone (C4-HSL) and N-hexanoyl-
L-homoserine lactone (C6-HSL) (Fig. 1), and
the genes involved in production of the AHL
synthase (LuxI) and AHL receptor (LuxR) have
been detected in A. salmonicida by Swift (Swift
et al. 1997). A. salmonicida subsp. salmonicida
also produce three additional AHLs, i.e.,
N-decanoyl-L-homoserine lactone (C10-HSL),
N-hexanoyl-L-homoserine lactone (C6-HSL),
and N-3-oxohexanoyl-L-homoserine lactone (3-
oxo-C6-HSL) (Swift et al. 1997).

The major signal molecule synthesized by the
ahyI locus in A. hydrophila is N-(butanoyl)-L-
homoserine lactone (BHL) (Sha et al. 2005).
Downstream of the ahyI locus was a gene
with homology to iciA gene, an inhibitor of
chromosome replication in E. coli, suggesting
that in Aeromonas cell division could be linked
to quorum sensing. Further, it was noted that
both AhyRI and BHL were required for the
transcription of ahyI. Chan et al. determined
AHLs production in 22 Aeromonas strains
isolated from various infected sites from patients
(bile, blood, peritoneal fluid, pus, stool, and
urine). They found that all isolates produced

Table 1 Signal molecule(s) produced by Aeromonas spp.

Genus Signal molecule(s)

Aeromonas hydrophila C4-HSL, C5-HSL,C6-HSL

Aeromonas salmonicida C4-HSL, C6-HSL

Aeromonas salmonicida
subsp. achromogenes

C4-HSL

Aeromonas sobria C4-HSL, C6-HSL

Aeromonas media C4-HSL

Aeromonas veronii 6-carboxy-HHL, C14-HSL

at least the two principal AHLs, N-butanoyl-L-
homoserine lactone (C4-HSL) and N-hexanoyl-
L-homoserine lactone (C6-HSL), including
ten isolates produced additional AHLs which
appeared to have an N-acyl side chain longer
than C6 as judged by their Rf values, they also
found that Aeromonas sobria producing C6-
HSL and two additional AHLs with N-acyl
side chain longer than C6 (Chan et al. 2011).
Myszka and Czaczyk reviewed that N-acyl
homoserine lactones (AHLs) produced by Gram-
negative bacteria in the natural ecosystems, and
they demonstrated that Aeromonas hydrophila
C-4HSL and AHL can mediate biofilm
formation (Myszka and Czaczyk 2012). Using
Chromobacterium violaceum CV026 as an
indicator strain for the detection of C4- and C6-
HSLs, Chu et al. found that the fish pathogenic
strain Ah-YJ-1 could produce C4- and C6-HSLs
(Fig. 2) (Chu et al. 2013).

A great number of nutritional and environmen-
tal factors are known to influence the growth rate
of bacteria. Growth and communication are fun-
damental processes in biology, and the study of
their interaction is of intrinsic interest. Jahid et al.
investigated the influence of glucose on the pro-
duction of AHLs and found that more than 0.05 %
glucose significantly impaired (P < 0.05) quorum
sensing, biofilm formation, protease production,
and swarming and swimming motility, whereas
when Aeromonas hydrophila treated with 0.05 %
glucose had activity similar to that of the con-
trol (0 % glucose). A stage shift biofilm assay
revealed that the addition of glucose (2.5 %)
inhibited initial biofilm formation but not in later
stages (Jahid et al. 2013).

Jangid et al. (2012) investigated the quorum
sensing control in Aeromonas veronii MTCC
3249, originally isolated as A. culicicola from
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Fig. 1 Autoinducers produced by Aeromonas spp. (a) N-butanoyl-L-homoserine lactone (C4-HSL), BHL; (b) N-
hexanoyl-L-homoserine lactone (C6-HSL), HHL
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Fig. 2 Detection of AHLs by thin layer chromatogra-
phy (TLC) with the Chromobacterium violaceum CV026
strain used as a biosensor. Lane 1, N-butanoyl-L-
homoserine lactone; lane 2, N-hexanoyl-L-homoserine
lactone; lane 3, Aeromonas hydrophila YJ-1 extract

the midgut of Culex quinquefasciatus. Based on
biosensor assays, they found that A. veronii
MTCC 3249 produced multiple acyl homoserine
lactones (AHLs) with increasing cell density.
The luxRI gene homologs, acuR (A. culicicola
transcriptional regulator) and acuI (A. culicicola
autoinducer), were successfully amplified by
inverse PCR. Sequence analysis indicated acuRI
were divergent from all known quorum sensing
gene homologs in Aeromonas spp.

Role of Quorum Sensing
in Aeromonas spp. Virulence

Quorum sensing controls processes that include
bioluminescence, virulence, and biofilm forma-
tion, in various bacterial species. In general, quo-
rum sensing regulates processes that are effective
only when a population of bacteria acts in a
coordinated manner but not when the bacteria
act as individuals. Aeromonas spp. produce a

wide range of virulence factors. These virulence
factors are expressed differently, depending on
environmental and metabolic aspects of its cur-
rent habitat. Production of virulence factors by
Aeromonas spp. is under the hierarchical control
of two pairs of LuxI/LuxR homologs, AsaIR and
AhyIR in A. salmonicida and A. hydrophila. Both
AsaI and AhyI are autoinducer synthases that
catalyze the formation of HSLs, N-butanoyl-L-
homoserine lactone (C4-HSL) or N-hexanoyl-L-
homoserine lactone (C6-HSL). A link between
quorum sensing and virulence has been estab-
lished and reported for Aeromonas spp.

Several of the virulence factors expressed
by A. salmonicida, such as ’-hemolysin,
glycerophospholipid-cholesterol acyltransferase,
lipase, and serine protease, are associated with
high cell densities and may therefore potentially
be controlled by QS. It has been shown that the
autoinducer synthase AsaI plays a role in the vir-
ulence of A. salmonicida subsp. achromogenes.
A knockout mutant of AsaI was constructed
by allelic exchange which did not produce any
detectable QS signals, and its virulence in fish
was significantly impaired, as LD50 of the AsaI-
deficient mutant was 20-fold higher than that of
the isogenic wt strain, and the mean day to death
of the mutant was significantly prolonged. In
addition to this, the expression of two virulence
factors (the toxic protease AsaP1 and a cytotoxic
factor) was reduced in the mutant. AsaP1 pro-
duction was also inhibited by synthetic quorum
sensing inhibitors. (Schwenteit et al. 2011).

In A. hydrophila, the involvement of quorum
sensing in pathogenicity could be demonstrated.
An ahyR mutant was highly attenuated relative to
the wild-type strain. The analysis of exoenzyme
activity revealed that the ahyR mutant could not
produce exoproteases, amylases, hemolysins,
and Dnases, while the wild-type strain of
A. hydrophila had a high level of exoenzyme
activity. The S layer of A. hydrophila could not
be detected in the mutant either (Bi et al. 2007;
Chu et al. 2011). Khajanchi et al.’s research
showed that N-acyl homoserine lactones involved
in quorum sensing control the type VI secretion
system, biofilm formation, protease production,
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and in vivo virulence. They constructed a double
knockout �ahyRI mutant of A. hydrophila SSU.
The results suggest that AHL-mediated QS
modulates the virulence of A. hydrophila SSU by
regulating the T6SS, metalloprotease production,
and biofilm formation (Khajanchi et al. 2009).

The effect of quorum sensing on the virulence
of A. hydrophila AH-1 N towards burbot larvae
was investigated by Natrah et al. using quorum
sensing mutants (N-(butyryl)-L-homoserine
lactone production and receptor mutants).
A challenge with these mutants resulted in higher
survival of burbot larvae when compared to a
challenge with the wild type, and the addition
of the signal molecule N-butyryl-L-homoserine
lactone restored the virulence of the quorum
sensing production mutant (Natrah et al. 2012).

A. hydrophila produces both a serine protease
and a metalloprotease, and in the ahyI-negative
strain, both of these proteases were produced
in reduced amounts. However, their production
was restored after exogenous addition of C4-
HSL (Swift et al. 1999). On the other hand,
mutation in the ahyR gene resulted in the loss
of protease activity which could not be restored
by the addition of C4-HSL. However, studies
of Vivas et al. (2004) reported no correlation
between production of AHLs and protease in
vitro in an aroA live vaccine strain of A. hy-
drophila. The presence of the C4-HSL in A.
hydrophila biofilm development has also been
reported (Swift et al. 1999). The ahyI mutant that
could not produce C4-HSL failed to form mature
biofilms. A mutation in the ahyR locus increased
the coverage of the available surface to around
80 %, with no obvious effect upon biofilm mi-
crocolony formation (Lynch et al. 2002). Bacteria
in biofilms are more resistant to host defenses
and antimicrobial agents and could express more
virulent phenotypes as a result of gene activation
through bacterial communication (quorum sens-
ing) or gene transfer (Swift et al. 1997). Recent
studies indicated a correlation between the T3SS
and Act of A. hydrophila and the production of
lactones (Sha et al. 2005). More in-depth studies
are needed to definitively establish the role of iron
acquisition and quorum sensing in Aeromonas-
associated infections.

Quorum Sensing Inhibitors: New
Way to Combat with Aeromonas
spp. Disease

Bacteria communicate with one another using
chemical signalling molecules. They release,
detect, and respond to the accumulation of
these molecules, which are called autoinducers.
Detection of autoinducers allows bacteria to
distinguish between low and high cell population
density and to control gene expression in
response to changes in cell numbers. This process
allows a population of bacteria to coordinately
control gene expression of the entire community.
Many bacterial behaviors are regulated by
quorum sensing, including symbiosis, virulence,
antibiotic production, and biofilm formation.
So the disruption of quorum sensing has been
suggested as a new strategy for combating disease
spread by pathogenic bacteria. There are two
major strategies for the control of bacterial
infection, either to kill the organism or to
attenuate its virulence such that it fails to adapt to
the host environment and is readily cleared by the
innate host defenses. The discovery that bacteria
employ quorum sensing molecules, to regulate
the production of secondary metabolites and
virulence determinants, now offers a novel target
for animal diseases control (Defoirdt 2013).
Quorum sensing inhibitors (QSIs) are compounds
that antagonize bacterial QS systems without
affecting growth of the bacteria. Different
quorum sensing-disrupting pathways have been
reported in controlling Aeromonas disease.
Effective QSIs to Aeromonas spp. include
vanillin, garlic extract, clove oil, brominated
furanones and brominated thiophenones,
antagonistic acyl homoserine lactones, and signal
molecule-degrading enzymes and also bacteria
which can produce AHL-degrading enzymes.

Sub-MICs of clove oil on A. hydrophila
WAF-38 virulence factors (exoprotease, EPS pro-
duction) and biofilm formation were studied by
Husain, and they found that substantial reduction
in protease and EPS production and inhibition in
the form of biofilm was observed with bacteria
treated with clove oil (Husain et al. 2013).
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A novel Bacillus sp. strain, designated quorum
sensing inhibitor-1 (QSI-1) by the researchers,
was isolated and identified from the intestine of
the fish, Carassius auratus gibelio. The isolated
QSI-1 is capable of utilizing AHL molecules as
the sole source of energy and possesses at least
one type of AHL-degrading enzymes capable of
degrading the AHLs of fish pathogen, Aeromonas
hydrophila, thus significantly decreasing the
production of its extracellular proteases, in turn
increasing the survival rate of infected fish.
Thus, perhaps this QSI-1 strain can be used as a
probiotic in aquaculture (Chu et al. 2010).

In a study by Ponnusamy et al. (2009),
vanillin from vanilla beans showed significant
inhibition in short-chain and long-chain AHL
molecules and repressed the biofilm formation
by A. hydrophila on polystyrene surface.

A nonhalogenated, commercially available
2(5H)-furanone was found to inhibit the AHL
molecules with varying chain lengths and
significantly reduced the biofilm mass of A.
hydrophila isolated from a biologically fouled
RO membrane on polystyrene surface, which
suggested that 2(5H)-furanone could be used as
potential QS inhibitor compounds that reduced
the biofouling on RO membranes (Ponnusamy
et al. 2010). Feng et al. reviewed the quorum
sensing in water and wastewater treatment
biofilms, and they found that AHL-mediated
communication widely exists in Gram-negative
bacteria in water and is very important for
biofilm formation, and they also reviewed
that QS inhibitors can be used to control of
membrane biofouling. They reviewed that the
biofilm formation on RO membrane surface
with two selected biofouling bacteria Aeromonas
hydrophila and Pseudomonas putida, which had
been isolated from a biofouled RO membrane
system, was suppressed in the presence of
Acylase I at a concentration of 60 ug ml�1 (Feng
et al. 2013).

Cao et al. cloned and expressed the AHL-
degrading enzyme AiiAAI96 from Bacillus,
and supplementation of AiiAAI96 into fish
feed by oral administration, results showed that
AiiAAI96 significantly attenuated A. hydrophila
infection in zebra fish (Cao et al. 2012).

Conclusion

It is becoming apparent that QS is nearly always
involved in Aeromonas spp. virulence factors
production and biofilm formation and is essential
for its pathogenicity. So the QS of Aeromonas
spp. has the potential as therapeutic targets for
control of infections caused by these organisms.
It is a new way to combat with bacteria diseases
in aquaculture instead of antibiotics.
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Rhizobial Extracellular Signaling
Molecules and Their Functions
in Symbiotic Interactions
with Legumes

Walter Giordano

Introduction

Rhizobia are soil bacteria that fix nitrogen
after becoming established inside root nodules
of legume plants. Rhizobia require a plant
host; they are not capable of fixing nitrogen
independently. Many legume species respond
to inoculation with rhizobia by developing root
nodules. The development of a root nodule in
which rhizobia convert atmospheric nitrogen
into ammonia requires the exchange of specific
signaling molecules between the host plant and
its microsymbionts. Flavonoids released by plant
roots or seeds act as chemoattractants to rhizobia,
and certain flavonoids have been shown to
induce transcription of rhizobial (nod) genes. The
products of these genes synthesize Nod factor, a
lipochitooligosaccharide molecule whose effects
include root hair deformation, root cortical cell
division, and nodule morphogenesis (Downie and
Walker 1999).

“Quorum sensing” (QS) is a mechanism
whereby bacteria sense population density and
regulate gene expression, leading to activation
of specific phenotypes in the population. This
process depends on the accumulation in the
environment of signaling molecules termed
autoinducers. Many Gram-negative bacteria use
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N-acyl homoserine lactones (AHLs) as signaling
molecules. Some have been reported to use other
fatty acid derivatives such as 3-hydroxypalmitic
acid methyl ester and cis-unsaturated fatty acids.
In contrast, many Gram-positive bacteria use
amino acids or modified peptides as signaling
molecules. Both Gram-positive and Gram-
negative bacteria use isomers of methyl-2,3,3,4-
tetrahydroxytetrahydrofuran (AI-2 autoinducer)
as signals. Signaling molecules belonging to
other structural classes (indole and its derivatives,
quinolones, (S)-3-hydroxytridecan-4-one, and
cyclic dipeptides) have also been described (Ryan
and Dow 2008; Li and Nair 2012).

AHL molecules from different species are
chemically distinct, although their basic struc-
tures are similar. The molecules consist of a
homoserine lactone (HSL) ring, covalently linked
via an amide bond to an acyl side chain (rang-
ing from 4 to 18 carbons) which may be satu-
rated or unsaturated. The carbon at the 3 posi-
tion of the N-linked acyl chain may contain a
hydrogen-, oxo-, or hydroxyl substitution. This
variability, in combination with the ability of
most bacteria to produce more than one type of
AHL, provides a mechanism for specificity in
QS communication and for the ability of bac-
teria to distinguish their own AHLs from those
produced by other species. The identification of
AHL-based QS systems in a variety of bacte-
ria and the understanding of how these systems
work have been facilitated by the use of AHL
bioreporters. There are many such reporter sys-
tems. The two most widely used are those in
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Chromobacterium violaceum and Agrobacterium
tumefaciens, which are often applied for visu-
alization of AHLs separated by thin-layer chro-
matography (Sanchez-Contreras et al. 2007).

The role of QS in rhizobia-legume symbioses
has been studied extensively in many species and
has been documented in symbiotic nodulation
(Yang et al. 2009), bacterial growth and nodule
formation (Cao et al. 2009), symbiotic nitrogen
fixation (Daniels et al. 2002), and successful
symbiosis establishment (Marketon et al. 2002).
On the other hand, many rhizobia with muta-
tions of QS genes are able to establish effective
symbioses with their legume hosts, indicating
that the role of QS mechanisms is primarily to
optimize bacteria/host interactions. Our study of
peanut-nodulating rhizobia strains suggested that,
depending on the bacterial strain, QS mecha-
nisms may either (i) induce dispersion of cellular
aggregates and thereby allow individual bacteria
to colonize the peanut root or (ii) promote autoag-
gregation and thereby improve overall bacterial
survival in soil (Nievas et al. 2012).

AHL molecules may also provide a means for
rhizobia to communicate with the legume host.
Certain higher plants, including legumes, can
synthesize AHL-mimicking compounds that may
activate or disrupt rhizobial communication and
thus affect rhizobial/host symbiosis (Gao et al.
2003). Conversely, the legume Medicago trun-
catula is able to perceive rhizobial AHL signals,
with resulting changes in gene expression in the
plant (Mathesius et al. 2003). A recent study
indicates that research models such as Arabidop-
sis thaliana perceive AHLs in diverse manners
(Zarkani et al. 2013).

Rhizobia are a highly diverse group of
nitrogen-fixing symbiotic bacteria belonging
to the ’- and “-subclasses of Proteobacteria.
Rhizobial genera include Rhizobium, Sinorhi-
zobium, Mesorhizobium, Bradyrhizobium,
Azorhizobium, Allorhizobium, Methylobacterium
(’-rhizobia), Burkholderia, and Cupriavidus
(“-rhizobia). Recent studies have revealed
other rhizobial genera, some of which have
arisen through lateral transfer of symbiotic
genes. At present, 13 genera and 98 species
of rhizobia (’- and “-proteobacteria) are known

(www.rhizobia.co.nz/taxonomy/rhizobia). An in-
tegrated view of QS systems in rhizobia
is presented in this chapter. Available data
on QS signaling molecules in rhizobia are
summarized in Table 1. The following sections
present data for the four best-studied genera:
Sinorhizobium, Mesorhizobium, Rhizobium, and
Bradyrhizobium.

Sinorhizobium

Sinorhizobium (Ensifer) meliloti is best known
for its ability to establish nitrogen-fixing sym-
bioses with plant hosts in the genera Medicago,
Melilotus, and Trigonella. The signaling and reg-
ulatory events in these symbioses have been well
studied. Less is known regarding S. meliloti be-
haviors outside the host that affect the symbioses,
e.g., bacterial QS signaling in the rhizosphere
(Gao et al. 2012).

The Sin QS system of S. meliloti involves
an AHL synthase, SinI, and at least two LuxR-
type regulators, SinR and ExpR. SinR appears
to be independent of AHLs for its control of
sinI expression, whereas ExpR is almost com-
pletely dependent on AHLs. The S. meliloti genes
sinI, sinR, and expR are all essential for QS
regulation in this system, and their expression
is dependent on not only the presence of AHLs
but also the level of AHLs supplied in growth
culture of strains incapable of producing AHLs
(McIntosch et al. 2009). The sinI gene encodes
an AHL synthase that catalyzes synthesis of sev-
eral long-chain AHLs, including oxo-C14-HL,
oxo-C16:1-HL, and C16:1-HL (Teplitski et al.
2003). Upstream of sinI is sinR, which encodes
a transcription regulator that controls activity of
the sinI promoter. The sinR promoter responds
to environmental cues such as nutrient limitation
by increasing sinR transcription (McIntosch et al.
2009). The SinR protein is necessary for activa-
tion of the sinI promoter, most likely through a
SinR binding site, and increased SinR production
therefore results in increased sinI expression.

The expR gene of the Sin system is disrupted
by an insertion element in S. meliloti strains
Rm1021 and Rm2011 (Pellock et al. 2002),

www.rhizobia.co.nz/taxonomy/rhizobia
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Table 1 Summary of rhizobial QS signaling molecules

Rhizobial
species

Signaling
molecules Phenotypes References

S. meliloti

Rm1021 3-O-C14-HSL,
C16:1-HSL, 3-O-C16:
1-HSL, 3-O-C16-HSL,
C18-HSL, C12-HSL

EPSs production,
swarming

Marketon et al. (2002),
Teplitski et al. (2003), Gao
et al. (2005), Hoang et al.
(2008), Gao et al. (2012)

Rm41 3-O-C8-HSL Plasmid transfer Marketon and Gonzalez
(2002)

Mesorhizobium

M. loti R7A Unknown acyl-HSLs Symbiosis island transfer Ramsay et al. (2009)

M. loti NZP2213 3-O-C6-HSL, C8-HSL,
C10-HSL, C12-HSL

Nodulation efficiency Yang et al. (2009)

M. tianshanense Unknown acyl-HSLs Legume nodulation Cao et al. (2009)

M. huakuii Unknown acyl-HSLs Biofilm formation,
nodulation

Wang et al. (2004), Gao et al.
(2006)

Rhizobium

R. Etli CNPAF512 3-OH-slc-HSL,
short-chain acyl-HSLs

Nitrogen fixation,
symbiosome
development, growth
inhibition

Rosemeyer et al. (1998),
Daniels et al. (2002)

R. leguminosarum A34 3-OH-C14:1-HSL Growth inhibition,
polysaccharide
degradation

Lithgow et al. (2000),
Edwards et al. (2009)

C6-HSL, C7-HSL,
C8-HSL

Nodulation efficiency Cubo et al. (1992); Rodelas
et al. (1999)

3-O-C8-HSL, C8-HSL Plasmid transfer Wilkinson et al. (2002),
Danino et al. (2003)

Rhizobium sp.

NGR234 3-O-C8-HSL Plasmid transfer He et al. (2003)

Bradyrhizobium

B. japonicum USDA110 Bradyoxetin Nod gene control Loh and Stacey (2001), Loh
et al. (2002)

Isovaleryl-HSLs BjaI gene control Lindemann et al. (2011)

B. japonicum
USDA110/290 and
B. elkanii

Acyl-HSLs like
autoinducers

Not reported Pongsilp et al. (2005)

Bradyrhizobium sp. Acyl-HSLs like
autoinducers

Autoaggregation, biofilm
formation, motility

Nievas et al. (2012)

which have been most intensively studied.
Under nonstarvation conditions in the laboratory,
these strains produce detectable quantities of
the symbiotically important exopolysaccharide
(EPS) succinoglycan (also known as EPS I) but
does not produce galactoglucan (EPS II). The
presence of a functional expR open reading frame
(ORF) on a plasmid or in the genome is sufficient
to promote the production of symbiotically
active EPS II, e.g., in strain Rm8530, which
has an intact expR, is termed expRC, and has

a mucoid phenotype. Restoration of the expR
gene in strains Rm1021 and Rm2011 confers
bacterial QS capability and a notable increase
in production of EPS I and EPS II (Pellock
et al. 2002). The DNA binding activity of
ExpR depends upon the presence of AHLs. The
ExpR-AHL complex regulates many promoters
(the precise number is not known) throughout
the genome. Binding has been demonstrated
for the promoters of genes controlling EPS II
production (wgeA and wgaA), genes related
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to EPS I production (exoI and exsH), genes
controlling flagellum production (visNR), and
the Sin system genes sinR and sinI (McIntosch
et al. 2009). Because of the importance of EPSs
in bacterial attachment, rhizobial cell surface
components in combination with bacterial
functional signals are essential for this process
(Bogino et al. 2013). Accordingly, strains
Rm1021 and Rm2011 did not form organized
biofilms (Rinaudi and Giordano 2010) and
displayed poorly autoaggregative phenotypes
(Sorroche et al. 2010).

The amount of AHLs in the environment pre-
sumably determines the predominance of positive
vs. negative feedback mechanisms and eventually
leads to an equilibrium state between the mech-
anisms at high population densities (McIntosh
et al. 2009). Recent studies confirmed the pres-
ence of previously detected ExpR-DNA binding
sites in S. meliloti and identified several addi-
tional sites, some of which regulate genes not pre-
viously known to be members of the ExpR/AHL
regulon. The activities of ExpR/AHL-dependent
promoters were titrated against AHL levels, with
varying effects on AHL sensitivity. The findings
suggest a type of temporal expression program
whereby the activity of each promoter is subject
to a specific range of AHL concentrations. Genes
responsible for EPS production are activated at
lower AHL concentrations than those required for
repression of genes that control flagellum produc-
tion. Several features of ExpR-regulated promot-
ers determine their response to AHLs. The loca-
tion of the ExpR-binding site relative to the rele-
vant transcription start site within each promoter
region determines whether ExpR/AHL activates
or represses promoter activity. The strength of
the response depends on the AHL concentration.
This differential sensitivity to AHLs provides a
bacterial colony with a transcription control pro-
gram that is both dynamic and precise (Charoen-
panich et al. 2013).

Rm1021 and Rm41 (the parent strain of
AK631) are two independently isolated S.
meliloti strains that are commonly used for
studying various aspects of symbiosis with alfalfa
(M. sativa). Both of these strains display autoin-
ducer activity but have different AHL patterns.

TraR, a QS transcriptional activator found in
the family Rhizobiaceae, is regulated negatively
by the antiactivator TraM via formation of a
TraR-TraM heterocomplex (Zheng et al. 2012).
The traR/traM locus homologous to the tra
system of A. tumefaciens (Lang and Faure 2014)
is part of a QS system unique to AK631 strain
and is involved in regulating conjugal plasmid
transfer in the presence of a second QS system,
sinR/sinI, that is present in both AK631 and
Rm1021 (Marketon and González 2002). The
traR/traM QS regulators may also be involved
in other functions (e.g., host range specificity)
uniquely in AK631. The sinRI locus, common to
Rm1021 and AK631, may regulate components
of symbiosis or the free-living state in these
strains (Marketon and González 2002).

Disruption of sinI expression eliminates these
AHLs, and sinR disruption results in basal AHL
levels. The same sinI and sinR mutations lead to
reduced numbers of pink nodules in nodulation
assays and a slight delay in appearance of these
nodules, indicating a role of QS in symbiosis. The
sinI and sinR mutants are still capable of produc-
ing several short-chain AHLs, one of which was
identified as octanoyl homoserine lactone. Mar-
keton et al. (2002) proposed that these short-chain
AHLs belong to another QS system in Rm1021,
which is termed mel system, for “S. meliloti.”

Mesorhizobium

Mesorhizobium is a moderately fast-growing
genus that fixes nitrogen in symbiotic association
with legumes. M. loti is able to form determinant-
type globular nodules and perform nitrogen
fixation in several Lotus species. The genome
sequence of M. loti contains ten predicted LuxR
homologs and six predicted AHL synthases
(Kaneko et al. 2000).

A number of bacterial processes are regulated
by exchanges of chemical signals that permit
a bacterial community (monospecies and
multispecies biofilms) to coordinate its responses
to novel environmental challenges or opportu-
nities (Burmølle et al. 2014). Such responses
include pathogenesis, symbiosis, antibiotic
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production, motility, genetic competence, and
biofilm formation. Diffusible signals have been
suggested to help a bacterial community take
a census of its population size; this is a QS
phenomenon. The abovementioned chemical
signals consist of a set of diffusible AHLs.
The key regulatory components of these signaling
systems are LuxI-type proteins (which act as
AHL synthases) and LuxR-type proteins (which
act as AHL receptors and AHL-dependent
transcription factors). The TraI and TraR proteins
of A. tumefaciens are members of this family.
The symbiosis island ICEMlSym of M. loti
R7A is an integrative and conjugative element
(ICE) that carries genes required for nitrogen-
fixing symbiosis with Lotus species. ICEMlSym
encodes homologs (TraR, TraI1, TraI2) of
proteins that regulate plasmid transfer by QS in
A. tumefaciens (Ramsay et al. 2009). Horizontal
transfer is activated by TraR and AHLs. In wild-
type cultures, the ICE is excised at low frequency.
Ramsay et al. (2013) demonstrated recently that
QseM, a widely conserved ICE-encoded protein,
is an antiactivator of TraR.

Various isolates of M. tianshanense that
form nodules on various types of licorice plants
produce several different AHL molecules. Root
hair attachment and nodulation in this species
are controlled by mrtI/R QS genes (Cao et al.
2009).

M. huakuii is best known as a symbiont of
Acacia and Astragalus, but was recently shown
to form nodules in Thermopsis spp. (Ampomah
and Huss-Danell 2011). Many AHLs were
detected in this species, some at extremely low
concentrations (Zhu et al. 2003). To investigate
QS regulation in M. huakuii, the Agrobacterium
QS regulator TraR was heterologously expressed
in the bacterium. AHL production in supernatant
was lower in the resulting strains than in wild
type, but intracellular AHL levels were similar,
suggesting that AHLs in M. huakuii can be
bound to intracellular TraR proteins and thus
become unavailable for the bacterium’s own
QS systems. TraR-overexpressing M. huakuii
formed thinner biofilms than did wild type,
suggesting a role of QS in biofilm formation
(Wang et al. 2004).

Rhizobium

The genus Rhizobium is currently known to
include 30 rhizobial species and 11 nonrhizobial
species (www.rhizobia.co.nz/taxonomy/rhizobia).
R. etli establishes a nitrogen-fixing symbiosis
by infecting the roots of its leguminous host
Phaseolus vulgaris (common bean). R. etli has
multiple AHL synthase genes. The cinR and
cinI genes are required for normal symbiotic
nitrogen fixation and swarming and for normal
expression levels of raiI, which encodes another
AHL synthase. The expression of raiI in R.
etli is regulated by RaiR (Rosemeyer et al.
1998; Daniels et al. 2002). QS genes similar
to the cinI/R genes have been identified
in R. etli and M. tianshanense (cinI/R and
mrtI/R, respectively). Despite high sequence
similarities, the roles of cin in R. etli and mrt
in M. tianshanense are different from their roles
in R. leguminosarum. In R. etli, a cinI mutation
increased lag phase, slowed growth, and led to
abnormal symbiosome development and nitrogen
fixation (Daniels et al. 2002). It is possible that
the observed symbiotic phenotypes resulted
from growth problems in the mutants. The cin
locus in R. etli is required for normal swarming
(Daniels et al. 2004), and induction of cinI and
cinR leads to enhanced expression of RaiI-made
AHLs. RaiR is involved in the restriction of
nodule number. Rosemeyer et al. (1998) found
that in vitro mutation of raiI led to increases in
nodule number and nitrogenase activity, although
no significant increase in nitrogen fixation was
observed in planta.

R. leguminosarum has three biovars: bv. viciae
(which nodulates peas, vetch, and lentils), bv.
trifolii (which nodulates clover), and bv. phase-
oli (which nodulates Phaseolus). bv. viciae has
received the most research attention. Four LuxI-
type AHL synthase genes have been identified to
date in isolates of bv. viciae (Wisniewski-Dye and
Downie 2002).

R. leguminosarum A34 contains cin, rai,
rhi, and tra QS genes. cinI and cinR are
located on the chromosome and are on top of
a regulatory cascade that induces production of

www.rhizobia.co.nz/taxonomy/rhizobia
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RaiI-, RhiI-, and TraI-made AHLs (Lithgow
et al. 2000; Wisniewski-Dye and Downie
2002). CinI-made 3-hydroxy-C14:1-HSL was
originally termed “small bacteriocin” because
it was found to inhibit growth of Rhizobium
strains carrying the symbiotic plasmid pRL1JI
(Schripsema et al. 1996). This compound was
also involved in adaptation to stationary phase,
because cultures entering stationary phase at high
population density showed no loss of viability
over long periods, whereas cultures entering
stationary phase at low population density
did. The addition of 3-hydroxy-C14:1-HSL to
cultures at low population density reversed such
loss of viability (Thorne and Williams 1999).
Mutation of cinI or cinR did not cause growth
difficulties under laboratory conditions, and pea
nodulation was normal (Lithgow et al. 2000).

The traI and traR genes on the symbiotic
plasmid pRL1JI are homologous to those in
A. tumefaciens. Expression of traR and traI
is induced by CinI-made AHLs and results in
recipient-induced plasmid transfer. The crucial
factor in this process is the presence of BisR, a
LuxR-type regulator encoded on pRL1JI that can
act as either an inducer or repressor (Danino et al.
2003). In strains carrying pRL1JI (donor strains),
BisR represses cinI expression, thus preventing
synthesis of CinI-made 3-hydroxy-C14:1-HSLs
(Wilkinson et al. 2002). In strains that do not
carry pRL1JI (recipient strains), such repression
does not occur, and CinI therefore produces 3-
hydroxy-C14:1-HSLs. When a recipient strain
and donor strain come into close proximity,
BisR in the donor strain senses the 3-hydroxy-
C14:1-HSLs produced by the recipient strain, and
the activated BisR then induces traR expression
(Wilkinson et al. 2002). TraR is activated by TraI-
made AHLs and induces expression of plasmid
transfer genes, thus initiating conjugation of the
symbiotic plasmid to the recipient strain (Danino
et al. 2003). The bivalent mode of action of BisR
(activator and repressor) is thus responsible for
a regulatory mechanism that allows a recipient
strain to induce plasmid transfer in the presence
of a possible donor strain. This mechanism
leads to very high conjugation frequencies and
prevents the waste of energy that would occur
if unnecessary plasmid transfer took place; i.e.,

plasmid transfer is initiated only in the presence
of recipient strains that do not carry a BisR-
containing plasmid (Danino et al. 2003).

Lithgow et al. (2000) showed that CinR
induces production of RhiI-made AHLs, which
are present on the symbiotic plasmid. The
rhiI and rhiR genes were first identified in R.
leguminosarum based on the high expression
level of RhiA protein, which was not produced
by strains lacking the nod-nif gene region. RhiR
regulates expression of the rhiABC genes in
response to RhiI-made C6-, C7-, and C8-HSLs.
rhiA encodes a protein of unknown function that
is highly expressed in the rhizosphere (Cubo
et al. 1992). Mutation of rhiA or rhiR caused a
decrease in nodule number in strains that were
already nodulation compromised (Cubo et al.
1992). Mutations in the cin and rhi QS systems
also affect biofilm formation, rhizosphere growth,
and symbiotic interactions (Russo et al. 2006;
Edwards et al. 2009). The cinS gene, which
is co-transcribed with the AHL synthase gene
cinI, is required for full induction of rhiR and
raiR, whose products (in combination with their
partner AHL synthases) regulate other genes
in a QS-regulated hierarchy (Frederix et al.
2011). Expression of the rhi genes is inhibited
by the presence of flavonoids; this is a nod-
dependent effect mediated via rhiR expression.
RhiA is present in all strains of bv. viciae but is
absent in bv. trifolii and phaseoli, suggesting
that this protein may function to optimize
interactions between bv. viciae and its hosts
(peas, vetch lentils).

Rhizobium sp. strain NGR234 is a unique
’-proteobacterium that forms nitrogen-fixing
nodules with a greater variety of legumes
than any other microsymbiont. Transfer of the
symbiotic plasmid of this strain apparently has
the potential to be under QS regulation because
the traI and traR genes are on the plasmid
pNGR234a. TraI synthesizes 3-oxo-C8-HSL,
and two other AHLs have been detected in a
traI mutant, indicating that the corresponding
synthase(s) is encoded elsewhere in the genome
(He et al. 2003). NGR234 carries at least six loci
linked to the quenching of QS signals as well as
one gene (ngrI) that may encode a novel type of
autoinducer I molecule (Schmeisser et al. 2009).
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Bradyrhizobium

This genus comprises a diverse group of soil
microorganisms having the ability to establish
associations with legume (e.g., soybean, peanut)
and nonlegume plants (e.g., Parasponia). De-
tectable amounts of AHLs were found in 20 %
of B. japonicum and B. elkanii strains examined
with an AHL detection bioassay (Pongsilp et al.
2005). In B. japonicum strain USDA110, nodula-
tion genes are expressed in a population density-
dependent manner under regulation by bradyox-
etin, a factor in the growth medium. Bradyoxetin
was shown to be an iron chelator and is therefore
not a typical QS regulation signaling molecule
(Loh and Stacey 2001; Loh et al. 2002). It acts as
a NolA inducer leading to nod gene suppression,
and NwsB activity is modulated in a cell density-
dependent manner. The observed production of
AHLs in B. japonicum indicates that nodulation
and other biological processes are modulated
by different autoinducers and different global
regulator families to coordinate cellular physi-
ology (Westenberg 2002; Pongsilp et al. 2005;
Lindemann et al. 2011).

Production of AHL signaling molecules has
been demonstrated in native strains of soybean-
nodulating Bradyrhizobium (Pongsilp et al.
2005). From several strains analyzed, only 22 %
were capable of producing AHL molecules when
A. tumefaciens NT1 (pZLR4) (Cha et al. 1998)
was used as a biosensor to detect autoinducer
production. All strains positive for autoinducer
activity belonged to the species B. japonicum
or B. elkanii. The luxI-luxR genes responsible
for AHL synthesis and the biological functions
regulated by AHLs were not identified.

The strain USDA110 of B. japonicum has
genes homologous to luxI-luxR, termed bjaI-
bjaR. No AHLs derived from BjaI have yet been
detected. Lindemann et al. (2011) reported the
synthesis of a novel signaling molecule catalyzed
by BjaI synthase in USDA110. The molecule
consists of a branched-chain fatty acyl-HSL,
identified as isovaleryl-HSL (IV-HSL). The
BjaR1 regulator, a LuxR homolog, has high
affinity for IV-HSL. In analogy to results in

other AHL QS systems, bjaI expression was
upregulated by IV-HSL addition. USDA110 is
able to respond to AHLs but not to synthesize
them. The high sensitivity and low specificity
of the BjaR1 regulator to AHLs may reflect a
strategy of B. japonicum to both avoid detection
of AHLs by other bacterial strains and detect
QS signals from other microorganisms, in
order to acquire a competitive advantage in
the rhizospheric microniche (Lindemann et al.
2011). This QS system has been well described
for B. japonicum, but the biological functions of
AHLs in the system has not revealed.

Soil bacteria of the genus Bradyrhizobium
form symbiotic relationships with peanut
(Arachis hypogaea L.) root cells and fix
atmospheric nitrogen (Bogino et al. 2006). In
comparison to well-studied models of rhizobia-
legume interaction such as S. meliloti-alfalfa,
R. leguminosarum-bean, and B. japonicum-
soybean, the symbiotic Bradyrhizobium sp.-
peanut interaction is poorly understood. Novel
AHL signaling molecules have been recently
detected and identified in Bradyrhizobium
strains that are phylogenetically related to
peanut-nodulating strains (Ahlgren et al. 2011;
Lindemann et al. 2011). We showed recently
that addition of various types and concentrations
of AHLs to cellular cultures of peanut-
nodulating Bradyrhizobium sp. affects physio-
logical processes related to bacterial survival,
particularly autoaggregation, biofilm formation,
and motility (Nievas et al. 2012). However,
the symbiotic or other functional roles of these
autoinducers in these strains remain essentially
unknown.

Conclusions

The interactions between root-associated bacteria
and plants encompass many levels. We have
summarized here the effects of bacterial
QS molecules on the symbiotic interactions
between rhizobia and members of the Fabaceae
family. QS is a mechanism whereby bacteria
regulate their gene expression in a population
density-dependent manner. Many aspects of
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nodulation are also regulated by QS. The best-
studied QS signaling systems involve AHLs as
signaling molecules. Not surprisingly, the genetic
determinants of AHL production and perception
are usually integrated in complex regulatory
networks and affect numerous aspects of bacterial
lifestyles.

Rhizobia have a variety of QS regulatory
systems that affect or regulate plasmid transfer,
symbiotic interactions, surface polysaccharides,
growth inhibition, and stationary-phase adapta-
tion. Several rhizobial species studied to date
have been to establish effective symbioses even
when genes for AHL synthases and certain AHL
receptors are mutated. Rhizobia may therefore
not be as dependent as are many bacterial
pathogens on QS for successful interactions with
their hosts. Findings to date indicate that QS-
regulated functions in the bacterium and host
serve primarily to optimize various interactions
between the partners. The manners in which host
plants perceive AHLs appear to be diverse; AHL-
producing bacteria therefore have great potential
for agricultural applications.

QS signals have been detected in many species
of legume-nodulating rhizobia. Besides the role
of rhizobial QS signals in symbiotic interactions
with legumes, these signals play important roles
in microbial cross-communication. Under natural
conditions, bacteria typically occur as a mixture
of species and have therefore developed many
ways to communicate with each other and to
“listen in” on other conversations. It has been
proposed that bacteria use AI-2 for interspecies
communication and that the variable chemical na-
ture of AHLs allows intraspecies communication.
In this regard, certain LuxR-type regulators may
interact with non-cognate AHL molecules, and
such interactions may lead to unwanted activation
or inhibition of QS.

It is likely that several additional genes reg-
ulated by the above-described systems remain to
be identified. Although the regulatory mechanism
of one of the most complex QS cascades has been
well elucidated, many of the functions regulated
by QS genes are poorly understood. Molecular
genetic studies of the systems responsible for
production of signaling molecules are essential

for understanding the mechanisms whereby rhi-
zobia communicate with each other and interact
symbiotically with the host plant.
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Quorum Sensing Systems in Clostridia

Charles Darkoh and Godfred Ameyaw Asiedu

Introduction

The genus Clostridium consists of bacteria
that are obligate anaerobes, Gram-positive, rod
shaped, sporeformers, and catalase negative.
This genus is one of the largest prokaryotic
genera in the phylum Firmicutes (Clostridia
is also a class in the phylum), containing
over 300 species. All clostridial species form
endospores with a strict fermentative type of
metabolism. These anaerobes have two forms of
growth stages in their life cycle: the vegetative
stage, where they divide and proliferate during
favorable conditions, and the sporulation stage,
in which the vegetative cells form spores under
unfavorable conditions and remain dormant
until suitable conditions return. The spores
are non-metabolizing and highly resistant to
heat, desiccation, radiation, oxidation, and many
other microbial control agents. The majority of
clostridial species do not grow under aerobic
conditions, and the vegetative cells are killed
upon exposure to oxygen. These anaerobes are
ancient bacteria that colonize and thrive in nearly
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all of the natural anaerobic habitats where organic
compounds are present such as soils, aquatic
sediments, and the intestinal tracts of animals.

Clostridia are well known for their clinical
importance and biotechnological potential. The
bacteria in this genus are capable of fermenting
a wide variety of organic compounds. They
produce butyric acid, acetic acid, butanol,
acetone, and large amounts of gas (CO2 and H2)
as end products of sugar fermentation. A variety
of foul-smelling compounds are formed during
the fermentation of amino acids and fatty acids.
These microbes also produce a wide variety
of extracellular enzymes to break down large
biological molecules such as proteins, lipids,
collagen, and cellulose in the environment into
fermentable metabolites. In anaerobic clostridial
infections, these enzymes also play a role in
host invasion and pathology. Therefore, the
clostridial species play an important role in
natural biodegradation and carbon cycling,
with significant applications in biotechnology
and medicine. The nonpathogenic Clostridium
acetobutylicum has garnered widespread interest
because of its role in biobutanol production
(Jones and Woods 1986; Lee et al. 2008). As
the genome sequence data and DNA mutagenesis
tools become available, recombinant strains with
superior biobutanol-producing ability could be
engineered (Durre 2007, 2008). Furthermore, the
use of clostridial spores in cancer therapy has also
been described for Clostridium sporogenes and
Clostridium novyi (Minton 2003; Minton et al.
1995; Theys et al. 2006; Mengesha et al. 2010).
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Fig. 1 Autoinducing
peptide (AIP)-mediated
quorum sensing in
Gram-positive bacteria by
(a) two-component
signaling or (b) an
AIP-binding transcription
factor. (a) The autoinducer
pre-peptide is processed by
the transmembrane protein
AIP synthase, leading to
the release of mature AIP
into the extracellular
milieu. A sensor histidine
kinase protein senses the
extracellular AIP, which
activates its ATPase
activity leading to the
phosphorylation of the
response regulator.
Phosphorylated response
regulator modulates the
transcription of its target
genes. (b) The extracellular
AIP is transported into the
cell by a transmembrane
transporter, which is then
sensed by a cytoplasmic
receptor leading to the
modulation of its target
genes

Nevertheless, the pathogenic Clostridia have
overshadowed the beneficial properties of the
nonpathogenic ones. The pathogenic Clostridia
cause disease by releasing potent toxins, no-
tably the enterotoxins from Clostridium perfrin-
gens, cytotoxins from Clostridium difficile, and
severe neurotoxins from Clostridium botulinum
and Clostridium tetani. Tetanus and botulinum
neurotoxins, produced by C. tetani and C. botu-
linum, respectively, are two of the most harmful
natural compounds known to man. Both produce
neurotoxins that are lethal in very low concentra-
tions. The estimated lethal dose of C. botulinum
neurotoxin type A for a human of 70 kg is approx-
imately 70 �g orally and 0.7–0.9 �g if inhaled
(Arnon et al. 2001). C. perfringens produces
a number of extracellular toxins and enzymes
associated with gas gangrene and clostridial my-
onecrosis in humans and animals (Collie et al.

1998). C. botulinum is widely used in the cosmet-
ics industry and it is important in other medical
applications. However, C. botulinum has long
been associated with food poisoning and concern
for the use of the lethal toxins in bioterrorism
(Schantz and Johnson 1992). The most recent
publicized pathogenic Clostridium is C. diffi-
cile, the causative agent of pseudomembranous
colitis and antibiotic-associated diarrhea, which
has been wreaking havoc in the elderly and the
immunocompromised.

Quorum Sensing in Gram-Positive
Clostridia

Gram-positive and Gram-negative bacteria uti-
lize different kinds of quorum sensing systems.
Figure 1 shows the two paradigmatic quorum
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sensing signaling networks that have been postu-
lated in Gram-positive bacteria such as Clostridia
(Rutherford and Bassler 2012). Quorum sens-
ing in Gram-positive bacteria occurs through a
range of different signals, but all systems involve
a two-component regulatory signal transduction
system consisting of a membrane-bound recep-
tor/sensor histidine kinase protein and an intra-
cellular response regulator (Sturme et al. 2002).
Gram-positive bacteria mainly utilize peptides,
called autoinducing peptides (AIPs), as quorum
signaling molecules. Once produced in the cell,
the AIPs are processed and secreted. When the
extracellular concentration of the AIP is high,
which occurs at high cell density, it binds to
a cognate membrane-bound two-component his-
tidine kinase receptor. Typically, binding acti-
vates the kinase activity of the receptor, which
autophosphorylates and transfers a phosphate to
its cognate cytoplasmic response regulator. The
phosphorylated response regulator activates the
transcription of the genes in the quorum sensing
regulon (Fig. 1a). In other types of Gram-positive
quorum sensing systems, the AIPs are transported
from the extracellular milieu back into the cell
cytoplasm where they interact with specific re-
ceptors and transcription factors to modulate gene
expression (Fig. 1b).

Quorum sensing in Gram-positive bacteria
depends on three principles: production, sensing,
and response to the AIPs. In the majority
of the Gram-positive bacteria, the AIPs are
small diffusible oligopeptides that are sensed
by membrane-bound two-component signal
transduction systems (Havarstein et al. 1995;
Ji et al. 1995; Solomon et al. 1996). The AIPs
are diverse in sequence and structure and are
genetically encoded as autoinducer pre-peptides,
which are processed posttranslationally into
fully functional AIPs (Thoendel and Horswill
2010; Thoendel et al. 2011; Okada et al.
2005). Specialized transporters secrete the AIPs
extracellularly due to the impermeability of
the oligopeptides to the cell membrane. The
functionally processed AIPs, which range in size
from 5 to 17 amino acids, are posttranslationally
modified into either a cyclic or linear molecule
(Bouillaut et al. 2008; Okada et al. 2005;

Mayville et al. 1999). Extracellular AIPs are
detected via membrane-bound two-component
sensor kinases (Flamez et al. 2007). The binding
of the AIP to the sensor kinases leads to
autophosphorylation at conserved histidines.
The phosphoryl group is subsequently passed
from the histidine to a conserved aspartate on a
cognate cytoplasmic response regulator protein.
This phosphorylation activates the response
regulator, leading to the modulation of expression
of the quorum sensing-regulated genes. The
autoinducer pre-peptide, its transporter, histidine
kinase receptor, and response regulator are
typically encoded in an operon (Peterson et al.
2000). In some bacteria, the phosphorylation of
the response regulator activates the expression
of the operon, resulting in an autoinducing
feedforward loop that synchronizes the quorum
sensing response. Two main quorum sensing
systems have been identified in Clostridia,
namely, the accessory gene regulator (agr)
quorum-sensing system and the LuxS quorum-
sensing system. These systems are briefly
described in the sections that follow.

The Accessory Gene Regulator (agr)
Quorum Sensing System in Clostridia

The accessory gene regulator (agr) system is not
well characterized in Clostridia, but has been
extensively studied in Staphylococcus aureus. In
S. aureus, it regulates the temporal expression
of cell surface colonization factors and various
toxins, which contribute to virulence (Novick
2003; Novick and Geisinger 2008; Novick and
Muir 1999). The agr locus in S. aureus is approx-
imately 3.5 kilo base pairs and consists of two
divergent operons, RNAII and RNAIII, which
are transcribed from nonoverlapping promoters,
P2 and P3, respectively. The P2 operon contains
four open reading frames: agrA, agrC, agrD, and
agrB. The agrA and agrC form a two-component
system for signal sensing and transduction (Bala-
ban and Novick 1995; Novick et al. 1995). The
P3-generated transcript, RNAIII, is the actual
intracellular effector of the agr response that
modulates the expression of the agr-regulated
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genes (Novick et al. 1993). It also encodes a
staphylococcal toxin (Novick et al. 1995). The P2
operon is doubly autocatalytic since its transcrip-
tion requires P2 operon products and is therefore
suited to the need for swift expression of proteins
required when overall growth is coming to a halt
(Morfeldt et al. 1988). The specific roles of each
of the agr quorum-sensing system components
are outlined below.

AgrD is the pre-peptide which is synthesized
within the cell during growth, processed, and
released extracellularly. The processed pre-
peptide becomes the AIP, which activates the
agr quorum-sensing system. The transmembrane
protein AgrB is involved in processing the pre-
peptide and secretion of the posttranslationally
modified AlP (Ji et al. 1995). The AgrD protein
is processed at both the N- and C-terminal ends.
A cyclization reaction occurs, where a thioester
linkage is formed between a conserved cysteine
residue and the C-terminal carboxyl group, in
order to form the mature thiolactone AlP (Lyon
and Novick 2004; Novick 2003).

AgrB is a transmembrane protein that is cru-
cial for the generation and secretion of the AIP.
This protein is required for the proteolytic mod-
ification of the autoinducer pre-peptide encoded
by agrD and transport of the fully functional AIP
outside the cell (Sturme et al. 2002). Accordingly,
the agrBD genes are responsible for the genera-
tion and processing of AIP.

AgrC is the transmembrane sensor kinase of a
two-component system, whose N- terminal inter-
acts with the AIP (Lina et al. 1998). The activa-
tion of AgrC then occurs via a phosphorylation
event. The C-terminal was originally proposed
to autophosphorylate at a conserved histidine
residue upon stimulation by the AIP (Ji et al.
1995; Novick et al. 1995). However, it was later
observed that AgrC is partially phosphorylated
in the absence of the AlP. This suggested that
AgrC may be partially activated constitutively
and becomes fully activated upon binding to the
AIP. The autophosphorylation of AgrC occurs as
a trans process (Novick 2003). The cytoplasmic
domain of AgrC is dimeric containing a four-
helix bundle that aids in the sensing and binding
of the AIP.

AgrA is the response regulator protein required
for the activation of the P2 and P3 promoters and
it is phosphorylated by AgrC. AgrA binds with
high affinity to the RNAIII agr intergenic region,
and this binding is localized to a pair of direct re-
peats in the P2 and P3 promoter regions (Koenig
et al. 2004). The phosphorylation of AgrA acti-
vates the system, which subsequently results in
the modulation of AgrA-regulated genes. The agr
genes are constitutively expressed at low cell den-
sities, but when the AlP level reaches a threshold
concentration, the agr response is activated (Ji
et al. 1995). The signaling transduction cascade
produced by the AgrA and AgrC two-component
system results in an increase in the transcription
of RNAII and RNAIII in a positive feedback
manner (Yarwood and Schlievert 2003).

Homologues of the S. aureus agr genes are
present in several clostridial species. It is evident
that the agr-based quorum sensing system plays
an important role in the pathogenesis of some
toxigenic strains of Clostridia such as toxin pro-
duction in C. botulinum and C. perfringens, as
discussed later in this section. Some species have
two copies of the agr autoinducer pre-peptide
signal generation and processing genes, agrBD.
For instance, C. botulinum contains two homo-
logues of the agrBD genes, named agrBD1 and
agrBD2 (Cooksley et al. 2010). The role of the
agr quorum-sensing system in the pathogenesis
and virulence of Clostridia is discussed later in
this section.

The LuxS Quorum Sensing System

The LuxS quorum-sensing system utilizes a
signaling molecule designated as autoinducer-
2 (AI-2), which is synthesized by enzymes
encoded by the luxS family of genes. It has
been demonstrated to be involved in quorum
signaling in both Gram-negative and Gram-
positive bacteria (Vendeville et al. 2005; Doherty
et al. 2006). The signaling molecule utilized
by the LuxS quorum-sensing system (AI-2)
is a by-product of the activated methyl cycle,
which recycles S-adenosyl-L-methionine (SAM).
SAM is the main methyl donor in archaea,
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prokaryotes, and eukaryotes that supplies methyl
groups to biomolecules such as DNA and
proteins. In the activated methyl cycle, SAM
is converted to S-adenosyl-L-homocysteine
(SAH), which is toxic to cells. In eukaryotes,
SAH is converted to nontoxic homocysteine in
a single step (Winzer et al. 2002). However,
in archaea and prokaryotes, SAH is detoxified
in a two-step process, first by the Pfs enzyme
(S-adenosylhomocysteine nucleosidase) to
generate adenine and S-ribosylhomocysteine
(SRH). SRH is finally converted by LuxS (S-
ribosylhomocysteinase) to 4,5-dihydroxy-2,3-
pentanedione (DPD) and homocysteine (Winzer
et al. 2002; Schauder and Bassler 2001). DPD
undergoes spontaneous cyclization, and it can
be sensed and modified by different bacterial
species as a signaling molecule that controls gene
expression.

AI-2 appears to mediate both intraspecies
and interspecies communication in bacteria
(Schauder et al. 2001; Curry et al. 2013).
AI-2/luxS-mediated regulation is important
in controlling different activities in a variety
of bacterial species (Curry et al. 2013).
These activities include biofilm production
in Streptococcus mutans, Salmonella enterica
serovar Typhimurium, and Vibrio cholerae
(Prouty et al. 2002; Hammer and Bassler
2003; Merritt et al. 2003; Yoshida et al.
2005); motility in Campylobacter jejuni,
enterohemorrhagic Escherichia coli (EHEC),
and enteropathogenic E. coli (Sperandio et al.
2001; Elvers and Park 2002; Giron et al.
2002); and expression of virulence factors in
Aggregatibacter actinomycetemcomitans, EHEC,
Porphyromonas gingivalis, and V. cholerae
(Sperandio et al. 1999; Chung et al. 2001; Fong
et al. 2001; Ohtani et al. 2002; Zhu et al. 2002).

Despite the proposed role of LuxS in quorum
sensing, it is speculated that LuxS is in fact a
metabolic by-product produced during the acti-
vated methyl cycle (Winzer et al. 2003). Indeed,
Doherty et al. (2006) demonstrated that the in-
activation of LuxS in S. aureus had no effect on
virulence-associated traits. It is possible that the
phenotypic changes observed in some bacteria
following the inactivation of LuxS may be due to

the absence of the AI-2 signal molecule, but they
could also be attributed to the disruption of the
activated methyl cycle (Winzer et al. 2003).

Quorum Sensing-Mediated
Regulation of Toxin Production
in Clostridia

The pathogenic Clostridia are an important
group of anaerobic bacteria that cause various
neurotoxic, cytopathic, and enterotoxic diseases
in humans and animals. The ability of these
anaerobes to cause disease is mediated by the
various toxins (also known as large clostridial
toxins) that they produce during colonization
and infection. The most common clostridial
species that are known to cause serious disease in
mammals are C. difficile, C. botulinum, C. tetani,
C. perfringens, and C. sordellii. C. difficile
is an increasingly important nosocomial
pathogen, which is considered the leading
cause of antibiotic-associated diarrhea and
pseudomembranous colitis in the developed
world (Carter et al. 2011a, 2012). The toxins
produced by C. botulinum and C. tetani
are neurotoxigenic and result in flaccid and
convulsive paralysis, respectively (Montecucco
et al. 1994; Montecucco and Schiavo 1994).
C. perfringens is the causative agent of a myriad
of different diseases ranging from gas gangrene
and necrotic enteritis to food poisoning (Rood
1998; Uzal and McClane 2011), depending on the
types of toxins produced by the infecting strain.
C. sordellii is an emerging pathogen that causes a
range of diseases including myonecrosis, sepsis,
and shock (Carter et al. 2011a). In addition to
these species, C. chauvoei, C. colinum, C. novyi,
C. septicum, and C. spiroforme also cause severe
diseases in numerous domestic and livestock
animals (Songer 1996, 1998, 2010). Even though
these anaerobes cause different diseases, in most
cases the symptoms of disease are associated with
the production of potent exotoxins that result in
damage to the host tissues (Stevens et al. 2012).
The pathogenic Clostridia produce some of the
most potent toxins known to mankind such as
the C. botulinum neurotoxin, which is the most



138 C. Darkoh and G.A. Asiedu

potent toxin ever identified (Arnon et al. 2001;
Schechter and Arnon 2000; Katona 2012).

Most of the clostridial toxins have been pu-
rified and subjected to extensive structural and
functional analysis. However, challenges in ge-
netically manipulating clostridial species have
limited our understanding of the mechanisms and
factors that control the production of these toxins.
Certainly, the construction of genetically defined
mutants in many clostridial species remains a
challenge, and techniques for successful genetic
manipulation of these bacteria are still in the
developmental stages. The limited methods de-
veloped so far have facilitated genetic manipu-
lation of some of these species (Lyristis et al.
1994; Chen et al. 2005; O’Connor et al. 2006;
Heap et al. 2007; Bradshaw et al. 2010; Carter
et al. 2011a) and have led to the understanding of
some of the genes and regulatory pathways that
control toxin production at the molecular level.
The agr quorum-sensing system has been demon-
strated to control toxin production in a number
of clostridial species, and this is discussed in the
sections that follow.

Clostridium perfringens

Infection by C. perfringens results in gastroin-
testinal distress, but this species is also the
causative agent for gas gangrene. C. perfringens
is an important medical pathogen that causes
both histotoxic infections (e.g., traumatic gas
gangrene) and infections originating in the
intestines (e.g., human food poisoning). This
bacterium produces four types of toxins, namely,
alpha-, beta-, epsilon-, and iota-toxins. Clinical
and environmental isolates of C. perfringens
are commonly assigned to one of five biotypes
(from A to E) based on the type of the toxins
they produce. Infections due to C. perfringens
show evidence of tissue necrosis, bacteremia,
emphysematous cholecystitis, and gas gangrene,
which is also known as clostridial myonecrosis.

Deep wounds create anaerobic conditions
and provide an ideal environment for the
germination of the environmentally ubiquitous
C. perfringens endospores. Germinating

C. perfringens produces several proteases and
toxins to digest host tissues, which subsequently
supply the necessary amino acids and nutrients
for which C. perfringens lacks the necessary
biosynthetic pathways (Gray et al. 2013). This
in situ exotoxin-mediated release of nutrients
rapidly accelerates bacterial growth and further
complicates the treatment of C. perfringens
infection. In addition, strains of C. perfringens
may also produce a number of other toxins such
as neuraminidase and enterotoxin (CPE). The
CPE is one of the most important toxins produced
by this bacterium, although it is not part of the
toxinotyping classification system. The CPE-
producing type A strains are responsible for
C. perfringens type A food poisoning, which is
the second most commonly identified bacterial
foodborne disease in the United States, where
nearly a million cases occur annually (Li et al.
2011; Scallan et al. 2011a, b).

Site-directed mutagenesis and random mu-
tagenesis of the agrB or agrBD null mutants
of strain 13, a cpe-negative and non-sporulating
C. perfringens type A strain, has established
that the Agr-like system regulates the produc-
tion of alpha-toxin (CPA) and perfringolysin O
(PFO), two chromosomally encoded toxins ex-
pressed during vegetative growth. This Agr-like
system-mediated regulation of toxin production
was shown to involve a diffusible molecule, con-
sistent with a QS mechanism (Ohtani et al. 2009;
Vidal et al. 2009). Recently, Li et al. (2011) re-
ported that the agr locus also regulates CPE, beta-
toxin (CPB2), and PFO expression by C. per-
fringens strain F5603 in DS sporulation medium.
Using real-time PCR, they were able to detect
the mRNA transcripts of cpe, cpb2, cpa, and pfo
genes in F5603 wild type that was cultured in DS
medium for 5 h. However, they could not detect
the cpe, cpb2, or pfo gene transcripts under the
same conditions in an agrB null mutant during
the 5 h incubation period. The loss of toxin gene
transcription in DS cultures of the agrB mutant
was reversible by complementation.

The production of epsilon-toxin and beta2-
toxins was lower in �agrB type B strains com-
pared to wild-type bacteria in in vitro assays us-
ing enterocyte-like CaCo2 cells (Chen et al. 2011;
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Chen and McClane 2012). AgrB has also been
reported to control in vivo toxicity and colitis in
a rabbit intestinal loop model with a type C strain
(Vidal et al. 2012). The group A strain agrBD has
also been demonstrated to regulate expression of
genes on a plasmid (Li et al. 2011), a novel result
previously unheralded in the agr literature. The
cognate receptor for C. perfringens AIP has not
been conclusively identified, but in type A strains
the 2CRS virRS, which regulates the expression
of several toxins and virulence factors through the
regulatory RNA molecule VR-RNA (Ohtani et al.
2010; Shimizu et al. 2002), may be involved in
agr-mediated quorum sensing and pathogenesis.
However, the link between agr and vir is unclear
in other strain types, as VirRS does not appear to
be involved in agrBD-mediated toxin production
in type B or D strains of C. perfringens (Chen
et al. 2011; Chen and McClane 2012).

Clostridium botulinum

Clostridium botulinum neurotoxins are classified
into seven structurally related but antigenically
distinct serogroups (serogroups A–G). These
toxins form heterocomplexes with other nontoxic
proteins and are the most potent toxins known
to humans (Schantz and Johnson 1992).
C. botulinum is a heterogeneous species consist-
ing of four physiologically and phylogenetically
distinct groups (Cooksley et al. 2010). In humans
and various animal species, the toxin induces a
potentially fatal condition known as botulism.
Botulism intoxication in healthy adults is not
normally due to infection with C. botulinum,
although colonization of the gut is the accepted
mechanism for infant botulism. In adults,
consuming preserved food initially contaminated
with C. botulinum spores leads to the ingestion
of the botulism neurotoxin, of which there are
several types. Symptoms of botulism include
progressive, descending, symmetrical paralysis
that affects the musculature innervated by
the cranial nerves at the initial stage, before
spreading to the rest of the body (Schantz
and Johnson 1992). Naturally occurring forms
of botulism include foodborne, intestinal, and

wound botulism. The most common form of
disease caused by this anaerobe is foodborne
botulism and occurs when food or drink
containing the preformed neurotoxin is ingested
(Cooksley et al. 2010). In humans, members
of group I (proteolytic) and group II (non-
proteolytic) C. botulinum are responsible for
most of the cases observed. In contrast, intestinal
and wound forms of botulism are a consequence
of in vivo production of the C. botulinum toxins
following infection. In humans, these forms
of botulism are mostly caused by group I
C. botulinum. Intestinal botulism is usually
observed in infants and occurs after the ingestion
of spores and subsequent colonization of the
gastrointestinal tract by the vegetative cells.
Wound botulism manifests as a consequence
of localized tissue infection. Due to its extremely
high potency, security agencies fear that it might
be an attractive weapon for bioterrorists (Villar
et al. 2006). C. botulinum has therefore developed
renewed strategic importance post-September 11,
2001 terrorist attacks, particularly in the United
States.

All the recently completed genomes of C. bo-
tulinum hold putative homologues of the agr
quorum-sensing system. In silico analysis of the
10 completed C. botulinum genomes shows the
presence of two sets of genes encoding homo-
logues of the AgrB and AgrD proteins. These two
putative agr loci are located in close proximity
to each other on the chromosome. Consequently,
the C. botulinum agr quorum-sensing systems
have been designated agrBD1 and agrBD2. The
flanking regions of both loci are conserved among
sequenced group I C. botulinum strains and two
C. sporogenes strains (Cooksley et al. 2010). The
AgrD1 and AgrD2 sequences from group I C.
botulinum and C. sporogenes strains share 17 of
44 amino acids (38.6 % identity). Additionally,
the AgrD1 sequences of these strains are almost
identical. All group I C. botulinum sequences
share the same putative AIP-encoding region,
which differs from that of the two C. sporogenes
strains in only one of the five putative amino acids
that are expected to form the cyclic AIP peptide.
However, the agrD2 sequences have some degree
of variability. The variation in these sequences
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occurs primarily in the region that contains the
putative AIP ring structure, but these sequences
are 77 % similar. Based on the putative AIP en-
coded, the currently available agrD2 genes form
five strain clusters, consisting of (1) the two C.
sporogenes strains; (2) strain NCTC 2916, strain
ATCC 19397, A strain Hall, A2 strain Kyoto,
and A3 strain Loch Maree; (3) strain ATCC
3502; (4) Ba4 strain 657 and strain Bf; and (5)
strains Langeland and Okra. The third putative
agrD gene in the Loch Maree strain is 90 %
identical to the third agrD homologue found in C.
sporogenes ATCC 15579, with no differences in
the putative AIP-containing region. This analysis
suggests that group I C. botulinum strains are
likely to produce the same AIP, but may differ
with respect to the AIP2 signal.

Cooksley et al. (2010) characterized the Agr
system in C. botulinum ATCC 3502 (group I)
using C. sporogenes NCIMB 10696 as a model
system for initial experiments, as it is considered
a non-toxigenic version of group I (proteolytic)
C. botulinum (Carter et al. 2009). They reported
that the production of neurotoxins was affected
in agrD mutants. They generated both agrD1 and
agrD2 mutants in C. botulinum strain 3502 and
assayed for the botulinum neurotoxin in the wild
type and its agrD mutants by using an ELISA-
based method. The assay demonstrated that ex-
tracellular neurotoxin accumulation peaked af-
ter entry into the stationary phase and that the
production of the neurotoxin was negatively af-
fected in both mutants. The largest reduction
occurred in the agrD2 mutant, where the levels
of toxin produced were considerably depressed
throughout the period assessed (up to 72 h). In
the case of the agrD1 mutant, whereas the levels
of toxin produced were evidently reduced up to
and including the 24 h time point, the quantities
of toxin present in late-stationary-phase cultures
(from 48 h onward) had returned to wild-type
levels. Thus, the inactivation of either agrD1 or
agrD2 resulted in lower botulinum neurotoxin
production compared to the wild-type strain, with
the latter mutant displaying the greatest reduction
(Cooksley et al. 2010). These results provide
evidence that toxin production in C. botulinum
involves the agr quorum-sensing system.

Clostridium difficile

The incidence of Clostridium difficile infection
(CDI) has been increasing such that it is now
the most common definable cause of hospital-
acquired and antibiotic-associated diarrhea in
the United States (DuPont 2011). The number
of cases occurring in the community and
nonhospital healthcare facilities makes CDI the
most common form of bacterial diarrhea, with
the total cost of treatment estimated between 1
and 3.2 billion US dollars annually (Kyne et al.
2002; O’Brien et al. 2007; Wilkins and Lyerly
2003; DuPont 2011). This bacterium has been
identified as the cause of 10–25 % of the cases
of antibiotic-associated diarrhea, 50–75 % of
antibiotic-associated colitis, and 90–100 % of
pseudomembranous colitis (Bartlett 2002; Elliott
et al. 2007). Morbidity and mortality resulting
from C. difficile-associated diseases have also
increased significantly (McDonald et al. 2005;
Redelings et al. 2007; O’Brien et al. 2007).

Pathogenic strains of C. difficile possess a
19.6 kb pathogenicity locus, which is composed
of the tcdR, tcdB, tcdE, tcdA, and tcdC genes.
This locus is responsible for the production of
toxins A and B that are encoded by tcdA and tcdB,
respectively. The toxins are essential for C. dif-
ficile pathogenesis (Lyerly et al. 1985; Rupnik
et al. 2001; Geric et al. 2004; Voth and Ballard
2005; Kuehne et al. 2010); strains that are unable
to produce either of these toxins are not associ-
ated with disease. Both toxins have similar enzy-
matic cleavage activities (Dillon et al. 1995; Just
et al. 1995a, b) and are cytotoxic to cultured cells;
however, toxin B is 100–1,000-fold more potent
than toxin A (von Eichel-Streiber et al. 1996; Just
and Gerhard 2004; Voth and Ballard 2005). Dur-
ing infection, these toxins are released into the
intestinal lumen where they bind to surface recep-
tors on colonic epithelial cells via their receptor-
binding domain and are then internalized by host
cells via receptor-mediated endocytosis (Ho et al.
2005; Dingle et al. 2008). The acidic environment
within endosomes activates the autocatalytic cys-
teine protease activity of the toxins, resulting
in cleavage and release of the N-terminal glu-
cosyltransferase domain into the cytosol of the
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mammalian host (Hofmann et al. 1997; Egerer
et al. 2007; Reineke et al. 2007; Pfeifer et al.
2003; Rupnik et al. 2005). The glucosyltrans-
ferase domain monoglucosylates low-molecular-
weight GTPases of the Rho family in the cytosol
using cellular uridine diphosphoglucose (UDP-
glucose) as the glucose donor (Just et al. 1995a;
Just and Gerhard 2004). This monoglucosyla-
tion interrupts the normal function of the Rho
GTPases, leading to a variety of deleterious ef-
fects including apoptosis, cell rounding, actin
cytoskeleton dysregulation, and altered cellular
signaling (Hofmann et al. 1997; Just and Ger-
hard 2004; Genth et al. 2008; Just et al. 1995a;
Huelsenbeck et al. 2009). Cellular intoxication by
the toxins also induces the release of inflamma-
tory mediators from epithelial cells, phagocytes,
and mast cells, resulting in colonic inflammation
and accumulation of neutrophils (Thelestam and
Chaves-Olarte 2000). Early detection of C. diffi-
cile during infection is critical to prevent further
damage by these toxins.

C. difficile overpopulates the human gastroin-
testinal tract after the normal gut microflora has
been reduced by antibiotic therapy (Pothoulakis
and Lamont 2001; Lawley et al. 2012). Treatment
of CDI has been hampered by increased virulence
of the causative strains, sporulation, recurrence of
the infection, resistance to multiple antibiotics,
and the lack of drugs that preserve or restore
the colonic bacterial flora. Specifically, a large
number of C. difficile isolates show an alarming
pattern of resistance to the majority of antibi-
otics currently used in hospitals and outpatient
settings (Bishara et al. 2006; Aspevall et al. 2006;
Shubeita et al. 1987; Pelaez et al. 2002). As
a result of the dwindling number of antibiotics
available to effectively clear this infection and
prevent recurrence, there is new interest in iden-
tifying and developing alternative nonantibiotic
treatments, either as stand-alone therapies or as
therapies designed to augment the efficacy of
the currently used antibiotic regimens. Nonantibi-
otic treatment options that have been proposed
include infusion of stool from healthy donors
(Aas et al. 2003), adjunctive use of monoclonal
antibodies specific to the toxins (Lowy et al.
2010), probiotics (McFarland et al. 1994), and

the use of non-toxigenic C. difficile strains to
outcompete the toxigenic strains (Borriello and
Barclay 1985; Wilson and Sheagren 1983; Sam-
bol et al. 2002). As the toxins are the main agents
of CDI pathogenesis, the inhibition of either
toxin production or toxin activity, which directly
targets the cause of tissue injury and illness,
is a promising therapeutic approach to combat
this major public health problem. This strategy
requires understanding the molecular regulatory
mechanisms that control toxin production, which
remain largely unknown. Such knowledge will be
critical in developing innovative strategies for the
prevention and treatment of CDI. Furthermore,
the disruption of the regulatory mechanisms that
control the expression of the toxins and other
virulence factors (but do not affect cell growth)
is less likely to generate selective pressure on
the bacterium; this approach may thus minimize
the risk of resistance development and promote
intestinal homeostasis.

The tcdR gene of the pathogenicity locus en-
codes an RNA polymerase sigma factor that con-
trols transcription from the toxin promoters and
from its own promoter (Mani and Dupuy 2001;
Delon et al. 1999). Genetic and biochemical ev-
idence suggests that TcdC negatively regulates
toxin production by disrupting the capability of
TcdR-containing RNA polymerase holoenzyme
to recognize the tcdA and tcdB promoters (Mani
and Dupuy 2001; Delon et al. 1999). Thus, it
has been proposed that tcdC encodes a negative
regulator of toxin production (Hundsberger et al.
1997; Carter et al. 2011b; Matamouros et al.
2007). Evidence to support this hypothesis in-
cludes the inverse transcription pattern of tcdC
in relation to the toxin genes and the emer-
gence of epidemic strains (NAP1/027 strains)
with deletions or frameshift mutations in the tcdC
gene that produce high toxin levels (Carter et al.
2011b; Curry et al. 2007; Matamouros et al.
2007; Hundsberger et al. 1997; McDonald et al.
2005; Warny et al. 2005; Jarraud et al. 2000).
Moreover, all NAP1/027 isolates from the 1980s
and 1990s, like those from recent outbreaks,
carry tcdC mutations (McDonald et al. 2005; Loo
et al. 2005). These reports highlight the impor-
tance of tcdC in the pathogenesis of C. difficile.
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However, Cartman and coworkers (Giraud et al.
1999) found no association between toxin pro-
duction and the tcdC genotype when they deleted
the tcdC gene by allelic exchange. Furthermore,
the restoration of the �117 frameshift mutation
and the spontaneous 18-nucleotide deletion in the
tcdC gene of some virulent C. difficile strains
such as R20291 did not alter toxin production
(Giraud et al. 1999). These data suggest that the
regulation of C. difficile toxin synthesis is more
complex than previously thought and that the
mechanism may involve other key players yet to
be discovered.

AI-2/LuxS-mediated regulation is important
in controlling different activities in a variety of
bacterial species (Curry et al. 2013). The tran-
scription of the toxin genes in C. difficile has
been reported to be affected by a universal AI-2
signaling molecule involved in quorum signaling
(Goldstein et al. 2013). C. difficile produces AI-2
that is able to induce bioluminescence in a Vibrio
harveyi reporter strain (Goldstein et al. 2013). AI-
2-containing cell-free supernatants from the mid-
log phase of C. difficile and E. coli DH5’ pro-
ducing recombinant C. difficile LuxS increased
the transcript levels of TcdA, TcdB, and TcdE
(Goldstein et al. 2013). However, Carter et al.
reported that AI-2 has no significant effect on ei-
ther the timing of toxin production or the amount
of toxins produced by C. difficile (Carter et al.
2005). Therefore, it is still not clear whether AI-
2/LuxS is involved in C. difficile toxin produc-
tion. Moreover, no other known quorum signaling
system has been conclusively shown to influence
the production of these toxins.

Toxin synthesis in C. difficile occurs during
the stationary phase, where the cell density is
optimum. We hypothesized that C. difficile toxin
synthesis is regulated by a quorum sensing mech-
anism. Two lines of evidence supported this hy-
pothesis. First, a small (<1 KDa), diffusible,
heat-stable toxin-inducing activity accumulates
in the medium of high-density C. difficile cells.
This conditioned medium when incubated with
low-density log-phase cells causes them to pro-
duce toxin early (2–4 h instead of 12–16 h)
and at elevated levels when compared with cells
grown in fresh medium (Darkoh 2012). These

data suggested that C. difficile cells extracellu-
larly release an inducing molecule during growth
that is able to activate toxin synthesis prematurely
and demonstrates for the first time that toxin syn-
thesis in C. difficile is regulated by quorum sig-
naling. Second, this toxin-inducing activity was
partially purified from high-density stationary-
phase culture supernatant fluid by High perfor-
mance liquid chromatography (HPLC) and con-
firmed to induce early toxin synthesis, even in
C. difficile virulent strains that overproduce the
toxins. Mass spectrometry analysis of the purified
toxin-inducing fraction from HPLC revealed a
cyclic peptide with a mass between 600 and
700 Da. It is anticipated that the identification
of this toxin-inducing compound will advance
our understanding of the mechanism involved in
the quorum-dependent regulation of C. difficile
toxin synthesis. This finding should lead to the
development of even more sensitive tests to di-
agnose C. difficile infections and may lead to the
discovery of promising novel therapeutic targets
that could be harnessed for the treatment of C.
difficile infections.

In line with our finding, a recent study by
Martin et al. (2013) showed that insertional in-
activation of agrA, a response regulator located in
the agr2 locus of strain R20291, resulted in a two-
fold reduction in tcdA gene expression and a col-
onization defect in a mouse model of C. difficile
infection (Martin et al. 2013). These results sug-
gest that the agr2 quorum sensing system might
play a role in regulating the virulence response of
this organism. Since similar agrBD homologues
appear widespread among Clostridia, it is likely
that future research will show that similar quo-
rum sensing systems play an important role in
controlling virulence factor expression in many
toxigenic clostridial species, which may provide
important targets for therapeutic development.

Quorum Sensing-Mediated
Regulation of Sporulation
in Clostridia

Sporulation and germination in clostridial species
have not been well characterized. However, the
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physiological and morphological changes that
occur during sporulation in the well-studied
Bacillus species are similar to that of clostridial
species (Lofland et al. 2013). Sporulation is
initiated under conditions of nutrient limitation
or other unfavorable conditions, when the cells
can no longer maintain vegetative growth. In
Bacillus species, signal transduction systems that
control sporulation initiation have been broadly
studied and consist of extended variants of two-
component signal transduction systems (sporu-
lation phosphorelay) (Aronsson et al. 1985).
Sporulation-associated sensor histidine kinases
sense various environmental and cellular cues
when the cells can no longer sustain vegetative
growth. As a result, a specific histidine located in
the catalytic domain of sensor histidine kinases
becomes autophosphorylated (Kyne et al. 2001).
The phosphoryl group is then transferred to an
aspartate on the Spo0F response regulator, and
this leads to the activation of the Spo0A response
regulator transcription factor via the Spo0B phos-
photransferase (Kyne et al. 2001). The phospho-
rylation of the active site Spo0A aspartate pro-
motes binding to a specific target sequence (the
“0A box”) in or near the promoters of genes un-
der Spo0A control, leading to either the activation
or repression of these genes (Kyne et al. 2001).

The phosphoryl groups on sensor kinases ac-
tivate two-component systems and phosphore-
lays. Sensor kinases generally consist of an N-
terminal signal input domain and a catalytic C-
terminal kinase domain containing the dimeriza-
tion and histidine phosphotransfer sub-domain
and an ATP-binding sub-domain (Kyne et al.
2001; Aronsson et al. 1985). The Spo0F in the
sporulation phosphorelay can be phosphorylated
by multiple sensor kinases (Leung et al. 1991). In
B. subtilis, there are five sensor kinases, KinA to
KinE, with conserved active sites that influence
sporulation (Aboudola et al. 2003). One sensor
kinase is normally responsive to a single spe-
cific signal ligand; hence, incorporating several
kinases increases the variety of the signals that
can be sensed and allows various different signals
to influence Spo0A activation.

In Bacillus and Clostridium species, Spo0A
is highly conserved (Lofland et al. 2013). The

regions upstream of genes most likely controlled
by Spo0A in Clostridia contain “0A boxes,” sug-
gesting that the mechanism of Spo0A-mediated
gene control is similar to that of Bacillus. In
Clostridium and Bacillus species, the most im-
portant residues of Spo0A that mediate interac-
tion with the nucleotides of the “0A box” are
highly conserved (Dionne et al. 2013). How-
ever, protein sequence homology analysis indi-
cates that the genomes of sequenced Clostridium
species do not appear to encode homologues of
Spo0F and Spo0B (Leung et al. 1991). The gen-
eral consensus has been that the sporulation ini-
tiation pathway in Clostridium species does not
involve a multicomponent phosphorelay but uti-
lizes a two-component system to sense signals via
sporulation-associated sensor kinases that phos-
phorylate Spo0A directly (Gens et al. 2013; Guer-
rero et al. 2013). Activated Spo0A regulates sev-
eral post-exponential-phase phenomena (Lofland
et al. 2013). To sustain their pathogenic lifestyle,
bacterial sporeformers appear to have evolved to
allow Spo0A to control virulence as well as sur-
vival responses (Gens et al. 2013). For instance,
sporulation and toxin production in Clostridium
perfringens involve Spo0A, which binds to the
putative “0A box” upstream of the Cpe cytotoxin
(Ogami et al. 2013).

Upon sporulation initiation, an asymmet-
rically placed division septum is formed that
divides the cell into two unequal compartments
(the mother cell and a forespore). Each of
these two compartments contains one copy
of the chromosome. The larger mother cell
compartment engulfs the forespore, leading
to maturation (Hilbert and Piggot 2004). The
process of maturation involves the addition of
a peptidoglycan cortex and several layers of
proteins that coat around the forespore. The
mother cell finally lyses and the spore is released
into the environment (Henriques and Moran
2007). The spore is metabolically dormant when
released from the mother cell but is resistant
to various harsh environmental conditions, such
as high temperature, oxygen, pH, alcohols, etc.
Under suitable conditions, the spores germinate
and grow as vegetative cells. Germination in B.
subtilis can be artificially induced by different
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compounds such as L-alanine or a mixture of
asparagine, glucose, fructose, and potassium ions
(Kelly et al. 2012). The B. subtilis receptors
that have been identified to be involved in
sensing these environmental signals are GerA,
GerB, and GerK. A large amount of calcium
dipicolinate is released subsequent to sensing
of the germinant, leading to hydration of the
core, degradation of the cortex, and resumption
of metabolism (Setlow 2003). Homologues of
GerA, GerB, and GerK have been identified
in many Bacillus and clostridial species except
C. difficile. This suggests that C. difficile spores
respond to a different kind of environmental
signal for germination (Sebaihia et al. 2006).
However, germination and outgrowth of the
spores have not been well studied. Cholate
derivatives of bile salts, such as taurocholate and
the amino acid glycine, act as co-germinants of
C. difficile spores (Kelly et al. 2012) and improve
the germination of C. difficile spores from
environmental surfaces and stool samples (Weese
et al. 2000; Bliss et al. 1997). Lysozyme and
thioglycolate also improve the colony formation
of C. difficile spores (Mattila et al. 2012; Brandt
et al. 2012). Unfortunately, the mechanism by
which these molecules stimulate the germination
of C. difficile spores is unknown.

Clostridium difficile

The formation of spores by C. difficile is a
significant impediment in overcoming hospital-
acquired C. difficile-associated diseases and
recurrence. The spores contribute to the survival
of this bacterium after treatment of surfaces with
antiseptics and antibiotic therapy, which disrupts
the colonic microflora and precipitates C. difficile
infection, colonization, and overgrowth in the
intestinal tract (Montoya and Detorres 2013).
To date, no conclusive evidence exist that links
sporulation and toxin production in C. difficile.
Furthermore, many reports describing direct
correlations between toxin production, sporu-
lation, and stationary-phase events (Karlsson
et al. 2008; Rupnik and Poxton 2013; Yakob
et al. 2013) have been subsequently disputed by
other reports demonstrating negative correlations

or no link at all (Fitzpatrick 2013; Piacenti and
Leuthner 2013). These ambiguities have been
made difficult by differences in the strains and
the growth media used in these studies, as well
as the lack of effective C. difficile genetic tools to
generate mutants in key genes to enable definite
analysis of the pathways involved. Furthermore,
no quorum sensing system has been conclusively
associated with sporulation in C. difficile.

Clostridium perfringens

To investigate whether a functional agr locus
is required for C. perfringens sporulation, Li
et al. (2011) incubated wild-type F5603, the iso-
genic agrB null mutant, and the agr comple-
menting strains in DS sporulation medium. They
observed that wild-type F5603 formed refractive
spores with sporulation efficiency between 60
and 70 % after 8 h of incubation at 37 ıC.
In contrast, the agrB null mutant formed only
a trace amount of spores, barely detectable by
phase-contrast microscopy with less than 1 %
sporulation efficiency. They concluded that the
observed effect was specifically due to the inacti-
vation of the agr locus, since the complementing
strain showed similar sporulation efficiency as
that of the wild-type parent. Furthermore, they
also tested the sporulating abilities of F5603, the
agrB null mutant, and the complementing strain
by quantitating the formation of heat-resistant
spores. Their results demonstrated that wild-type
F5603 with a functional agr locus produced a
significantly larger number of spores than the
isogenic agrB null mutants. Complementation of
the agrB null mutants restored spore formation.
These results together demonstrated that the agr
locus is needed for efficient formation of spores
in C. perfringens.

Clostridium botulinum

Cooksley et al. (2010) generated both agrD1 and
agrD2 mutants in C. botulinum strain 3502 and
investigated these mutants for sporulation de-
fects. They observed that both C. botulinum agrD
mutants showed a reduction in sporulation. The
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most noticeable effect was observed for cultures
of the agrD1 mutant, with a reduction in spore
content of about 1,000-fold. In contrast, only a
70-fold reduction was observed for cultures of the
agrD2 mutant. These results showed that the agr
quorum-sensing system is involved in sporulation
in C. botulinum.

Quorum Sensing-Mediated Control
of Biofilm Formation in Clostridia

Bacteria form biofilm to enable them to assume a
temporary multicellular lifestyle to promote their
survival under adverse conditions as a group. A
biofilm is a complex, multifaceted, and dynamic
developmental process that involves a commu-
nity of microorganisms attached to a surface.
The transition from planktonic growth to biofilm
generally occurs in response to environmental
changes. This involves several regulatory net-
works, which decode environmental signals into
rigorous gene expression, thereby mediating the
spatial and temporal reorganization of the bac-
terial cell (Pratt and Kolter 1998; Kuchma and
O’Toole 2000; O’Toole et al. 2000a, b; Leid
et al. 2009; Monds and O’Toole 2009). This
cellular reprogramming equips the bacteria with
an arsenal of properties that enable their survival
in unfavorable conditions and alters the expres-
sion of surface molecules, nutrient utilization,
and virulence factors (Klebensberger et al. 2009;
Schleheck et al. 2009; Zhang and Mah 2008).
The ability to grow as a biofilm can facilitate
survival of bacteria in the environment, enhance
persistence, and promote infection.

Within the biofilm, bacteria are insulated
in a self-produced extracellular matrix, which
accounts for approximately 90 % of the
biomass (Flemming and Wingender 2010;
Tielen et al. 2010). The matrix is composed
of extracellular polymeric substances that, along
with carbohydrate-binding proteins (Diggle et al.
2006; Branda et al. 2006), flagella, pili, other
adhesive fibers (Zogaj et al. 2001; Cegelski
et al. 2009), and extracellular DNA (Thomas
et al. 2009; Guiton et al. 2009; Vilain et al.
2009), act as a stabilizing scaffold for the three-

dimensional biofilm structure. In the matrix,
nutrients are trapped by the resident bacteria,
and water is efficiently retained through H-bond
interactions with hydrophilic polysaccharides
(Conrad et al. 2003; Flemming and Wingender
2010). The bacteria within biofilm secrete
enzymes that modify the composition of the
extracellular polymeric substances in response to
changes in nutrient availability, thereby altering
biofilm architecture to the specific environment
(Gjermansen et al. 2005; Sauer et al. 2004).
The structural components of the matrix provide
a highly hydrated, robust structure with high
tensile strength that keeps bacteria in close
proximity, enabling cell-to-cell interactions and
DNA exchange (Flemming and Wingender 2010;
Xiao and Koo 2010) while protecting the biomass
from drying, predation, oxidizing molecules,
radiation, and other damaging agents (Flemming
and Wingender 2010; Mai-Prochnow et al. 2008;
Walters et al. 2003). The resilient nature of
biofilm is also partly attributed to the presence
of environmental gradients within the biomass,
which give rise to “division of labor” within
the community with subpopulations of bacteria
showing differential gene expression in response
to local conditions such as nutrient and oxygen
availability (Lewis 2005).

It has been reported that there are metaboli-
cally inactive nondividing persister cells present
within biofilms, which are tolerant to a num-
ber of antibiotics despite the fact that they are
genetically identical to the rest of the bacterial
population (Lewis 2005). These persister cells are
believed to be responsible for the reseeding of
biofilms on cessation of antibiotic treatment in
clinical settings (Lewis 2005). The biofilm matrix
protects the bacterial community from the host
innate immune defenses and antibiotic treatments
(Cerca et al. 2006, 2007; Leid et al. 2009; Jesaitis
et al. 2003). Inter-bacterial interactions can pro-
mote the spread of drug resistance markers and
other virulence factors (Vuong et al. 2004). As a
result, biofilm-forming pathogens persist, estab-
lishing chronic and refractory infections such as
upper respiratory infections, urinary tract infec-
tions, periodontitis, and other device-associated
infections. Particularly in immunocompromised
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Fig. 2 (a) C. difficile biofilm formation from 24 h
to 6 days in the hypervirulent strain R20291 and the
erythromycin-sensitive strain 630 �erm. (b) Comparison
of biofilm formation in wild-type strain R20291, sporu-

lation mutant (R20291_spo0A::CT), and complemented
sporulation mutant (Figure taken from Dawson et al.
2012)

patients, the manifestation of infections by oppor-
tunistic biofilm-forming pathogens can be devas-
tating, leading to severe symptoms and, in many
instances, death.

Biofilm formation has been characterized in a
very few clostridial species that colonize the gut.
This could be attributed to the difficulties in culti-
vating these anaerobes and genetic manipulation
of such bacteria. For these species, the involve-
ment of quorum sensing in biofilm formation has
only been demonstrated in C. difficile.

Clostridium difficile

The ability to adhere and form biofilm influ-
ences the capability of C. difficile to colonize
and establish an infection. Biofilm formation in

C. difficile was first characterized by Dawson
et al. (2012) in 2012. They established that the
C. difficile hypervirulent strain R20291 and the
erythromycin-sensitive strain 630 form polymi-
crobial aggregates in vitro on abiotic surfaces,
which were attached to each other by an extra-
cellular polymeric matrix (Fig. 2a). The matrix
provides the scaffold bonding together vegetative
cells and spores, as well as forming a protective
barrier for vegetative cells against oxygen stress.
Dawson et al. (2012) also reported that the master
regulator of sporulation, Spo0A, may play a key
role in biofilm formation, as genetic inactivation
of spo0A in strain R20291 exhibited decreased
biofilm formation (Fig. 2b).

Ethapa et al. (2013) also recently examined
biofilm formation in C. difficile strains R20291
and 630 by allowing the biofilm to form on glass
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slides in BHIS medium [Brain Heart Infusion
medium supplemented with 0.1 % (wt/vol) L-
cysteine and yeast extract (5 mg/ml)] containing
0.1 M glucose for 1 or 3 days. The biofilm was
then evaluated by bacterial viability and biofilm
thickness by Live/Dead staining using Syto 9 and
propidium iodide. Syto 9 stains the live bacteria
green, whereas propidium iodide stains the dead
bacteria red. They reported that the majority of
bacteria in the biofilms formed by both C. difficile
strains R20291 and 630 were alive with a minor
number of dead cells after the first day. For strain
630, they observed that the Live/Dead staining of
the biofilm was not homogeneous compared to
that of R20291 after day 1 or day 3. The maxi-
mum thickness of the biofilm was 30 �m (72 h).
They concluded based on their microscopic anal-
ysis that C. difficile biofilms are structured, with
several layers of largely live bacteria encased
within a dense matrix.

Quorum sensing has been demonstrated to be
involved in the formation of biofilms in several
bacterial species. The role of the LuxS quorum-
sensing system in biofilm formation has been
established in various other bacteria (Lombar-
dia et al. 2006; Ohtani et al. 2002; Vendeville
et al. 2005) but unknown in C. difficile until
Ethapa et al.’s (Ethapa et al. 2013) study. Us-
ing a C. difficile luxS mutant, they observed a
dramatic defect in biofilm formation. The ex-
amination of the luxS mutant showed that it is
unable to form even a bacterial monolayer on
glass surface. Biofilm formation defect of this
mutant was complemented by episomal expres-
sion of the full-length luxS gene under the con-
trol of the native promoter (luxS-C). However,
complementation did not completely restore the
mutant to the wild-type phenotype, but resulted
in the formation of several layers of bacteria in
the complemented strain. Although the growth
curves for the mutant and complemented strains
were similar, they suggested that it is possible
that expressing luxS episomally may be toxic
for the bacteria. These results suggested that the
LuxS quorum-sensing system may be involved
in biofilm formation in C. difficile. Nonethe-
less, they also reported that in addition to LuxS,
virulence-associated proteins, Cwp84, and flag-

ella are all required for maximal biofilm forma-
tion by vegetative C. difficile cells, underscor-
ing the need for further studies to elucidate the
role of quorum sensing and biofilm formation
in Clostridia.

Concluding Remarks

Recent development of new genetic technolo-
gies has facilitated the study of the pathogenic
Clostridia at the molecular level and has made
possible the regulatory cascades and environmen-
tal factors involved in toxin production, sporu-
lation, and biofilm formation in these bacteria
to be elucidated. The regulatory pathways in-
volved are complex and multifaceted, and fur-
ther research is needed to provide more insight
into the involvement of quorum sensing in the
pathogenesis of these anaerobes. It is also evident
that a lot of work needs to be done to uncover
the effect of the Agr and LuxS quorum-sensing
systems in other clostridial species. Targeting
nonvital, pro-pathogenic quorum sensing mech-
anisms in clostridial species offers one of the best
approaches to combat bacterial virulence with-
out engendering resistance. Presumably, thera-
pies that affect bacterial behavior will not be as
susceptible to resistance as are the targets of tra-
ditional antibiotics that result in outright killing
of bacteria or inhibition of their growth. Thus,
therapeutics that interfere with small molecule-
controlled pathways could have longer functional
shelf lives than second- and third-generation an-
tibiotics. The marked degree of homology and
distinct functional features shared between agr
family members and orthologues across the Fir-
micutes offer the prospect of developing a small
suite of therapies that can inhibit pathogenesis in
numerous community-acquired and nosocomial
pathogens. Importantly, with the development of
new antibiotics in decline, understanding these
regulatory networks may identify important new
targets for the development of novel antimicro-
bial or anti-virulence compounds that act against
the pathogenic Clostridia and that may be effica-
cious in treating diseases caused by this group of
bacteria.



148 C. Darkoh and G.A. Asiedu

References

Aas J, Gessert CE, Bakken JS (2003) Recurrent Clostrid-
ium difficile colitis: case series involving 18 patients
treated with donor stool administered via a nasogastric
tube. Clin Infect Dis 36:580–585

Aboudola S, Kotloff KL, Kyne L, Warny M, Kelly EC,
Sougioultzis S, Giannasca PJ, Monath TP, Kelly CP
(2003) Clostridium difficile vaccine and serum im-
munoglobulin G antibody response to toxin A. Infect
Immun 71:1608–1610

Arnon SS, Schechter R, Inglesby TV, Henderson DA,
Bartlett JG, Ascher MS, Eitzen E, Fine AD, Hauer J,
Layton M, Lillibridge S, Osterholm MT, O’Toole T,
Parker G, Perl TM, Russell PK, Swerdlow DL, Tonat
K (2001) Botulinum toxin as a biological weapon:
medical and public health management. JAMA 285:
1059–1070

Aronsson B, Mollby R, Nord CE (1985) Antimicrobial
agents and Clostridium difficile in acute enteric disease:
epidemiological data from Sweden, 1980–1982. J In-
fect Dis 151:476–481

Aspevall O, Lundberg A, Burman LG, Akerlund T, Sve-
nungsson B (2006) Antimicrobial susceptibility pat-
tern of Clostridium difficile and its relation to PCR
ribotypes in a Swedish university hospital. Antimicrob
Agents Chemother 50:1890–1892

Balaban N, Novick RP (1995) Translation of RNAIII, the
Staphylococcus aureus agr regulatory RNA molecule,
can be activated by a 30-end deletion. FEMS Microbiol
Lett 133:155–161

Bartlett JG (2002) Clinical practice. Antibiotic-associated
diarrhea. N Engl J Med 346:334–339

Bishara J, Bloch Y, Garty M, Behor J, Samra Z (2006) An-
timicrobial resistance of Clostridium difficile isolates in
a tertiary medical center, Israel. Diagn Microbiol Infect
Dis 54:141–144

Bliss DZ, Johnson S, Clabots CR, Savik K, Gerding DN
(1997) Comparison of cycloserine-cefoxitin-fructose
agar (CCFA) and taurocholate-CCFA for recovery of
Clostridium difficile during surveillance of hospitalized
patients. Diagn Microbiol Infect Dis 29:1–4

Borriello SP, Barclay FE (1985) Protection of ham-
sters against Clostridium difficile ileocaecitis by prior
colonisation with non-pathogenic strains. J Med Micro-
biol 19:339–350

Bouillaut L, Perchat S, Arold S, Zorrilla S, Slamti L,
Henry C, Gohar M, Declerck N, Lereclus D (2008)
Molecular basis for group-specific activation of the vir-
ulence regulator PlcR by PapR heptapeptides. Nucleic
Acids Res 36:3791–3801

Bradshaw M, Marshall KM, Heap JT, Tepp WH, Minton
NP, Johnson EA (2010) Construction of a nontoxigenic
Clostridium botulinum strain for food challenge stud-
ies. Appl Environ Microbiol 76:387–393

Branda SS, Chu F, Kearns DB, Losick R, Kolter R (2006)
A major protein component of the Bacillus subtilis
biofilm matrix. Mol Microbiol 59:1229–1238

Brandt LJ, Aroniadis OC, Mellow M, Kanatzar A, Kelly
C, Park T, Stollman N, Rohlke F, Surawicz C (2012)

Long-term follow-up of colonoscopic fecal microbiota
transplant for recurrent Clostridium difficile infection.
Am J Gastroenterol 107:1079–1087

Carter GP, Purdy D, Williams P, Minton NP (2005)
Quorum sensing in Clostridium difficile: analysis of
a luxS-type signalling system. J Med Microbiol 54:
119–127

Carter AT, Paul CJ, Mason DR, Twine SM, Alston MJ,
Logan SM, Austin JW, Peck MW (2009) Independent
evolution of neurotoxin and flagellar genetic loci in
proteolytic Clostridium botulinum. BMC Genomics
10:115

Carter GP, Awad MM, Hao Y, Thelen T, Bergin IL,
Howarth PM, Seemann T, Rood JI, Aronoff DM,
Lyras D (2011a) TcsL is an essential virulence factor
in Clostridium sordellii ATCC 9714. Infect Immun
79:1025–1032

Carter GP, Douce GR, Govind R, Howarth PM, Mackin
KE, Spencer J, Buckley AM, Antunes A, Kotsanas D,
Jenkin GA, Dupuy B, Rood JI, Lyras D (2011b) The
anti-sigma factor TcdC modulates hypervirulence in an
epidemic BI/NAP1/027 clinical isolate of Clostridium
difficile. PLoS Pathog 7:e1002317

Carter GP, Rood JI, Lyras D (2012) The role of toxin A
and toxin B in the virulence of Clostridium difficile.
Trends Microbiol 20:21–29

Cegelski L, Pinkner JS, Hammer ND, Cusumano CK,
Hung CS, Chorell E, Aberg V, Walker JN, Seed PC,
Almqvist F, Chapman MR, Hultgren SJ (2009) Small-
molecule inhibitors target Escherichia coli amyloid
biogenesis and biofilm formation. Nat Chem Biol
5:913–919

Cerca N, Jefferson KK, Oliveira R, Pier GB, Azeredo
J (2006) Comparative antibody-mediated phagocyto-
sis of Staphylococcus epidermidis cells grown in a
biofilm or in the planktonic state. Infect Immun 74:
4849–4855

Cerca N, Maira-Litran T, Jefferson KK, Grout M, Gold-
mann DA, Pier GB (2007) Protection against Es-
cherichia coli infection by antibody to the Staphylococ-
cus aureus poly-N-acetylglucosamine surface polysac-
charide. Proc Natl Acad Sci USA 104:7528–7533

Chen J, Mcclane BA (2012) Role of the Agr-like quorum-
sensing system in regulating toxin production by
Clostridium perfringens type B strains CN1793 and
CN1795. Infect Immun 80:3008–3017

Chen Y, Mcclane BA, Fisher DJ, Rood JI, Gupta P
(2005) Construction of an alpha toxin gene knockout
mutant of Clostridium perfringens type A by use of
a mobile group II intron. Appl Environ Microbiol 71:
7542–7547

Chen J, Rood JI, Mcclane BA (2011) Epsilon-toxin
production by Clostridium perfringens type D strain
CN3718 is dependent upon the agr operon but
not the VirS/VirR two-component regulatory system.
mBio 2. doi: 10.1128/mBio.00275-11. e00275-11 [pii].
mBio.00275-11 [pii]

Chung WO, Park Y, Lamont RJ, Mcnab R, Barbieri
B, Demuth DR (2001) Signaling system in Porphy-
romonas gingivalis based on a LuxS protein. J Bacte-
riol 183:3903–3909

http://dx.doi.org/10.1128/mBio.00275-11


Quorum Sensing Systems in Clostridia 149

Collie RE, Kokai-Kun JF, Mcclane BA (1998) Pheno-
typic characterization of enterotoxigenic Clostridium
perfringens isolates from non-foodborne human gas-
trointestinal diseases. Anaerobe 4:69–79

Conrad A, Suutari MK, Keinanen MM, Cadoret A, Faure
P, Mansuy-Huault L, Block JC (2003) Fatty acids of
lipid fractions in extracellular polymeric substances of
activated sludge flocs. Lipids 38:1093–1105

Cooksley CM, Davis IJ, Winzer K, Chan WC, Peck MW,
Minton NP (2010) Regulation of neurotoxin production
and sporulation by a Putative agrBD signaling system
in proteolytic Clostridium botulinum. Appl Environ
Microbiol 76:4448–4460

Curry SR, Marsh JW, Muto CA, O’Leary MM, Pasculle
AW, Harrison LH (2007) tcdC genotypes associated
with severe TcdC truncation in an epidemic clone and
other strains of Clostridium difficile. J Clin Microbiol
45:215–221

Curry SR, Muto CA, Schlackman JL, Pasculle AW, Shutt
KA, Marsh JW, Harrison LH (2013) Use of multilocus
variable number of tandem repeats analysis genotyp-
ing to determine the role of asymptomatic carriers
in Clostridium difficile transmission. Clin Infect Dis
57(8):1094–1102

Darkoh C (2012) Regulation of toxin synthesis by
Clostridium difficile. University of Texas Graduate
School of Biomedical Sciences dissertations and theses
(Open Access), paper, 250pp

Dawson LF, Valiente E, Faulds-Pain A, Donahue EH,
Wren BW (2012) Characterisation of Clostridium dif-
ficile biofilm formation, a role for Spo0A. PLoS One
7:e50527

Delon A, Levasseur LM, Giraudon M, Bouquet S, Couet
W (1999) Antagonistic interaction between the con-
vulsant activities of pefloxacin and its main metabolite
norfloxacin in rats. Pharm Res 16:1894–1897

Diggle SP, Stacey RE, Dodd C, Camara M, Williams
P, Winzer K (2006) The galactophilic lectin, LecA,
contributes to biofilm development in Pseudomonas
aeruginosa. Environ Microbiol 8:1095–1104

Dillon ST, Rubin EJ, Yakubovich M, Pothoulakis C,
Lamont JT, Feig LA, Gilbert RJ (1995) Involvement of
Ras-related Rho proteins in the mechanisms of action
of Clostridium difficile toxin A and toxin B. Infect
Immun 63:1421–1426

Dingle T, Wee S, Mulvey GL, Greco A, Kitova EN, Sun J,
Lin S, Klassen JS, Palcic MM, Ng KK, Armstrong GD
(2008) Functional properties of the carboxy-terminal
host cell-binding domains of the two toxins, TcdA and
TcdB, expressed by Clostridium difficile. Glycobiology
18:698–706

Dionne LL, Raymond F, Corbeil J, Longtin J, Gervais
P, Longtin Y (2013) Correlation between Clostridium
difficile bacterial load, commercial real-time pcr cycle
thresholds, and results of diagnostic tests based on en-
zyme immunoassay and cell-culture cytotoxicity assay.
J Clin Microbiol 51:3624–3630

Doherty N, Holden MT, Qazi SN, Williams P, Winzer K
(2006) Functional analysis of luxS in Staphylococcus
aureus reveals a role in metabolism but not quorum
sensing. J Bacteriol 188:2885–2897

Dupont HL (2011) The search for effective treatment
of Clostridium difficile infection. N Engl J Med 364:
473–475

Durre P (2007) Biobutanol: an attractive biofuel. Biotech-
nol J 2:1525–1534

Durre P (2008) Fermentative butanol production: bulk
chemical and biofuel. Ann N Y Acad Sci 1125:
353–362

Egerer M, Giesemann T, Jank T, Satchell KJ, Aktories K
(2007) Auto-catalytic cleavage of Clostridium difficile
toxins A and B depends on cysteine protease activity. J
Biol Chem 282:25314–25321

Elliott B, Chang BJ, Golledge CL, Riley TV (2007)
Clostridium difficile-associated diarrhoea. Intern Med
J 37:561–568

Elvers KT, Park SF (2002) Quorum sensing in Campy-
lobacter jejuni: detection of a luxS encoded signalling
molecule. Microbiology 148:1475–1481

Ethapa T, Leuzzi R, Ng YK, Baban ST, Adamo R, Kuehne
SA, Scarselli M, Minton NP, Serruto D, Unnikrishnan
M (2013) Multiple factors modulate biofilm formation
by the anaerobic pathogen Clostridium difficile. J Bac-
teriol 195:545–555

Fitzpatrick LR (2013) Probiotics for the treatment of
Clostridium difficile associated disease. World J Gas-
trointest Pathophysiol 4:47–52

Flamez C, Ricard I, Arafah S, Simonet M, Marceau
M (2007) Two-component system regulon plastic-
ity in bacteria: a concept emerging from pheno-
typic analysis of Yersinia pseudotuberculosis re-
sponse regulator mutants. Adv Exp Med Biol 603:
145–155

Flemming HC, Wingender J (2010) The biofilm matrix.
Nat Rev Microbiol 8:623–633

Fong KP, Chung WO, Lamont RJ, Demuth DR (2001)
Intra- and interspecies regulation of gene expression
by Actinobacillus actinomycetemcomitans LuxS. Infect
Immun 69:7625–7634

Gens KD, Elshaboury RH, Holt JS (2013) Fecal mi-
crobiota transplantation and emerging treatments for
Clostridium difficile infection. J Pharm Pract 26:
498–505

Genth H, Dreger SC, Huelsenbeck J, Just I (2008)
Clostridium difficile toxins: more than mere in-
hibitors of Rho proteins. Int J Biochem Cell Biol 40:
592–597

Geric B, Rupnik M, Gerding DN, Grabnar M, Johnson
S (2004) Distribution of Clostridium difficile variant
toxinotypes and strains with binary toxin genes among
clinical isolates in an American hospital. J Med Micro-
biol 53:887–894

Giraud MN, Motta C, Romero JJ, Bommelaer G, Licht-
enberger LM (1999) Interaction of indomethacin and
naproxen with gastric surface-active phospholipids: a
possible mechanism for the gastric toxicity of nons-
teroidal anti-inflammatory drugs (NSAIDs). Biochem
Pharmacol 57:247–254

Giron JA, Torres AG, Freer E, Kaper JB (2002) The
flagella of enteropathogenic Escherichia coli medi-
ate adherence to epithelial cells. Mol Microbiol 44:
361–379



150 C. Darkoh and G.A. Asiedu

Gjermansen M, Ragas P, Sternberg C, Molin S, Tolker-
Nielsen T (2005) Characterization of starvation-
induced dispersion in Pseudomonas putida biofilms.
Environ Microbiol 7:894–906

Goldstein EJ, Citron DM, Tyrrell KL, Merriam CV (2013)
Comparative in-vitro activity of SMT19969, a new
antimicrobial agent, against Clostridium difficile and
350 Gram-positive and negative aerobic and anaerobic
intestinal flora isolates. Antimicrob Agents Chemother
57:4872–4876

Gray B, Hall P, Gresham H (2013) Targeting agr- and
agr-Like quorum sensing systems for development of
common therapeutics to treat multiple gram-positive
bacterial infections. Sensors (Basel) 13:5130–5166

Guerrero DM, Becker JC, Eckstein EC, Kundrapu S,
Deshpande A, Sethi AK, Donskey CJ (2013) Asymp-
tomatic carriage of toxigenic Clostridium difficile by
hospitalized patients. J Hos Infect 85:155–158

Guiton PS, Hung CS, Kline KA, Roth R, Kau AL, Hayes
E, Heuser J, Dodson KW, Caparon MG, Hultgren SJ
(2009) Contribution of autolysin and Sortase a during
Enterococcus faecalis DNA-dependent biofilm devel-
opment. Infect Immun 77:3626–3638

Hammer BK, Bassler BL (2003) Quorum sensing controls
biofilm formation in Vibrio cholerae. Mol Microbiol
50:101–104

Havarstein LS, Coomaraswamy G, Morrison DA (1995)
An unmodified heptadecapeptide pheromone induces
competence for genetic transformation in Strepto-
coccus pneumoniae. Proc Natl Acad Sci USA 92:
11140–11144

Heap JT, Pennington OJ, Cartman ST, Carter GP, Minton
NP (2007) The ClosTron: a universal gene knock-out
system for the genus Clostridium. J Microbiol Methods
70:452–464

Henriques AO, Moran CP Jr (2007) Structure, assembly,
and function of the spore surface layers. Annu Rev
Microbiol 61:555–588

Hilbert DW, Piggot PJ (2004) Compartmentalization of
gene expression during Bacillus subtilis spore forma-
tion. Microbiol Mol Biol Rev 68:234–262

Ho JG, Greco A, Rupnik M, Ng KK (2005) Crystal
structure of receptor-binding C-terminal repeats from
Clostridium difficile toxin A. Proc Natl Acad Sci USA
102:18373–18378

Hofmann F, Busch C, Prepens U, Just I, Aktories K
(1997) Localization of the glucosyltransferase activity
of Clostridium difficile toxin B to the N-terminal part
of the holotoxin. J Biol Chem 272:11074–11078

Huelsenbeck SC, May M, Schmidt G, Genth H (2009)
Inhibition of cytokinesis by Clostridium difficile toxin
B and cytotoxic necrotizing factors–reinforcing the
critical role of RhoA in cytokinesis. Cell Motil Cy-
toskeleton 66:967–975

Hundsberger T, Braun V, Weidmann M, Leukel P, Sauer-
born M, Von Eichel-Streiber C (1997) Transcription
analysis of the genes tcdA-E of the pathogenicity locus
of Clostridium difficile. Eur J Biochem 244:735–742

Jarraud S, Lyon GJ, Figueiredo AM, Lina G, Vandenesch
F, Etienne J, Muir TW, Novick RP (2000) Exfoliating-

producing strains define a fourth agr specificity group
in Staphylococcus aureus. J Bacteriol 182:6517–6522

Jesaitis AJ, Franklin MJ, Berglund D, Sasaki M, Lord
CI, Bleazard JB, Duffy JE, Beyenal H, Lewandowski
Z (2003) Compromised host defense on Pseudomonas
aeruginosa biofilms: characterization of neutrophil and
biofilm interactions. J Immunol 171:4329–4339

Ji G, Beavis RC, Novick RP (1995) Cell density control
of staphylococcal virulence mediated by an octapeptide
pheromone. Proc Natl Acad Sci USA 92:12055–12059

Jones DT, Woods DR (1986) Acetone-butanol fermenta-
tion revisited. Microbiol Rev 50:484–524

Just I, Gerhard R (2004) Large clostridial cytotoxins. Rev
Physiol Biochem Pharmacol 152:23–47

Just I, Selzer J, Wilm M, Von Eichel-Streiber C, Mann M,
Aktories K (1995a) Glucosylation of Rho proteins by
Clostridium difficile toxin B. Nature 375:500–503

Just I, Wilm M, Selzer J, Rex G, Von Eichel-Streiber C,
Mann M, Aktories K (1995b) The enterotoxin from
Clostridium difficile (ToxA) monoglucosylates the Rho
proteins. J Biol Chem 270:13932–13936

Karlsson S, Burman LG, Akerlund T (2008) Induction
of toxins in Clostridium difficile is associated with
dramatic changes of its metabolism. Microbiology
154:3430–3436

Katona P (2012) Botulinum toxin: therapeutic agent to
cosmetic enhancement to lethal biothreat. Anaerobe
18:240–243

Kelly CR, De Leon L, Jasutkar N (2012) Fecal microbiota
transplantation for relapsing Clostridium difficile infec-
tion in 26 patients: methodology and results. J Clin
Gastroenterol 46:145–149

Klebensberger J, Birkenmaier A, Geffers R, Kjelleberg
S, Philipp B (2009) SiaA and SiaD are essential for
inducing autoaggregation as a specific response to
detergent stress in Pseudomonas aeruginosa. Environ
Microbiol 11:3073–3086

Koenig RL, Ray JL, Maleki SJ, Smeltzer MS, Hurlburt
BK (2004) Staphylococcus aureus AgrA binding to
the RNAIII-agr regulatory region. J Bacteriol 186:
7549–7555

Kuchma SL, O’Toole GA (2000) Surface-induced and
biofilm-induced changes in gene expression. Curr Opin
Biotechnol 11:429–433

Kuehne SA, Cartman ST, Heap JT, Kelly ML, Cockayne
A, Minton NP (2010) The role of toxin A and toxin B
in Clostridium difficile infection. Nature 467:711–713

Kyne L, Warny M, Qamar A, Kelly CP (2001) Association
between antibody response to toxin A and protection
against recurrent Clostridium difficile diarrhoea. Lancet
357:189–193

Kyne L, Hamel MB, Polavaram R, Kelly CP (2002) Health
care costs and mortality associated with nosocomial
diarrhea due to Clostridium difficile. Clin Infect Dis
34:346–353

Lawley TD, Clare S, Walker AW, Stares MD, Connor TR,
Raisen C, Goulding D, Rad R, Schreiber F, Brandt C,
Deakin LJ, Pickard DJ, Duncan SH, Flint HJ, Clark
TG, Parkhill J, Dougan G (2012) Targeted restoration
of the intestinal microbiota with a simple, defined



Quorum Sensing Systems in Clostridia 151

bacteriotherapy resolves relapsing Clostridium difficile
disease in mice. PLoS Pathog 8:e1002995

Lee SY, Park JH, Jang SH, Nielsen LK, Kim J, Jung KS
(2008) Fermentative butanol production by Clostridia.
Biotechnol Bioeng 101:209–228

Leid JG, Kerr M, Selgado C, Johnson C, Moreno G,
Smith A, Shirtliff ME, O’Toole GA, Cope EK (2009)
Flagellum-mediated biofilm defense mechanisms of
Pseudomonas aeruginosa against host-derived lacto-
ferrin. Infect Immun 77:4559–4566

Leung DY, Kelly CP, Boguniewicz M, Pothoulakis C, La-
mont JT, Flores A (1991) Treatment with intravenously
administered gamma globulin of chronic relapsing col-
itis induced by Clostridium difficile toxin. J Pediatr
118:633–637

Lewis K (2005) Persister cells and the riddle of biofilm
survival. Biochemistry (Mosc) 70:267–274

Li J, Chen J, Vidal JE, Mcclane BA (2011) The Agr-
like quorum-sensing system regulates sporulation and
production of enterotoxin and beta2 toxin by Clostrid-
ium perfringens type A non-food-borne human gas-
trointestinal disease strain F5603. Infect Immun 79:
2451–2459

Lina G, Jarraud S, Ji G, Greenland T, Pedraza A, Etienne
J, Novick RP, Vandenesch F (1998) Transmembrane
topology and histidine protein kinase activity of AgrC,
the agr signal receptor in Staphylococcus aureus. Mol
Microbiol 28:655–662

Lofland D, Josephat F, Partin S (2013) Fecal transplant for
recurrent Clostridium difficile infection. Clin Lab Sci
26:131–135

Lombardia E, Rovetto AJ, Arabolaza AL, Grau RR (2006)
A LuxS-dependent cell-to-cell language regulates so-
cial behavior and development in Bacillus subtilis. J
Bacteriol 188:4442–4452

Loo VG, Poirier L, Miller MA, Oughton M, Libman
MD, Michaud S, Bourgault AM, Nguyen T, Frenette
C, Kelly M, Vibien A, Brassard P, Fenn S, Dewar
K, Hudson TJ, Horn R, Rene P, Monczak Y, Dascal
A (2005) A predominantly clonal multi-institutional
outbreak of Clostridium difficile-associated diarrhea
with high morbidity and mortality. N Engl J Med 353:
2442–2449

Lowy I, Molrine DC, Leav BA, Blair BM, Baxter R,
Gerding DN, Nichol G, Thomas WD Jr, Leney M,
Sloan S, Hay CA, Ambrosino DM (2010) Treatment
with monoclonal antibodies against Clostridium diffi-
cile toxins. N Engl J Med 362:197–205

Lyerly DM, Saum KE, Macdonald DK, Wilkins TD
(1985) Effects of Clostridium difficile toxins given
intragastrically to animals. Infect Immun 47:349–352

Lyon GJ, Novick RP (2004) Peptide signaling in Staphy-
lococcus aureus and other Gram-positive bacteria. Pep-
tides 25:1389–1403

Lyristis M, Bryant AE, Sloan J, Awad MM, Nisbet IT,
Stevens DL, Rood JI (1994) Identification and molecu-
lar analysis of a locus that regulates extracellular toxin
production in Clostridium perfringens. Mol Microbiol
12:761–777

Mai-Prochnow A, Lucas-Elio P, Egan S, Thomas T, Webb
JS, Sanchez-Amat A, Kjelleberg S (2008) Hydrogen
peroxide linked to lysine oxidase activity facilitates
biofilm differentiation and dispersal in several gram-
negative bacteria. J Bacteriol 190:5493–5501

Mani N, Dupuy B (2001) Regulation of toxin synthesis
in Clostridium difficile by an alternative RNA poly-
merase sigma factor. Proc Natl Acad Sci USA 98:
5844–5849

Martin MJ, Clare S, Goulding D, Faulds-Pain A, Barquist
L, Browne HP, Pettit L, Dougan G, Lawley TD, Wren
BW (2013) The agr locus regulates virulence and colo-
nization genes in Clostridium difficile 027. J Bacteriol
195:3672–3681

Matamouros S, England P, Dupuy B (2007) Clostridium
difficile toxin expression is inhibited by the novel
regulator TcdC. Mol Microbiol 64:1274–1288

Mattila E, Uusitalo-Seppala R, Wuorela M, Lehtola L,
Nurmi H, Ristikankare M, Moilanen V, Salminen K,
Seppala M, Mattila PS, Anttila VJ, Arkkila P (2012)
Fecal transplantation, through colonoscopy, is effective
therapy for recurrent Clostridium difficile infection.
Gastroenterology 142:490–496

Mayville P, Ji G, Beavis R, Yang H, Goger M, Novick
RP, Muir TW (1999) Structure-activity analysis of syn-
thetic autoinducing thiolactone peptides from Staphy-
lococcus aureus responsible for virulence. Proc Natl
Acad Sci USA 96:1218–1223

Mcdonald LC, Killgore GE, Thompson A, Owens RC
Jr, Kazakova SV, Sambol SP, Johnson S, Gerding
DN (2005) An epidemic, toxin gene-variant strain of
Clostridium difficile. N Engl J Med 353:2433–2441

Mcfarland LV, Surawicz CM, Greenberg RN, Fekety R,
Elmer GW, Moyer KA, Melcher SA, Bowen KE, Cox
JL, Noorani Z et al (1994) A randomized placebo-
controlled trial of Saccharomyces boulardii in combi-
nation with standard antibiotics for Clostridium difficile
disease. JAMA 271:1913–1918

Mengesha A, Wei JZ, Zhou SF, Wei MQ (2010)
Clostridial spores to treat solid tumours – potential for
a new therapeutic modality. Curr Gene Ther 10:15–26

Merritt J, Qi F, Goodman SD, Anderson MH, Shi W
(2003) Mutation of luxS affects biofilm formation in
Streptococcus mutans. Infect Immun 71:1972–1979

Minton NP (2003) Clostridia in cancer therapy. Nat Rev
Microbiol 1:237–242

Minton NP, Mauchline ML, Lemmon MJ, Brehm JK,
Fox M, Michael NP, Giaccia A, Brown JM (1995)
Chemotherapeutic tumour targeting using clostridial
spores. FEMS Microbiol Rev 17:357–364

Monds RD, O’Toole GA (2009) The developmental model
of microbial biofilms: ten years of a paradigm up for
review. Trends Microbiol 17:73–87

Montecucco C, Schiavo G (1994) Mechanism of action
of tetanus and botulinum neurotoxins. Mol Microbiol
13:1–8

Montecucco C, Papini E, Schiavo G (1994) Bacterial pro-
tein toxins penetrate cells via a four-step mechanism.
FEBS Lett 346:92–98



152 C. Darkoh and G.A. Asiedu

Montoya M, Detorres O (2013) Antimicrobial selection
and its impact on the incidence of clostridium difficile-
associated diarrhea. J Pharm Pract 26:483–487

Morfeldt E, Janzon L, Arvidson S, Lofdahl S (1988)
Cloning of a chromosomal locus (exp) which regulates
the expression of several exoprotein genes in Staphylo-
coccus aureus. Mol Gen Genet MGG 211:435–440

Novick RP (2003) Autoinduction and signal transduction
in the regulation of staphylococcal virulence. Mol Mi-
crobiol 48:1429–1449

Novick RP, Geisinger E (2008) Quorum sensing in staphy-
lococci. Annu Rev Genet 42:541–564

Novick RP, Muir TW (1999) Virulence gene regulation
by peptides in staphylococci and other Gram-positive
bacteria. Curr Opin Microbiol 2:40–45

Novick RP, Ross HF, Projan SJ, Kornblum J, Kreiswirth
B, Moghazeh S (1993) Synthesis of staphylococcal
virulence factors is controlled by a regulatory RNA
molecule. EMBO J 12:3967–3975

Novick RP, Projan SJ, Kornblum J, Ross HF, Ji G,
Kreiswirth B, Vandenesch F, Moghazeh S (1995) The
agr P2 operon: an autocatalytic sensory transduc-
tion system in Staphylococcus aureus. Molecular Gen
Genet MGG 248:446–458

O’Brien JA, Lahue BJ, Caro JJ, Davidson DM (2007) The
emerging infectious challenge of Clostridium difficile-
associated disease in Massachusetts hospitals: clinical
and economic consequences. Infect Control Hosp Epi-
demiol 28:1219–1227

O’Connor JR, Lyras D, Farrow KA, Adams V, Powell DR,
Hinds J, Cheung JK, Rood JI (2006) Construction and
analysis of chromosomal Clostridium difficile mutants.
Mol Microbiol 61:1335–1351

O’Toole G, Kaplan HB, Kolter R (2000a) Biofilm forma-
tion as microbial development. Annu Rev Microbiol
54:49–79

O’Toole GA, Gibbs KA, Hager PW, Phibbs PV Jr, Kolter
R (2000b) The global carbon metabolism regulator
Crc is a component of a signal transduction pathway
required for biofilm development by Pseudomonas
aeruginosa. J Bacteriol 182:425–431

Ogami N, Yoshida J, Ishimaru T, Kikuchi T, Matsubara
N, Ueno T, Asano I (2013) Is Clostridium difficile
infection influenced by antimicrobial use density in
wards? Jpn J Antibiot 66:87–95

Ohtani K, Hayashi H, Shimizu T (2002) The luxS gene is
involved in cell-cell signalling for toxin production in
Clostridium perfringens. Mol Microbiol 44:171–179

Ohtani K, Yuan Y, Hassan S, Wang R, Wang Y, Shimizu T
(2009) Virulence gene regulation by the agr system in
Clostridium perfringens. J Bacteriol 191:3919–3927

Ohtani K, Hirakawa H, Tashiro K, Yoshizawa S, Kuhara
S, Shimizu T (2010) Identification of a two-component
VirR/VirS regulon in Clostridium perfringens. Anaer-
obe 16:258–264

Okada M, Sato I, Cho SJ, Iwata H, Nishio T, Dubnau D,
Sakagami Y (2005) Structure of the Bacillus subtilis
quorum-sensing peptide pheromone ComX. Nat Chem
Biol 1:23–24

Pelaez T, Alcala L, Alonso R, Rodriguez-Creixems M,
Garcia-Lechuz JM, Bouza E (2002) Reassessment
of Clostridium difficile susceptibility to metronida-
zole and vancomycin. Antimicrob Agents Chemother
46:1647–1650

Peterson S, Cline RT, Tettelin H, Sharov V, Morrison DA
(2000) Gene expression analysis of the Streptococcus
pneumoniae competence regulons by use of DNA mi-
croarrays. J Bacteriol 182:6192–6202

Pfeifer G, Schirmer J, Leemhuis J, Busch C, Meyer DK,
Aktories K, Barth H (2003) Cellular uptake of Clostrid-
ium difficile toxin B Translocation of the N-terminal
catalytic domain into the cytosol of eukaryotic cells.
J Biol Chem 278:44535–44541

Piacenti FJ, Leuthner KD (2013) Antimicrobial stew-
ardship and Clostridium difficile-associated diarrhea. J
Pharm Pract 26:506–513

Pothoulakis C, Lamont JT (2001) Microbes and microbial
toxins: paradigms for microbial-mucosal interactions
II. The integrated response of the intestine to Clostrid-
ium difficile toxins. Am J Physiol Gastrointest Liver
Physiol 280:G178–G183

Pratt LA, Kolter R (1998) Genetic analysis of Escherichia
coli biofilm formation: roles of flagella, motility,
chemotaxis and type I pili. Mol Microbiol 30:285–293

Prouty AM, Schwesinger WH, Gunn JS (2002) Biofilm
formation and interaction with the surfaces of gall-
stones by Salmonella spp. Infect Immun 70:2640–2649

Redelings MD, Sorvillo F, Mascola L (2007) Increase
in Clostridium difficile-related mortality rates, United
States, 1999–2004. Emerg Infect Dis 13:1417–1419

Reineke J, Tenzer S, Rupnik M, Koschinski A, Has-
selmayer O, Schrattenholz A, Schild H, Von Eichel-
Streiber C (2007) Autocatalytic cleavage of Clostrid-
ium difficile toxin B. Nature 446:415–419

Rood JI (1998) Virulence genes of Clostridium
perfringens. Annu Rev Microbiol 52:333–360

Rupnik M, Poxton IR (2013) Clostridium difficile –
special collection. J Med Microbiol 62:1368

Rupnik M, Brazier JS, Duerden BI, Grabnar M, Stubbs
SL (2001) Comparison of toxinotyping and PCR ribo-
typing of Clostridium difficile strains and description of
novel toxinotypes. Microbiology 147:439–447

Rupnik M, Pabst S, Von Eichel-Streiber C, Urlaub H, Sol-
ing HD (2005) Characterization of the cleavage site and
function of resulting cleavage fragments after limited
proteolysis of Clostridium difficile toxin B (TcdB) by
host cells. Microbiology 151:199–208

Rutherford ST, Bassler BL (2012) Bacterial quorum sens-
ing: its role in virulence and possibilities for its control.
Cold Spring Harb Perspect Med 2

Sambol SP, Merrigan MM, Tang JK, Johnson S, Gerding
DN (2002) Colonization for the prevention of Clostrid-
ium difficile disease in hamsters. J Infect Dis 186:
1781–1789

Sauer K, Cullen MC, Rickard AH, Zeef LA, Davies DG,
Gilbert P (2004) Characterization of nutrient-induced
dispersion in Pseudomonas aeruginosa PAO1 biofilm.
J Bacteriol 186:7312–7326



Quorum Sensing Systems in Clostridia 153

Sebaihia M et al (2006) The multidrug-resistant human
pathogen Clostridium difficile has a highly mobile,
mosaic genome. Nat Genet 38:779–786

Scallan E, Griffin PM, Angulo FJ, Tauxe RV, Hoekstra
RM (2011a) Foodborne illness acquired in the United
States–unspecified agents. Emerg Infect Dis 17:16–22

Scallan E, Hoekstra RM, Angulo FJ, Tauxe RV, Wid-
dowson MA, Roy SL, Jones JL, Griffin PM (2011b)
Foodborne illness acquired in the United States–major
pathogens. Emerg Infect Dis 17:7–15

Schantz EJ, Johnson EA (1992) Properties and use of
botulinum toxin and other microbial neurotoxins in
medicine. Microbiol Rev 56:80–99

Schauder S, Bassler BL (2001) The languages of bacteria.
Genes Dev 15:1468–1480

Schauder S, Shokat K, Surette MG, Bassler BL (2001)
The LuxS family of bacterial autoinducers: biosynthe-
sis of a novel quorum-sensing signal molecule. Mol
Microbiol 41:463–476

Schechter R, Arnon SS (2000) Extreme potency of bo-
tulinum toxin. Lancet 355:237–238

Schleheck D, Barraud N, Klebensberger J, Webb JS, Mc-
dougald D, Rice SA, Kjelleberg S (2009) Pseudomonas
aeruginosa PAO1 preferentially grows as aggregates
in liquid batch cultures and disperses upon starvation.
PLoS One 4:e5513

Setlow P (2003) Spore germination. Curr Opin Microbiol
6:550–556

Shimizu T, Yaguchi H, Ohtani K, Banu S, Hayashi H
(2002) Clostridial VirR/VirS regulon involves a reg-
ulatory RNA molecule for expression of toxins. Mol
Microbiol 43:257–265

Shubeita HE, Sambrook JF, Mccormick AM (1987)
Molecular cloning and analysis of functional cDNA
and genomic clones encoding bovine cellular retinoic
acid-binding protein. Proc Natl Acad Sci USA
84:5645–5649

Solomon JM, Lazazzera BA, Grossman AD (1996) Purifi-
cation and characterization of an extracellular peptide
factor that affects two different developmental path-
ways in Bacillus subtilis. Genes Dev 10:2014–2024

Songer JG (1996) Clostridial enteric diseases of domestic
animals. Clin Microbiol Rev 9:216–234

Songer JG (1998) Clostridial diseases of small ruminants.
Vet Res 29:219–232

Songer JG (2010) Clostridia as agents of zoonotic disease.
Vet Microbiol 140:399–404

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

Sperandio V, Torres AG, Giron JA, Kaper JB (2001)
Quorum sensing is a global regulatory mechanism in
enterohemorrhagic Escherichia coli O157:H7. J Bacte-
riol 183:5187–5197

Stevens DL, Aldape MJ, Bryant AE (2012) Life-
threatening clostridial infections. Anaerobe 18:
254–259

Sturme MH, Kleerebezem M, Nakayama J, Akkermans
AD, Vaugha EE, de Vos WM (2002) Cell to cell com-
munication by autoinducing peptides in gram-positive
bacteria. Antonie Van Leeuwenhoek 81:233–243

Thelestam M, Chaves-Olarte E (2000) Cytotoxic effects
of the Clostridium difficile toxins. Curr Top Microbiol
Immunol 250:85–96

Theys J, Pennington O, Dubois L, Anlezark G, Vaughan
T, Mengesha A, Landuyt W, Anne J, Burke PJ, Durre
P, Wouters BG, Minton NP, Lambin P (2006) Repeated
cycles of Clostridium-directed enzyme prodrug therapy
result in sustained antitumour effects in vivo. Br J
Cancer 95:1212–1219

Thoendel M, Horswill AR (2010) Biosynthesis of peptide
signals in gram-positive bacteria. Adv Appl Microbiol
71:91–112

Thoendel M, Kavanaugh JS, Flack CE, Horswill AR
(2011) Peptide signaling in the staphylococci. Chem
Rev 111:117–151

Thomas VC, Hiromasa Y, Harms N, Thurlow L, Tomich
J, Hancock LE (2009) A fratricidal mechanism is re-
sponsible for eDNA release and contributes to biofilm
development of Enterococcus faecalis. Mol Microbiol
72:1022–1036

Tielen P, Rosenau F, Wilhelm S, Jaeger KE, Flemming
HC, Wingender J (2010) Extracellular enzymes affect
biofilm formation of mucoid Pseudomonas aerugi-
nosa. Microbiology 156:2239–2252

Uzal FA, Mcclane BA (2011) Recent progress in under-
standing the pathogenesis of Clostridium perfringens
type C infections. Vet Microbiol 153:37–43

Vendeville A, Winzer K, Heurlier K, Tang CM, Hardie KR
(2005) Making ‘sense’ of metabolism: autoinducer-
2, LuxS and pathogenic bacteria. Nat Rev Microbiol
3:383–396

Vidal JE, Chen J, Li J, Mcclane BA (2009) Use of an EZ-
Tn5-based random mutagenesis system to identify a
novel toxin regulatory locus in Clostridium perfringens
strain 13. PLoS One 4:e6232

Vidal JE, Ma M, Saputo J, Garcia J, Uzal FA, Mcclane
BA (2012) Evidence that the Agr-like quorum sensing
system regulates the toxin production, cytotoxicity and
pathogenicity of Clostridium perfringens type C isolate
CN3685. Mol Microbiol 83:179–194

Vilain S, Pretorius JM, Theron J, Brozel VS (2009)
DNA as an adhesin: Bacillus cereus requires extracel-
lular DNA to form biofilms. Appl Environ Microbiol
75:2861–2868

Villar RG, Elliott SP, Davenport KM (2006) Botulism:
the many faces of botulinum toxin and its poten-
tial for bioterrorism. Infect Dis Clin North Am 20:
313–327, ix

Von Eichel-Streiber C, Boquet P, Sauerborn M, The-
lestam M (1996) Large clostridial cytotoxins–a family
of glycosyltransferases modifying small GTP-binding
proteins. Trends Microbiol 4:375–382

Voth DE, Ballard JD (2005) Clostridium difficile toxins:
mechanism of action and role in disease. Clin Micro-
biol Rev 18:247–263



154 C. Darkoh and G.A. Asiedu

Vuong C, Voyich JM, Fischer ER, Braughton KR, Whit-
ney AR, Deleo FR, Otto M (2004) Polysaccharide
intercellular adhesin (PIA) protects Staphylococcus
epidermidis against major components of the human
innate immune system. Cell Microbiol 6:269–275

Walters MC 3rd, Roe F, Bugnicourt A, Franklin MJ,
Stewart PS (2003) Contributions of antibiotic pene-
tration, oxygen limitation, and low metabolic activ-
ity to tolerance of Pseudomonas aeruginosa biofilms
to ciprofloxacin and tobramycin. Antimicrob Agents
Chemother 47:317–323

Warny M, Pepin J, Fang A, Killgore G, Thompson A,
Brazier J, Frost E, Mcdonald LC (2005) Toxin pro-
duction by an emerging strain of Clostridium difficile
associated with outbreaks of severe disease in North
America and Europe. Lancet 366:1079–1084

Weese JS, Staempfli HR, Prescott JF (2000) Isolation
of environmental Clostridium difficile from a vet-
erinary teaching hospital. J Vet Diagn Invest 12:
449–452

Wilkins TD, Lyerly DM (2003) Clostridium difficile test-
ing: after 20 years, still challenging. J Clin Microbiol
41:531–534

Wilson KH, Sheagren JN (1983) Antagonism of toxigenic
Clostridium difficile by nontoxigenic C. difficile. J
Infect Dis 147:733–736

Winzer K, Hardie KR, Burgess N, Doherty N, Kirke
D, Holden MT, Linforth R, Cornell KA, Taylor AJ,
Hill PJ, Williams P (2002) LuxS: its role in central
metabolism and the in vitro synthesis of 4-hydroxy-5-
methyl-3(2H)-furanone. Microbiology 148:909–922

Winzer K, Hardie KR, Williams P (2003) LuxS and
autoinducer-2: their contribution to quorum sensing
and metabolism in bacteria. Adv Appl Microbiol
53:291–396

Xiao J, Koo H (2010) Structural organization and dy-
namics of exopolysaccharide matrix and microcolonies
formation by Streptococcus mutans in biofilms. J Appl
Microbiol 108:2103–2113

Yakob L, Riley TV, Paterson DL, Clements AC (2013)
Clostridium difficile exposure as an insidious source
of infection in healthcare settings: an epidemiological
model. BMC Infect Dis 13:376

Yarwood JM, Schlievert PM (2003) Quorum sensing
in Staphylococcus infections. J Clin Invest 112:
1620–1625

Yoshida A, Ansai T, Takehara T, Kuramitsu HK
(2005) LuxS-based signaling affects Streptococcus mu-
tans biofilm formation. Appl Environ Microbiol 71:
2372–2380

Zhang L, Mah TF (2008) Involvement of a novel efflux
system in biofilm-specific resistance to antibiotics. J
Bacteriol 190:4447–4452

Zhu J, Miller MB, Vance RE, Dziejman M, Bassler BL,
Mekalanos JJ (2002) Quorum-sensing regulators con-
trol virulence gene expression in Vibrio cholerae. Proc
Natl Acad Sci USA 99:3129–3134

Zogaj X, Nimtz M, Rohde M, Bokranz W, Romling U
(2001) The multicellular morphotypes of Salmonella
typhimurium and Escherichia coli produce cellulose as
the second component of the extracellular matrix. Mol
Microbiol 39:1452–1463



Quorum-Sensing Systems
in Enterococci

Ravindra Pal Singh and Jiro Nakayama

Introduction

Enterococcus is a genus of Gram-positive
bacteria that is ubiquitous in natural ecosystems,
plants, and animals. Some species of Entero-
coccus are present in the normal gastrointestinal
bacterial community. However, others notably
Enterococcus faecalis and Enterococcus faecium
often cause opportunistic infections such as
bacteremia, endocarditis, urinary tract infections,
posttreatment endodontic infections, and
endophthalmitis (Arias et al. 2010). Bacteria
often use quorum sensing (QS) systems to control
the expression of certain virulence genes and
establish infection efficiently (Waters and Bassler
2005).

Similar to those in other Gram-positive bacte-
ria, known QS systems in enterococci are primar-
ily mediated by peptide molecules which allow
specific cell-cell communication within species
(Horinouchi et al. 2010). These molecules have
been given various names such as ‘pheromone’,
‘autoinducing peptide (AIP)’, and ‘quormone’.
A pheromone is a type of communication signal
between individuals, which are cells in the case
of bacteria. The sex pheromone of E. faecalis
induces conjugative transfer of a specific plas-
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mid, resembles insect or animal pheromones in
this sense (Dunny et al. 1978). On the contrary,
the terms AIP and quormone are more indica-
tive of autoinducers that orchestrate the pheno-
type of certain groups and correspond to the
same species, strains, or clones in the case of
bacteria (Waters and Bassler 2005). Gelatinase
biosynthesis-activating pheromone (GBAP) is a
typical AIP molecule that controls the expres-
sion of two pathogenicity related extracellular
proteases in E. faecalis (Nakayama et al. 2001).
GBAP is a peptide of 11 amino acids with a lac-
tone ring. Given this cyclic structure and mode of
action that triggers the histidine kinase receptor
involved in two-component regulatory systems,
the GBAP-mediated QS system is recognized
as a cognate QS system, which is frequently
encoded in the genomes of Firmicutes including
staphylococci, clostridia, and listeria as well as
enterococci (Wuster and Babu 2008). Conversely,
the QS system regulating cytolysin production is
unique in terms of sensor structure. These three
types of peptide-mediated QS are discussed in
this chapter.

Sex Pheromone/Inhibitor System
Controlling Plasmid Transfer

In enterococci, a number of virulence factors
and antibiotic-resistance genes are encoded on
plasmid. Among several enterococcal plasmids,
one large group is known to transfer at high fre-
quency on the order of 10�3 per donor (or higher)
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DOI 10.1007/978-81-322-1982-8__14, © Springer India 2015

155

mailto:nakayama@agr.kyushu-u.ac.jp


156 R.P. Singh and J. Nakayama

within a few hours in broth suspensions. This
type of plasmid encodes a unique system that
produces a series of components required for
conjugation in response to sex pheromone pep-
tides secreted from plasmid-receiving cells. One
of the main events induced by sex pheromones is
sexual clumping between plasmid-donating and
plasmid-receiving cells, which is mediated by
an adhesion protein called an aggregation sub-
stance that is expressed on the surface of plasmid-
donating cells. This sexual clumping enables a
high frequency of plasmid transfer in the liquid
phase. These sex pheromone plasmids encode
genes for cytolysin, bacteriocins, and tetracycline
and vancomycin resistance (Clewell et al. 2014).
Thus far, this system appears to be unique to
enterococci and may be related to the frequent
occurrence of drug-resistant enterococci as well
as other mobile genetic elements that can confer
resistance (Clewell et al. 2014). Co-mobilization
of the latter, including plasmids and transposons,
with sex pheromone plasmids, is a possible risk
for the transfer of antibiotic-resistance genes to
other species. Beyond gene transfer, sexual be-
haviour is associated with adhesion and biofilm
production in hosts (Chuang et al. 2009). The
sexual clumping of E. faecalis facilitates fibrin
adhesion (Hirt et al. 2000), increases biofilm for-
mation on ex vivo cardiac valves (Chuang-Smith
et al. 2010), and enhances vegetation formation
in a rabbit model of endocarditis (Chuang et al.
2009).

Sex pheromones are hydrophobic oligopep-
tides, and the fact that they are encoded in a
leader peptide moiety of lipoproteins suggests
that they are processed products of the leader
after the mature proteins are secreted (Cook and
Federle 2013). Excreted sex pheromones are in-
ternalized into recipient cells by oligopeptide
permease and may also be imported via natu-
ral membrane diffusion; once internalized, they
bind to intracellular receptors (Leonard et al.
1996; Nakayama et al. 1998). Sex pheromone
peptides are internalized into donor cells in the
same manner. However, donor cells prevent self-
induction by producing sex pheromone inhibitors
that are antagonistic peptides of sex pheromone

(Nakayama et al. 1998; Chatterjee et al. 2013;
Clewell et al. 2014). Thus, the activation of either
sex pheromone or inhibitor is determined by the
ratio and distance between donor and recipi-
ent cells in nature and subsequently determines
the potential ‘mates’ within the same population
(Chatterjee et al. 2013). The system also ensures
that conjugation does not occur between cells
harbouring the same type of conjugative plasmid.
This pheromone/inhibitor system appears to be
effective among complex microbiota to transfer
virulence, even within a specific population such
as enterococci.

To date, five pheromone/inhibitor sets have
been discovered (Horinouchi et al. 2010).
Interestingly, each plasmid responds specifically
to the corresponding pheromone and is blocked
specifically by the corresponding inhibitor
(Nakayama et al. 1995). In this context,
pheromone and inhibitor designations follow
plasmid nomenclature: pheromones are indicated
by ‘c’, which stands for clumping-inducing agent
and inhibitors are indicated by ‘i’ for inhibitor
(e.g. cPD1 and iPD1 are pheromone and inhibitor
of plasmid pPD1, respectively). The fact that
sex pheromone precursors are encoded on the
chromosome implies that E. faecalis has the
potential to produce all sets of pheromones.
However, once E. faecalis acquires a plasmid,
it shuts down the activity of the corresponding
pheromone via a pheromone shutdown system
in addition to producing pheromone inhibitor.
Pheromone shutdown is achieved via a plasmid-
encoded protein (TraB for pAD1 and pPD1 and
PrgY for pCF10) (Nakayama et al. 1995).

The tetracycline-resistant plasmid pCF10 is
one of the best-studied sex pheromone plasmids
(Dunny 2013). Therefore, detailed understanding
of the mechanism of pheromone signalling
herein uses examples from the pCF10 system
(Fig. 1). The corresponding pheromone, cCF10,
is expressed continuously as part of lipoprotein
CcfA (Antiporta and Dunny 2002). At least three
peptidases are involved in the processing of
cCF10: one is a signal peptidase II involved
in the cutoff of the leader moiety, the second is
an Eep metalloprotease involved in the removal
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Fig. 1 Processing of conjugative peptide signalling
in Enterococcus faecalis. The cCF10/iCF10-controlled
conjugative transfer of pCF10 in E. faecalis. A lipoprotein
of the pheromone precursor is translated from a chromo-
somal gene, ccfA, and processed by three peptidases signal
peptidase II, Eep, and an exopeptidase resulting in mature
cCF10. The inhibitor precursor is translated from prgQ
encoded by pCF10 and processed by Eep, resulting in
mature iCF10. The pheromone and inhibitor are captured
by PrgZ or OppA and then imported through oligopeptide
permease encoded by the opp gene cluster on the chro-
mosome. Imported cCF10 and iCF10 competitively bind
to an intracellular receptor, PrgX. The binding of iCF10

stabilizes the tetrameric form of PrgX that binds upstream
of the PQ promoter and blocks transcription. When cCF10
is in abundance, it outcompetes iCF10 at the binding
site of PrgX and destabilizes PrgX tetramers, resulting in
greater expression of QS as well as extended transcripts
such as QL and other longer RNAs including aggregation
substance gene asc10, required for conjugation. Both
QS and QL determine the pre-iCF10 polypeptide. The
opposing and partially overlapping prgX encodes the PrgX
protein and a small RNA, Anti-Q, which promotes the
termination of prgQ transcription. PrgY, which functions
in pheromone shutdown, is localized in the cell membrane
and directly inactivates self-produced cCF10

of N-terminal extensions, and the third is an
exopeptidase involved in the removal of three
residues on the C-terminal. Finally, the seven-
residue cCF10 is generated and secreted outside
the cells (Chandler and Dunny 2008). The corre-
sponding inhibitor, iCF10, is encoded by a small
open reading frame (ORF), prgQ, encoding 22
amino acid residues. The mature iCF10 sequence
corresponds to the seven C-terminal residues of
this prgQ. The length and hydrophobic nature of
the PrgQ peptide resembles the leader peptide of
CcfA, suggesting a similar or the same machinery
for the secretion and maturation of the inhibitor
peptide. Indeed, iCF10 is generated in an Eep-
dependent manner (see Fig. 1) (Chandler and
Dunny 2008). The pheromone and inhibitor are
imported by oligopeptide permease encoded

by the opp gene cluster on the E. faecalis
chromosome. pCF10 encodes an accessory
protein, PrgZ, which supports the transporter
function of Opp (Leonard et al. 1996). PrgZ
shows sequence similarity to OppA, which is an
oligopeptide-binding protein associated with the
Opp complex. cCF10 is thought to be captured
by PrgZ and may be also mediated by OppA on
the cell membrane and subsequently passed to
the membrane transporter complex of peptide
permease. There is also another possibility for
pheromone intake. Nakayama et al. (1999) have
demonstrated that an opp knockout mutant of
Escherichia coli can import a tritium-labelled
cPD1 corresponding to wild-type E. coli. Thus, it
can be presumed that peptide sex pheromones are
permeable through the cytoplasmic membrane
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and can be internalized without any transporter
owing to their highly hydrophobic nature.

Imported cCF10 and iCF10 bind directly to
an intracellular receptor, PrgX. The binding of
iCF10 stabilizes the tetrameric form of PrgX,
which binds upstream of the PQ promoter and
blocks transcription (Chatterjee et al. 2013). A
crystallography study has suggested that the
PrgX-cCF10 complex opens a 70-bp pCF10
DNA loop required for conjugation repression
(Kozlowicz et al. 2006). When cCF10 is
abundant, it outcompetes iCF10 at the binding
site of PrgX and destabilizes the PrgX tetramers,
resulting in increased expression of QS and
extended transcripts such as QL as well as
longer RNAs including aggregation substance
gene asc10, which is required for conjugation
(Shi et al. 2005). Both QS and QL determine
the pre-iCF10 polypeptide. The opposing and
partially overlapping prgX encodes PrgX protein
and a small RNA, Anti-Q, which promotes the
termination of prgQ transcription. The unique
organization of these two operons provides
several layers of both co-transcriptional and post-
transcriptional regulation that allow the system to
function as a sensitive biological switch.

The gene of a negative regulator, prgY, resides
between prgZ and prgX and encodes a protein
that functions in pheromone shutdown (Chandler
et al. 2005; Chandler and Dunny 2008). Com-
bined genetic and physiological studies suggest
that PrgY function is Eep independent and in-
volves direct interaction with cCF10. In another
words, PrgY localized in the cell membrane in-
teracts directly with cCF10, after which, cCF10
is sequestered or inactivated as it is released from
the membrane (Chandler et al. 2005; Chandler
and Dunny 2008), and residual cCF10 escaping
PrgY is captured by iCF10. Despite an under-
standing of these details, the complete molecular
mechanism for pheromone shutdown by PrgY
remains unclear.

The mechanisms for specific recognition of
pheromone and inhibitor peptides have been well
studied in another pheromone plasmid, pPD1.
Nakayama et al. (1998) used radio-labelled cPD1
and recombinant TraA protein corresponding to
PrgX of pCF10 to demonstrate on the molecu-

lar level that TraA of pPD1 shows highly spe-
cific affinity to cPD1 and iPD1 but not to other
pheromones and inhibitors, suggesting that TraA
plays a central role in the specific recognition
of pheromone and inhibitor peptides. On the
contrary, pheromone-binding proteins encoded
by traC of pPD1, which corresponds to PrgZ
of pCF10, can be replaced by TraC encoded by
pAD1. Furthermore, the pheromone shutdown
function encoded by traB, which corresponds
to prgY of cCF10, cannot be complemented by
traB of pAD1, suggesting that pheromone shut-
down occurs specifically with each correspond-
ing plasmid. The conjugative plasmid appears to
have evolved to develop a specific recognition
system for the peptide pheromone/inhibitor and
pheromone shutdown, which enables recipient-
targeted transfer (Nakayama and Suzuki 1997).

GBAP

Gelatinase is an extracellular metalloprotease that
liquefies gelatine and collagen and is considered
a virulence factor in E. faecalis. In addition to
having proteolytic activity in the extracellular
matrix, gelatinase digests a broad range of host
substrates such as fibrinogen, fibrin, endothelin-
1, bradykinin, LL-37, and complement compo-
nents C3, C3a, and C5a (Schmidtchen et al. 2002;
Waters et al. 2003; Park et al. 2008; Thurlow et al
2010).

Gelatinase production in E. faecalis occurs in
the late log to early stationary phases, but the
addition of conditioned medium shifts its prote-
olytic phase to the mid-log phase, suggesting the
presence of an autoinducer which mediates QS.
Nakayama et al. (2001) succeeded in purifying
the autoinducer and identified it as a cyclic pep-
tide called GBAP that induces gelatinase biosyn-
thesis at nanomolar concentrations. The results
of Edman degradation and mass analysis have
revealed that GBAP is a peptide of 11 amino acid
residues with an intramolecular lactone bridge
between the hydroxyl group of the third serine
residue and the ’-carboxyl group of C-terminal
methionine. Specifically, GBAP is composed of
an exocyclic tail consisting of two N-terminal
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Fig. 2 The fsr quorum-sensing system in Enterococcus
faecalis. After translation, FsrD is processed, cyclized,
and secreted by FsrB. Eventually, the mature form of
gelatinase biosynthesis-activating pheromone (GBAP) is

secreted and accumulates outside the cells. GBAP binds
to FsrC and triggers the phosphorylation of FsrA. Phos-
phorylated FsrA binds to the promoters of fsrBDC and
gelE-sprE, resulting in the upregulation of these operons

amino acids and a macrocyclic moiety consisting
of nine amino acids, as shown in Fig. 2. The ring
moiety is crucial for induction activity, and ala-
nine scanning on the peptide has suggested that
two aromatic residues (Phe-7 and Trp-10) are es-
sential for receptor binding of GBAP (Nishiguchi
et al. 2009).

The amino acid sequence of GBAP was found
within the C-terminal of a deduced 242-residue
protein encoded by fsrB in the E. faecalis genome
(Nakayama et al. 2001). Later, a GBAP precursor,
FsrD, was demonstrated to be translated from an
in frame methionine codon at Met-210 of fsrB
(Nakayama et al. 2006). It indicated the presence
of a small ORF termed fsrD which independently
encodes the AIP precursor similar to the encoding
of staphylococcal AIP. Genes encoding two
component regulatory proteins, FsrA and FsrC,
are present upstream and downstream of fsrBD,
respectively, suggesting that the GBAP signal is
received by the FsrC histidine protein kinase

receptor and then transmitted to response
regulator FsrA through phosphorylation. This
type of QS system, in which a cyclic AIP control
gene is expressed through a two-component
regulatory system, is often found in low-GC
Gram-positive bacteria. One such system, the agr
QS system of staphylococci, has been widely
studied (Novick 2003).

Downstream of the gelatinase gene, gelE, and
another extracellular protease gene, sprE, is en-
coded. According to the amino acid sequence,
SprE is deduced as serine protease. These two
protease genes constitute operons and are under
the control of the fsr QS system. A number of
studies in animal models have shown the po-
tential roles of the fsr system and its controlled
proteases in E. faecalis virulence. For instance,
in a mouse peritonitis model, sprE, fsrA, and
fsrB mutants showed delayed time of killing of
the host compared with that of the wild-type
strain (Qin et al. 2000). A rabbit endophthalmitis
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model, an exquisitely sensitive infection system
for investigating QS, suggests a pleiotropic in-
fluence of the fsr locus in the virulence of in-
fection (Engelbert et al. 2004). Using a rab-
bit model of enterococcal endocarditis, Thurlow
et al. (2010) demonstrated that GelE, not SprE,
is the principal mediator of pathogenesis in en-
docarditis through the suppression of neutrophil
migration via breakdown of anaphylatoxin com-
plement C5a. Proteolytic activity of cell surface
proteins is also known to modulate morphology
and adhesion properties, which may directly or
indirectly associate with biofilm formation by E.
faecalis cells. Hancock and Perego (2004) have
demonstrated that GelE, is involved in biofilm
formation of E. faecalis. Waters et al. (2003) have
demonstrated that GelE clears the bacterial cell
surface of misfolded proteins, and disruption of
GelE production increases cell chain length in
E. faecalis. Pinkston et al. (2011) have demon-
strated that the display of Ace, a collagen-binding
protein in E. faecalis, is modulated by fsr QS.
Ace is a microbial surface component recogniz-
ing adhesive matrix (MSCRAMM) that is under
consideration as an immunotherapy target.

Tissue translocation of E. faecalis is also
known to be controlled by the fsr QS system.
Specially, GelE is important for the translocation
of E. faecalis across polarized human enterocyte-
like T84 cells (Zeng et al. 2005). Nakayama et al.
(2013) have developed a GBAP antagonist, ZBzl-
YAA5911, and demonstrated its in vivo efficacy
in suppressing translocation of the E. faecalis
from the aqueous humour into the vitreous cavity,
significantly reducing retinal damage. GelE and
SprE may also modify the cell wall affinity of
autolysin, which releases DNA as a component
of the biofilm matrix. Finally, transcriptomic
analysis has been performed in a comprehensive
investigation of genes under the control of fsr QS
(Bourgogne et al. 2006). The results identified
a variety of genes as newly recognized Fsr-
regulated targets, including factors other than
gelatinase that are important in biofilm (BopD),
genes predicted to encode surface proteins,
and proteins implicated in several metabolic
pathways.

Notably, gelatinase is not produced by all clin-
ical isolates despite its role as a possible virulence
factor (Nakayama et al. 2002; Roberts et al.
2004). The ratio of gelatinase-positive isolates
was 51 % in a study by Nakayama et al. (2002)
and 60 % in a study by Roberts et al. (2004). The
latter found that a similar ratio of isolates from
healthy volunteers was also gelatinase positive.
Nakayama et al. (2002) have found that the ma-
jority of gelatinase-negative phenotypes could be
attributed to a lack not of gelE but fsr. Genetic
analysis revealed that most of gelatinase-negative
strains of E. faecalis have intact gelE-sprE gene
clusters but display a 23.9-kb deletion covering
the entire regions of fsrA, fsrB, and fsrD and part
of the 50-end of fsrC. Roberts et al. (2004) found
this 23.9-kb deletion in 14 of 80 endocarditis
isolates tested. A study by Strzelecki et al. (2011)
found that among 153 isolates, 140 had gelE,
whereas only 53 % produced gelatinase. These
results imply that the gelatinase-negative pheno-
type is primarily determined not by the lack of the
gelatinase gene but by the absence of a QS gene.
The fact that the 23.9-kb deletion corresponds
to a chromosomal region ranging from inside
an ORF (ef1841) to inside fsrC indicates that
it is not an insertion but instead a deletion in
the chromosome. The high frequency of deletion
suggests an evolutionary benefit associated with
the loss of gelatinase production. Among mixed
populations of gelatinase-positive and gelatinase-
negative strains, fsr-negative mutants may act
as ‘QS cheaters’, which do not respond to the
GBAP signal and do not contribute to the rest
of the population but rather take advantage of it
(Thomas et al. 2009).

The QS inhibitor-targeting fsr system has
attracted interest for its potential to attenuate
the virulence of E. faecalis without bactericidal
effects, which could lead to the emergence of
drug-resistant strains. The mechanism of action
of ZBzl-YAA5911 is an example of effective in
vivo suppression of virulence expression in E.
faecalis. As described above, ZBzl-YAA5911
attenuates the translocation of E. faecalis from
the aqueous humour into the vitreous cavity
by inhibiting the expression of gelatinase,
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consequently reducing retinal damage. Details
and other examples of QS inhibitors targeting the
fsr system are described in Chap. 25.

Subunit-Mediated Regulation
of Cytolysin Production

Cytolysin, one of the best-characterized virulence
factors of E. faecalis, shows cytotoxic activity
against both eukaryotic and prokaryotic cells. It
efficiently lyses red blood cells and can be con-
sidered a hemolysin. It also shows bacteriolytic
activity similar to bacteriocin and may have a
function in complex microbiota in nature. Cy-
tolysin is a complex molecule consisting of two
lantibiotic peptides (Coburn and Gilmore 2003).
The biosynthetic gene cluster of cytolysin is orga-
nized by eight ORFs: cylR1, cylR2, cylLL, cylLS,
cylM, cylB, cylA, and cylI (Coburn and Gilmore
2003). The cylLL and cylLS encode a large sub-
unit (CylLL) and a small subunit (CylLs) of cy-
tolysin, respectively. These subunits are post-
translationally modified by CylM, secreted and
trimmed by CylB, and further processed by CylA.
Eventually, active cytolysin consisting of two
mature subunit peptides is generated.

Interestingly, CylLS also functions as an au-
toinducer for a two-component regulatory system
consisting of CylR1 and CylR2. CylR1-CylR2
is a novel two-component regulatory protein that
differs from the cognate family, which consists
of a conserved histidine kinase and response
regulator. Instead, CylR2 has a small helix-turn-
helix DNA-binding motif, and CylR1 appears to
be a transmembrane protein (Haas et al. 2002).
In vitro culture of E. faecalis has demonstrated
that CylLL and CylLS form an oligomeric cy-
tolysin complex that is an inactive form of AIP.
However, when target animal cells get close to
E. faecalis cells, CylLL is captured by the an-
imal cells and free CylLS molecules increase.
Consequently, CylLS triggers the CylR1-CylR2
two-component regulatory system and activates
transcription of the cytolysin operon (Coburn
et al. 2004). Specifically, this system appears to
sense both the quorum of bacterial cells and the
distance to target cells.

Conclusion

Enterococci are ubiquitous in nature and
commensal in the digestive tracts of animals.
Some enterococcal species such as E. faecalis and
E. faecium cause opportunistic infection using a
small set of virulence genes, including cytolysin
and gelatinase. In addition, these species
frequently carry mobile genetic elements such
as plasmids and transposons which often encode
antibiotic-resistance genes. Sex pheromone
plasmids are particularly effective at inducing
resistance owing to their highly transmissible
properties. Pheromone/inhibitor systems enable
efficient transconjugation between donor and
recipient cells even in complex microbiota
involving a number of other species. Cytolysin
is often encoded by a pheromone plasmid and
is itself regulated by QS using the cytolysin
component CylLS. The CylLS-CylLL system
is involved in sensing the distance between
bacterial and animal cells. The nonessential
virulence factor gelatinase is also regulated by
QS using the cyclic peptide autoinducer GBAP.
The QS function is encoded in the fsr gene
cluster, a cognate QS system often found in
low-GC Gram-positive bacteria in which AIP
activates target gene expression via a two-
component regulatory system. However, the
fsr system is somewhat different from other
cognate systems that employ thiolactone peptide
instead of lactone and regulate a number of genes
dispersed throughout the genome via regulatory
RNA expression. GBAP directly regulates its
downstream operon encoding gelatinase and
serine protease.

Opinion

As antibiotic-resistant enterococci are frequently
observed not only at clinical sites but also
in the natural environment, enterococci are
sometimes recognized as a reservoir of antibiotic-
resistance genes. Although sex pheromone
plasmids can be transferred within enterococci,
they sometimes integrate transposons, which may

http://dx.doi.org/10.1007/978-81-322-1982-8_25
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generate the capability to rearrange genomes
and raise the risk of transfer to other bacterial
species including pathogenic ones. Interestingly,
sex pheromone plasmids use the processed
products of chromosomally encoded proteins.
Contrary, sex pheromone inhibitors are produced
from plasmid-encoded propeptides without
other functions, suggesting that sex pheromone
plasmids are extra-chromosomal elements that
have evolved to gain an efficient transferring
system using chromosomal factors.

Two virulence-related extracellular proteases,
GelE and SprE, have been demonstrated to de-
grade not only gelatin and collagen but also
protein on the surface of bacteria. These pro-
teins could associate with adhesion or biofilm
formation property of bacterial cell, and a variety
of host proteins, which could be involved in
the immune system. It suggests fsr QS system
to strongly link with virulence of E. faecalis.
However, it should be noted that GelE/SprE is not
essential for enterococci infection as fsr-negative
E. faecalis are frequently isolated from patients.
Are they ‘QS cheater’ in the enterococcal com-
munity? It is still in question how fsr-induced
proteases function at infectious locations.
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Introduction

Since centuries bacteria were thought to be
unicellular organisms. The discovery of bacterial
communication through small molecules has
asserted that bacteria can efficiently coordinate
intraspecies as well as interspecies. The bacteria
become more benefitted and suitable of behaving
like a multicellular organism to adopt new modes
of growth in limited nutrient supply. Under
adverse conditions, single bacterial cell has less
chance to survive in isolation; consequently
bacterial language has been developed during
evolution to communicate with its neighbours
through self-generated signals (Bassler and
Losick 2006). These signalling small molecules
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are called as pheromones or autoinducers. These
autoinducers sense a critical bacterial density in
population (Kievit and Iglewski 2000; Williams
et al. 2007).

Communication in bacterial population is
also observed in symbiotic bacteria which
use these pheromones while interacting with
their host. Bacteria are associated with the
lives of Homo sapiens as well as live stocks
concerning that they cause deadly diseases, can
be in symbiotic relationship or are employed
in various food processing industries (Steidle
et al. 2001). Bacillus genera belong to the
Firmicutes phylum of bacterial kingdom and
include various significant organisms, namely,
B. anthracis, the aetiological agent of anthrax;
B. cereus that causes diarrhoeal symptoms;
and B. thuringiensis, the insect pathogen.
Numerous pathogens are known to cause upper
respiratory and urinary tract infections, given
their ability to communicate intraspecies and thus
form multicellular organization called biofilms.
Enhanced antibiotic resistance is also observed
when these pathogenic microorganisms form
clinically more interesting recalcitrant biofilms
(Davey and O’toole 2000; Donlan and Costerton
2002). Furthermore, B. subtilis is known to
colonize the Arabidopsis thaliana roots through
matrix-enclosed multicellular communities
in which matrix production is triggered by
plant exopolysaccharides and reported to be
beneficial for plant growth (Beauregard et al.
2013).
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Quorum-Sensing-Mediated Biofilm
Formation

Bacillus subtilis is the most extensively studied
organism in Bacillus genera. B. subtilis is
a gram-positive, endospore-forming, rod-
shaped and aerophilic bacteria (Kumar et al.
2013). It secretes diffusible oligopeptides for
communication with the neighbouring cells; the
process referred as quorum sensing (QS) (Kalia
and Purohit 2011; Kalia 2013). Neighbouring
bacteria perceive and broadcast the signals in
its vicinity consequently causing behavioural
modifications in the bacterial population
(Parsek and Greenberg 2005; Bassler and
Losick 2006; Mehta et al. 2009; Boyle et al.
2013; Vlamakis et al. 2013). Biofilms are the
cocoons made up of extracellular polymeric
substances (EPS) in which bacteria thrive under
adverse environmental conditions (Flemming
et al. 2007). The biofilm matrix consists of
exopolysaccharides, proteins, enzymes and
extracellular DNA along with pili and flagella.
Biofilm provides adhesion that facilitates the
initial step of colonization and imparts protection
against the innate host defence. Following
adhesion, biofilm also maintains the moisture
content and absorption of nutrients for the better
survival throughout the infectious phase or under
environmental stress (Flemming and Wingender
2010; Li and Tian 2012; Kostakioti et al.
2013). Biofilm formation precisely describes
the transition between unicellular bacteria to
the partial multicellular organism (Aguilar et al.
2007; Shank et al. 2011). It is an ingenious plan
of nature to sweep over the nutritional stress
using coordinated biological pathways (Lemon
et al. 2008; Shank et al. 2011). Bacteria within
the biofilm display heterogeneity at phenotypic
and genotypic level, and the social behaviour is
governed through paracrine signalling (Stewart
and Franklin 2008; López et al. 2009; Monds and
O’Toole 2009; Kalia et al. 2011; Kalia 2013).

Competence and sporulation stimulating fac-
tor (CSF) is the master regulator of QS-mediated
biofilm formation, competence and sporulation
(Waters and Bassler 2005). The CSF is conserved

in Bacillus spp.; however, the protein sequence
shows the polymorphism. CSF is secreted in
its precursor form (40 amino acids) encoded by
phrC gene. The N-terminal of pre-CSF contains
the guiding sequence for secretion. Membrane-
associated serine proteases cleave the C-terminal
of precursor CSF and release mature CSF (Miller
and Bassler 2001; López et al. 2009). Mature
CSF is a pentapeptide secreted into extracellular
milieu, which regulates the competence factors
ComA, ComK, ComS and ComX expression.
The competence factor ComA activates the sur-
factin operon (srfA-D). Additionally, the ComK
interacts with ComP and switches on the srfA-
D operon, which ensures the cell to be com-
petent and able to produce the exopolysaccha-
rides. Surfactin-producing cells are capable to
show the competency as ComS is synthesized,
while the ComK shows the alternative cascade
regulation; only a fraction of cells producing
surfactin displays the competency (Shank and
Kolter 2011). The pathways of competency and
biofilm formation are similar in B. subtilis and
in other organisms, for example, Streptococcus
pneumoniae. Although the mechanism of action
of QS molecules is well established, how the QS
molecules are synthesized in the cell is relatively
less understood (Turovskiy et al. 2007; orthington
et al. 2012).

Quorum-Sensing-Mediated
Cannibalism

Bacillus undergoes sporulation process in high
stress condition such as nutritional imbalance or
heat stress (Fig. 1). Sporulation is highly energy-
driven and time-investing process in which
vegetative cell differentiates into a dormant
structure. Among different subpopulations
under starvation conditions, a discrete set of
bacterial cells secretes two toxin peptides,
namely, Sdp (sporulation-delaying factor) and
Skf (sporulation-killing factor) whose function
is to delay sporulation and kill the siblings,
respectively (Lamsa et al. 2012). The Skf peptide
toxin kills their neighbouring sensitive cells
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Fig. 1 Quorum-sensing systems in Bacillus: Heteroge-
neous bacterial population undergoes competence with
the trigger of the colony and sporulation stimulating fac-
tor (CSF) during low phosphorylated Spo0A levels. The
CSF acts differently on the cells, giving rise to distinct
subpopulations of non-competent cells (NC), ComS and
ComK expressing cells. The ComK majorly regulates the
expression of surfactin-encoding operon (srfA-D), which
triggers onset of matrix production by ComK and ComS
expressing competent cells. Under persistent nutritional
limitations, the matrix producers generate quorum-sensing
(QS) signal through releasing sporulation-killing factor
(Skf) which causes the killing of neighbouring non-

competent cells, hence releasing nutrients to be used for
prolonged survival and matrix production, the process
known as cannibalism. Additionally, the matrix producers
generate other signals known as a sporulation-delaying
factor (Sdf), which results in enhanced survival in vege-
tative phase of the bacterial life cycle. At early stationary
phase, cells generate QS molecules, i.e. autoinducer AI-2
signals, and regulate various virulence factors like toxin
synthesis and secretion, S-layer formation, etc. At higher
levels of phosphorylated Spo0A signals, sporulation is
triggered simultaneously in the whole bacterial popula-
tion. The QS regulators behind this highly synchronized
onset of sporulation process are still unknown

(non-competent cells) and utilizes the nutrients
released as food to overcome the nutrient
limitations. The procedure of eating their siblings
is termed as cannibalism and is described to
be transitory in nature (Schultz et al. 2009;
Shank and Kolter 2011). The sporulation master
regulator Spo0A governs the expression of Sdp
and Skf proteins. The low level of phosphorylated
Spo0A regulates the sdpABC, srf operon
consequently causing matrix production (López
and Kolter 2009). The same subpopulation forms

the biofilm, out of which some cells display
cannibalistic behaviour. Both biofilm formation
and cannibalism are reported to be triggered by
the QS signal molecule, surfactin. Higher level of
phosphorylated Spo0A promotes the cell into the
committed sporulation phase of the bacterial life
cycle (Fujita and Losick 2005).

Cannibalism is analogous to programmed cell
death, in which cells not required for develop-
ment of bacterial community are removed (López
et al. 2009; Li and Tian 2012). In B. subtilis
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paracrine signalling through QS molecules reg-
ulates the three major life events in the life
cycle, e.g. biofilm formation, cannibalism and
sporulation. Similarly the other Bacillus spp. like
Lactococcus lactis secrete the cannibalism toxin
nisin that functions as the antimicrobial peptide
(Williams et al. 2007). The nisin treatment with
B. subtilis kills the cells, those that are unable
to produce the cannibalism toxin, consequently
giving rise to stronger biofilm that are compet-
ing for survival in limited nutrients. It has been
reported that B. subtilis also kills the neighbour-
ing bacteria through the Skf cannibalism toxin
(Turovskiy et al. 2007). Further investigations
are needed to see the role of QS molecules
and cannibalism toxins in multispecies biofilm
formation.

Quorum-Sensing-Mediated
Virulence

QS governs the major phenomenon in the bac-
terial alternating life stages. Interestingly, the
virulence of pathogenic members of Bacillus is
also reported to be governed by the societal
communication (Fig. 1). The pathogenic clade of
Bacillus species includes B. anthracis, B. cereus
and B. thuringiensis. B. thuringiensis is an in-
sect pathogen, which is a parasite of the eco-
nomically significant crop, cotton. The paracrine
signalling peptide PlcR (34 kDa or 48aa) is se-
creted by the B. thuringiensis and imported by
neighbouring bacterial cells through oligopep-
tide permease. The PlcR interacts with PapR
and binds to the DNA, and this ternary inter-
action is known to cause pleiotropic effects, in-
cluding secretion of toxins (Kievit and Iglewski
2000). The PlcR regulator is also secreted by an-
other pathogen B. cereus causing diarrhoeal and
nausea symptoms upon food poisoning. PlcR is
known to express at the onset of stationary phase
that regulates the synthesis of various toxins like
enterotoxins, cytotoxins and hemolysins. Also,
the deletion of plcR causes abolished virulence in
animal model systems (Grenha et al. 2012). Thus,
PlcR plays central role in controlling the viru-
lence in B. thuringiensis and B. cereus through

QS (Atkinson and Williams 2009; Hong et al.
2012; Rutherford and Bassler 2012).

Anthrax is a zoonotic disease prevalent in
developing countries, and recurrent outbreaks of
the disease are reported across the world. B. an-
thracis is the aetiological agent of anthrax and
secretes the tripartite toxin, namely, lethal factor,
oedema factor and protective antigen encoded
by lef, cya and pag genes, respectively. The
toxin genes are present on the pathogenic is-
lands of extrachromosomal plasmid pXO1. Small
molecular weight protein AI-2 secreted by B.
anthracis is known to modulate the pathogenicity.
Jones and co-workers have investigated the role
of luxS in the secretion of toxins from B. an-
thracis. Using microarray, they demonstrated that
B. anthracis LuxS regulates the AI-2-dependent
toxin secretion, bacterial growth and S-layer pro-
tein expression. The concentration of autoinducer
AI-2 is found to be directly proportional to the
bacterial cell density and toxin secretion (Kievit
and Iglewski 2000; Turovskiy et al. 2007; Jones
et al. 2010).

Conclusion

Bacillus exhibits the alternative life phase,
i.e. vegetative cells and spore. Furthermore,
it displays temporary multicellular organism
behaviour that facilitates bacteria to survive in
different environmental conditions. Under nutri-
tional stress, bacteria show matrix production and
cannibalism. However, persistent environmental
stress or nutritional imbalance leads to the
sporulating fate of vegetative cells in the biofilms.
Bacillus is also reported to express the toxins at
critical bacterial cell density. Sporulation is a
highly energy-driven process in which the active
vegetative cells undergo cellular differentiation
process and form a dormant structure which can
be viable over years. The decision to enter sporu-
lation is reported to be critical for bacterial cell.
Therefore, to avoid the sporulation, bacterium
secretes proteins that are toxic to neighbouring
cells, and this process of feeding on the siblings
is known as cannibalism. The bacteria utilize
the degraded cell components very efficiently
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for delayed survival under starving conditions.
Consequently, cannibalistic behaviour assists the
bacterium to maintain the vegetative phase of
its life cycle. Despite that, prolonged starvation
leads its entry into the sporulation phase.

These major life events in Bacillus are tem-
porally interdependent and are founded on pre-
cise intercellular communications in the bacterial
population through its own molecular language,
i.e. QS. The QS-mediated biofilm formation and
consequent cannibalism behaviour are well elu-
cidated. However, the QS modulators involved in
sporulation are still not known.
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Quorum Sensing Biosensors

Navneet Rai, Rewa Rai, and K.V. Venkatesh

Introduction

The microbial world frequently faces abrupt
changes in the surrounding environment. For
survival in such a dynamic environment, it is
advantageous to take decision of future action in
advance at the population level. Bacteria do so
by a phenomenon called quorum sensing (QS),
which is sensing the presence of other bacteria
in the surrounding environment and taking the
decision at a certain threshold cell density. In QS
active state, bacteria induce a set of target genes at
population level. QS among bacteria is mediated
by autoinducers (AIs), whose concentration is a
function of cell density, and above a threshold
concentration of cells, AIs mediate QS. There
are three classes of AIs. (a) AI-1: chemically
these are acyl homoserine lactone (AHL). These
are of several types, based on their acyl side
chain and substitutions at 3rd C in the acyl
side chain. AHL-type quorum sensing takes
place primarily in Gram-negative bacteria and is
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involved primarily in intraspecies signaling. (b)
AI-2: chemically it is a furanosyl borate diester.
AI-2 was first identified in marine bacterium
V. harveyi. AI-2 is produced and recognized
by both Gram-positive and Gram-negative
bacteria and is involved in inter- as well as
intraspecies QS. (c) Autoinducing peptide (AIP):
Gram-positive bacteria typically use modified
oligopeptide autoinducers as QS molecules. AIPs
are recognized by a membrane-bound histidine
kinase receptor. AIP-bound receptor activates a
phosphorylation cascade that alters the activity
of a DNA-binding transcriptional regulatory
protein termed as a response regulator protein,
which subsequently alters the expression of
target genes. QS regulates a diverse range of
physiological processes, including biolumines-
cence, virulence determinants, plasmid conjugal
transfer, sporulation, competence, and biofilm
formation (Rutherford and Bassler 2012).

Since QS molecules regulate several physio-
logical processes, including virulence gene ex-
pression and biofilm formation which are di-
rectly linked to human and plants, it is important
to know the nature and type of AI molecules.
AI molecules are frequently detected using QS
biosensor strains. During the last decade, several
biosensors have been developed to detect and
quantify AI molecules. Most of the biosensors
are designed to sense either AI-1 or AI-2. These
biosensors are efficient in detecting presence of
AI(s) in bacteria, as well as in the screening
of QS inhibitors (Tello et al. 2013; Anbazhagan
et al. 2012). A bacterial biosensor is a genetically

V.C. Kalia (ed.), Quorum Sensing vs Quorum Quenching: A Battle with No End in Sight,
DOI 10.1007/978-81-322-1982-8__16, © Springer India 2015
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recombinant bacterium, which harbors a QS gene
circuit of interest coupled with an easily de-
tectable and quantifiable reporter gene circuit.
Reporter gene generates different classes of read-
able output, including fluorescence, color pig-
ments, and luminescence. QS molecules can also
be screened using several analytical methods,
including HPLC and mass spectrometry (Ruther-
ford and Bassler 2012). But, in comparison to
chemical-based methods, biosensors are easy to
use, inexpensive to construct, and provide real-
time data in physiologically relevant environ-
mental conditions. Most of the quorum sensing
biosensors express a reporter gene from a QS-
responsive promoter. This promoter gets acti-
vated when a complex of AI and QS transcrip-
tional activator binds with the promoter. Some
biosensors respond to a very specific type of AI,
and some respond to a group of AIs. Regularly
used biosensors are mentioned in Table 1. In
following sections, we will first discuss several
methods for the detection of AHLs and subse-
quently biosensors available for the detection of
different classes of AIs.

Methods to Screen AI Producers

Several qualitative and quantitative methods have
been developed during the last decade to de-
tect and characterize AIs. Selection of suitable
screening method depends on the type of study
being carried out. Choice of biosensors also plays
a role in screening of AHL producers. Some
biosensors are very specific to a particular type of
AI, and some respond to a range of AIs. So, it is
recommended to use different classes of biosen-
sors, if the physical and chemical properties of
AI produced by the tester strain are unknown. In
the following sections, we will discuss commonly
used detection techniques, along with their merits
and demerits.

T-Streak Plate Method

T-streak plate is an easy and rapid method to
qualitatively screen AI producers. Here, biosen-

sor and tester strains are streaked on agar plate
forming a T shape. If a biosensor strain responds
to AI produced by tester strain, it produces a
particular type of visible output depending on
reporter gene present in the biosensor. Biosensors
like Chromobacterium violaceum strain CV026
and biosensors with reporter lacZ are compatible
with this method (McClean et al. 1997). C. vio-
laceum CV026 produces a visible purple pigment
violacein. lacZ encodes enzyme “-galactosidase,
which breaks X-gal into a blue color product,
which can be visually detected. As it was men-
tioned above, T streak is rapid, easy to perform,
and does not require any instrument, but it reports
only the presence or absence of AI in the tester
strain.

Thin-Layer Chromatography
(TLC)-Agarose Overlay Method

This method is better than T streak in the fact that
it reports the size and the naïvely indicates the
type of AI present in the tester strain. This method
is also more sensitive. Supernatants are loaded
on C18-reverse phase TLC plate, and separation
is performed using organic solvents because AIs
(AI-1 and AI-2) are organic in nature. Along
with supernatant, AI standards are also loaded
on to the TLC plate. Once AIs are separated,
plates are dried to remove organic solvents, and
then these plates are overlaid with an agarose
suspension containing a suitable biosensor strain.
Biosensor strain produces visible output if AI
is present. It has been noted that a combination
of specific AI and specific biosensor creates a
specific type of visible spots on the TLC plate,
including circular and tear-shaped spots. Though
TLC-based method does not pinpoint the type of
AI present in the tester strain, the Rfs of samples
can be calculated, which in conjunction with
AI standards and shape of visible spots can be
helpful in predicting the presence of specific AI in
the tester strain, which can further be confirmed
by mass spectrometry (Anbazhagan et al. 2012).
Biosensors compatible with TLC-based method
are also compatible with this method (McClean
et al. 1997).
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Calorimetric Assay

Calorimetric assays are sensitive and can be
used both for the qualitative and quantitative
detections of AHLs. This method is compatible
with biosensors using lacZ as a reporter gene.
Here, a biosensor is grown in the extract of tester
strain, supplemented with ortho-nitrophenyl-
“-galactoside (ONPG). “-galactosidase, an
enzymatic product of lacZ, converts ONPG
into galactose and a yellow product, ortho-
nitrophenol. ortho-nitrophenol can be quantified
using a spectrophotometer at 420 nm, by
performing the Miller assay. If AHL present
in the extract of tester strain is known, AHL
standard curve can be generated by growing
biosensor in known concentrations of synthetic
AHL. Standard curve can be used to calculate
the concentration of AHL in the extract of
tester strain. This method does not provide any
information of the size and type of AHL(s)
present in the extract of tester strain (Pearson
et al. 1994).

Luminescence Assay

This method is compatible with biosensors using
luminescence genes, luxCDABE, as a reporter.
Luminescence is detected by a luminometer. This
assay is performed in liquid extracts of tester
strain containing a biosensor strain. If AI is un-
known, this method will provide only qualitative
information, but if AI is known, this method can
be used to quantitate the AI present in extracts,
by plotting a standard curve. Similar to biolu-
minescence method, this method also does not
provide information of the size and nature of
AHL, but this method is highly sensitive (Massai
et al. 2011).

Fluorescence Assay

Fluorescence-based methods can be used for the
detection and quantification of AIs, both at the
population and single cell levels, using a fluo-

rimeter, fluorescence microscope, and cytome-
ter. Single cell measurements can be useful to
trace out the variability in response at the single
cell level. Biosensors using florescence reporters,
such as gfp, cfp, are reported to be sensitive (Rai
et al. 2012).

Biosensors for the Detection of AI-1
(AHL)

AHLs mediate QS in Gram-negative bacteria.
AHLs are synthesized by a family of LuxI ho-
mologue proteins in several bacteria. LuxI uses
appropriately charged acyl carrier protein as the
major acyl chain donor and S-adenosyl methion-
ine that provides the homoserine lactone moiety
to synthesize AHL. At low cell density, bac-
terial cells produce basal level of LuxI, which
in turn produces basal level of AHL. AHL ac-
cumulates in proportion to the increasing bac-
terial population. At a certain threshold con-
centration, AHL molecules bind to a transcrip-
tional activator protein LuxR. AHL-LuxR com-
plex forms dimers or multimers and subsequently
activates the target genes (Rutherford and Bassler
2012). AHL biosensors principally contain sim-
ilar types of sensing gene network topology:
(1) a QS transcriptional activator (LuxR homo-
logue) is expressed either from a constitutive or
inducible promoter, and (2) a reporter gene is
expressed from the cognate promoter of LuxR
homologue. Sensing mechanism of AHL biosen-
sors can be summarized as follows: once above
the threshold concentration, a particular type of
AHL binds to its transcriptional activator pro-
tein, and then this complex binds to its cog-
nate promoter and generates a readable output
(Fig. 1a). Recognition and binding of transcrip-
tional activator to AHL is very specific and de-
pends on the length of the acyl side chain of AHL
and modification in the side chain at position
C3, which may contain either hydroxyl or oxo
groups. A wide range of biosensors have been
designed, differing in sensitivity and specificity
toward AHLs (Table 1) (Steindler and Venturi
2007).
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Fig. 1 Generalized signaling flow of biosensors for
detecting AI-1 (AHL) and AI-2. (a) Design principle
of biosensor to detect AI-1(AHL). (b) Design principle
of biosensor to detect AI-2. CM, cell membrane; AHL,

acyl homoserine lactone; AI-2, autoinducer-2; Px, an
arbitrary promoter for luxR expression; PLuxI and Pi,
cognate promoters of LuxR

Engineered E. coli-Based Biosensors

E. coli is a Gram-negative bacterium and is
routinely used in labs. E. coli does not contain
an AHL synthase gene, so is unable to make its
own AHL, which makes it a suitable host for the
detection of AHLs. Several plasmids with AHL
sensing gene circuits have been integrated into
various strains of E. coli and have been used to
measure AHLs (Table 1). Recently, E. coli carry-
ing plasmid pSB401 was used to detect and quan-
tify AHLs present in supernatants of Burkholde-
ria sp. strain A9 (Anbazhagan et al. 2012). This
biosensor detects a wide range of AHLs and pro-
duces bioluminescence which is measured using
a luminometer. Plasmid pSB401 was constructed
by fusing Photorhabdus luminescens biolumi-
nescence genes luxCDABE with V. fischeri luxRI’
DNA fragment, containing a luxR transcriptional
activator and luxI promoter. It can detect AHLs
ranging from C4 to C14, with a different level
of sensitivity. This system responded best toward
its cognate AHL, i.e, C6-AHL, and least toward
C4-AHL. E. coli harboring pSB401 produces
a high dynamic range of 3log (Winson et al.
1998). In the same study, pSB406 and pSB1075
were also constructed using reporter genes
luxCDABE. pSB406 contains P. aeruginosa
rhlRI’::luxCDABE fusion, and pSB1075 contains
P. aeruginosa lasRI’::luxCDABE fusion. Similar
to pSB401, pSB406 and pSB1075 also detect
a wide range of AHLs, generating varying

levels of bioluminescence in the following order:
pSB401 > pSB406 > pSB1075 (Winson et al.
1998).

Similarly, several other biosensors, by
implementing luxCDABE, were developed to
detect short- and long-chain AHLs. Plasmids
pAL103 and pAL105 were developed by fusion
of luxR and PluxI::luxCDABE and lasR and
lasI::luxCDABE, respectively. E. coli carrying
pAL103 was able to detect 10 nM 3-oxo-C6-
AHL, and E. coli carrying pAL105 was able
to detect 10 nM 3-oxo-C12-AHL. It has been
reported that in some cases �sdiA E. coli can be a
better host to detect AHLs. SdiA is a homologue
of LuxR, and in some cases, it interferes with
quorum sensing machinery and thus influences
the output. It has been reported that SdiA
influences RhlI/RhlR QS system of Pseudomonas
aeruginosa. Lindsay and Ahmer (2005) used
sdiA mutant E. coli to measure the response
of plasmid pAL101 (Lindsay and Ahmer 2005).
pAL101 was created by fusing rhlR activator with
PrhlI::luxCDABE. This biosensor detects 1 �M
C4- or 10 �M 3-oxo-C6-AHL. pAL101 generates
913-fold change in the output at 100 �M C4 and
53-fold change in the output at 1 �M C4-AHL.
When this plasmid was expressed in E. coli
strain containing wild-type sdiA, it generated
only 2 to 3-fold change in response. In E.
coli with natural sdiA, sdiA is constitutively
expressed, which leads to activation of the
cognate promoter even in the absence of AHL,
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and thus causes higher basal level expression.
Basal level in wild-type E. coli was found
to be equal to what was observed for sdiA
mutant E. coli treated with 100 �M of C4-AHL
(Lindsay and Ahmer 2005). Plasmid pSB536
was created using quorum sensing components
ahyR and PahyI of Aeromonas hydrophila.
AhyR is a LuxR homologue, and PahyI is a
cognate ahyI (a luxI homologue) promoter.
Plasmid pSB536 was constructed by fusing PahyI
with bioluminescence genes luxCDABE. This
biosensor works best and as expected in sdiA-
deleted E. coli. This biosensor efficiently detects
C4-AHL, but provides a dynamic range only
of fourfold at 100 �M C4-AHL, making it less
suitable candidate for biosensing (Lindsay and
Ahmer 2005; Swift et al. 1997). These studies
also demonstrate the necessity of proper selection
of host strain before going for any biosensing
measurements.

Apart from bioluminescence-based biosensor,
fluorescence-based sensors have also been
created. Rai et al. (2012) created an AHL-
responsive network (Rec-FF) on a high copy
number plasmid pSB1A2. Rec-FF was created
by fusing V. fischeri luxI promoter with gene
encoding cyan florescent protein and luxR
with a tetracycline promoter. E. coli K12Z1
strain carrying the above plasmids responded
as predicted at different levels of exogenously
supplied natural or synthetic C6-AHL. This
plasmid was able to detect 1 �M of synthetic
C6-AHL (Rai et al. 2012). Fluorescence-
based biosensors have advantages over other
reporter methods such as luminescence, because
responses of fluorescence-based biosensors can
be monitored at the single cell level, when
a proper detection method is used, such as
fluorescence microscope or flow cytometer, while
luminescence-based detection methods reveal QS
response at the population level.

Engineered Pseudomonas sp.-Based
Biosensors

P. aeruginosa is an opportunistic human
pathogen. It regulates its virulence gene

expression implicating QS system. P. aeruginosa
contains two LuxI/LuxR-type QS systems:
(a) LasI/LasR and (b) RhII/RhIR. In LasI/LasR
system, LasI synthesizes N-3-oxo-dodecanoyl-
homoserine lactone (OdDHL), which binds
to the transcriptional activator LasR, leading
to the upregulation of cognate promoters. In
RhII/RhIR system, RhII synthesizes N-butanoyl-
homoserine lactone (BHL), which then binds to
RhIR, leading to the expression from cognate
promoters (de Kievit et al. 1999). Pseudomonas-
based biosensors have been constructed by
mutating autoinducer synthase gene (lasI or
rhII) and expressing reporter such as lacZ from
QS-responsive promoter. P. aeruginosa PAO1
M71LZ strain has been used to detect long-chain
AHL such as 3-oxo-C10- and 3-oxo-C12-AHL.
M71LZ is a lasI deletion mutant and contains
a chromosomally integrated fusion of rsaL
promoter and lacZ (Anbazhagan et al. 2012).
Studies have demonstrated that LasI/LasR QS
system directly regulates expression of rsaL,
making this system a suitable biosensor (de
Kievit et al. 1999). The presence of AHL is
quantified by measuring the level of lacZ and by
performing “-galactosidase assay.

Later, a biosensor strain was developed to
sense primarily 3-OH-C6-AHL, by engineering
PhzI/PhzR QS system of P. fluorescens 2–
79 (Khan et al. 2005). PhzI/PhzR QS system
regulates the expression of the phzABCDEFG
operon. Products of this operon synthesize
chorismate and convert it into an antimicrobial
compound phenazine-1-carboxylic acid. Autoin-
ducer synthase PhzI synthesizes six different
AHLs including 3-OH-C6-AHL, 3-OH-C8-AHL,
and 3-OH-C10-AHL. P. fluorescens 2–79-based
biosensor carrying engineered PhzI/PhzR QS
system is most responsive toward 3-OH-C6-
AHL (Swift et al. 1997). Biosensing networks
of P. fluorescens 2–79-based biosensor are
present on two plasmids pSF105 and pSF107.
Plasmid pSF105 expresses phzR from trc
promoter. Plasmid pSF107 contains PhzR-
regulated divergent dual promoter phzR-phzA
(phzR-phzA intergenic region). In dual promoter
phzR-phzA, transcription toward phzR controls
expression of reporter uidA, while transcription
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toward phzA controls expression of reporter
lacZ. PhzA-lacZ reporter module of pSB107
demonstrated highest sensitivity for 3-OH-C6-
AHL, which was tenfold higher than 3-OH-C8-
AHL and C6-AHL. Recently, P. aeruginosa-
based sensitive biosensors, PA14-R1, PA14-
R2, and PA14-R3, were developed to detect
3-oxo-C12-AHL (Massai et al. 2011). PA14-
R1 is a lasI mutant strain of P. aeruginosa PA14
carrying high copy number plasmid pUCP18
PrsaL::luxCDABE. PA14-R2 is identical to
PA14-R1, excluding that it carries QS-responsive
gene network on low copy number plasmid
pMS402. PA14-R3 is engineered lasI mutant
P. aeruginosa PA14, carrying a chromosomal
copy of PrsaL::luxCDABE fusion (Massai et al.
2011). All three biosensors are reported to be
sensitive to 3-oxo-C12-AHL, having sensitivity
in the orders of nM. In PA14-R1 and PA14-
R2 bioluminescence is proportional to the
log concentration of 3-oxo-C12-AHL in the
range of 2 nM to 1 �M. PA14-R3 appeared
to be most sensitive and had broader detection
range. PA14-R3 shows proportionality between
bioluminescence and 3-oxo-C12-AHL in the
range of 1.4 nM to 3 �M log concentration of
3-oxo-C12-AHL. PA14-R3 is highly sensitive
to 3-oxo-C12-AHL with a detection limit of 10
pM, while it also detects C4-AHL with a lower
detection limit of 10 �M (Massai et al. 2011).

Engineered Agrobacterium
tumefaciens-Based Biosensors

A. tumefaciens is a Gram-negative pathogenic
bacterium. It infects plants and causes crown
gall disease. During infection, a DNA fragment,
called T-DNA, which is present on tumor-
inducing (Ti) plasmid of bacteria, is copied and
transferred into plants, where it is integrated into
chromosomes of plants and causes the crown gall.
Ti plasmid also contains several genes involved in
the regulation and transfer of T-DNA. Regulation
of Ti copy number and conjugative transfer of
Ti plasmid into other bacteria are regulated by
LuxI/LuxR-type quorum sensing, TraI/TraR.
TraI is an autoinducer synthase and synthesizes

3-oxo-C8-AHL, and TraR is a transcriptional
activator. A. tumefaciens is frequently used as
a biosensor because it detects a wide range
of AHLs with a high level of sensitivity.
A. tumefaciens-based biosensors have been
implemented with reverse phase TLC and HPLC
for the qualitative detection of AHLs. Several
biosensors use reporter lacZ, making them
suitable for the quantitative measurements. A.
tumefaciens strain NT1 carrying plasmid pZLR4
is one of the most commonly used biosensors.
NT1 does not harbor Ti plasmid and thus does not
produce native AHL. Plasmid pZLR4 contains
traR and one of tra operons, where traG has been
fused with reporter lacZ (Farrand et al. 2002).

Later, two biosensors, A. tumefaciens A136
(pCF218)(pMV26) and A. tumefaciens A136
(pCF218)(pCF372), were developed and used to
detect different types of AHLs (Chambers et al.
2005; Zhu et al. 1998). Both biosensors are TraI
negative and contain plasmid pCF218, which
overexpresses TraR transcriptional activator.
Plasmid pMV26 contains PtraI promoter region
from �143 to C68 fused with reporter luxCD-
ABE. Plasmid pCF372 contains PtraI promoter
region from �143 to C359 fused with reporter
lacZ. A. tumefaciens A136 (pCF218)(pCF372)
was used to detect AHLs separated by TLC,
while A. tumefaciens A136 (pCF218)(pMV26)
was used to detect and quantify AHLs in the
column fractions. Luminescence-based assays
were performed with biosensor A. tumefaciens
A136 (pCF218)(pMV26), and it was noticed
that this biosensor is highly sensitive toward a
range of AHLs including C4-AHL (25 �M), C6-
AHL (250 nM), C8-AHL (0.25 nM), C10-AHL
(25 nM), C12-AHL (250 nM), 3-oxo-C6-AHL
(20 pM), 3-oxo-C8-AHL (0.2 pM), 3-oxo-C10-
AHL (0.02 pM), and 3-oxo-C12-AHL (0.02
pM) (Chambers et al. 2005). Apart from the
above-mentioned biosensors, an ultrasensitive A.
tumefaciens KYC55 (pJZ372)(pJZ384)(pJZ410)
biosensor has also been developed to detect
a wide range of AHLs (Zhu et al. 2003).
This biosensor was made ultrasensitive by
overexpressing traR from T7 promoter. A.
tumefaciens strain KYC55, which lacks Ti
plasmid and consequently does not produce
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TraI, was used as a host. Biosensor networks
were cloned on three plasmids, pJZ372, pJZ384,
and pJZ410. Plasmid pJZ384 contains a fusion
of T7 promoter and traR, plasmid pJZ410
contains T7 RNA polymerase, and plasmid
pJZ372 contains PtraI::lacZ fusion, derived
from the plasmid pCF372 (Zhu et al. 2003).
This strain demonstrated better sensitivity and
range compared to a closely related biosensor A.
tumefaciens strain WCF47 (pCF218)(pCF372),
where traR is expressed from tetracycline-
inducible promoter (Ptet) (Zhu et al. 1998). Since
WCF47 uses lacZ reporter gene, it can detect and
quantify AHLs using both TLC-based qualitative
and Miller assay-based quantitative methods.

Engineered C. violaceum-Based
Biosensors

C. violaceum is a Gram-negative bacterium. This
bacterium possesses CviI/CviR-type quorum
sensing and uses QS to regulate cell density-
dependent production of water-insoluble viola-
cein, a purple pigment. McClean et al. (1997)
developed AHL-negative mutant, C. violaceum
strain CV026, by mini-T5 mutagenesis in cviI.
CV026 is unable to synthesize its own AHL.
CV026 has been widely used as a biosensor to
screen AHL-producing bacteria, using agar plate
and thin-layer chromatography-agarose overlay
methods. CV026 detects a wide range of AHLs
ranging from C4- to C8-AHL. Limitation with
CV026 is that this does not detect any of 3-
hydroxy-AHLs. QS system of CV026 is not
induced by AHL molecules with acyl side chains,
ranging from C10 to C14. But these larger AHL
molecules can indirectly be detected by the QS
inhibition assay. Larger AHL molecules act as
antagonists of smaller molecules. Fully induced
CV026, in the presence of small AHLs, when is
treated with large AHLs, demonstrate reduction
in the level of induction (McClean et al. 1997).

In one of the latest studies, CV026 was used
to detect small-chain AHLs C6-AHL and C8-
AHL using TLC, in soil and air living bac-
terium Burkholderia sp. strain A9. Extracts of
Burkholderia sp. strain A9, along with AHL

standards, were loaded and separated on C18-
TLC plates; when CV026 was overlaid, two spots
were developed. These spots were matching with
Rfs of C6-AHL and C8-AHL. Spots were further
reconfirmed by Triple Quadrupole LC/MS (Chen
et al. 2013).

Anbazhagan et al. (2012) screened large AHL
molecules from the biofilm forming clinical
isolates of Acinetobacter sp. by performing well-
diffusion-based inhibition assay and later char-
acterization by mass spectrometry. Acinetobacter
sp. are multidrug-resistant, Gram-negative oppor-
tunistic bacteria causing several deadly diseases.
Acinetobacter sp. form a biofilm, and it has been
observed that the development of biofilm in sev-
eral bacteria is controlled by quorum sensing. In
this study, first, CV026 violacein induction assay
was performed with 30 biofilms forming isolates
of Acinetobacter sp., but none of the samples
induced production of violacein indicating that
Acinetobacter sp. lacks short-chain AHLs. Later,
to screen possible presence of long-chain AHLs,
CV026 violacein inhibition assay was performed
on a plate where CV026 has previously been
grown in the presence of synthetic short-chain
AHLs. The presence of short AHLs resulted in
purple colonies. When isolates were added on this
plate, 7 out of 30 isolates inhibited development
of purple color, indicating the presence of
long-chain AHLs. Later, AHLs present in
isolates were quantified by well-diffusion
method. When mass spectrometry was performed
with these 7 isolates, 5 isolates produced
C10-AHL and the remaining two C12-AHL.
This study describes the versatility of CV026, in
detection of large arrays of AHLs (Anbazhagan
et al. 2012).

Biosensors for the Detection of AI-2

AI-2 molecules mediate inter- and intraspecies
communications, both in Gram-positive and in
Gram-negative bacteria. AI-2 is synthesized in
two enzymatic steps: one is catalyzed by Pfs
enzyme and other by LuxS enzyme. S-adenosyl
methionine is used as a methyl donor to produce
adenosyl homocysteine, which is subsequently
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hydrolyzed by a nucleosidase, Pfs, to yield
adenine and S-ribosyl homoserine. Subsequently,
S-ribosyl homocysteine is converted to 4,5-
dihydroxy-2,3-pentanedione (DPD), by LuxS.
DPD forms a cyclic molecule, which undergoes
rearrangement to form AI-2 (Rutherford and
Bassler 2012).

Detection and quantification of AI-2
molecules are performed predominantly using
either Vibrio harveyi BB170 (AI-1� and AI-2C)
or V. harveyi MM32 (AI-1� and AI-2�) (Fig. 1b).
Density-dependent AI-2 detection systems of
Vibrio strains have been thoroughly studied.
AI-2 signal detection cascade is comprised of
a periplasmic AI-2 binding protein LuxP and
a phosphorelay cascade consisting of several
kinases. The first member of this phosphorelay
cascade is a hybrid sensor kinase LuxQ, which
contains N-terminal periplasmic membrane-
bound sensory domain and a C-terminal intra-
cellular response regulator domain. Signal from
LuxQ is transferred to the other phosphorelay
protein LuxU and then to the LuxO. LuxO
belongs to highly conserved ¢54 dependent tran-
scriptional regulators. LuxO contains three con-
served domains: (1) response regulator domain,
(2) the ¢54 activation domain, and (3) a HTH
(helix-turn-helix) motif that is involved in direct
DNA binding. At a low cell density, LuxQ protein
autophosphorylates and signal is transferred from
its conserved aspartate residue to the histidine
residue of LuxU, and then LuxU phosphorylates
the aspartate residue of the response regulator
LuxO. Active LuxO increases the expression of
the small regulatory RNAs (sRNAs). These sR-
NAs form a complex with a sRNA chaperone pro-
tein Hfq. This complex destabilizes the mRNA
of the quorum sensing regulator molecule LuxR,
resulting in inhibition of Lux operon expression.
When cell density is high, AI-2 molecules present
in the periplasmic space bind to the LuxP protein,
converting LuxQ from kinase to phosphatase, re-
versing the phosphorelay pathway. Subsequently,
at higher cell density sRNAs are not expressed
and luxR mRNAs are not degraded, leading to
high translation of luxR mRNA and giving a
quorum sensing-mediated luminescence in V.
harveyi (LaSarre and Federle 2013).

Luminescence generated by V. harveyi is mea-
sured using a luminometer. Briefly, in BB170 and
MM32 bioassays, first of all, tester bacteria are
grown in the growth media, and then bacteria are
filtered out using 0.22 �M filter. Supernatant is
used to measure the presence of AI-2. Differ-
ent bacteria produce AI-2 at different phase of
growth, so if unknown bacteria are being tested
for AI-2, it is recommended to harvest the super-
natant at different time points of growth. In some
bacterial species like V. harveyi, the supernatant
is stable and can be preserved at �20 ºC, and
in some cases like E. coli, it is unstable and
refrigeration is not advised. Biosensors are grown
overnight in AB medium at 30 ºC; later these
cells are diluted to 1:5000 in sterile AB medium
and mixed with the supernatant of the tester
strain. Ideally, nine volumes of diluted biosensor
is mixed with one volume of tester supernatant
and is incubated at 30 ºC. Luminescence is mea-
sured at 490 nm every 30 min to 6 h. When
BB170 is used as a biosensor, BB170 growing
in the supernatants of V. harveyi BB152 (AI-1�,
AI-2C) and V. harveyi MM77 (AI-1�, AI-2�) is
always used as positive and negative controls,
respectively. It should be noted that BB170 is
an AI-2-positive strain and thus always produces
basal level of AI-2, while MM32 is AI-2 negative,
and hence MM32 senses and responds only to
exogenous AI-2 (Taga and Xavier 2011).

Conclusions and Future Directions

QS enables bacteria to communicate with each
other to synchronously express target genes at
high cell density. Latest studies have demon-
strated that QS systems of pathogens get compro-
mised when they are treated with AI analogues,
making such pathogens less infectious. So, it is
important to determine if a suspected bacterium
produces AI or not. Biosensors are fast and cost-
effective sensing systems to detect AIs and AI
analogues in surrounding environments. These
are able to detect a wide range of AHLs ranging
from C4 to C18. One of the limitations of biosen-
sors is that a single biosensor cannot detect all
types of AHLs, so if an unknown strain is being
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screened for possible AHL production, different
groups of biosensors, sensing different types of
AHLs, should be used. Biosensors derived from
C. violaceum and A. tumefaciens are preferably
used for the screening of unknown AHL pro-
ducer, as these sense a broad range of AHLs.
Responses of several biosensors including V. har-
veyi BB170 are influenced by the composition
of growth medium and also by the genotype of
the biosensor strain (Lindsay and Ahmer 2005).
So, these limitations should be considered during
the selection of biosensor and during interpreting
screening results. Though biosensors have some
drawbacks, their ease of use and versatility make
them a preferable choice for the screening of
new AI-producing strains. Once AI producers are
screened, further characterization of AI should be
done by using sophisticated techniques like mass
spectrometry and HPLC.
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Caenorhabditis elegans as an In Vivo
Non-MammalianModel System
to Study Quorum Sensing
in Pathogens

Sajal Sarabhai, Neena Capalash, and Prince Sharma

Introduction

One of the most alarming problems in the current
times is the continuous emergence of multiple
drug resistance in the most pathogenic bacterial
species (Dzidic and Bedekovic 2003). Even
the World Health Organization has regarded
antibiotic resistance as the major challenge
of the future. Since 1980, no new drug has
been discovered, and bacteria are becoming
resistant to all the currently available antibiotics.
Therefore, alternative methods to combat the
bacterial sternness are being search continuously.
In 1970, Nealson et al. identified a cell-density-
dependent expression of bioluminescence in
Vibrio fischeri which lives in the photophore
(or light-producing organ) of the Hawaiian
bobtail squid as the mutualistic symbiont. The
mechanism was termed as quorum sensing (QS)
comprising of signalling molecules (autoinducers
or pheromones) which are produced in a cell-
density-dependent fashion. At a certain threshold
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concentration, signalling molecules interact
with their cognate receptors and regulate the
transcription of target genes. In simpler words,
bacteria require a minimum number of cells
or “quorum” for gene expression and could
“sense” this density by the levels of signal
molecules. Later on, quorum sensing was
found to exists in both bacterial (Gram positive
and negative) and fungal species. The genes
which fall under the regulation of quorum
sensing are specific to the microbial species,
e.g. in case of pathogenic bacteria, QS genes
regulate the expression of virulence genes,
while in environmental species, genes required
for nutrients uptake are expressed (Smith and
Iglewski 2003).

The first quorum-sensing inhibitor was identi-
fied from the marine macroalga Delisea pulchra,
which produces halogenated furanones and was
able to inhibit quorum-sensing-regulated colo-
nization of marine bacterial species on its surface
(Rasmussen et al. 2000). Under laboratory con-
ditions, when halogenated furanone was tested
against E. coli with luxR construct of V. fischeri,
there was accelerated degradation of transcrip-
tional regulator LuxR protein on binding with
halogenated furanone (Manefield et al. 2002).
Also, halogenated furanone was able to inhibit
the expression of PluxI-GFP in E. coli. As quo-
rum sensing contributes significantly to virulence
gene expression in pathogenic bacteria, therefore
interference in the cell–cell communication has
emerged as an attractive strategy to battle the
infections.
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Importance of an In VivoModel
System to Study the Effectiveness
of Quorum-Sensing Inhibition

To understand the host–pathogen interactions at
both cellular and molecular level, an appropriate
in vivo model is required. In vitro model is used
simply to describe the effect of QS inhibitors
(QSI) on a certain bacterial population and to col-
lect data for proving the hypothesis. The precise
effect of the QSI at the site of infection can be
analysed only in an in vivo model system, spe-
cially developed to study virulence of a particular
bacterium. In most of the in vitro studies, dealing
with host pathogenesis, we ignore the immune
responses of the host evoked during bacterial
invasion. Also, the toxicity, effective dose and
metabolism of the QSIs are not even dealt with,
which is disadvantageous when dealing with its
commercial value. For the last 10–15 years, more
than 100 synthetic and natural compounds with
QSI activity have been identified. However, their
efficacy in vivo still remains a question. Most
of the QS inhibitors either have not been tested
in in vivo model or their efficacy were not as
good as observed by in vitro analysis. Garlic
has undergone clinical trials in cystic fibrosis
patients with P. aeruginosa infections but was
not as effective as in in vitro analysis and in
vivo burnt mouse model (Smyth et al. 2010).
Quorum-sensing-regulated pathogenesis models
have been very well established in both inverte-
brate (e.g. Drosophila melanogaster, C. elegans,
Galleria mellonella) and vertebrate model sys-
tems (rodents, mice, guinea pig). This chapter
will focus on using an invertebrate model C.
elegans to study and validate the efficacy of QS
inhibitors in vivo.

C. elegans

The nematode C. elegans was isolated from
mushroom compost near Bristol (designated as
N2 strain), England, by L. N. Stainland and was
further cultured by W. L. Nicholas. Subsequently,
the strain was identified by Gunther and Nigon

and was given to Brenner in 1965 who later de-
veloped C. elegans as a model to study cell cycle.

C. elegans is a eukaryotic, multicellular 1 mm
long and self-reproducing hermaphrodite with a
life cycle of approximately 3.5 days at 20 ıC.
It lends itself for easy culture and propagation
on E. coli strain OP50 as feed. It is able to
get internally fertilized and lays eggs through its
uterus. Under favourable environmental condi-
tions, hatched larvae develop through four stages
designated as L1–L4 (Fig. 1), and hundreds of
progeny can be generated rapidly in petri dishes
at 25 ıC. When conditions are stressful, e.g. in
case of food insufficiency or high temperature,
C. elegans enters an alternative third larval stage
called the dauer state. Dauer larvae are stress
resistant and do not age. This is the preferred
stage to store worms in liquid nitrogen or deep
freezer for long time. The genome is 9.7 � 107 bp
in size with gene density of 1gene/5 kb. It has a
small chromosome number (2n D 6 named I, II,
III, IV, V and X) and a mitochondrial genome
(Corsi 2006).

C. elegans Pathogenesis Model:
An Edge over Others

C. elegans has emerged as a cost-effective,
amenable, genetically tractable in vivo model.
It proved to be effective in studying various
biological processes including apoptosis, cell sig-
nalling, cell cycle, cell polarity, gene regulation,
metabolism, ageing and sex determination and
host–microbial pathogenesis interaction studies
(Riddle et al. 1997). As compared to other in
vivo model systems, C. elegans is relatively
easy to handle and manipulate with panoply
of genetic and molecular tools available for its
study (see at the end, C. elegans information
databases). Caenorhabditis Genetic Centre
(CGC) in Minnesota, USA, encourages scientists
to use C. elegans for in vivo research. There
is no ethical clearance involved in using C.
elegans as in vivo model. Therefore, it has
an edge over other higher vertebrate in vivo
model systems. C. elegans reproduces rapidly
(small generation time) which allows drug
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Fig. 1 Life cycle of C. elegans N2 at 21 ıC

efficacy to be studied easily, while in higher
vertebrates like mouse model, it takes fairly
long time to reproduce which limits the study.
Being small in size, hundreds of worms can fit in
the 96-well microtitre plate, and scoring can be
easily done by checking the viability of worm.
This provides an easy high-throughput screening
which is impossible in higher vertebrate models
(Moy et al. 2009).

The transparent body of C. elegans allows vi-
sualization of fluorescence-tagged molecules and
proteins, and their fate can be determined. The
delivery of anti-infective compounds in the model
system offers a major challenge when pharmaco-
dynamic properties are to be evaluated. Delivery
in C. elegans is simple. Anti-infective compounds
are either ingested by worms or absorbed through
the skin or sensory neuronal endings and spread
throughout the body after absorption from intesti-
nal cavity. As almost any type of microbe can be
ingested by C. elegans, therefore, it has emerged
successfully as a model to study interactions and
interference during host–pathogen coexistence. A
comparison between C. elegans and other model
system is given in Table 1.

C. elegans as aModel to Study
Quorum Sensing (QS) and QS
Inhibition (QSI) in Microbial
Pathogens

Host–pathogen interaction studies are well estab-
lished in C. elegans involving both bacterial and
fungal species. In case of bacteria, both Gram-
positive and Gram-negative species utilize QS for
colonization and pathogenesis in worms. Some
of the important pathogens causing disease in C.
elegans and their survival by anti-infectives are
described below.

Pseudomonas aeruginosa

P. aeruginosa is a soil bacterium that is
pathogenic to both plants and animals. It is
the common part of the human microflora, but
when immune system gets compromised during
traumatic surgeries, burns and chemotherapy,
it causes lethal infections (Oncul et al. 2009;
Senturk et al. 2012). It accounts for 80 %
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deaths in cystic fibrosis patients, and the
clinical management is difficult due to multiple
drug resistance. Attenuation of P. aeruginosa
virulence by interfering with QS proved to
be promising therapy as studied through in
vitro experimentation (O’Loughlin et al. 2013).
Besides using conventional in vivo model
systems, the P. aeruginosa pathogenesis model
was also established in C. elegans, and depending
on the bacterial strain and culture conditions,
a total of five types of worm killing (four
agar-based and one liquid-based killing) are
reported. P. aeruginosa strain P14 was first
identified by Ausubel and his co-workers
in 1997. It is a clinical strain and is able
to cause disease in both plants and animals
using shared subsets of virulence factors. P14
strain showed two types of C. elegans killing,
namely, “fast killing” and “slow killing”.
When grown on high-osmolarity, nutrient-
rich (glucose, peptone, sorbitol) medium, P14
releases certain diffusible exoproducts (Mahajan-
Miklos et al. 1999) which cause fast killing
of worms. Approximately, 50 % of total C.
elegans population (LT50) died within 4 h of
bacterial exposure. During mutagenesis analysis
for finding the reason behind the worm killing,
seven TnphoA mutants failed to cause fast killing.
The genes disrupted in these mutants were
involved in synthesis of phenazine molecules
which lie under regulation of quorum sensing
in P. aeruginosa. Three types of phenazines are
reported in P14, namely, 1-hydroxyphenazine,
phenazine-1-carboxylic acid and pyocyanin, and
their toxicity to C. elegans depends on the pH of
the medium (Cezairliyan et al. 2013). Phenazine-
1-carboxylic acid is the major phenazine
responsible for fast killing, while pyocyanin and
1-hydroxyphenazine are produced in low concen-
tration by P14, insufficient to kill worms. Strain
PAO1 secretes toxic metabolites when grown
on brain–heart infusion medium which causes
cessation of pharyngeal pumping in C. elegans.
Worms become paralyzed, fail to move and die
within 2–4 h, a phenomenon termed as paralytic
killing. A quorum-sensing mutant of PAO1 was
unable to cause paralytic killing of C. elegans,
and pyocyanin was found to be the responsible

candidate (Darby et al. 1999). Later on Gallagher
and Manoil (2001) proposed cyanide (hcn) as the
sole molecule responsible for paralytic killing.
P. aeruginosa produces cyanide maximally in
the late-exponential and early-stationary phases,
and the production is known to be under QS
regulation. The addition of exogenous hydrogen
cyanide alone showed similar death kinetics in C.
elegans as that of wild-type P. aeruginosa strain.
Cyanide, being a known inhibitor of cytochrome
oxidase, shuts down the mitochondrial respiration
in neuromuscular tissues and causes rapid
and dramatic paralytic killing of nematodes
by P. aeruginosa PAO1. However, the role
of cyanide in human infections is still not
known.

“Slow killing” in C. elegans is mediated by
both PAO1 and P14 strains when grown in min-
imal medium. Bacteria colonize the intestine of
worm, and infections develop within 12 h which
is also visualized by accumulation of GFP-tagged
bacterial population. Continuous exposure of C.
elegans to P. aeruginosa results in cessation of
pharyngeal pumping, and worms became immo-
bile and die. L4-stage worms are more suscepti-
ble than adults, and LT50 was 38 and 48 h, respec-
tively. Slow-killing defective mutants (gacA�,
lasR� and lemA�) of P. aeruginosa were unable
to colonize/proliferate in worm gut. Since LasR
and GacA are involved in QS, this suggests that
QS plays role in slow killing of worms (Tan et al.
1999).

Exposure of P. aeruginosa P14 to aqueous
extracts of Conocarpus erectus, Callistemon
viminalis and Bucida buceras effectively reduced
both the fast and slow killing of C. elegans
(Adonizio et al. 2008). Similarly, these extracts
were able to reduce paralytic killing of worms in-
fected with PAO1. As these plant extracts showed
reduced production of QS-regulated extracellular
virulence factors in P. aeruginosa, hence, in-
crease in worm survival was observed. Similarly,
Rudrappa and Bais (2008) showed reduction in
worm killing when fed on bacteria treated with
3 �g/ml of QSI curcumin. C. elegans has re-
markable chemosensory network, and due to this
there could be a possibility that worms did not
ingest bacteria exposed to curcumin. However, on
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Fig. 2 Red death in C.
elegans (Courtesy of Dr.
Alverdy; http://www.
newswise.com/articles/
research-could-lead-to-
new-non-antibiotic-drugs-
to-counter-hospital-
infections)

determining the total bacterial load in the worm
gut, the number was found to be same when
fed on either curcumin-treated or curcumin-
untreated PAO1. The anti-infective potential of
clove oil (1.6 % v/v) (Husain et al. 2013), AHL
analogue meta-bromo-thiolactone (O’Loughlin
et al. 2013), ellagic acid derivatives of Terminalia
chebula (Sarabhai et al. 2013), furanone (Maeda
et al. 2012), garlic extracts and 4-nitropyridine-
N-oxide (Rasmussen et al. 2005) was found to
be effective in rescuing C. elegans killing by P.
aeruginosa due to their QS inhibitory potential.
Another approach for QS inhibition is the use
of signal-degrading enzymes, namely, acylases
and lactonases which degrade N-acyl homoserine
lactone molecules in Gram-negative bacteria.
These enzymes were effective in reducing the
QS-regulated virulence gene expression of P.
aeruginosa in vitro. When worms were allowed
to feed on acylase (PvdQ) overproducing P.
aeruginosa PAO1, reduction in paralytic killing
was observed as compared to their wild type.
Same was also seen in case where purified acy-
lase was added to the C. elegans–P. aeruginosa
killing model (Papaioannou et al. 2009).

Besides being the primary lung pathogen, P.
aeruginosa is also detected in the intestines of
20 % populations. Zaborin et al. (2009) observed
red colour in the worm gut infected with PAO1
and called it “red death”. The medium used
for PAO1 growth was phosphate depleted which

mimicked physiological state of human intestines
during injuries (Murono et al. 2003). In PAO1,
depletion of phosphate induces PhoB-regulated
MvfR expression which consequently enhances
production of QS signal molecules, especially 2-
heptyl-3-hydroxy-4-quinolone (PQS). Increased
PQS molecules chelate extracellular iron which
in turn increases pyoverdin production in PAO1.
PQS forms red complex with Fe3C in the intesti-
nal tract of C. elegans and is responsible for their
red death (Fig. 2).

“Liquid killing” of C. elegans reveals
altogether a new array of virulence factors
responsible for worm death by P. aeruginosa
which were different from the classic pathways.
In liquid minimal medium, there is competition
between the Fe3C acquisition by both worms
and bacteria. PAO1 secretes pyoverdin which
chelates all the available Fe3C. This stabilizes
the HIF-1, a transcriptional factor which induces
hypoxic response in C. elegans and eventually
results in death of worms (Epstein et al. 2001).
Pyoverdin also stimulates production of proteases
and exotoxins which assist in pathogenesis of
PAO1 in worms (Kirienko et al. 2013). Table 2
summarizes the resemblance of C. elegans–P.
aeruginosa killing models with the mammalian
infections.

In both “red death” and “liquid killing” C.
elegans–P. aeruginosa pathogenesis model sys-
tems, quorum sensing plays an important role in

http://www.newswise.com/articles/research-could-lead-to-new-non-antibiotic-drugs-to-counter-hospital-infections
http://www.newswise.com/articles/research-could-lead-to-new-non-antibiotic-drugs-to-counter-hospital-infections
http://www.newswise.com/articles/research-could-lead-to-new-non-antibiotic-drugs-to-counter-hospital-infections
http://www.newswise.com/articles/research-could-lead-to-new-non-antibiotic-drugs-to-counter-hospital-infections
http://www.newswise.com/articles/research-could-lead-to-new-non-antibiotic-drugs-to-counter-hospital-infections
http://www.newswise.com/articles/research-could-lead-to-new-non-antibiotic-drugs-to-counter-hospital-infections
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Table 2 C. elegans–P. aeruginosa model system mimicking human infections

Killing models Worm killing Infection sate in humans Reference

Slow killing QS-regulated virulence factors like
pyocyanin, proteases, elastase, etc.,
required by P. aeruginosa for
successful infection in C. elegans

Same virulence factors are required
by P. aeruginosa for successful in
humans leading to nosocomial
infections

Tan et al. (1999)

Fast killing Phenazine-1-carboxylic acid is the
major toxin released by P. aeruginosa
P14 causing worm death

Phenanzine-1-carboxylic acid caused
toxicity in cystic fibrosis patients and
inflammation in acute wounds
infection which gets exaggerated
under acidic condition

Mahajan-Miklos et al.
(1999), Cezairliyan
et al. (2013)

Lethal paralysis Cyanide (HCN) produced under
quorum-sensing regulation, causes
paralysis of neuromuscular tissues
leading to asphyxia and worm death

The role cyanide in P. aeruginosa
infection is still not clear, but it helps
bacteria to persist and dominate in
human infection site

Darby et al. (1999)

Red death Depletion of phosphate induces Pho
regulon which perhaps enhance the
production of phenazines forming a
red coloured complex in worm
intestine

Phosphate depletion occurred during
major traumatic surgeries creating a
perfect environment for commensal
P. aeruginosa to become virulent

Zaborin et al. (2009)

Liquid killing Depletion of iron liquid medium
induces various hypoxic responses
which causes worn death

Microaerophilic condition in lungs of
cystic fibrosis patients mimicked the
exact condition. It induces various
inflammatory responses which
damages host cells

Kirienko et al. (2013)

the development of disease. As both the models
are in the initial stages of study, no QS inhibitors
have been tested as yet for their efficacy in reduc-
ing the worm killing.

Staphylococcus aureus

S. aureus is a Gram-positive bacterium causing
a variety of diseases including skin infections,
food poisoning, toxic shock syndrome and septic
shock. Nosocomial infections with methicillin-
resistant S. aureus (MRSA) strains are the most
serious risk factors associated with hospitaliza-
tion (Lowry 1998). S. aureus colonizes intestine
of the worm assisted by various extracellular
virulence factors expressed under QS regulation.
Mutation of the quorum-sensing global virulence
regulators agr and sarA of S. aureus reduced
worm killing. S. aureus is capable of infecting all
the developmental stages (L1–L4 and adults) of
C. elegans. Exposure of worm to bacteria for only
8 h is sufficient for causing infection (Sifri et al.
2003).

Other virulence determinants like ’-hemolysin
and V-proteases are important for pathogenesis
in both human host and C. elegans. S. aureus
induces dar phenotype (deformed anal region)
in C. elegans which is dependent on “-catenin
and ERK-MAPK signalling system. In higher
vertebrates, “-catenin activates NF-ÍB-mediated
immune responses. Although NF-ÍB is not
present in C. elegans system, its downstream
genes are well conserved. Hence, C. elegans
model can be very well studied for pathogenesis
development and resistance development against
S. aureus. Anti-infective potential of 37 natural
extracts and 29 synthetic compounds against S.
aureus pathogenicity to C. elegans was assessed
by liquid killing assay. Approximately, 14 natural
and synthetic compounds were able to enhance
the survival of worms infected with S. aureus
by 2.4–4 fold. However, these anti-infective
compounds have not been tested for their anti-QS
activity, but these compounds could be further
tested for the mechanism and toxicity through
which they are able to attenuate virulence of S.
aureus in C. elegans (Kong et al. 2014).
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Burkholderia cenocepacia

B. cenocepacia is the secondary inhabitant of cys-
tic fibrosis lungs and plays a major role in clinical
outcomes of nosocomial infections. Two types of
killing have been reported for B. cenocepacia in
C. elegans. Slow killing occurs in worms fed on
bacteria growing in standard minimal medium.
Death occurred due to gut colonization followed
by infection. When bacterium was allowed to
grow under high-osmolarity conditions, worms
were killed within 24 h with no detectable bac-
terium in the gut. Conditioned medium with dif-
fusible products of B. cenocepacia was able to
kill worm within 4 h. However, the nature of the
toxin has not been detected. Both types of worm
killing by B. cenocepacia required cep quorum-
sensing regulatory system (Kothe et al. 2003).
An effective QS inhibitor reduced the killing of
worms infected with B. cenocepacia. The heterol-
ogous expression of QS signal-degrading enzyme
(aiiA lactonase) of Bacillus sp. strain 240B1 in B.
cepacia attenuated bacterial virulence. Even the
levels of N-acyl homoserine lactone signalling
molecules were less as compared to wild type.
Combination of antibiotic (tobramycin) and QS
inhibitor (baicalin hydrate) enhanced the worm
survival significantly (p < 0.01) fed on B. ceno-
cepacia strains LMG18828 and LMG 16656.
Also the combinatorial action of antibiotic and
QSI was more effective in rescuing worm killing
than either of them used alone (Brackman et al.
2011).

Escherichia coli

E. coli OP50 strain is the food for C. elegans
N2 and is used for the propagation of worms
under laboratory conditions. It is completely
digested by the worm and shows no gut
colonization (Aballay et al. 2000). Another strain
of E. coli, i.e. O157:H7, is a causative agent
of hemorrhagic colitis and hemolytic uremic
syndrome (HUS), and its virulence expression
is regulated via quorum-sensing (QS) signalling

pathway (Sperandio et al. 2003). Broccoli extract
(BE) suppressed autoinducer signalling synthesis
and bacterial motility in E. coli O157:H7 in vitro.
Worms fed on E. coli strain O157:H7 developed
gut infection leading to death. However, BE
treatment of bacterial strain attenuated its
virulence in vivo and worms survived longer than
those fed solely on the pathogenic bacteria (Lee
et al. 2011), indicating the therapeutic potential
of broccoli in controlling infections.

Candida albicans

It is a commensal fungus found on skin
and mucosal surfaces of virtually all humans
and causes candidiasis as a hospital-acquired
infection. Both the yeast and hyphal forms
of fungus are capable of killing worms
where the former colonizes the surfaces and
facilitate dissemination while the latter causes
host invasion and tissue destruction. Hyphae
formation is essential for the expression of fungal
virulence, and the switch over of yeast cell to
hypha and vice versa depends on subtle levels
of QS signalling molecules, namely, tyrosol and
farnesol. Tyrosol initiates while farnesol inhibits
filamentation (Chen et al. 2004; Albuquerque and
Casadevall 2012). To date, a direct role of these
QS signals in C. elegans killing has not been
established, but as filamentation is important for
host pathogenesis, therefore, these QS signals
may be playing certain role in C. elegans
killing. Filastatin, an antifungal agent, reduced
worm killing by inhibiting morphogenesis of C.
albicans, a plausible indication of the importance
of fungal morphology (Fazly et al. 2013). C.
elegans–C. albicans pathogenesis model has
been used to study coinfections. C. elegans
infected with C. albicans showed inhibition
in hyphal growth when coinfected with A.
baumannii or P. aeruginosa (Peleg et al. 2008)
which may be due to interactions between the
QS signalling molecules. This model mimicked
the polymicrobial interaction during coinfection
in mammalian host tissues. C. elegans has also
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been used for high-throughput screening of
the antifungal compounds from the chemical
library of 3,228 compounds. Twelve compounds
were found to be effective in reducing C.
elegans killing by C. albicans in liquid medium.
The model also helped in assessing the relative
minimum inhibitory concentrations, effective
concentration in vivo and toxicity of tested
compounds (Okoli et al. 2009).

Significance and Future Prospects

C. elegans is susceptible to a wide range of
bacteria and fungi, and the key phenotype for suc-
cessful microbial pathogenesis is worm killing.
Quorum sensing being the primary regulator of
microbial pathogenesis in C. elegans, a novel QS
inhibitor, could be easily screened as the one
which is able to reduce worm killing. These high-
throughput screening assays using C. elegans
virtually bridge the gap that intrinsically exist
between in vitro and in vivo approaches provid-
ing physiologically relevant data derived from
whole animal setting. The ease of genetic mal-
leability of C. elegans (e.g. RNAi silencing) has
provided a tool to identify the plausible drug
targets during host–microbial interactions. The
virulence factors of P. aeruginosa required for
pathogenicity in burnt mouse model and worms

are same and lie under QS regulation. Therefore,
it would be cost-effective to validate QS in-
hibitory potential of compounds using C. elegans
rather than going to higher vertebrates. How-
ever, C. elegans models do suffer from certain
limitations that must be considered during ex-
perimentation. First, although 60–80 % genes
are homologous in worms and human genome,
C. elegans fails to represent exact physiology
of host–microbe interactions as encountered by
humans. However, even the best vertebrate model
like mouse cannot predict the safety and ex-
act target of anti-infective compounds. Secondly,
C. elegans lacks cell-mediated immune system
as found in humans and depends solely on the
secretions of antimicrobial peptides. This also
represents the major limitation in accessing the
therapeutic potential of the tested compounds.
Despite some critical disadvantages, C. elegans
model provides enormous wealth of genetic re-
sources available for the study. C. elegans, being
microscopically small in size, is becoming one of
the most popular emerging in vivo model systems
for testing quorum-sensing inhibitory potential of
the compounds with results comparable to higher
model organisms. In the near future, C. elegans
will definitely become a popular model to study
the trickiest pathways in human–pathogen inter-
action studies and eventually the ways to inhibit
this interaction.

C. elegans information databases

Databases Link Information

WormBase www.wormbase.org C. elegans genome

Textpresso www.textpresso.org C. elegans literature

ORFeome http://worfdb.dfci.harvard.edu Predicted ORFs

Worm Interactome http://elegans.bcgsc.ca/home/sage.html Gene expression during
development along with FACS
sorted cells and tissues

SAGE data http://elegans.bcgsc.ca/home/sage.hmtl Gene expression during
development along with FACS
sorted cells and tissues

Structural genomics http://sgce.cbse.uab.edu/index.php Protein expression, crystallization,
structure modelling

WormAtlas http://www.wormatlas.org Behavioural anatomical literature

EST by Yuji Kohara http://www.ddbj.nig.ac.jp EST in C. elegans genome

www.wormbase.org
www.textpresso.org
http://worfdb.dfci.harvard.edu
http://elegans.bcgsc.ca/home/sage.html
http://elegans.bcgsc.ca/home/sage.hmtl
http://sgce.cbse.uab.edu/index.php
http://www.wormatlas.org
http://www.ddbj.nig.ac.jp
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Strategies for Silencing Bacterial
Communication

Kristina Ivanova, Margarida M. Fernandes, and Tzanko Tzanov

Introduction

Bacteria are the oldest living organisms on Earth,
and regardless of their simple structural features
as single prokaryotic cells, they possess the
capacity to cooperate as multicellular organisms
and efficiently perform a wide range of collective
behaviours (Kalia 2013; Benneche et al.
2008; Kalia and Purohit 2011; Choudhary and
Schmidt-Dannert 2010; Parker and Sperandio
2009). Virulence factor expression, biolumi-
nescence, sporulation, dispersal, foraging and
biofilm formation are just some examples of
the coordinated behaviour that bacteria use as a
survival strategy in hostile environments. This
process is based on a mechanism of bacterial
communication, recently known as quorum
sensing (QS). It is now known that bacteria use
chemical language to ‘talk’ to each other. They
secrete small diffusible hormonelike molecules,
called autoinducers (AIs), into the extracellular
environment, and upon reaching a threshold
concentration, these AIs are recognised by re-
ceptors situated in the intracellular compartment
of gram-positive bacteria or in the cell membrane
of gram-negative bacteria (Kalia and Purohit
2011; Choudhary and Schmidt-Dannert 2010;
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Parker and Sperandio 2009). This mechanism
allows bacteria to transduce stimuli from the en-
vironment into gene expression, enabling a single
cell to sense the number of bacteria in their en-
vironment and thus turn on collective behaviours
when they are in sufficient number to do so.

Although microorganisms live in perfect
balance with the human body, supporting our
immune and digestive systems, the diversity of
QS-controlled phenotypes can have devastating
effects on human health (Relman 2012). When
the balance is broken and the normal flora
grows beyond its typical ranges, due to lower
immunity, heart diseases, chemotherapy, etc.,
bacteria can act as opportunistic pathogens
causing life-threatening infections (Baron 1996).
The discovery of antibiotics in the beginning of
the twentieth century allowed bacteria-mediated
infection treatment. However, their intensive
and extended use and misuse have led to the
emergence and spread of multidrug-resistant bac-
terial species (Rodríguez-Rojas et al. 2013; Kalia
2013).

Alternative approaches providing new
perspectives for development of novel pharma-
ceutical drugs capable of preventing bacteria-
associated infections have been sought. Silencing
bacterial communication processes by targeting
distinct components of the QS systems has
attracted significant attention in the recent
years as a novel anti-infective strategy. While
conventional antibiotics kill or inhibit bacteria
by targeting their structure or survival processes,
interrupting the QS pathways is thought to induce
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less selective pressure on bacteria, reducing
the risk of resistance development (Rasko and
Sperandio 2010). The QS disruption affects the
ability of the systems to control genes required
for the host invasion and infection establishment;
thus, it is a promising strategy to prevent bacterial
pathogenesis and biofilm formation, among
others (Rasko and Sperandio 2010; Parker
and Sperandio 2009). This review provides
a brief overview of the different strategies
aiming at interruption of bacterial cell-to-cell
communication process. QS signal synthesis,
inactivation and receptor blockage are among the
various targets of QS pathways that are discussed
in detail. In addition, the efflux pumps of QS-
regulated bacterial behaviour as promising novel
anti-virulence and anti-biofilm strategies are also
outlined.

Quorum-SensingMechanisms
in Gram-Negative
and Gram-Positive Bacteria

Quorum-sensing mechanisms differ greatly
from organism to organism, depending on the
characterisation of the bacterium, either gram
positive or gram negative; the type of signalling
molecules; and the signal transduction system
used (Wang et al. 2008). In gram-negative
bacteria, acyl-homoserine lactone (AHL)-type
molecules serve as the main signalling molecules
for their intraspecies communication (Fig. 1)
(Galloway et al. 2012). These molecules consist
of a homoserine lactone ring and a fatty acid side
chain, varying in length (C4 to C18), saturation
and oxidation at C3 position (Fig. 1b) (Watson
et al. 2002; Yang et al. 2012). AHLs are produced
by intracellular synthases (LuxI homologues
of V. fischeri), by an acylation reaction of
S-adenosyl-methionine (SAM), a source for
homoserine lactone formation, and acyl-acyl
carrier protein (ACP), a source of fatty acid side
chain. The signals accumulate in the surrounding
environment and in high concentration levels
(threshold level); the AHL binds to the cognate
cytoplasmic transcriptional regulators, LuxR-
type proteins, inducing a target gene expression

(Fig. 1a) (Choudhary and Schmidt-Dannert 2010;
Atkinson and Williams 2009). This results in the
induction of the quorum response and the positive
regulation of an autoinduce synthetase by a signal
generator which will provide more AIs for further
QS responses.

The QS signalling systems in some gram-
negative bacteria are usually more complicated
than described above. Extensive studies have
been carried out to understand the QS pathways
of pathogenic bacteria P. aeruginosa, which
exploit three types of QS systems associated
with different virulence phenotypes (Tay and
Yew 2013). Two of these QS systems (known as
las and rhl) are AHL based, i.e. use 3-oxo-C12-
HSL and C4-HSL to regulate the production and
secretion of various virulence factors including
elastase, exotoxin A, pyocyanin and biofilm
formation (Smith and Iglewski 2003; Fux,
Costerton et al. 2005). The third one is based
on 2-heptyl-3-hydroxy-4(1H)-quinolone (PQS)
and connects the other two las and rhl systems
(Moore et al. 2014). Despite this complex system
presented in P. aeruginosa, most pathogenic
gram-negative species possess a single AI-based
QS system, consisting of an AI synthase and a
transcription regulator.

Gram-positive bacteria, on the other hand, use
peptides or cyclic oligopeptide signals, called
autoinducing peptides (AIPs), as the primary
means of signalling and a two-component
signal transduction system as the main quorum
mechanism (Fig. 2) (Kalia and Purohit 2011).
AIP signals are synthesised in bacterial cells
as precursors (pro-AIP) and excreted through
specialised membrane-bound AIP transporters.
During the pro-AIP transportation through the
membrane, the transporters process the signal in
sizes that vary from 5 to 17 amino acids (Ruther-
ford and Bassler 2012; Parker and Sperandio
2009). In contrast to gram-negative bacteria,
gram-positive bacteria recognise the signal via a
membrane-associated two-component histidine
kinase receptor. At threshold concentration levels
in the extracellular environment, the peptide
signal binds to and activates a sensor protein,
histidine kinase, located in the cell membrane
of the bacterium. The activation of the histidine
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Fig. 1 (a) Quorum-sensing signal transduction system in
gram-negative bacteria consisting of AHL synthase (LuxI)
and cognate intracellular AHL receptor (LuxR); (b) chem-

ical structure of AHL signalling molecules secreted and
detected by gram-negative bacteria

kinase leads to a phosphorylation of cognate
response-regulating protein, which modulates
the target gene expression, thus leading to wide-
range changes in bacterial behaviour (Fig. 2a)
(Rutherford and Bassler 2012).

Besides being able to communicate with
members of their own species through AHL and
AIP signals (intraspecies communication), many
bacteria can also communicate with members
of other species (interspecies communication)
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Fig. 2 (a) Quorum-sensing system in gram-positive bacteria; (b) chemical structure of AIPs produced by S. aureus and
S. mutants

using a signal molecule, known as autoinducer-2
(AI-2) (Gamby et al. 2012; Parker and Sperandio
2009; Galloway et al. 2010). AI-2 signalling
molecules are derived from 4,5-dihydroxy-2,3-
pentanedione (DPD), which is produced by an
enzyme, known as LuxS. The linear DPD is

very unstable and can undergo spontaneous
cyclisation forming a variety of derivatives that
interconvert and exist in equilibrium in solution
(known as AI-2 pool). Each bacterial strain
recognises specific DPD derivatives; however,
the interconversion of the molecules within the
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Fig. 3 Quorum-sensing
systems in S. typhimurium
and V. harveyi using either
R-THMF (red diamonds)
or S-THMF-borate (yellow
diamonds) (Miller et al.
2004)

AI-2 pool allows bacteria to respond to their
own AI-2 as well as to those produced by
other bacterial species (Galloway et al. 2010;
Geske et al. 2008). Although genome sequencing
studies have revealed the presence of luxS
gene homologues in many pathogens, including
E. coli, Helicobacter, Neisseria, Porphyromonas,
Proteus, Salmonella, E. faecalis, S. pyogenes
and S. aureus, only a minority of bacterial
species have been shown to possess the receptors
that sense and respond to the AI-2 (Hentzer
and Givskov 2003; Sintim et al. 2010). Three
protein receptors involved in AI-2 signalling
have been characterised till now: (i) LuxP in
bacteria V. harveyi that recognises (2S,4S)-
2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran
borate ((S)-THMF-borate); (ii) LsrB in S. ty-
phimurium responding to (2R,4S)-2-methyl-
2,3,3,4-tetrahydroxytetrahydrofuran((R)-THMF);

and (iii) RbsB in A. actinomycetemcomitans,
which signal structure is still unknown (Galloway
et al. 2010; Pereira et al. 2013). Nevertheless,
the studies on the use of small molecules able
to interfere with the AI-2 signalling have been
focused on the best characterised interspecies
LuxP- and LsrB-based systems of V. harveyi and
S. typhimurium, respectively (Fig. 3) (Galloway
et al. 2010).

Quorum-Sensing Inhibition
Targets/Strategies

Bacterial coordinated behaviours such as
virulence factor production and formation of
biofilms are controlled by QS mechanisms
and may be related to human life-threatening
diseases. For that reason, QS has been considered
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as an attractive target for the development
of new anti-infective and therapeutic agents
(Rasko and Sperandio 2010; Ivanova, Fernandes
et al. 2013). Although different QS systems have
been identified in bacteria, all of them function
with the same principle that involves signal
production, followed by their accumulation
in the extracellular environment and finally
signal detection by the specific receptor. In
this review different quorum-sensing inhibition
strategies, such as (i) inhibition of QS signal
biosynthesis, (ii) QS signal degradation in the
extracellular environment, (iii) inhibition of QS
signal detection by receptor blockage and (iv)
disruption of efflux pumps, targeting these QS
components are highlighted.

Silencing Bacterial Communication
by Targeting the Biosynthesis of QS
Signals

Interfering with AI synthesis in bacteria is an
attractive strategy for inhibition of QS pathways,
by limiting the signal accumulation in the cells
surrounding. Strategies involve the inhibition of
AHL and AIP production on gram-negative and
gram-positive bacteria for their intraspecies com-
munication, as well as inhibition of AI-2 produc-
tion, responsible for bacterial interspecies com-
munication. Despite that this approach is less
used than signal degradation and inactivation, the
inhibition of signal production is feasible and
effective both in vitro and in vivo for several types
of autoinducers.

Blockage of Acyl-Homoserine Lactone
Production in Gram-Negative Bacteria
Three different types of AHLs producing the
enzymes (AHL synthases) LuxI, HdtS and LuxM
have been identified. Among all, the Lux I-type
synthases are the best understood and their iden-
tical homologues have been found in many bacte-
rial species (Churchill and Chen 2010). The ma-
jority of the investigated AHL synthase inhibitors
are structural analogues of the SAM. Compounds
such as L/D-S-adenosylhomocysteine, sinefungin
and butyryl-SAM have been proved to suppress

the AHL synthesis and inhibit the first step in
QS signalling in vitro of pathogenic P. aerugi-
nosa (Parsek et al. 1999; Hentzer and Givskov
2003). It is relevant to emphasise that SAM is
used by other enzymes in living systems and its
analogues could lead to side effects (Ni et al.
2009b; Rasmussen and Givskov 2006).

Recently, an analogue of B. glumae AHL syn-
thase, called J8-C8, has been demonstrated to
inhibit QS signal production by occupying the
binding site for the ACP of the cognate substrate.
Moreover, the synergistic effect of this analogue,
with 50-methylthioadenosine a by-product of the
AI synthesis, was also demonstrated (Chung et al.
2011). Calfee et al. have shown that methylated
analogue of anthranilate, a PQS precursor, can
inhibit the signal synthesis and consequently pre-
vent the virulence factor production by P. aerugi-
nosa (Calfee et al. 2001). Moreover, halogenated
analogues of anthranilate have been shown to
attenuate bacterial pathogenesis affecting QS-
regulated pathways in P. aeruginosa (Lesic et al.
2007).

Blockage of Autoinducing Peptide
Production in Gram-Positive Bacteria
Ribosomes and peptidases, enzymes responsible
for the synthesis of AIPs in gram-positive bacte-
ria, are also involved in the growth and survival
of bacterial cells (Kulanthaivel et al. 2004). For
this reason, little work has been performed on
the blockage of AIPs. By inhibiting these en-
zymes a bactericidal activity would take place
in addition to quorum-quenching activity, which
theoretically increases the pressure on bacteria
to develop resistance (LaSarre and Federle 2013;
Hentzer and Givskov 2003). Nevertheless, the
mechanistic understanding of signal synthesis has
been widely studied (O’Loughlin et al. 2013;
De Kievit 2009; Peeters et al. 2008), which will
eventually lead, in the near future, to the devel-
opment of strategies for the inhibition of signal
production as a potential anti-virulence approach.

Targeting the AI-2 Synthases
Interfering with the production of the universal
interspecies bacterial signal, AI-2, has been
proposed as an alternative approach that may
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provide inhibition of QS-regulated pathways in
broader bacterial spectrum, thereby attenuating
polymicrobial pathogenesis. The LuxS-type
enzyme uses an S-ribosyl-L-homocysteine (SHR)
as a substrate (Galloway et al. 2010). The
SHR is derived from SAM, which initially
is converted to a toxic intermediate SAH by
methyltransferases, thereby is hydrolysed by the
50-methylthioadenosine/S-adenosylhomocysteine
nucleosidase (MTAN) enzyme (known as Pfs
nucleosidase). At the end, SHR is cleaved by
the LuxS resulting in DPD production and L-
homocysteine (Amara et al. 2010; Galloway et al.
2010).

Targeting the direct inhibition of DPD syn-
thesis is a valuable tool for disruption of in-
terspecies communications leading to modified
bacterial behaviours. Zhou and co-workers have
reported two SHR analogues, S-anhydroribosyl-
L-homocysteine and S-homoribosyl-L-cysteine,
capable of inhibiting the SHR hydrolysation and
deactivating the LuxS synthases (Alfaro et al.
2004). Moreover, series of stable SRH and 2 ke-
tone intermediate analogues have been reported
by Pei and co-workers. Kinetic studies demon-
strated that these analogues act as reversible and
competitive inhibitors of LuxS synthases inter-
fering the cleavage of SRH (Shen et al. 2006).
Recently, two analogues of SRH that act as mod-
est competitive inhibitors of LuxS have also been
reported by Malladi et al. (Malladi et al. 2011).

Moreover, several naturally occurring bromi-
nated furanones were demonstrated to be able
to covalently modify and inhibit the LuxS en-
zyme in a concentration-dependent manner (Zang
et al. 2009). Lately, several brominated fura-
none derivatives were synthesised by Benneche
and co-workers and investigated for their ability
to interfere with QS process using the reporter
bacterial strain V. harveyi. V. harveyi lacks the
receptor for AHL signal, thus responds only to
intermicrobial communication via the AI-2 sig-
nal. The presence of these furanone derivatives
was shown to reduce bioluminescence in the
V. harveyi, suggesting their possible role in the
interruption of interspecies bacterial communica-
tion. Moreover, the most effective furanones were
shown to reduce S. epidermidis biofilm by 57 %

without affecting their growth (Benneche et al.
2008).

Another promising target in inhibition of
AI-2 signal synthesis is the enzyme MTAN
present only in bacteria, which means that the
strategies would be bacteria specific without
causing harm to human cells (Benneche et al.
2008). As already mentioned, this enzyme is
involved in the DPD production by converting
the SAH to SRH in the SRH biosynthesis
(Galloway et al. 2010). Analogues of MTAN
such as 50-methylthio-DADMe-immucillin-
A, 50-ethylthio-DADMe-immucillin-A and 50-
butylthio-DADMe-immucillin-A have been
shown to inhibit the AI-2 synthesis of V. cholerae
in a dose-dependent manner through binding to
the MTAN. Moreover, MT-DADMe-ImmA and
BuT-DADMe-ImmA were also demonstrated
as potent non-toxic inhibitors of AI-2 synthesis
in the pathogenic E. coli. The major concern
related to this approach is that by targeting
the MTAN enzyme in AI-2 synthesis, the
overexpression of quorum-sensing pathway
(or alternative pathways) might overcome
the effect of developed MTAN inhibitors
(Guo et al. 2013).

Silencing Bacterial Communication
by Targeting the Extracellular QS
Signals

Enzymatic Inactivation/Degradation
of Autoinducers
Altering the AIs while present in the extracellular
environment is a promising approach to atten-
uate bacterial pathogenicity that is believed to
provide less selective pressure on the popula-
tion, therefore reducing the risk of drug resis-
tance development. The absence of membrane
diffusion barriers makes the development of the
antibacterial agents easier since there is no need
to enter the cell to reach to their target. Several
enzymes, normally produced by various bacte-
rial species including Bacillus sp. 240B1, Bacil-
lus strain COT1, A. tumefaciens, B. thuringien-
sis, Arthrobacter sp. IBN110, B. thuringiensis,
B. cereus, B. mycoides, V. paradox, Anabaena,
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Ralstonia and Rhodococcus, have been reported
to degrade the AIs and consequently inhibit the
QS-regulated gene expression (Roche et al. 2004;
Hong et al. 2012).

Dong et al. reported an AHL-inactivating
enzyme, lactonase, encoded by aiiA gene of
Bacillus sp. that hydrolyses the AHL lactone
ring. The aiiA gene expression in plants has
been demonstrated to increase the resistance
to the plant pathogen E. carotovora due to the
enzymatic degradation of 3-oxo-C6-HSL (Dong
et al. 2001). There are also some evidences
about the synergistic effect of quorum-quenching
enzymes, such as lactonase and antibiotic-
like ciprofloxacin and gentamicin, which was
demonstrated to increase the susceptibility of P.
aeruginosa biofilms (Kiran et al. 2011).

Another quorum-quenching (QQ) enzyme, the
acylase, produced by several species including
V. paradoxus, soil P. aeruginosa PAI-A and Ral-
stonia sp., has been proved to interfere with the
QS process by degrading the AHLs through the
cleavage of the amide bond between the lactone
ring and fatty acid side chain (Lin et al. 2003;
Hong et al. 2012). Lin et al. demonstrated that
acylase expression in pathogenic P. aeruginosa
PAO1 efficiently suppressed the production of
QS-regulated virulence factors (elastase and py-
ocyanin), decreased its swarming motility and
attenuated the pathogenesis of C. elegans (Lin
et al. 2003). Later, Huang et al. showed that the
soil P. aeruginosa PAI-A and several clinical iso-
lates were able to degrade long AHLs using them
as a sole energy source for growth in selective
conditions (Huang et al. 2003). Human acylase,
isolated from the kidney, was shown to degrade
in vitro several models of AHLs including C4-
HSL and C8-HSL. Thereafter, in vitro biofilm
inhibition tests against P. aeruginosa revealed
the potential of this enzyme to prevent surface
attachment through QS interruption (Xu et al.
2003).

Oxidoreductases, another group of enzymes
capable of confusing bacteria in their commu-
nication process, have been reported as a part
of the defence mechanisms of R. erythropolis
and Burkholderia sp. GG4 (Hong et al. 2012;
Uroz et al. 2005). The oxidoreductases modify

the AHLs altering the C3 keto group of the
fatty acid side chain resulting in receptor-AHL-
binding interaction failure and further inhibition
of QS-regulated gene expression (Hong et al.
2012; Uroz et al. 2005). Chan et al. demonstrated
the anti-infective properties of an oxidoreduc-
tase produced by Burkholderia sp. GG4 against
pathogenic E. carotovora. The enzyme modu-
lated the 3-oxo-C6-HSL signalling molecule and
attenuated the E. carotovora pathogenesis (Hong
et al. 2012; Chan et al. 2011).

Recently, another family of human enzymes,
the paraoxonases (PONs), has also been reported
as QQ agents. PONs exhibit lactonase activity
and are capable of disrupting AHL-mediated QS
systems of gram-negative bacteria (Camps et al.
2011). Teiber et al. reported that PONs, especially
PON 2, efficiently degraded 3-oxo-C12-HSL, a
key QS molecule produced by several bacterial
species including P. aeruginosa, Burkholderia,
Yersinia, Serratia and Aeromonas (Teiber et al.
2008). It is believed that PONs have a key role
in innate human defence mechanisms inactivating
the AHL signals of pathogenic P. aeruginosa
(Teiber et al. 2008).

Interestingly, the AHL signals may be also
deactivated at higher pH values by opening of the
lactone ring (Kociolek 2009). For instance, one
of the early defence mechanisms of the plants
against pathogenic bacteria E. carotovora is
based on increasing of the pH around the infected
site and further attenuation of the infection due
to the QS disruption (Byers et al. 2002).

Another QQ enzyme that has been reported
is 2,4-dioxygenase, Hod, able to disrupt the
quinolone-based signalling pathway in P.
aeruginosa. Hod converts the PQS to N-
octanoylanthranilic acid and carbon monoxide
preventing its accumulation in the extracellular
environment. Despite the fact that Hod is
susceptible to exoproteases and could be
inhibited by the PQS precursor 2-heptyl-4(1H)-
quinolone, the enzyme significantly reduced
the expression of key P. aeruginosa virulence
factors including lectin A, pyocyanin and
rhamnolipids and inhibited the growth and tissue
damage in a plant leaf infection model (Pustelny
et al. 2009).
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Antibodies
In addition to the QQ enzymes, antibodies have
also been reported to act as a scavenger of the
QS signals (Tay and Yew 2013; Kalia 2013). A
few organisms possess orphan receptors for QS
molecules that might be used to quench the QS
signalling. Mammalian adaptive immune system
generates antibodies in response to the presence
of antigens. It is believed that because of their
non-proteinaceous nature and low molecular
weight, the AI signals (AHLs and DPD) should
not elicit a human immune response. However,
bacterial AHL molecules have been reported as
small molecule toxins exerting apoptosis and
modulation of NF-›B activity on mammalian
cells (Kalia 2013; Pustelny et al. 2009; Kaufmann
et al. 2006). Marin et al. demonstrated a
monoclonal catalytic antibody, XYD-11G2,
able to neutralise 3-oxo-C12-HSL and prevent
pyocyanin production in P. aeruginosa (De Lamo
Marin et al. 2007). Another monoclonal antibody,
termed RS2-1G9, was also shown to effectively
sequester 3-oxo-C12-HSL suppressing the QS
signalling in P. aeruginosa, but not able to
recognise short chain 3-oxo-AHLs. The effect
of active immunisation with 3-oxo-C12-HSL-
BSA conjugate on acute infection in mice
was also investigated. The 3-oxo-C12-HSL-
BSA conjugate produced significant amount
of specific antibody in the mice leading to the
increased survival and ability to prevent infection
occurrence (Kaufmann et al. 2008).

Although less reported, the monoclonal anti-
bodies have been also demonstrated to be capable
of inactivating the AIPs and disrupt the QS path-
ways. Several AIP-mediated QS systems in gram-
positive bacteria have been studied including the
agr system of pathogenic S. aureus and agr-like
system of E. faecalis. The agr quorum-sensing
systems use thiolactone-containing peptides
(AIP), as a specific signalling molecules, and
have been identified in many staphylococci
(Rasko and Sperandio 2010; Ni et al. 2009b).
Janda and co-workers designed hepten AP4-5
that elicits the generation of anti-autoinducer
monoclonal antibody, termed AP4-24 H11, thus
efficiently inhibiting QS in vitro through the
sequestration of the AIP-4 produced by the

human pathogen S. aureus. The AP4-24H11
was able to inhibit the S. aureus pathogenicity
in an abscess formation mouse model in vivo
providing complete protection against a lethal S.
aureus challenge (Park et al. 2007).

Active Uptake of AI Signalling
Molecules by Beneficial Bacteria
A variety of bacterial species have the ability
to sequester and process the QS molecules pre-
sented in their environment, thereby interfering
with the cell-cell communication by acting as
competing bacteria (Xavier and Bassler 2005).
Certain bacteria, including the members from
the Enterobacteriaceae (like the commensal E.
coli K12 and the pathogens E. coli O157), S.
typhimurium, S. meliloti and the pathogen B. an-
thracis, have been shown to be able to control the
concentration (or availability) of AI-2 using a QS
machinery, known as Lsr. These bacteria remove
AI-2 signal from the surrounding environment,
thereby eliminating the ability of others in the
community to utilise the AI-2 signals and reg-
ulate their behaviours. Xavier and Bassler have
shown that E. coli is able to modulate the QS in V.
harveyi by uptaking the AI-2 signals (Xavier and
Bassler 2005). When both species were cultured
together, the production of bioluminescence by V.
harveyi was diminished by 18 %. On the other
hand, when V. harveyi was cocultured with E. coli
mutant containing a constitutively derepressed
LsrK, a decrease of 90 % of bioluminescence
was observed (Xavier and Bassler 2005). This
nature-inspired approach for inhibiting the QS-
regulated gene expression is believed to be a
broad-spectrum anti-infective strategy to control
multidrug resistance development. However, ap-
plication of LsrK as multispecies anti-infective
agent has not been examined in vivo.

Passive Control of QS Signalling
Recently, molecularly imprinted polymers
(MIPs) have been proposed as novel class
of AHL sequesters capable of attenuating
bacterial pathogenesis and virulence factor
production. The first-generation MIP with
affinity towards a signal molecule of V. fischeri,
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N-(“-ketocaproyl)-L-homoserine lactone (3-
oxo-C6-HSL), was reported by Piletska et al.
(2010). Based on computational modelling, the
authors designed different polymers, which were
shown to form complex with the signalling
molecule resulting in its elimination from the
extracellular environment, thereby disrupting
the QS-regulated bioluminescence production
and biofilm formation of V. fischeri. Lately,
the authors synthesised MIP targeting other
signalling molecule, 3-oxo-C12-HSL, involved in
the P. aeruginosa pathogenesis. After screening
a library of 20 functional monomers able to
form energetically favourable complexes with
the target molecule, the most promising MIPs
efficiently reduced the biofilm formation by 80 %
(Piletska et al. 2011).

Silencing Bacterial Communication
by Targeting and Blocking the Signal
Receptors

Targeting the AI receptors is the most intuitive
approach to silence bacterial QS process and
control bacteria-mediated infections. Numerous
QS inhibitors (QSIs) have been developed as ana-
logues of native signals to disrupt the QS path-
ways in bacteria by interaction with the receptor.
The QSIs competitively interact with the signal
receptor generating an inactive signal-receptor
complex and blocking the downstream signalling
(Ni et al. 2009b). However, not all identified QSIs
have demonstrated antagonistic activities; other
activities such as agonistic, no activity and both
have been also addressed (Ni et al. 2009b). This
section outlines recent advances on the develop-
ment of QSI able to interfere with QS process by
the signal-receptor interactions.

Inhibitors Targeting AHL Receptors
in Gram-Negative Bacteria
The discovery of potent QSIs targeting the
LuxR type of receptor proteins has been
extensively studied as an alternative strategy
to control bacteria-mediated infections through
QS silencing. Different strategies have been
used in the development of efficient antagonists

capable of blocking the AHL binding to the
cognate response regulator that are based on the
design and synthesis of (i) AHL analogues, (ii)
structurally unrelated AHLs and (iii) natural QS
inhibitors.

AHL Analogues
The ability of AHLs to regulate QS signalling is
strongly dependent on their geometry and chiral-
ity (Chan and Chua 2005; Kalia 2013). Various
modifications in the AHL acyl side chain and/or
lactone ring have been reported as an effective
strategy for designing AHLs capable of blocking
the ligand-receptor interaction (Atkinson et al.
1999). The length of acyl side chain was found
to be a crucial structural feature for AHL-binding
capacity (Atkinson et al. 1999). Thus, the incor-
poration of functional groups in the acyl chain
has been a widely used approach to block the
interaction between the ligand and receptor. By
introducing one methylene unit in the AHL side
chain, an activity loss of 50 % was found, while
the incorporation of two induced a greater ef-
fect inducing 90 % of loss in binding capacity
(Hentzer and Givskov 2003; Kalia 2013).

Geske et al. synthesised AHL analogues
by introducing various bulky groups in the
acyl side chain that were capable of blocking
the TraR, LasR and LuxR receptors in
A. tumefaciens, P. aeruginosa and V. fischeri,
respectively (Geske et al. 2008). For example,
4-substituted N-phenoxyacetyl and 3-substituted
N-phenylpropionyl L-homoserine lactones were
identified as potent antagonists of TraR and
LuxR, respectively. Replacing of carboxamide
bond in native AHL by sulphonamide led to the
formation of inactive ligand-receptor complex
in V. fischeri, resulting in the reduction of its
bioluminescence production (Olsen et al. 2002).
Kim et al. also synthesised structural analogues
of QS signal molecule of A. tumefaciens, 3-
oxo-C8-HSL, by replacing the carboxamide
bond with a nicotinamide or sulphonamide
bond that were further able to block the TraR
response regulator and inhibit the QS signalling
in the reporter bacterial strain. Moreover, these
compounds have shown ability to affect biofilm
formation in P. aeruginosa reducing the number
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of bacterial cell attached to the surface (Kim et al.
2009b).

AHL analogues in which the amide group
was replaced by a reverse amide or reverse
sulphonamides have been studied as QS modula-
tors. The QS inhibition activity of the synthesised
analogues was evaluated by measuring the de-
crease of the bioluminescence normally induced
by the 3-oxo-C6-HSL in Vibrio fischeri. Both
reverse amide and reverse sulphonamide AHL
analogues demonstrated antagonistic activity in
the concentration range (1–200 �M) depending
on the length of the fatty acid chain. These
results suggested that ’-amidolactone motif in
AHLs plays a key role on the efficient binding to
the transcriptional LuxR-type proteins (Tal-Gan
et al. 2013). Ishida et al. synthesised several
acyl cycloalkylamide derivatives with variety
of acyl chain lengths, Cn-CPA (n D 1 � 10), as
potential QS inhibitors interfering with LasR and
RhlR QS systems of P. aeruginosa. The most
effective inhibitor, N-decanoyl cyclopentylamide
(C10-CPA, acyl side chain length of 10 carbons),
was shown to efficiently prevent the elastase,
pyocyanin and rhamnolipid virulence factor pro-
duction and biofilm formation of P. aeruginosa
PAO1 (Ishida et al. 2007). Later the antagonistic
activity of these analogues, Cn-CPA, was also
demonstrated on QS systems in V. fischeri and S.
marcescens (Morohoshi, Shiono et al. 2007).

Alternative strategy in synthesis of AHL
analogues is based on modifications in the lactone
ring, while maintaining the native side chain
intact (Galloway et al. 2010). By substituting
the head part of 3-oxo-C12-HSL with different
aromatic rings, an inhibition of the QS-regulated
process of P. aeruginosa was observed. The QS
inhibition capacity in vivo of these synthetic
analogues was assessed by measuring the “-
galactosidase activity in a recombinant E. coli
reporter strain carrying a LasR receptor protein,
which was reduced in more than 50 % (Kim
et al. 2009a). This investigation revealed the
importance of the head part of 3-oxo-C12-HSL
in active ligand-receptor complex formation,
suggesting it as a good target for development of
P. aeruginosa inhibitors (Galloway et al. 2010;
Kim et al. 2009a).

N-Decanoyl-L-homoserine benzyl, an AHL
analogue, was reported as a potent anti-infective
agent against P. aeruginosa, inhibiting the
QS-regulated protease and elastase activities,
rhamnolipid production and swarming motility
without affecting bacterial growth (Yang et al.
2012). Moreover, the synergistic effect of this
synthetic compound with several antibiotics
including tobramycin, gentamicin, cefepime
and meropenem was also demonstrated using
a microdilution checkerboard method and time-
kill assay (Yang et al. 2012). It is relevant to
note that homoserine lactone moiety is unstable
in alkaline conditions and can be degraded by
mammalian lactonases; thus, the efficacy of
pharmacological agents based on these structural
features is of particular concern. Moreover,
most of the AHL receptors demonstrate very
high specificity to the cognate signal molecule
hindering the rational design of efficient QS
inhibitor.

Structurally Unrelated AHLs
The limited in vivo efficacy of AHL-based
analogues implies the need for identification
of structurally unrelated AHL signals as
alternative compounds capable of inhibiting
the QS pathways. Several chemical compounds
such as 4-nitropyridine-N-oxide (4-NPO), p-
benzoquinone, 2,4,5-tribromo-imidazole and
3-nitro-benzene-sulphonamide were identified
by QSI screens as agents able to interfere with
QS signalling. Among them the most effective
was 4-NPO found to block the LuxR in E. coli
and LasR/RhlR QS systems in P. aeruginosa
(Rasmussen and Givskov 2006; Rasmussen et al.
2005a).

Interestingly, Skindersoe et al. proved
that antibiotics such as azithromycin (AZM),
ceftazidime (CFT) and ciprofloxacin (CPR)
in subinhibitory concentration affect the QS
process attenuating P. aeruginosa virulence
(Skindersoe et al. 2008). Moreover, various
synthetic furanones were also shown to affect
a wide range of QS-regulated behaviours such
as biofilm formation and swarming motility in
gram-negative bacteria (Kalia and Purohit 2011).
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Natural QS Inhibitors
Naturally occurring compounds such as penicil-
lic acid (PA) and patulin, produced by Penicil-
lium species, were found to efficiently antagonise
the las and rhl QS systems in P. aeruginosa
(Rasmussen and Givskov 2006; Rasmussen et al.
2005b; Koch et al. 2005). In addition, due to
the synergistic effect of patulin and tobramycin,
the P. aeruginosa bacterial strain in biofilm mode
of growth was more susceptible to the antibiotic
(Kociolek 2009).

Numerous QSIs have been extracted from
other natural sources such as plants, herbs
and fungi and demonstrated to be capable of
silencing bacterial QS process (Rasmussen
and Givskov 2006). The mode of action
of these agents in terms of their targets in
QS pathways, e.g. the QS signal itself, the
receptor or the synthase, is not well understood.
Rasmussen et al. reported a number of plants
and herbal extracts including garlic, carrot,
bean, water lily, chamomile, habanero and
propolis capable to suppress the QS-regulated
virulence gene expression (Rasmussen et al.
2005a). Among all, garlic extract that contains
at least three different inhibitors of QS pathway
was demonstrated as the most potent QSI, and
together with tobramycin, a synergistic effect was
observed by increasing the biofilm susceptibility
(Rasmussen et al. 2005a). Other extracts of
several south Florida medicinal plant species
including B. buceras, C. erectus and C. viminalis
were also found to attenuate P. aeruginosa
PAO1 pathogenesis inhibiting virulence factor
production (Fux et al. 2005).

Various plant-derived polyphenols such as
(�)-epigallocatechin gallate (EGCG), ellagic
acid, tannic acid and pyrogallol have also been
shown to affect the QS circuits in bacteria
(Kociolek 2009). EGCG significantly inhibited
the pathogenic E. coli O157:H7 by suppressing
the QS-regulated gene expression (Kang-Mu
et al. 2009). Extracts from Camellia sinensis
(Green tea, GT) also have been demonstrated
as QS modulators reducing the virulence factor
expression in P. aeruginosa PAO1 (Mihalik et al.
2008). Halogenated furanones (fimbrolides) are
one of the most investigated groups of natural

QSIs isolated from the red macroalga D. pulchra
(Hentzer and Givskov 2003). The marine algae
produce halogenated furanone compounds as
secondary metabolites that interfere with AHL-
based QS signalling systems. Pure samples of
natural furanones were shown to disrupt QS-
regulated processes such as swarming motility of
S. liquefaciens and bioluminescence production
of V. fischeri and V. harveyi (Galloway et al.
2010; Givskov et al. 1996). The furanone (5Z)-
4-bromo-5-(bromomethylene)-3-butyl-2(5H)
produced by D. pulchra also inhibited pathogenic
phenotypes of E. coli such as swarming motility
and biofilm formation. Although these furanones
did not demonstrate activity on pathogenic P.
aeruginosa species, synthetic derivatives showed
improved survival time of mice infected with
lethal P. aeruginosa (Wu et al. 2004). It has to
be pointed that halogenated furanones have the
disadvantage of being extremely reactive and
thus may be toxic to human cells, which limits
their potential use as QSI (Chenia 2013).

Targeting AIP Receptors
Gram-positive bacteria possess two-component
QS systems that contain a membrane-bound
histidine kinase receptor and a responsive
transcriptional regulator (Fig. 2a) (Ni et al.
2009b). Understanding the mechanisms of
receptor activation by QS molecules led to
the development of new QSIs that shut down
the entire QS pathway and thus attenuate
bacterial pathogenesis. So far, the most intriguing
anti-QS strategy is to target the inhibition of
membrane sensor histidine kinase receptors by
AIP antagonists (Ni et al. 2009b).

Several AIP-mediated QS systems have
been well studied, including agr system of
pathogenic S. aureus and agr-like system of
E. faecalis that utilise structurally similar AIP
signals. The agr quorum-sensing system of S.
aureus uses four different types of thiolactone-
containing peptides (AIPs I–IV) to control wide-
range bacterial behaviours (Fig. 2b) (Ni et al.
2009b; Rasko and Sperandio 2010). This system
consists of AgrC receptor (transmembrane
histidine kinase) that specifically interacts with
the cognate AIP resulting in an active complex
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that phosphorylates the intracellular response
regulator, AgrA, promoting the autoinduction
of the agr system and upregulation of RNA
III transcription (Tal-Gan et al. 2013). In S.
aureus four agr groups using distinct AIP and
AgrC sequences have been identified. The AgrC
receptor of each group responds to its own
AIP molecule by activating the agr regulon,
but this activation is cross inhibited by the
other heterologous AIPs (the other AIP groups).
This activity suggested to provide a competitive
advantage of each group when establishing a
specific infection (Tal-Gan et al. 2013). To date,
the QS in S. aureus is a unique case wherein
the native QS signals function as QS inhibitors
against AgrC receptor of strains belonging to
different agr groups (other groups of S. aureus
strains) (Tal-Gan et al. 2013; LaSarre and Federle
2013).

Early studies on AgrC inhibition used native
AIPs capable of cross inhibiting the other three
non-cognate receptors. For instance, Otto et al.
demonstrated that a synthetic S. epidermidis AIP
is a competent inhibitor of the S. aureus agr
system. Moreover, the AIP derivatives, in which
the N-terminus or the cyclic bond structure was
changed, were synthesised and acted as effective
quorum-sensing blockers that suppressed the ex-
pression of virulence factors, such as •-toxin and
’-toxin in S. aureus (Otto et al. 1999).

In terms of designing AIP analogues capable
of inhibiting both the cognate and non-cognate
AgrC receptors, changes in the amino acid
residue tail or removal of the tail are suggested as
efficient methods for developing QSIs that target
the AgrC groups (LaSarre and Federle 2013).
Combination of various structural changes in the
AIP is known to provide antagonistic activity
and has been shown to have a potential for
generating stronger inhibitors against all agr
groups (LaSarre and Federle 2013; Lyon et al.
2002). Lyon et al. described a truncated AIP-
II peptide lacking the tail as a global inhibitor
of S. aureus virulence able to inhibit all four
agr groups including its own cognate receptor.
Moreover, the truncated analogue inhibited
•-toxin production with different strengths in S.
aureus, S. epidermidis and S. warneri, suggesting

its use as a global inhibitor of staphylococcal agr
activation (Lyon et al. 2000). Another truncated
version of AIP-I that lacked an exocyclic tail
and had an aspartic acid (D) to alanine (A)
mutation in the macrocyclic core, called tAIP-
I D2A, was also shown to be a potent inhibitor
of four AgrC receptors (groups I–IV) (Lyon
et al. 2002). Wright et al. demonstrated in vivo
using mouse dermonecrosis that the adminis-
tration of antagonistic AIP delayed agr gene
expression and further prevented the formation
of ulcers and abscesses in the mice (Wright
et al. 2005).

To date, most research attention has been fo-
cused on the non-native analogues of AIP-I and
AIP-II group antagonist of AgrC. Recently, a set
of synthetic AIP-III analogues has been reported
as inhibitors of all four AgrC receptors in S.
aureus. These AIP analogues also blocked the
QS-regulated virulence trait, e.g. hemolysis, in
wild-type S. aureus groups I–IV at picomolar
concentrations. Moreover, four of the best identi-
fied AgrC inhibitors were also capable of atten-
uating the production of toxic shock syndrome
toxin-1 (also under the control of QS) by over
80 % at nanomolar concentrations in a wild-type
S. aureus group III strain (Tal-Gan et al. 2013).
Small cyclic dipeptides, cyclo(L-Phe-L-Pro) and
cyclo(L-Tyr-L-Pro), produced by L. reuteri were
demonstrated to interfere with the agr QS sys-
tem repressing the expression of exotoxin toxic
shock syndrome toxin-1 in S. aureus (Li et al.
2011).

Recently, an analogue of S. pneumoniae sig-
nalling peptide has been demonstrated to de-
crease the virulence factor production in vitro.
S. pneumoniae utilises a linear peptide consisting
of 17 amino acids (CSP), which is recognised at
the cell surface by the histidine kinase, known
as ComD. Alanine substitution of the first amino
acid generated a peptide (CSP-E1A) that could
block the ability of the native CSP to bind and
stimulate ComD downregulation signalling. Co-
injection of the inhibitor peptide with S. pneumo-
niae in a mouse lung infection model led to im-
proved mouse survival compared to a non-treated
control. In addition, co-injection of the inhibitor
blocked the bacteria’s ability to transform into an
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antibiotic-resistant strain within the mouse when
DNA encoding antibiotic resistance was supplied
simultaneously (Zhu and Lau 2011).

Anti-QS-sensing strategies in principle are
promising approach for development of new
therapeutics. However, due to the specificity
of QS signalling in distinct pathogens, the
development of anti-QS drugs requires very
careful investigation and usage (Rasko and
Sperandio 2010).

Targeting AI-2 Receptors
The development of small molecules capable
of inhibiting the AI-2 QS system (interspecies
communication) is an attractive approach for
prevention of wide-range bacterial behaviours
from occurring (LaSarre and Federle 2013; Guo
et al. 2013). With the concept of molecular
mimicking and the goal of identifying antagonist
of AI-2 receptor proteins, Wang and co-workers
found a few sulphone compounds using high-
throughput virtual screening able to antagonise
LuxP receptor in V. harveyi (Peng et al. 2009;
Ni et al. 2008a). The authors suggested the key
role of the sulphone group of these compounds
in the interaction with the LuxP receptor. The
same group found a series of phenylboronic acids
and aromatic polyols (mimic the S-THMF-borate
signal molecules) to be capable of inhibiting the
bioluminescence production in V. harveyi with
IC50 at low or sub-micromolar concentrations
(Ni et al. 2008a, b, 2009a). Recently, Wang
and co-workers used the DOCK6 program
for the virtual screening of AI-2-mediated
quorum-sensing inhibitors targeting LuxP crystal
structure. After various in silico and in vitro
evaluation, seven inhibitors of AI-2 QS system
in Vibrio harveyi were successfully identified
(Zhu et al. 2012). Brackman et al. found
nucleoside analogues as antagonists against
Vibrio species. From the screening of a small
panel of nucleoside analogues, an adenosine
derivative with a p-methoxyphenylpropionamide
moiety at C-30 emerged as a promising inhibitory
agent. This compound, as well as a truncated
analogue lacking the adenine base, blocked
the signal transduction pathway at the level of
LuxP in V. harveyi and consequently reduced

bioluminescence production. Moreover, the most
active nucleoside analogue (designated LMC-21)
decreased the Vibrio species starvation response,
biofilm formation in V. anguillarum, V. vulnificus
and V. cholerae and also reduced the pigment and
protease production in V. anguillarum (Brackman
et al. 2009).

Structural analogues of well-known natural
QS inhibitors have also been demonstrated to
efficiently affect the AI-2 pathways in V. harveyi.
For instance, the thiazolidinediones (resemble
the QSIs such as N-acylaminofuranones and/or
acyl-homoserine lactone signalling molecules),
dioxazaborocanes (structurally resemble the ox-
azaborolidine derivatives) and brominated thio-
phenones were shown to block the AI-2 QS in
V. harveyi (Brackman et al. 2013).

Another approach for the disruption of
interspecies QS signalling is modulating the
native AI-2 signal. C1-substituted alkyl-DPD
derivatives (propyl-133 and butyl-DPD) were
found to inhibit the AI-2 signalling in S.
typhimurium (Defoirdt et al. 2012). The activity
of these multiple C1-alkyl-DPD derivatives in
V. harveyi depended on the assay conditions;
they were found to function as either antagonists
or synergistic agonists (LaSarre and Federle
2013; Defoirdt et al. 2012; Lowery et al. 2008).
However, carbocyclic analogues of DPD did not
display significant quenching activities in S. ty-
phimurium or V. harveyi (Tsuchikama et al. 2011;
Guo et al. 2013). Generally, AI-2 QS antagonists
can exhibit two different types of activities being
antagonists or synergistic agonists (LaSarre and
Federle 2013). For example, propyl-DPD and
other analogues with longer alkyl chain substitu-
tions were all antagonists of AI-2 QS in E. coli,
but only butyl-DPD had antagonistic activity in S.
typhimurium (LaSarre and Federle 2013; Gamby
et al. 2012).

The main concern in the developing of AI-
2 QSI is the assessment of their stability and
efficacy in vivo. Guo et al. recently demonstrated
that a bis-ester-protected form of isobutyl-DPD
can effectively inhibit the AI-2 QS signalling in
E. coli comparably to the unprotected inhibitor
alleviating instability issues of AI-2 molecules
(Lowery et al. 2009; Guo et al. 2012).
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Silencing Bacterial Communication
by Targeting the Efflux Pumps

Bacteria can evolve resistance towards noxious
agents such as antibiotics, through their extru-
sion to the environment before reaching the tar-
get using transport proteins, called efflux pumps
(Rodríguez-Rojas et al. 2013; Webber and Pid-
dock 2003). Two different types of efflux pumps
have been identified in bacteria, depending on
the energy source they use to export the an-
tibiotic: (i) ABC transporters that use ATP for
the expulsion of the noxious agent to the envi-
ronment and (ii) proton-motive-force-dependent
transporters that use energy from their cellular
metabolism. Recent evidences suggested that the
expression of efflux pumps in bacteria is QS
mediated and thus could be used in the control
of bacteria-mediated infections (Leonard Ama-
ral 2012). For instance, a link between QS and
active efflux pump has been demonstrated in P.
aeruginosa, in which the expression of MexAB-
OprM pump was enhanced by the QS signals.
As already described, P. aeruginosa has two dis-
tinct QS systems, las and rhl, that control the
synthesis of 3-oxo-C12-HSL and C4-HSL, re-
spectively. Exogenous addition of C4-HSL QS
signals was shown to enhance the expression of
MexAB-OprM pump, whereas 3-oxo-C12-HSL
had little or no effect, which means that rhl QS
system in P. aeruginosa is actively involved in
the efflux pump expression (Sawada et al. 2004).
Targeting inhibition of QS mechanisms can thus
have an effect on efflux pumps and therefore
provide an effective strategy to fight bacterial
antibiotic resistance and QS-regulated processes
simultaneously.

Interestingly, several compounds such as
phenothiazines and trifluoromethyl ketones
(TFs) that inhibit various energy-dependent
activities such as swarming and swimming
were demonstrated to affect both the efflux
pump systems of bacteria and their QS systems
(Leonard Amaral 2012; Spengler et al. 2004;
Molnar et al. 2004; Wolfart et al. 2004). Varga
et al. investigated a series of TFs known to inhibit
the proton motive force for their effects on the
efflux pump of a QS-responding bacterium, for

its subsequent effect on the response to a QS
signal and its direct inhibition of the response
to a QS signal. Some of them were proved
to be effective inhibitors of the QS response
by the reporter strain C. violaceum CV026, as
well as inhibit the efflux pumps of both CV026
and E. coli, demonstrating that TFs have QS-
inhibitory properties that are mediated through
the inhibition of efflux pumps that extrude the
noxious QS signal before it reaches its intended
target (Varga et al. 2012).

Conclusion

QS has been widely used as a term to describe
density-dependent bacterial cell-cell communi-
cation process since its initial discovery. The
mechanistic understanding of this QS system in
many bacteria has been growing since then and
is now considered as a viable target to alleviate
or prevent infection. This new approach has been
met with great optimism among research com-
munity due to the antibiotic resistance problem
that currently impedes treatment of infections
caused by many bacterial pathogens. In fact, QS-
based strategies are a way of scrambling the
wires of bacterial communication before it starts.
As a consequence, bacteria will never know that
they have achieved the threshold population den-
sity necessary to establish an infection in human
body. The main advantage of this approach is
that it attenuates virulence, exerting less selective
pressure on bacteria and reducing the risk of
resistance development, due to the fact that QS
is not an essential metabolic process for bacterial
growth. Despite being a very appealing approach
and many enzymes and chemicals have been
proved to possess QSI activity, only a few of them
have been tested for in vivo efficacy. Neverthe-
less, some questions still need to be answered
in order to evaluate their potential as therapeutic
agents, such as whether these agents can elicit
an immune response in humans, whether degra-
dation of AHLs would affect the commensal gut
microflora of humans to the extent that this may
be harmful to the host and whether bacteria can
gain resistance to the QSIs.
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Silencing Bacterial Communication
Through Enzymatic Quorum-Sensing
Inhibition

Manuel Romero, Celia Mayer, Andrea Muras, and Ana Otero

Introduction

The development of antibiotic resistance by some
pathogenic bacteria is a serious global problem,
giving rise to multiresistance strains wherein
treatment is longer and frequently ineffective and
forcing the pharmaceutical industry to develop
new generations of more potent antibiotics,
as well as exploring new strategies to fight
bacterial infections. Since a great number of
human, animal, plant, and aquatic pathogens
use cell-to-cell bacterial communication or
“quorum sensing” (QS) systems to regulate
the production of virulence factors (Bruhn
et al. 2005; Williams et al. 2007), interference
with these communication systems constitutes
an interesting and promising strategy for the
control of infectious bacterial diseases (Dong
et al. 2007). Of special significance is the
role of QS processes in the formation and
differentiation of bacterial biofilms (Williams
et al. 2007), since these organized structures
are involved in antibiotic resistance in several
important pathogens and constitute the basis
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of other important biological problems such as
fouling, corrosion, etc. The mechanisms causing
the inactivation of QS communication systems
have been generally termed as “quorum-sensing
inhibition” (QSI). One of the major interests of
the QSI approach is that it blocks the expression
of the virulence factors, but it does not exert
direct selective pressure as it does not directly
affect the pathogen survival, therefore reducing
potential emergence of resistances. Furthermore,
this strategy in combination with antibiotics may
be an interesting alternative in the treatment of
infectious diseases by multiresistant pathogens
such as Pseudomonas aeruginosa, in which
QS control on virulence mechanisms has been
described (Jimenez et al. 2012).

Although the inactivation of all QS systems is
equally interesting, the bacterial gram-negative
signals N-acyl-homoserine lactones (AHLs),
as the first-discovered and most-characterized
pathway, have been the main target of this
area of research. Among the AHL-based QSI
systems, the blockage of AHL synthesis could be
the most effective communication interception
system; however, only a scarce number of
studies have explored this possibility (Parsek
et al. 1999; Pechere 2001). Interference with
bacterial communication can also be achieved by
decreasing the concentration of active AHL in the
media. AHLs suffer spontaneous lactonization
due to high pH values (Yates et al. 2002), but this
can also occur by enzymatic mechanisms. Several
bacteria with the capacity to degrade AHL signals
have been described and could therefore be

V.C. Kalia (ed.), Quorum Sensing vs Quorum Quenching: A Battle with No End in Sight,
DOI 10.1007/978-81-322-1982-8__19, © Springer India 2015
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used as QS quenchers and their enzymes could
have great interest for their biotechnological
applications. Inhibition of the signal efflux to
prevent its accumulation in the environment has
also been proposed as QSI strategy (Dong et al.
2007). QS signal transduction can be inhibited
by antagonists able to compete or interfere
with AHL and receptor union. The competitive
antagonists would be similar enough to AHL to
allow their union to the receptor but would not
activate later signal transduction; noncompetitive
antagonists show low or no structural similitude
with AHLs and will join to different parts of the
receptor (Ni et al. 2009).

Given that bacterial species that employ
quorum sensing (QS) have important competition
advantages in the ubiquitous interactions with
other prokaryotes and eukaryotes, it is rational
that competitors have evolved mechanisms to
disarm their QS systems. Such mechanisms to
avoid bacterial colonization and competence
through QS interception have been found in
nature. “Natural” QSI mechanisms described
so far include the production of inhibitors or
antagonists of signal reception by marine algae
(Givskov et al. 1996), invertebrates (Skindersoe
et al. 2008), terrestrial plants (Gao et al.
2003), and bacteria (Teasdale et al. 2009) or
the enzymatic inactivation of signals found in
mammalian cells (Camps et al. 2011), plants
(Delalande et al. 2005), and bacteria (Dong
and Zhang 2005). Besides QSI produced by
competitors, different studies have developed
synthetic signal antagonists and antibodies
capable of sequestering QS signals (Kaufmann
et al. 2006; Ni et al. 2009). Arguably, among the
different possibilities, enzymatic degradation
has been the most deeply explored strategy
to date.

Bacterial AHLases

Up to now, numerous bacterial species with en-
zymatic QSI activity have been identified be-
longing to five phyla of the Bacteria kingdom:
Actinobacteria, Firmicutes, Proteobacteria, Bac-
teroidetes, and Cyanobacteria, although the ac-

tivity has not been characterized in many of
them (bacteria with characterized enzymatic QSI
activity can be found in Table 1). The wide
distribution of enzymatic QSI activity among
bacteria suggests that blocking bacterial com-
munication is important to confer a competi-
tive advantage in bacterial populations. Three
main groups of AHL inactivation enzymes have
been identified so far and classified according to
the AHL cleavage/modification mechanism. The
metalloproteins AHL lactonases hydrolyze the
ester bond of the homoserine lactone ring (HSL)
to produce the corresponding acyl-homoserines
(Dong et al. 2000, 2001) (Fig. 1). These are
the enzymes with the broadest range of AHL
specificity as many of them degrade all signals
independently of the size and substitutions in the
acyl side chain (Liu et al. 2008; Otero et al.
2013). The second group are the acylases that
cleave the AHL amide bond generating the cor-
responding free fatty acid and homoserine lac-
tone ring (Leadbetter and Greenberg 2000; Lin
et al. 2003) (Fig. 1). Unlike lactonases, acylases
show more substrate specificity, probably due to
recognition of the acyl chain of the signal as
was shown for the Pseudomonas acylase PvdQ
(Bokhove et al. 2010). The third group of known
AHL-inactivating enzymes are the oxidoreduc-
tases that, in contrast to lactonase and acylase
activities, do not degrade the signal but oxidize
or reduce the acyl chain of the AHLs to modify
them. These reactions do not degrade the signals,
but the modifications affect the specificity and
therefore the union between the signal and the
receptor. However, the role of QSI enzymes as
signal quenchers has been questioned as have
been related to the catabolism of other molecules
not related to QS such as ”-butyrolactone (Khan
and Farrand 2009) or penicillin G (Park et al.
2005). We cannot therefore disregard the possi-
bility that QSI enzymes have additional functions
beyond AHL inactivation that would increase
their ecological significance, including the mere
obtainment of energy from the metabolism of the
molecule, as demonstrated by the relative success
of the enrichment methods for the isolation of
strains with enzymatic QSI activity (Leadbetter
and Greenberg 2000).
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Table 1 Characterized prokaryotic QSI enzymes

Species/origin Enzyme Enzyme family Target signal/activity Reference

Bacillus sp. AiiA Metallo-“-lactamase AHL lactonase Dong et al. (2001)

Agrobacterium
tumefaciens

AttM
AiiB

Metallo-“-lactamase
Metallo-“-lactamase

AHL lactonase
AHL lactonase

Zhang et al. (2002)
Carlier et al. (2003)

Klebsiella pneumoniae AhlK Metallo-“-lactamase AHL lactonase Park et al. (2003)

Arthrobacter sp. AhlD Metallo-“-lactamase AHL lactonase Park et al. (2003)

Mesorhizobium loti MLR6805 Metallo-“-lactamase AHL lactonase Funami et al. (2005)

Rhizobium sp. DlhR
QsdR1

Dienelactone hydrolase
Metallo-“-lactamase

AHL lactonase
AHL lactonase

Krysciak et al. (2011)

Chryseobacterium sp. AidC Metallo-“-lactamase AHL lactonase Wang et al. (2012)

Solibacillus silvestris AhlS Metallo-“-lactamase AHL lactonase Morohoshi et al. (2012)

Tenacibaculum sp. Aii20J Metallo-“-lactamase AHL lactonase Otero et al. (2013)

Rhodococcus
erythropolis

QsdA Phosphotriesterase AHL lactonase Uroz et al. (2008)

Geobacillus
kaustophilus

GKL Phosphotriesterase AHL lactonase Chow et al. (2010)

Sulfolobus solfataricus SsoPox Phosphotriesterase AHL lactonase Merone et al. (2005)

Mycobacterium avium MCP Phosphotriesterase AHL lactonase Chow et al. (2009)

Microbacterium
testaceum

AiiM ’/“ hydrolase AHL lactonase Wang et al. (2010)

Ochrobactrum sp. AidH
AiiO

’/“ hydrolase
’/“ hydrolase

AHL lactonase
AHL acylase

Mei et al. (2010)
Czajkowski et al. (2011)

Pseudoalteromonas
byunsanensis

QsdH GDSL-like hydrolase AHL lactonase Huang et al. (2012)

Soil metagenome QlcA Metallo-“-lactamase AHL lactonase Riaz et al. (2008)

Soil metagenome BpiB01
BpiB04
BpiB05
BpiB07
BpiB09

–
Glycosyl hydrolase
–
Dienelactone hydrolase
NADP-dependent
dehydrogenase/reductase

AHL lactonase
AHL lactonase
AHL lactonase
AHL lactonase
AHL oxidoreductase

Bijtenhoorn et al. (2011a, b),
Schipper et al. (2009)

Ralstonia sp. AiiD Ntn hydrolase AHL acylase Lin et al. (2003)

Pseudomonas
aeruginosa

PvdQ
QuiP
HacB

Ntn hydrolase
Ntn hydrolase
Ntn hydrolase

AHL acylase
AHL acylase
AHL acylase

Huang et al. (2003)
Huang et al. (2006)
Wahjudi et al. (2011)

Pseudomonas syringae HacA Ntn hydrolase AHL acylase Shepherd and Lindow (2009)

HacB Ntn hydrolase AHL acylase

Brucella melitensis AibP Ntn hydrolase AHL acylase Terwagne et al. (2013)

Streptomyces sp. AhlM Ntn hydrolase AHL acylase Park et al. (2005)

Kluyvera citrophila KcPGA Ntn hydrolase AHL acylase Mukherji et al. (2014)

Anabaena sp. AiiC Ntn hydrolase AHL acylase Romero et al. (2008)

Shewanella sp. Aac Ntn hydrolase AHL acylase Morohoshi et al. (2008)

Bacillus megaterium CYP102A1 Cytochrome P450 AHL oxidoreductase Chowdhary et al. (2007)

Pseudomonas sp. CarAB Carbamoyl phosphate
synthase

DSF Newman et al. (2008)

Arthrobacter
nitroguajacolicus

Hod Dioxygenase PQS Pustelny et al. (2009)

E. coli LsrK Kinase AI-2 Roy et al. (2010)

LsrG – AI-2 Marques et al. (2011)
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Fig. 1 AHL degradation mechanisms of lactonases (1) and acylases (2)

Lactonases

The first enzymatic degradation of AHLs was
described in Bacillus sp. 240B1, detected after a
screening of QSI activity in soil and laboratory
isolates. Genomic DNA from strain 240B1 was
then cloned in a library to identify the gene
responsible for the AHL-inactivation activity.
The gene responsible for the activity was named
aiiA (autoinducer inactivator), characterized as
an AHL lactonase belonging to the metallo-
“-lactamase superfamily and containing the
Zn-binding motif “HXDH � H � D” that is
conserved in several groups of metallohydrolases
(Dong et al. 2001). This lactonase was later
shown to be present in various species of the
genus Bacillus, with the different AiiA homo-
logues sharing 90 % identity at the amino acid se-
quence level (Lee et al. 2002; Molina et al. 2003).

In addition to Bacillus, other bacteria were
shown to produce AHL lactonases belonging to
the metallo-“-lactamase superfamily (Table 1,
Fig. 2), including Agrobacterium tumefaciens
(AttM and AiiB), Klebsiella pneumoniae (AhlK),
Arthrobacter sp. (AhlD), Mesorhizobium loti
(MLR6805), Rhizobium sp. (DlhR and QsdR1),
Chryseobacterium sp. (AidC), Solibacillus
silvestris (AhlS), and Tenacibaculum sp. (Aii20J)
(Carlier et al. 2003; Funami et al. 2005; Krysciak
et al. 2011; Morohoshi et al. 2012; Otero et al.
2013; Park et al. 2003; Wang et al. 2012; Zhang
et al. 2002). All these lactonases belong to the
same clade, presenting the conserved Zn-binding
domain which has been proven to be essential for

AHL-lactonase activity (Liu et al. 2008) (Fig. 2)
even though they share low identity (<30 %)
at the amino acidic sequence level. It should be
noted that the identity of the AHL lactonases in
this group does not correlate with phylogenetical
proximity. For example, Aii20J, the lactonase
from Tenacibaculum, a member of the CFB
phylum, is located in a very distant branch from
another member of this group, Chryseobacterium
sp. (Fig. 2), which may indicate an active hori-
zontal gene transfer of these genes. In an attempt
to elucidate the role of the AHL-lactonase AiiA
in B. thuringiensis, Park et al. (2008) performed
competence assays using B. thuringiensis
aiiA mutants and the AHL-producer plant
pathogen Pectobacterium carotovorum (Erwinia
carotovora) in a pepper root system. Results
showed that the survival rate of the aiiA mutant
significantly decreased over time compared with
that of wild type suggesting that AiiA plays an
important role in rhizosphere competence of B.
thuringiensis. A remarkable case is the number
of ORFs linked to AHL-QSI activity present in
the nitrogen-fixing microsymbiont Rhizobium
sp. strain NGR234. NGR234 possesses at least
five different genes codifying for AHLases, two
located on the plasmid pNGR234b (dlhR and
qsdR1) that were demonstrated to function as
AHL lactonases and three in the chromosome
(qsdR2, aldR, and hitR-hydR). The affluence
of QSI enzymes in NGR234 suggests that this
is an important characteristic for rhizosphere
colonization and soil growth, as it was shown
that a NGR234 strain overexpressing dlhR and
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 MCP Mycobacterium avium subsp. paratuberculosis K-10

 QsdA Rhodococcus erythropolis

 SsoPox Sulfolobus solfataricus

 GKL Geobacillus kaustophilus

 BpiB05

 AidH Ochrobactrum sp. T63

 BpiB04

 BpiB01

 AiiM Microbacterium testaceum StLB037

 QsdH Pseudoalteromonas byunsanensis

 AhlD Arthrobacter sp.

 AidC Cryseobacterium sp. StRB126 BAM28988.1

 QlcA Acidobacteria bacterium cosmid p2H8

 DlhR Rhizobium sp. NGR234

 QsdR1 Rhizobium sp. NGR234

 AhlK Klebsiella pneumoniae

 AiiA Bacillus sp. 240B1

 Aii20J Tenacibaculum sp. 20J

 AttM/AiiB Agrobacterium tumefaciens

 AhlS Solibacillus silvestris
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Fig. 2 Phylogenetic tree based on amino acid se-
quences of Aii20J from Tenacibaculum sp. 20 J (Otero
et al. 2013), AhlD from Arthrobacter sp. (acces-
sion number AAP57766.1, Park et al. 2003), AhlK
from K. pneumoniae (AAO47340.1, Park et al. 2003),
AhlS from Solibacillus silvestris (BAK54003.1, Mo-
rohoshi et al. 2012), AidC from Chryseobacterium
sp. strain StRB126 (BAM28988.1, Wang et al. 2012),
AidH from Ochrobactrum sp. T63 (ACZ73823.1, Mei
et al. 2010), AiiA from Bacillus sp. Strain 240B1
(AAF62398.1, Dong et al. 2000), AiiM from Microbac-
terium testaceum strain StlB037 (YP_004225655.1, Mo-
rohoshi et al. 2011), AttM/AiiB from A. tumefaciens
(AAL13075.1, Zhang et al. 2002), QlcA from Aci-
dobacteria bacterium cosmid p2H8 (ABV58973.1, Riaz
et al. 2008), QsdA from Rhodococcus erythropolis
(AAT06802.1, Uroz et al. 2008), DlhR and QsdR1
from Rhizobium sp. Strain NGR234 (ACP23660.1,
Krysciak et al. 2011), MLR6805 from Mesorhizobium loti
(BAB53031.1, Funami et al. 2005), GKL from Geobacil-

lus kaustophilus (YP_147359.1, Chow et al. 2010),
SsoPox from Sulfolobus solfataricus (AAW47234.1,
Merone et al. 2005), QsdH from Pseudoalteromonas
byunsanensis (AFV15299.1, Huang et al. 2012), MCP
from Mycobacterium avium subsp. paratuberculosis strain
k-10 (NP_962602.1, Chow et al. 2009), BpiB01, BpiB04,
and BpiB05 from soil metagenomes (ABU51084.1,
ABU51107.1, ABU51109.1; Schipper et al. 2009), and
PON1, PON2, and PON3 from mouse serum (P52430.2,
Q62086.2, Q62087.2; Camps et al. 2011). The enzymes
belonging to the metallo-“-lactamase superfamily are in-
dicated with filled triangles. PTE members are shown with
filled squares, ’/“ hydrolase family members with un-
filled circles, GDSL-like hydrolase family members with
filled circles, glycosyl hydrolase family members with
unfilled squares, and paraoxonases with unfilled triangles.
The dendrogram was constructed by the neighbor-joining
method using the MEGA 5.1 program. The scale bar
represents 0.2 substitutions per amino acid position

qsdR1 genes was less effective in cowpea plants
root colonization (Krysciak et al. 2011).

Despite most of the QSI systems are thought
to be involved in bacterial competitive behaviors,
AHL degradation enzymes can also function as

QS self-regulators as was shown in the plant
pathogen Agrobacterium tumefaciens, causative
agent of the crown gall disease. This bacterium
produces two AHL-lactonases AttM (BlcC)
and AiiB (Carlier et al. 2003; Zhang et al.
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2002), both enzymes fascinatingly modulate
QS-regulated functions of the bacterium, such
as conjugation of Ti plasmid and seriousness of
plant symptoms, by controlling the levels of the
own signal N-3-oxooctanoyl-homoserine lactone
(OC8-HSL) (Haudecoeur and Faure 2010). In a
proposed model, the infected plant receives the
T-DNA from A. tumefaciens that integrates in
the plant genome, inducing cell proliferation and
tumor formation. Emerging tumor accumulates
opines that trigger OC8-HSL production, but
also the lactonase AiiB; in addition, plant-
produced GABA and salicylic acid stimulate
AttM expression; thus, signal levels remain
low. Later, growing tumor starts to accumulate
proline which antagonize GABA intake by
A. tumefaciens. This may allow the OC8-HSL
levels overcome the degradation capacity of the
bacterium and the signal release in bacterial
cell environment, triggering horizontal transfer
of Ti plasmid and the seriousness of infection
symptoms. Therefore, A. tumefaciens lactonases
appear to contribute to bacterial fitness within
the plant tumor and may also function in inter-
kingdom signaling between the plant and the
bacterium (Haudecoeur and Faure 2010).

The strain Arthrobacter sp. IBN110 was
the first AHL-lactonase-producing bacterium
obtained with AHL enrichment culture approach.
This soil isolate was able to grow in media
amended with N-3-oxohexanoyl-homoserine
lactone (OC6-HSL) as the sole carbon source,
and the enzyme catalyzing the AHL degradation
was then identified and named AhlD, another
member of the metallo-“-lactamase superfamily.
Mass spectrometry analysis with the signal N-
hexanoyl-homoserine lactone (C6-HSL) showed
that AhlD hydrolyzed the AHL to generate one
product presumably an acyl-homoserine (Park
et al. 2003). Interestingly, a concurrent report
showed that the isolate Arthrobacter sp. VAI-
A, also obtained by enrichment methods, could
only utilize the AHL breakdown products, HSL
and acyl-homoserines, rather than AHL as the
sole carbon and nitrogen source and could grow
on AHLs only when cocultured with the AHL
degrading bacteria Variovorax paradoxus. This
result suggests the existence of enzymatic com-

plementation activities of both bacteria and could
explain why none of the three compounds accu-
mulate in soil environments (Flagan et al. 2003).

On the other hand, Funami et al. (2005)
studying a 4-pyridoxolactonase (MLR6805),
another member of the metallo-“-lactamase
superfamily involved in the degradation pathway
of pyridoxine in the nitrogen-fixing symbiotic
bacterium Mesorhizobium loti MAFF303099,
discovered that this enzyme could also degrade
AHL signals. But authors suggest that the natural
substrate of MLR6805 is 4-pyridoxolactone
because the adjacent gene (mlr6806) of the 4-
pyridoxolactonase encodes for a pyridoxamine-
pyruvate aminotransferase. Also closely located
genes as mll6785 and mlr6788 encode for
a pyridoxine 4-oxidase and a 3-hydroxy-2-
methylpyridine-5-carboxylic acid oxygenase.
Thus, the enzymes involved in the degradation
for pyridoxine could be clustered in M. loti
MAFF303099 genome.

Despite the metallo-“-lactamases representing
the most abundant cluster among the enzymes
capable of hydrolyzing the lactone ring of AHL
signals, several completely unrelated families
of enzymes with AHL-lactonase activity have
been described (Table 1, Fig. 2). The first
AiiA-unrelated lactonase discovered was QsdA,
identified by screening of a genomic library
of Rhodococcus erythropolis strain W2. QsdA
is related to phosphotriesterases (PTE) and
confers the bacteria the ability to inactivate
AHLs with acyl side chains ranging from C6
to C14, with or without substitution at carbon
3 (Uroz et al. 2008). Members of the PTE
family are also metal-dependent proteins and
were first described for their ability to cleave
phosphotriester bonds but were later shown to
be promiscuous enzymes, harboring lactonase or
amidohydrolase activities (Roodveldt and Tawfik
2005). Interestingly, thermophilic bacteria from
the genus Geobacillus also produce thermostable
AHL-lactonase members of the PTE metallo-
proteins. The thermostability of these enzymes
makes them attractive because of their increased
potential biotechnological applications. GKL,
the thermostable lactonase from G. kaustophilus,
exhibits substrate preference for medium- to
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long-chain AHLs (�8 carbons) (Chow et al.
2010). Besides members of the Eubacteria
domain, another thermostable lactonase of the
PTE family was discovered in the archaeon
Sulfolobus solfataricus and named SsoPox.
This lactonase was related to organophosphate
hydrolysis, but later studies showed that it
also degrades AHLs (Merone et al. 2005).
Mycobacterium avium subsp. paratuberculosis
K-10 has been reported to produce a PTE
amidohydrolase too. K-10 lactonase was named
MCP and shown to degrade medium- to long-
chain AHLs (Chow et al. 2009).

The third family of AHL lactonases
discovered was the ’/“ hydrolase fold family
which includes the lactonase AiiM from
Microbacterium testaceum StLB037 and AidH
from Ochrobactrum anthropi ATCC 49188,
both cloned from genomic libraries of plant
leaf and soil isolate, respectively (Mei et al.
2010; Wang et al. 2010). Mutational analyses
indicated that the G-X-Nuc-X-G motif or the
histidine residue conserved in ’/“ hydrolases
is critical for the AHL-degradation activity
(Mei et al. 2010).

Special mention requires the lactonase QsdH
detected in a Pseudoalteromonas byunsanensis
strain 1A01261 genomic library screening.
Interestingly, this AHL-degrading enzyme is a
GDSL-like hydrolase located in the N-terminus
of a multidrug efflux transporter protein of
the resistance-nodulation-cell division (RND)
family. QsdH locates in the first periplasmic
loop of the pump and possibly could degrade
AHLs that influx or efflux through the inner
membrane (Huang et al. 2012). GDSL hydrolases
have multifunctional properties derived from
broad substrate specificity and with potential
for use in the hydrolysis and synthesis of
important ester compounds of pharmaceutical,
food, biochemical, and biological interest (Akoh
et al. 2004).

Soil metagenomic libraries analyses further
extended the diversity of the lactonase family
proteins by allowing the identification of the
novel AHL-lactonase QlcA, a zinc-dependent
metallohydrolase distantly related to the other
AHL lactonases discovered (Riaz et al. 2008),

and the lactonases BpiB01, BpiB04, and BpiB05
showing no significant similarities at their
deduced amino acid sequences with other AHL
lactonases (Bijtenhoorn et al. 2011b; Schipper
et al. 2009).

AHL-lactonase activity is also present in
mammalian tissues as paraoxonases (PONs),
enzymes that were related to hydrolysis of
organophosphates, were shown to degrade AHLs.
There are three PON members: PON1, PON2,
and PON3, sharing about 65 % identity at the
amino acidic sequence level. While PON2 is
an intracellular enzyme expressed in different
tissues, PON1 and PON3 genes are expressed in
the liver and kidney, and their protein products
can be found in circulation bound to high-density
lipoprotein (HDL). In addition to different
distribution, these enzymes also display different
efficiency against AHLs as PON2 was shown to
have the highest lactonase activity of the three
members (Camps et al. 2011).

Acylases

The second type of AHL-QSI enzymes was
discovered in a soil isolate classified as Vari-
ovorax paradoxus (Leadbetter and Greenberg
2000). This Betaproteobacterium was shown
to be able to use different AHLs as source of
energy and nitrogen; moreover, the V. paradoxus
molar growth yields correlated with the length
of the acyl chain of the signal. Even though the
enzyme responsible for AHL inactivation was
not identified, authors showed that the enzyme
responsible breaks the amide bond between the
HSL and the acyl side chain (Leadbetter and
Greenberg 2000). The first gene encoding for
an AHL-acylase was cloned from Ralstonia sp.
XJ12B and called aiiD (Lin et al. 2003). This
strain was isolated among other bacteria in a
biofilm collected from an experimental water
treatment system and found to inactivate AHLs.
AiiD acylase was also active when cloned in
E. coli and, opposite to AHL lactonases, AiiD
degradation products could not revert to active
forms. Thus, acylases completely inactivate
AHL signals unlike the chemical decomposition
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that occurs under alkaline conditions and the
biological decomposition catalyzed by AHL
lactonases to generate acyl-homoserines, which
are stable for weeks or months at pH values of
5 to 6 (Schaefer et al. 2000) and could revert to
active forms at lower pHs (Dong et al. 2001).
AiiD shows similarity with Ntn (N-terminal
nucleophile) hydrolases like cephalosporin and
penicillin acylases; however, this QSI enzyme
could not degrade penicillin G or ampicillin sug-
gesting that AiiD has probably evolved to serve
as a dedicated AHL-acylase (Lin et al. 2003).

The Ntn-hydrolases are activated autocatalyti-
cally by posttranslational cleavage of the inactive
precursor to generate an active two-subunit form
(Oinonen and Rouvinen 2000). This seems to be
the case for AiiD, as Lin et al. (2003) identi-
fied the well-conserved domains (signal peptide
followed by an ’-subunit, an spacer sequence,
and a “-subunit) and residues important for au-
tocatalytic and AHL degradation activities in the
sequence of the acylase. Furthermore, authors
suggest a membrane or periplasmic location of
AiiD which would explain the release of HSL
into the medium by V. paradoxus (Leadbetter and
Greenberg 2000). The external localization of the
acylase could prevent HSL accumulation into the
cells as HSL was shown to be toxic for bacteria
(Zakataeva et al. 1999).

Other close homologues of AiiD have been
identified in members of the genus Ralstonia
(up to 83 % identity at the amino acid sequence
level) and Deinococcus radiodurans (52 %) and
38–40 % identities with homologues of in Pseu-
domonas spp. (Lin et al. 2003). The first study
describing AHL-QSI activity in Pseudomonas
allowed the isolation of a soil pseudomonad
capable of growth in media supplemented
with N-3-oxododecanoyl-homoserine lactone
(OC12-HSL) (Huang et al. 2003). Moreover,
the human opportunistic pathogen P. aeruginosa
PAO1, which produces both OC12-HSL and N-
butanoyl-homoserine lactone (C4-HSL) (signals
not detected in the soil isolate), also exhibited
growth on AHLs with side chains longer than 8
carbons. But in contrast to soil Pseudomonas iso-
late, PAO1 showed no increase in molar growth
yield depending on AHL acyl chain lengths,

and the growth on AHLs started only after very
long lag phases (Huang et al. 2003). Authors
also cloned pvdQ (pa2385) gene, a previously
identified homologue of AiiD in P. aeruginosa
PAO1 (Lin et al. 2003), and showed that was
effectively catalyzing the inactivation of long
acyl chain AHLs and release of HSL. Crystal
structure of PvdQ revealed that this acylase has a
typical ’/“ heterodimeric Ntn-hydrolase fold but
an unusually large hydrophobic-binding pocket
that can recognize acyl chains of 12 carbons,
which could explain its preference to degrade
long acyl side-chain AHLs (Bokhove et al. 2010).
PAO1 constitutively expressing pvdQ did not ac-
cumulate OC12-HSL when grown in rich media;
nevertheless, pvdQ mutants of PAO1 still grew on
media supplemented with OC12-HSL suggesting
that other AHL-QSI enzymes could be present in
this bacterium. The second P. aeruginosa PAO1
acylase QuiP (PA1032) was identified 3 years
later. But contrary to pvdQ, quiP mutant of
PAO1 was unable to grow in media supplemented
with N-decanoyl-homoserine lactone (C10-HSL)
and complementation of quiP restored growth
defect. Moreover, when compared to wild type, a
PAO1 strain engineered to constitutively express
quiP exhibited a reduction in OC12-HSL levels
(Huang et al. 2006).

Another member of the genus Pseudomonas,
P. syringae B728a, was described to produce
two Ntn-hydrolase acylases termed HacA and
HacB (Shepherd and Lindow 2009). While HacA
degrades AHLs with acyl chains longer than 8
carbons, HacB was found to inactivate short and
long AHLs. Surprisingly, disruption of hacA,
hacB, and both genes had no effect on OC6-HSL
levels produced by P. syringae. When compared
with PAO1’s putative Ntn-hydrolases, HacA
shared 55 % identity at the amino acid sequence
level with PvdQ, while HacB showed 67 %
identity with PA0305. Despite initial studies with
a pa0305 mutant showed no effect in growth on
AHL signals (Huang et al. 2006), this gene was
later described to codify the third AHL-acylase
known in PAO1 and named HacB (Wahjudi
et al. 2011). HacB displays broader substrate
specificity than PvdQ and QuiP; however, in spite
of the sequence similarity with its homologue
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from P. syringae, PA0305 is unable to degrade
C4-HSL (Wahjudi et al. 2011).

The fact that Pseudomonas members could
display AHL-based QS systems together with
AHL degradation activity may indicate that these
bacteria could fine-tune its own QS systems. To
date, it is not clear if QSI activity in Pseudomonas
modulates communication processes by recycling
AHLs once quorum is achieved, or just use
AHL breakdown products as carbon source. But
the fact that PAO1 has two AHL QS systems,
LasR/LasI and RhlR/RhlI, that produce and
sense OC12-HSL and C4-HSL, respectively, and
that these systems operate hierarchically, being
RhlR/RhlI transcriptional and posttranslational
regulated by LasR/LasI system (Latifi et al. 1996)
suggests that QSI processes in P. aeruginosa
PAO1 could modulate AHLs ratios to fine-
tune the expression of virulent factors in this
bacterium (Roche et al. 2004). Also, the long
lag phase observed when P. aeruginosa is
grown on AHLs implies that this bacterium
is not adapted to AHL metabolism (Huang
et al. 2003). Similarly, the AHL-acylase AibP
discovered in the intracellular pathogen Brucella
melitensis was shown to degrade endogenous
AHL activity within B. melitensis in vitro and
during macrophage infection impairing AHL
accumulation. Moreover, a deletion of aibP in
B. melitensis resulted in an increased expression
of virulence determinants of the bacterium sug-
gesting that QS and QSI systems in Brucella act
modulating its virulence (Terwagne et al. 2013).

Despite the above cited, AHL-acylases were
defined as AHL degraders only; a new Ntn-
hydrolase discovered in a Streptomyces sp. added
complexity to ascertain the role of these QSI
enzymes, since Streptomyces sp. acylase AhlM
was found to degrade a wide range of AHL sizes
but also penicillin G by deacylation, showing
that AhlM has a broad substrate specificity (Park
et al. 2005). Moreover, the penicillin G acylase
KcPGA from Kluyvera citrophila, used to deacy-
late penicillin to obtain the essential beta-lactam
nucleus for semi-synthetic penicillins, was re-
ported to cleave AHLs with acyl chains between
6 and 8 carbons in size with our without oxo
substitutions (Mukherji et al. 2014).

Other AHL-acylase activities were later found
in the cyanobacterium Anabaena sp. PCC7120
(AiiC, Romero et al. 2008), Shewanella sp.
(Aac, Morohoshi et al. 2008), Ochrobactrum
sp. (AiiO, Czajkowski et al. 2011), Comamonas
sp., and Rhodococcus erythropolis (Uroz et al.
2005, 2007). More yet-to-be-identified enzymes
responsible for AHL hydrolysis were described
in Acinetobacter sp., Bosea sp., Sphingomonas
sp., Delftia acidovorans, Marinobacterium sp.,
Glaciecola sp., Hyphomonas sp., Alteromonas
sp., Oceanobacillus sp., Phaeobacter sp.,
Halomonas taeanensis, Roseovarius aestuarii,
Salinicola salarius, Olleya marilimosa, Marib-
acter sp., Flaviramulus basaltis, Muricauda
olearia, Salinimonas lutimaris, Thalassomonas
agariperforans, Marivita byusanensis, Novosph-
ingobium tardaugens, Colwellia aestuarii,
Rhodobacter ovatus, Lysinibacillus sp., Serratia
sp., Myroides sp., Chryseobacterium sp., and
Nocardioides kongjuensis (D’Angelo-Picard
et al. 2005; Jafra et al. 2006; Kang et al. 2004;
Ma et al. 2013; Rashid et al. 2011; Romero et al.
2011, 2012a; Tait et al. 2009; Tang et al. 2013;
Yoon et al. 2006).

Oxidoreductases

In addition to lactonase and acylase activities,
the acyl chain of AHLs can suffer oxidase or
reductase activities that modify them. These
reactions do not degrade the signals but the
modifications could affect the specificity and
therefore the union between the signal and
the receptor. This activity was first discovered
in Rhodococcus erythropolis W2 (Uroz et al.
2005). Examination of the mechanism by which
R. erythropolis modifies AHLs revealed that
3-oxo substituted signals, with acyl side chains
ranging from C8 to C14, were converted to
their corresponding 3-hydroxy derivatives. This
oxidoreductase activity was also observed for
other 3-oxo-substituted substrates without HSL
or AHLs with aromatic compounds in the
acyl chain (Uroz et al. 2005). However, the
gene responsible for this activity has yet to be
identified. The second report studying oxidase
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activity on AHLs was done with CYP102A1,
a cytochrome P450 from Bacillus megaterium,
which was previously shown to oxidize fatty
acids. CYP102A1 was able to efficiently oxidize
AHLs and their lactonolysis products at the ¨-1,
¨-2, and ¨-3 carbons of the acyl chain, similar
to this enzyme’s well-known activity on fatty
acids (Chowdhary et al. 2007). Interestingly,
authors suggested that AHL oxidation could
make the acyl-homoserines more water soluble
and membrane permeable, to avoid lactonolysis
(it should be noted that Bacillus spp. were shown
to produce AHL lactonases) to accumulate
inside the cell and prevent spontaneously
conversion of oxo-acyl-homoserine lactones
into tetramic acid compounds highly toxic to
Bacillus spp. (Chowdhary et al. 2007). An
AHL-enrichment-based study to detect QSI
activity in the rhizosphere of ginger allowed
the isolation of Burkholderia sp. GG4 with
3-oxo-substituted AHLs reducing activity
to generate their corresponding 3-hydroxy
forms. But, unlike R. erythropolis strain W2
(Uroz et al. 2005), in Burkholderia sp. GG4
AHL-reducing activity is not followed by
signal degradation (Chan et al. 2011). Soil
metagenome also allowed the detection of
an AHL-oxidoreductase denominated BpiB09.
BpiB09 was described as a NADP-dependent
short-chain dehydrogenase/reductase (SDR) able
to inactivate OC12-HSL. Although no chemical
data was made available, authors speculate that
aside OC12-HSL reduction, BpiB09 could also
interfere with AHL synthesis by reducing the
signal precursor 3-oxo-acyl-ACP, as it was
found an almost complete lack of lasI and rhlI
transcription in a P. aeruginosa PAO1 strain
expressing BpiB09 (Bijtenhoorn et al. 2011a).

Enzymatic Inactivation of Other QS
Systems

Besides AHL-QSI, a small number of studies
have focused in the discovery of novel enzymes
targeting the other cell-cell communication sys-
tems. The main explanation for this is the modest
attention that has been given to other QS systems.

An example we can cite, although not discussed
in relation to QS, is the oxidation of the QS sig-
nal used by the yeast Candida albicans farnesol
(Ramage et al. 2002) by the Cytochrome P450
of Bacillus megaterium (Murataliev et al. 2004).
The oxidation of farnesol has been shown in vitro,
but the potential physiological significance of this
reaction has not been explored.

The diffusible signal factor (DSF) is a
family of chemically diverse fatty acid signals
required for expression of virulence factors
in Xanthomonas spp., Xylella fastidiosa,
Stenotrophomonas maltophilia, Burkholderia
cepacia, and P. aeruginosa (Deng et al. 2011).
A screening with 1,093 bacteria, isolated from
plants infected with DSF-producing pathogens,
for enzymatic QSI activity against DSF of Xan-
thomonas campestris yielded nine strains capable
of rapidly inactivate DSF, including species
from Bacillus, Paenibacillus, Microbacterium,
Staphylococcus, and Pseudomonas. Despite the
low percentage of DSF-inactivating bacteria
initially observed, this percentage could be
significantly increased with longer incubation
times as authors showed that common lab
bacteria like E. coli DH10“ could also degrade
DSF when incubated for 24 h or more (Newman
et al. 2008). A random transposon mutagenesis
of the isolate G, identified as Pseudomonas sp.,
allowed the detection of the genes carA and carB
as involved in DSF inactivation and previously
described as the subunits of the heterodimeric
complex responsible for the synthesis of
carbamoyl phosphate, precursor for arginine,
and pyrimidine biosynthesis (Llamas et al.
2003). Moreover, complementation of carAB
mutants restored both pyrimidine prototrophy
and DSF inactivation ability of the strain G
mutant. While the carAB mechanism of DSF
inactivation remains unknown, the fact that
DSF signal incubated with Pseudomonas sp.
strain G was altered in mobility in a thin-
layer chromatography assay and the signaling
activity was significantly diminished suggests
that DSF signals could be modified. Interestingly,
mutation of carAB showed that this operon is
also necessary for DSF inactivation in E. coli.
Therefore, this operon seems to be required
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for DSF modification although showing diverse
inactivation rates in different bacteria (Newman
et al. 2008).

Besides the AHL-QS system, P. aeruginosa
also regulates virulence in a concerted manner
using Alkyl quinolone (AQ) molecules as
autoinducers. Although P. aeruginosa produces
over 50 different AQ congeners, a 2-heptyl-
3-hydroxy-4(1H)-quinolone is the major AQ
in P. aeruginosa and named the Pseudomonas
quinolone signal (PQS) (Deziel et al. 2004). Due
to the structural similarity of the dioxygenase
Hod (1H-3-hydroxy-4-oxoquinaldine 2,4-
dioxygenase) of Arthrobacter nitroguajacolicus
substrate and PQS, Pustelny et al. (2009)
examined if this enzyme could inactive PQS,
thus capable of quenching AQ signaling in
P. aeruginosa. Hod could in fact perform
a 2,4-dioxygenolytic cleavage of PQS with
formation of N-octanoylanthranilic acid and
carbon monoxide, consistent with the natural
substrate of the enzyme. On the other hand,
authors observed a decay of Hod activity
by proteolytic cleavage by extracellular P.
aeruginosa proteases, a competitive inhibition
by the PQS precursor 2-heptyl-4(1H)-quinolone
and the PQS binding to rhamnolipids reduced the
efficiency of Hod as a quorum-quenching agent
(Pustelny et al. 2009).

In the case of the interspecies QS signal AI-
2 ((S)-4,5-dihydroxy-2,3-pentanedione, DPD),
two mechanisms that disrupt communication
have been described that exploit enzymes to
process this signal in enteric bacteria. In E. coli
and Salmonella typhimurium, the LuxS protein
is responsible for the synthesis of AI-2, which
accumulates in the media and then is sensed
and internalized by the lsrABCD operon in the
bacterial cell (Xavier et al. 2007). Once in the
cell, AI-2 is phosphorylated (P-DPD) by the
kinase LsrK. This phosphorylation serves to trap
and activate the signal within the cell, which in
turn binds to LsrR derepressing the lsr operon
transcription and potentially other QS-regulated
genes (Xue et al. 2009). Therefore, using the
Lsr system, these bacteria remove AI-2 from
the media and, thus, eliminate the ability of
others to utilize AI-2 to regulate their behaviors.

Since lsrK mutant strains were unable to trap
and activate AI-2 (Pereira et al. 2012), Roy
et al. (2010) explored the use of purified LsrK
to phosphorylate AI-2 and thereby restricting
its transport into the cell via binding the Lsr
complex. LsrK was shown to successfully quench
AI-2 responses both in pure and mixed cultures of
E. coli, S. typhimurium, and V. harveyi. Moreover,
AI-2-quenching by LsrK was also observed in
cocultures of an AI-2-generating E. coli and AI-
2-sensing S. typhimurium.

Because P-DPD is the active form of AI-2, any
enzymes involved in P-DPD modification are of
interest as potential inhibitors of Lsr expression.
The enzyme LsrG of enteric bacteria is one of
them, as it was shown to catalyze the modifica-
tion of P-DPD to its isomer 3,4,4-trihydroxy-2-
pentanone-5-phosphate (P-TPO) in E. coli. More-
over, a lsrG mutant strain accumulate 10 times
more P-DPD than wild-type cell levels, and the
overexpression of lsrG in this mutant prevented
this accumulation suggesting that LsrG could be
a useful target for AI-2-based quorum-quenching
therapies (Marques et al. 2011).

Use of Bacterial QSI Enzymes as
Anti-pathogenic Tools

Due to the high prevalence of QS systems among
plant, animal, and human pathogens (Williams
et al. 2007), biotechnological applications of
the interception of bacterial communication
as a promising method to control pathogenic
bacteria have attracted attention from numerous
researchers. Rationally, the majority of AHL-
degrading enzymes derived from soil and
plant isolates were assessed for their capacity
to interfere with plant diseases caused by
pathogens with demonstrated QS-regulated
virulence. Thereby, a significant decrease in
infection symptoms have been observed in
potato, eggplant, Chinese cabbage, carrot, celery,
cauliflower, and tobacco plants infected with
the AHL-dependent pathogen Pectobacterium
carotovorum (Erwinia carotovora) expressing
the AHL-lactonase AiiA from Bacillus sp. (Dong
et al. 2000). Similar results were achieved with
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the causative agent of the fire blight disease
P. amylovora (E. amylovora) expressing AiiA
in apple leaves (Molina et al. 2005). Besides
AiiA, heterologous expression of other AHL
lactonases in P. carotovorum was also effective
for bacterial biocontrol in plants. Examples we
can cite are the expression of the lactonases AttM
and AiiB from A. tumefaciens (Carlier et al.
2003), the soil metagenomic-derived lactonase
QlcA (Riaz et al. 2008), the lactonase AiiM
from M. testaceum (Wang et al. 2010), AidH
from Ochrobactrum sp. (Mei et al. 2010), and
AhlS from Solibacillus silvestris (Morohoshi
et al. 2012) to protect potato tubers, radish,
or Chinese cabbage. Co-inoculation of AiiA-
expressing bacteria and plant pathogens has
also been tried with positive results in potato,
tomato, cactus, and rice (Cho et al. 2007; Dong
et al. 2004; Lee et al. 2002; Molina et al. 2003;
Zhao et al. 2008; Zhu et al. 2006). Moreover,
transgenic plants expressing the lactonase AiiA
like Amorphophallus konjac, tobacco, potato,
and Chinese cabbage resulted in plants resistant
to P. carotovorum (Ban et al. 2009; Dong et al.
2001; Vanjildorj et al. 2009), demonstrating
the potential of disease prevention approach
by quorum-quenching processes. As shown by
Chan et al. (2011), AHL-oxidoreductase QSI
could also be used in bacterial biocontrol as
Burkholderia sp. strain GG4 attenuates potato
tubers maceration caused by P. carotovorum.
Regarding non-AHL QSI bacterial enzymes,
it was shown that DSF-degrading strains are
capable of disease control when co-inoculated
with X. campestris or X. fastidiosa in mustard,
grape, and cabbage leaves. Results showed a
decrease in the severity of black rot and Pierce’s
disease, and this attenuation was carB dependent
(Newman et al. 2008). Using a lettuce leaf model
of P. aeruginosa infection, Pustelny et al. (2009)
demonstrated that loss of PQS by co-injection of
Hod enzyme resulted in attenuation of virulence
in planta. Besides these strategies, biostimulants
for the growth of AHL-degrading bacteria in
the plant rhizosphere has been proposed as new
approach for bacterial biocontrol. Studies on
molecules structurally related to AHLs have

shown growth promotion of AHL-QSI bacteria
like R. erythropolis and biocontrol activity of
P. atrosepticum in potato (Cirou et al. 2012).

The effectiveness of enzymatic QSI strategies
has been also demonstrated in animal infection
models. Lin et al. (2003) showed that heterol-
ogous expression of the acylase AiiD from
Ralstonia sp. markedly reduced P. aeruginosa
virulence in the nematode Caenorhabditis
elegans, adding evidence that AHL-mediated
quorum-sensing systems are important for
regulation of virulence gene expression and
pathogenesis. Furthermore, it was shown that
more than 75 % of C. elegans worms exposed to
P. aeruginosa PAO1 overexpressing the acylase
PvdQ survived and continued to grow when
using this strain as a food source (Papaioannou
et al. 2009). Additionally, in a slow-killing assay
(monitoring the survival of the nematodes during
4 days), a pvdQ deletion mutant was more
virulent than wild-type strain, confirming the
role of PvdQ as a virulence-reducing factor.
In the same study, purified PvdQ protein was
also added to nematodes infected with wild-type
PAO1, and this resulted in reduced pathogenicity
and increased the life span of the nematodes
(Papaioannou et al. 2009). On the contrary, a
hacB mutant of P. aeruginosa PAO1 showed
a slightly increased capacity to kill C. elegans
compared to wild-type and HacB overproducing
strains (Wahjudi et al. 2011). These results
show that despite similar specificity of signal
degradation, QSI enzymes may show different
effectiveness in infection assays. Again, AHL
oxidoreductases could also be considered as tools
for QSI strategies since the metagenome-derived
NADP-dependent reductase BpiB09 was also
shown to protect C. elegans when infected with
PAO1 expressing this enzyme (Bijtenhoorn et al.
2011a).

Special attention has been paid to the
feasibility of the application of QSI strategies
to control diseases in aquatic organisms, for
which the use of antibiotics is highly restricted
and there is a need of sustainable alternatives for
maintaining a healthy microbial environment.
In this sense, encouraging results have been
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obtained with different enzymatic QSI strategies.
In example, the use of bacterial consortium
with AHL-degradation activity isolated from
the digestive tract of Pacific white shrimp
Penaeus vannamei was shown to neutralize
the negative effect of Vibrio harveyi on the
rotifer Brachionus plicatilis cultures (Tinh
et al. 2007). Moreover, Nhan et al. (2010)
demonstrated that bacterial consortia with AHL-
degrading activity, isolated from European and
Asian sea bass gut, were capable of protecting
the giant freshwater prawn Macrobrachium
rosenbergii larvae from V. harveyi infections,
when AHL-degrading consortia were added both
directly into the larval-rearing water and via
enriched Artemia nauplii used for larval feeding.
Interestingly, the consortia also improved the
health of non-challenged larvae, indicating that
AHL degradation may also protect shrimp larvae
against deleterious bacteria that are naturally
associated with larval prawn rearing (Nhan et al.
2010). These conclusions are further supported
by previous studies that showed that AHL-
degrading bacteria reduced the negative effect
in survival of M. rosenbergii and turbot larvae
when AHLs were exogenously added to the
cultures (Baruah et al. 2009; Tinh et al. 2008).
QSI enzymes were also demonstrated to have
potential for use in aquaculture field, as when
the recombinant purified lactonase AiiA from
Bacillus was co-injected with the fish pathogen
Aeromonas hydrophila in carp, recombinant
AiiA decreased the mortality rate and delayed
the mortality time of fish (Chen et al. 2010).
Moreover, feed supplemented with Bacillus-
expressing aiiA or purified thermostable AiiA
showed protective effects against A. hydrophila
in carp and zebra fish intraperitoneally or bath
challenged, respectively (Cao et al. 2012; Chu
et al. 2011).

Previous examples show that QS signal degra-
dation could be successfully used for blocking
bacterial infections. In addition, the interest of
these mechanisms is that they do not affect di-
rectly the survival of the pathogen but the ex-
pression of virulence factors, and so they do not
exert direct selective pressure reducing potential
emergence of resistances.

Conclusion

The discovery of multiple and different bacterial
signaling systems has changed our vision on the
control that bacteria exert on their behavior in
relation to the environment. Now we know that
bacteria coordinate efforts to achieve benefits
for the whole population, including antibiotics
biosynthesis, motility, swarming, aggregation,
plasmid conjugal transfer, luminescence, or
biofilm formation (Williams et al. 2007).
Antibiotic-resistant bacteria have become a
global threat to public health, forcing researches
to seek for novel therapeutics that exert less
selection pressure on pathogens and act as
anti-pathogenic drugs. QS, as key regulatory
system of virulence determinants, has become a
good example of potential new anti-pathogenic
target for novel drug design. In the past decade,
numerous enzymes capable of inactivating
QS signals have been described but, although
the inactivation of all QS systems is equally
interesting, most known QSI enzymes degrade
or modify AHLs, the gram-negative QS signal
molecules. Despite the specificity of these
enzymes as signal quenchers remains unclear,
enzymatic QSI has been explored as a novel anti-
pathogenic therapy to control bacterial infections
with positive results in plants, the nematode
infection model, and in aquaculture field.

Opinion

An increasing amount of evidence is being ac-
cumulated regarding the feasibility of the use of
QSI strategies to fight bacterial infections. Re-
searchers have focused their attention in the inter-
ference with AHL-mediated QS systems, which
is reflected in the increasing number of patent ap-
plications that are related to this strategy (Romero
et al. 2012b). The effectiveness of bacterial en-
zymatic QSI mechanisms has been mainly ap-
plied to control infections in plants, like the
transgenic expression of the AHL-lactonase AiiA
from Bacillus in tobacco and potato plants, or
the protection of infections by gram-negative
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pathogens in aquaculture. The advantage of en-
zymatic degradation of QS signals is that the use
of enzymes with a wide range of degradation
activity will allow the interference with a higher
number of signaling systems while antagonists
are usually species-specific. However, in spite of
the considerable activity that is being developed
in the field and the interest of the strategy for
medical and biotechnological applications, more
robust proofs of concept and medical trials are
surely required before we can see enzymatic QSI-
related products in the market.
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Fungal Quorum Sensing Inhibitors

Rohit Sharma and Kamlesh Jangid

Quorum Sensing in Fungi

Adaptation to various ecosystems is important to
all microbes for growth and survival. Pathogenic
microbes, especially bacteria, have developed
mechanisms of synchronised expression of
virulence genes with increasing population
density through quorum sensing, enabling their
survival in various host organisms (Casadevall
and Pirofski 1999; San-Blas et al. 2000). Due
to its direct significance to humans, quorum
sensing has been studied in great detail in
pathogens and has significantly contributed to
our understanding of microbe-host interactions
(Gonzalez and Marketon 2003; Shiner et al.
2005; Von Bodman et al. 2003). Quorum sensing
regulation is now known to exist in numerous
bacterial genera, with few, such as Aeromonas,
harbouring it ubiquitously amongst all known
species (Jangid et al. 2007). In many cases,
quorum sensing allows the pathogen to delay
or evade host detection until it reaches an
effective population (Hogan 2006). In others,
it allows developing resistance to biocides and
heavy metals through the formation of biofilms.
For instance, Pseudomonas aeruginosa forms
biofilms that are 1,000-fold more resistant than
their planktonic counterpart (Rasmussen and
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Givskov 2006b). The development of resistance
towards antibiotics and various other agents
amongst bacteria is an increasing concern, and
the inhibition of quorum sensing in such bacteria
is the most sought-after target to overcome this
problem.

Just like bacteria, fungi are known to
biocommunicate between themselves or with
other organisms through signalling compounds
to regulate numerous phenotypic and genotypic
changes (Fig. 1) (Witzany 2010, 2012).
Communication in fungi is known to regulate
complex morphological changes, such as the
regulation of fruiting body formation, shape and
colour, as well as genetic regulation, namely,
bioluminescence in fungi (secretion of luciferase)
and fairy ring formation in some mushrooms
(species of Clitocybe, Tricholoma, Agaricus,
etc.). Amongst other mechanisms, filamentation,
growth, pathogenicity, mating and physiological
changes in response to nutrient availability
and light are also signal mediated (Alspaugh
et al. 2000; Bell-Pederson et al. 1996; Borges-
Walmsley and Walmsley 2000; Dechant and
Peter 2008; Leeder et al. 2011; Witzany 2012).
In response to nutrient/substrate availability,
fungi secrete several extracellular enzymes,
such as cellulase, lipase and protease, and form
hyphal or spores of different shape, size and
colour. Fungi also use extracellular signalling
substances during communication between
different mating-type hyphal (pheromone type),
increased hygrophobicity, dikaryotic hyphal
formation, germination of basidiospores, etc.
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DOI 10.1007/978-81-322-1982-8__20, © Springer India 2015

237

mailto:jangidk@nccs.res.in
mailto:jangidk@gmail.com


238 R. Sharma and K. Jangid

Fig. 1 General mechanism of quorum sensing in fungi.
Similar to bacteria, signal-producing proteins are involved
in the synthesis of signal molecules which are then

detected by the signal receptor proteins which later on
regulate the expression of various genes

Several signal molecules play an important
role in fungal physiology and genetics. Mitogen-
activated protein kinase (MAPK) signalling
regulates cell integrity, cell wall construc-
tion, pheromones/mating and osmoregulation
(Dohlman and Slessareva 2006; Yu et al. 2008).
Cyclic adenosine monophosphate (cAMP)/PKA
system is involved in fungal development
and virulence; calcium-calmodulin-calcineurin
are involved in the survival of fungi under
oxidative stress, high temperature and membrane
perturbation; and rapamycin is involved in
the control of fungal growth and proliferation
(Fernandes et al. 2005). The GTPase family
of proteins is known to activate both of the
above signal pathways in Candida albicans
(yeast) morphogenesis (Han et al. 2011). Several
other mechanisms and pathways involved in
morphological changes of C. albicans are also
under signalling control (Alonso-Monge et al.
2009; Cassola et al. 2004; Cheetham et al. 2007;
Cloutier et al. 2003; Eisman et al. 2006; Fu
et al. 2002; Leberer et al. 2001; Leng et al. 2001;
Rocha et al. 2001). Aromatic alcohols (tryptophol

and phenylethyl alcohol) and various other
volatile and non-volatile compounds are involved
in different signalling mechanisms of fungi, such
as farnesol in regulating morphogenesis in yeasts,
volatile oxylipins in regulating sporulation
and mycotoxin production, etc. (Borrego and
Kolomiets 2012; Leeder et al. 2011). Similarly,
molecules known as fungal quorum sensors are
also released by fungi for biocommunication
during growth, morphogenesis, virulence, etc.
These have been studied mostly in C. albicans,
Histoplasma capsulatum, Saccharomyces
cerevisiae, Ceratocystis ulmi and Neurospora
crassa (Albuquerque and Casadevall 2012; Chen
and Fink 2006; Hornby et al. 2001, 2004; Kügler
et al. 2000; Roca et al. 2005).

Fungal pathogens are involved in some severe
infections. Some of these infections are so severe
that populations of many organisms are now
on the verge of extinction due to fungi, namely,
frogs (due to Botryotrichum), eastern massasauga
rattlesnake (Chrysosporium), loggerhead turtle
eggs (Fusarium solani), climbing perch fish
(Aphanomyces invadans), little brown bat
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(Geomyces destructans), European crayfish
plague (Aphanomyces astaci), etc. (Rex 2012).
While the role of fungal communication is not
well studied in these cases, it is very likely
that quorum sensing might play a role in such
cases wherein the establishment of high-density
populations is required for such disastrous effects
on the host. Communication in fungi is probably
one of the reasons why fungi have been able
to infect humans, animals and plants alike as
it likely involves a well-coordinated action of
several virulence factors. However, this needs
further validation.

History and Evolution of Quorum
Sensing in Fungi

By the end of the twentieth century, the
phenomenon of quorum sensing was well
established in many bacteria. Its near-universal
presence amongst eubacteria probably led
researchers to extend the exploration towards
eukaryotes as well. If it was true, it was going to
open a new insight into the mycelial-yeast-form
dimorphism, pathogenesis and pathogenicity of
fungi and other roles of these compounds in
regulatory mechanisms. Sometimes regarded
as a “dual personality” of fungi, i.e. the same
organism behaving differently with change in
conditions, dimorphism was thought to be an
evolutionary process in certain fungi: from soil-
specific saprotrophic mycelial form to human- or
animal-specific pathogenic yeast form capable of
growing easily at 37 ıC. Temperature and other
environmental factors, namely, carbon source,
nitrogen source, glucose levels, pH and cell
population density, were known to affect this
transition from mycelial to yeast form (Nickerson
et al. 2006; Román et al. 2009).

However, the concept of quorum sensing
in fungi probably emerged much earlier.
Filamentation in C. albicans was inhibited at high
cell density and in the presence of a supernatant
from stationary-phase cultures of C. albicans
(Lingappa et al. 1969). The quorum sensing
molecules (QSMs) inhibiting mycelial state were
identified as tryptophol and phenylethyl alcohol.

Later on Hazen and Cutler (1979 and 1983) first
isolated an auto-regulatory substance, named
MARS (morphogenic auto-regulatory substance)
from C. albicans that prevented the transition
from yeast to mycelial form. Although the exact
mechanism for its action could not be elucidated,
it gave a direction towards auto-regulatory
substances. In 2000, Kügler et al., while working
on the yeast form of H. capsulatum, showed
that a cell wall-bound polysaccharide controls
the expression of yeast-form-specific genes and
production of certain other molecules, suggesting
that the mode of function may be in the form
of quorum sensing compound (as in bacteria). A
year later, Hornby et al. (2001) proved that the
transition from mycelial to yeast form was indeed
cell density dependent. An initial inoculum
of >106 cells/ml favoured the mycelial form,
whereas <106 cells/ml favoured the yeast form.
They demonstrated that farnesol, an isoprenoid
(15-carbon sesquiterpene, 3,7,11-trimethyl-
2,6,10-dodecatrien-1-ol) QSM produced by
C. albicans, prevented germ tube formation
(i.e. mycelial form of fungi) by inhibiting
the germ tube factors, namely, L-proline, N-
acetylglucosamine and serum. Recently, various
other factors have been discovered that trigger
yeast to filament transition. With the help of
gene mutagenesis and transcriptional studies
during the past several years, various signalling
pathways, transcriptional factors and other
regulatory components have been identified that
regulate the transition from yeast to mycelial
form (Gow 2009; Han et al. 2011). Han et al.
(2011) compiled an extensive list of 31 signal
pathway genes, 13 transcription factor genes, 11
receptor genes, 5 metabolic genes, 7 cell wall-
related genes and 6 cell cycle-associated genes
that make modifications in cell wall, cell polarity,
metabolism, cell cycle, virulence factors and
morphogenesis.

The evolution of quorum sensing regulation in
fungi has two hypotheses. Fungi have been living
in different habitats wherein they must coordinate
or in other words communicate between different
cells. Certain groups of fungi have a dolipore sep-
tum through which different cells communicate
internally between themselves. However, fungi
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need to communicate externally amongst them-
selves for its survival. The first hypothesis stems
from this survival criterion. Conditions might
have forced certain fungi to live inside a host (an-
imal/human) sometime during the evolution and
for which they developed the dimorphic phase
through QSMs. The second hypothesis originates
from the fact that fungi and bacteria have been
living together in terrestrial as well as aquatic
ecosystem for the past several million years and
while living together, fungi must have adopted
the phenomenon from bacteria for competition.
Similar views have been expressed by Gould
(2012) while discussing polyketide (which has
a role in signalling) suggesting the uptake of
such genes by fungi from bacteria (or cyanobac-
teria) while living in close association or together
(as in lichens). It could have been a mecha-
nism to evade attack by other organisms, namely,
bacteria, by forming biofilms preventing them
from various external chemicals. The transition
of fungi from soil to humans or animals may
be of escapism also, something very similar to
an animal living inside a zoo or protected area
who is safe from competition and gets suffi-
cient food and protection from predation, i.e.
a well-crafted life. Similarly, entering inside a
human, animal or plant may be an escape from
a highly competitive environment, escape from
predation (protists in case of fungi), and may pro-
vide sufficient food without competition. For in-
stance, Cryptococcus produces drying-digestion-
resistant coats (like polysaccharide) to prevent
itself from predation by protists (like amoeba) or
human macrophages (Frazer 2013).

Clearly, the evolution of quorum sensing sys-
tem is energy efficient as the organism (fungi or
bacteria) only expresses virulence genes when
they are in sufficient number, thus ensuring a
high probability of success. Most QSMs whether
produced by bacteria or fungi are either alcohol
or alkaloid based, i.e. volatile in nature. This is
an important factor for ensuring that the signal
reaches to each and every cell of the colony.
Pamela Ronald, Cornell University, describing
bacteria as invaders has defined the mechanism of
coordination between bacteria and plant as “Bac-
teria talk, plants listen” (Summers 2012). It has

been found that plants, animals, humans and flies
contain certain immune receptors against these
QSMs to protect themselves (Gómez-Gómez and
Boller 2000; Lee et al. 2009). On the other hand,
Matson (2011) isolated several fungi from an
“extreme environment”, like a dishwasher from
the Netherlands, China and Slovenia, and none
was considered to be highly pathogenic (causing
infection in only immune-compromised patients)
except Exophiala which in rare cases infected
cystic fibrosis patients. In our view, apart from
being non-virulent, it is probably due to the
inability of these fungi to form QSM. However,
this needs further validation.

Fungal quorum sensing systems have been
studied for their various effects, namely,
oxidative stress, biofilm formation, filamentation,
drug efflux, etc. (Albuquerque and Casadevall
2012). In fact, C. albicans is one of the most well-
studied pathogenic fungi for the role of quorum
sensing in dimorphism (Chen and Fink 2006; Han
et al. 2011; Hogan 2006; Nickerson et al. 2006).
While most studies have focused on the use of
QSMs as autoinducers to enhance growth or for
virulence, the role of QSMs in plant-fungi sym-
biosis and algae-fungi symbiosis (lichen) is also
an important area of study. Very few studies have
looked at the role of quorum sensing in biofilm
formation by fungi (Kumamoto 2002; Ramage
et al. 2005). Studies on farnesol have shown that
when biofilms were exposed to it, genes related
to drug resistance, cell wall maintenance and iron
transport and heat shock proteins were influenced
(Cao et al. 2005). Studies have shown that
farnesol can act as an interspecies (C. albicans
farnesol affects mycelial development in
C. dubliniensis) and inter-kingdom (C. albicans
farnesol reduces Pseudomonas quinolone signal
and phycocyanin in P. aeruginosa) quorum
sensing molecule (Fig. 2) (Atkinson and Williams
2009; Cugini et al. 2007). Apart from QSMs,
various fungi, such as Uromyces phaseoli,
Glomerella cingulata and Ceratocystis ulmi,
are known to produce different auto-regulatory
substances which affect the cellular morphology
and physiology of the organisms which in turn
affect their behaviour in the ecosystem (Hornby
et al. 2004; Lingappa and Lingappa 1969;
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Fig. 2 Specific and non-specific quorum sensing regulation in fungi. Just like bacteria, fungi do not produce a single
QSM but different molecules with different recognition spectra

Macko et al. 1970). Thus, quorum sensing in
fungi has increased our understanding of the
regulation of numerous complex mechanisms in
multicellular organisms.

Fungal Quorum SensingMolecules
(QSMs)

Various kinds of QSMs are known from fungi
with farnesol being the most well studied
(Fig. 3). It blocks the transition from yeast
to mycelial form in C. albicans but does not
stop hyphal that have already developed (Mosel
et al. 2005; Navarathna et al. 2005). Farnesol
inhibits mycelial formation in the range of 1–
50 �m and is produced in higher amounts at
temperature range from 37 to 40 ıC (Mosel
et al. 2005). It is produced aerobically from
farnesyl pyrophosphate (an intermediate in the
sterol biosynthesis) by enzymatic activity and is
independent of the carbon source used for growth
(Dumitru et al. 2004; Hornby et al. 2001, 2003).
The exact mechanism of farnesol-mediated
quorum sensing regulation of morphological

changes is still largely unknown. However, Han
et al. (2011) had discussed metabolic basis of
various pathways and QSMs involved in C.
albicans. Farnesol inhibits MAP kinase cascades
(related to hyphal growth and virulence through
nutrient starvation) via suppression of HST7
and CPH1 gene expression (Sato et al. 2004).
These are homologues of S. cerevisiae STE12
and STE7 and are morphogenetic regulators of
C. albicans. Thus, farnesol suppresses the hyphal
formation by inhibiting the starvation signal
which in turn is induced by MAP kinase cascade.
Farnesol is also shown to upregulate (TUP1) or
downregulate (CRK1 and PDE2) morphogenesis-
related genes (Cao et al. 2005) or suppress the
RAS1-CDC35 pathway repressing the hyphal
formation (induced by cAMP/PKA pathway)
(Davis-Hanna et al. 2008). In other studies,
various other mechanisms of inhibition of hyphal
formation involving farnesol have been proposed
(Kebaara et al. 2008). Apart from inhibiting
filament formation in Candida (C. dubliniensis,
C. tropicalis) (Henriques et al. 2007; Zibafar et al.
2009), farnesol also induces apoptosis in fungi,
such as S. cerevisiae, Aspergillus nidulans and
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Fig. 3 Structures of some known fungal QSMs. #Farnesol and tyrosol are also known quorum sensing inhibitors (QSIs).
See main text

Penicillium expansum (Derengowski et al. 2009;
Fairn et al. 2007; Liu et al. 2009; Semighini
et al. 2006). A different strain of C. albicans
(ATCC 10231) produces farnesoic acid instead of
farnesol, which also inhibited filament formation
(Oh et al. 2001). However, lately, it has been
found that farnesol has higher activity and a
different structure (Hornby and Nickerson 2004;
Nickerson et al. 2006). In addition, there are other
substances which suppress hyphal development
like tryptophol and phenylethyl alcohol.

There are QSMs which act opposite to that
of farnesol (Fig. 4). Aromatic alcohol (tyrosol)
is also found in C. albicans; however, it pro-
motes hyphal formation (Hogan 2006). Microar-
ray studies have shown that it affects DNA repli-
cation, chromosome segregation and cell cycle
regulation (Chen et al. 2004). Other metabolites
such as estradiol (mammalian metabolite) and
di-butyryl cAMP are also considered to be in-
volved in biocommunication (Han et al. 2011).
Additionally, there are certain factors, enzymes,

etc. involved in the carbon metabolism (which
usually is considered conserved) that may affect
morphogenesis. The reader is advised to refer to
Han et al. (2011) for more details on this.

Fungal Quorum Sensing Inhibitors
(QSIs)

In the past several years, research has focused
on searching for a mechanism to inhibit quo-
rum sensing signalling in microbes. In order
to understand the inhibition of quorum sens-
ing regulation, it is important to quickly review
the general regulation mechanism. Regardless of
the signalling compound, the general mechanism
involves the synthesis of the signal which is
secreted to the exterior of the cell either by
diffusion or active transportation. After reaching
threshold levels, the signalling compound binds
to the receptor, which then binds to the promoter
sequence acting as a transcriptional regulator of
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Fig. 4 The effect of quorum sensing molecules on the di-
morphic transition of C. albicans. Tyrosol accelerates hy-
phal formation, while farnesol, tryptophol and phenylethyl

alcohol suppress hyphal development (Adapted from Han
et al. (2011))

Fig. 5 Three strategies of fungal QSIs to control quorum sensing mechanism of pathogenic organisms

target gene. This suggests that there are three
ways by which the quorum sensing signalling can
be stopped/hampered (Fig. 5). First is stopping
the production of signal molecules. Second, the
signal molecules can be degraded by enzyme(s).
Third, if the signal molecule is not allowed to
bind to the receptor molecule, it will not act as
a regulator to the gene promoter. In either case, it
would disrupt the regulation circuit.

Fungi are almost cosmopolitan and have been
living on various habitats and interacting with
other groups of organisms, namely, microbes,
plants, animals, etc. They have been occupying
extreme niches also. During evolution organisms
that live in association with each other in nature
have developed mechanisms to tackle each
other by producing chemicals, enzymes and
metabolites. Rhizosphere and mycorrhizal fungi
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Fig. 6 Structures of some fungal QSIs

interact closely with bacteria in soil. Due to
their close interaction, fungi have developed
or evolved natural mechanism to combat
bacterial population. These may be for nutrition,
pathogenicity, space, etc. They are also known to
produce various secondary metabolites (Frisvad
et al. 1998, 2008), including mycotoxins (Pitt
2000), enzymes and other chemicals which have
the potential to act as QSIs (Fig. 6). However, not
much information is available on fungal QSIs.
The Australian alga (Delisea pulchra) produces
halogenated furanones, which prevent bacterial
growth (Maximilien et al. 1998). QSIs which act
on signalling molecules have been known as a
potential strategy for bacterial disease control.
The inhibition of quorum sensing signalling by
inhibiting N-acyl homoserine lactone (AHL)
production or degradation is reported for fungi
(Fig. 7) (Dong and Zhang 2005; Uroz and
Heinonsalo 2008). Even many medicinal and
dietary plants are known to produce QSIs for
AHL-based regulation (Adonizio et al. 2008;
Zhu and Sun 2008). Recently, Teplitski et al.
(2000) have demonstrated that several plants
produce molecules which imitate the structures
of AHL produced by bacteria. Pisum sativum
(pea) produces molecules which either inhibit the

AHL production or its recognition by receptor
molecules. For further details on plant-derived
natural products which can be used as QSIs, refer
to Koh et al. (2013).

There are two types of QSIs reported so far
in bacteria, furanones and RNA III inhibiting
peptides (RIP). Furanones are the most studied
inhibitory molecules and can act on both AHL
and AI2 quorum sensing systems. Furanones ei-
ther increase the susceptibility of biofilms to
antibiotics (Pan and Ren 2009) or facilitate the
immune system (Wu et al. 2004). However, the
toxic nature of furanones has been a concern for
the same. The RIP in its amide form (YSPWTNF-
NH2) is known to repress virulence, biofilm for-
mation and antibiotic resistance in Staphylococ-
cus (Balaban et al. 2003, 2007; Chen and Wen
2011). In the presence of RIP, TRAP (quorum
sensing signal molecule) is not phosphorylated,
and agr is not activated at the mid-exponential
phase, preventing the production of RNA III
(which upregulates the toxin production) and in
turn reducing toxins produced. Because not many
fungal QSIs are known, a detailed screening of
fungi from various habitats like endophytes, ma-
rine fungi, may help in finding chemicals which
have QSI potential.
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Fig. 7 Enzymatic degradation of AHL. (a) The AHL structure and its possible enzyme cleavage sites. (b) The
corresponding degradation mechanisms of AHL-lactonase and AHL-acylase (Adapted from Dong and Zhang (2005))

Fungi mediated inhibition of
QSM Production

Quorum Sensors as QSIs

Candida albicans
Fungi are known to produce several QSMs with
farnesol and tyrosol being the two most promi-
nent of them. Farnesol, which is produced by
most dimorphic yeasts, has a dramatic effect on
their morphogenesis (Shirtliff et al. 2009; Weber
et al. 2010). However, farnesol also possesses an-
timicrobial properties against Fusarium gramin-
earum (Semighini et al. 2006), non-albicans Can-
dida species (Weber et al. 2010), Paracoccid-
ioides brasiliensis (Derengowski et al. 2009),
Staphylococcus aureus, St. epidermidis (Cerca
et al. 2012) and other bacteria (Brilhante et al.
2012; Pammi et al. 2011). When used in combi-
nation with antibiotics, farnesol acts as an adju-
vant against St. epidermidis (Pammi et al. 2011)
affecting its biofilm matrix composition (Gomes
et al. 2011b). It increases cell death when used
in combination with tetracycline or rifampicin
(Gomes et al. 2011a). Farnesol has also been
shown to interfere with the metabolic pathway in
St. aureus (Kaneko et al. 2011). It also induces

apoptosis in A. nidulans (Semighini et al. 2006).
Farnesol produced by C. albicans inhibits its
biofilm formation (Ramage et al. 2002), thus pro-
tecting mice against oral candidiasis (Hisajima
et al. 2008). High concentration of farnesol inside
the biofilm inhibits newly formed cells inside
the biofilm. A similar study conducted on C.
tropicalis and C. parapsilosis also showed that
high concentration of farnesol inhibits biofilm
formation (Laffey and Butler 2005; Zibafar et al.
2009). Cryptococcus neoformans are also known
to be inhibited by farnesol (Cordeiro et al. 2012).
Thus, these can be used as a therapeutic agent and
also adjuvant to antifungal drugs.

Secondary Metabolites

Tremella fuciformis
Tremella belongs to the family Tremellaceae
(Basidiomycota) commonly called as “jelly
fungi” as they form gelatinous fruit bodies.
In nature they generally colonise dead woods
but are also now artificially cultivated. Their
anamorphs are mostly yeasts. Tremella fuciformis
is commonly called as white-snow fungus or
white-ear fungus due to its soft texture, earlike
shape and white colour. These are very popular
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in China due to their edibility and medicinal
importance (for their effects in tuberculosis,
cancer, immune-modulation, diabetes, high
blood pressure and common cold) (Cho et al.
2006, 2007). T. fuciformis is known to contain
heteroglucan, triterpenes and other compounds
(Cho et al. 2006; Zhu et al. 2006). Zhu and Sun
(2008) studied the effect of T. fuciformis on the
inhibition of quorum sensing in bacteria using
the mutant Chromobacterium violaceum CVO26
(produced from wild-type Ch. violaceum ATCC
31532) which is violacein negative. The mutant
is devoid of violacein synthase CViI and requires
the addition of N-hexanoyl homoserine lactone
(HHL) in the medium to produce violacein,
which is also a potential antibiotic. Qualitative
and quantitative analysis of the effect of T.
fuciformis extracts on violacein production
showed that although it did not have an effect
on growth, it inhibited violacein production at
different concentrations (0.2–0.8 %). Thus, crude
extract or compounds isolated from T. fuciformis
extracts can be used as QSIs due to its non-toxic
nature and effectiveness.

Auricularia auricula
Auricularia belongs to Auriculariales (Ba-
sidiomycota), also commonly called as “jelly
fungi”. They are generally found on dead wood.
Although species of Auricularia are edible,
they are not very popular. Auricularia produces
several exopolysaccharides which have potential
antibacterial, antitumor and immune-modulatory
effects (Li and Dong 2010). It is also used
in traditional Ayurvedic preparations for sore
throat, sore eyes, jaundice, etc. Au. auricula
produces several dark-coloured pigments
(namely, melanin, melanoid, pheomelanin)
(Dastager et al. 2006). Zhu et al. (2011) tested
the effect of pigments (hydrochloric infusions
of dried fruit bodies) of Auricularia auricula
against quorum sensing in Ch. violaceum
CVO26 as test organism. Many heterocyclic
compounds are used in the biosynthesis of these
pigments like dopaquinone, leucodopachrome
and cysteinyldopas. These compounds contain
carboxyl and amino group which readily

transforms to carbonyl. These compounds inhibit
the AHL-regulated signalling system by binding
to the active site of receptor proteins. Other
studies on the inhibitory effect of extracts of
Au. auricula on biofilms of Escherichia coli
showed that the rate of inhibition was 73 %
(Li and Dong 2010). The identification of the
active compounds and mechanism by which
these groups of compounds modify the signalling
system of bacteria needs further investigation.

Ganoderma lucidum
Ganoderma, commonly called as “reishi mush-
room”, is a member of Ganodermataceae (Basid-
iomycota). Species of Ganoderma are hard, poly-
pore mushrooms which grow on forest trees as
pathogens. It is also mentioned in the old Chinese
description of medicines. Presently, it has found
its use as immune-modulatory, antimicrobial, an-
tidiabetic, antioxidant, etc. and in normalising
blood pressure (Silva 2003; Wachtel-Galor et al.
2004). Zhu et al. (2011) used methanolic extracts
of Ganoderma lucidum to test its effect on the
quorum sensing signalling in bacteria and found
promising results. Further studies on the active
metabolites and the mechanism involved are re-
quired.

Phellinus igniarius
Phellinus is a member of Hymenochaetaceae
(Basidiomycota). It is considered to be a plant
pathogen and has several medicinal properties,
namely, antioxidant, anticancer, antidiabetes,
cholesterol reduction, etc. (Lung et al. 2010).
Zhu et al. (2012) showed that fermentation
metabolites of ten different Phellinus igniarius
strains inhibited violacein production in Ch.
violaceum CVO26.

Endophytic Fungi (Fusarium
graminearum and Lasiodiplodia sp.)
Endophytic fungi that live inside a plant host hold
a lot of potential for metabolites with antibacte-
rial properties. Recently, Rajesh and Rai (2013)
have tested different endophytic isolates from
Ventilago madraspatana plant for the production
of various enzymes and metabolites which can
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Fig. 8 Effect of QSI on bacteria. Furanone-treated P.
aeruginosa biofilms are less tolerant to tobramycin. Scan-
ning confocal laser photomicrographs of P. aeruginosa
PAO1 biofilms grown in the absence (a) or the presence
(b) of 10 �M C-30. After 3 days, the biofilms were

exposed to 100 �g/ml tobramycin for 24 h. Bacterial
viability was assayed by staining using the LIVE/DEAD
BacLight Bacterial Viability Kit. Red areas are dead
bacteria; green areas are live bacteria (Reproduced with
permission from Hentzer and Givskov (2003))

act as QSIs. Following the experimental strategy
of Ueda et al. (2007) and Zhu et al. (2011), they
demonstrated that out of 15 fungal isolates, ex-
tracts of Fusarium graminearum and Lasiodiplo-
dia sp. contained metabolites which inhibit viola-
cein production in Ch. violaceum CVO26 without
affecting its growth. Thus, these two organisms
hold potential to help in the formulation of new
antibacterial drugs in the future.

Mycotoxins

Penicillium species
Fungi have been known to produce several
mycotoxins which destroy food and degrade
postharvest crops, medicinal plants, fruits,
vegetables, etc. These are metabolites with
different nature, namely, alkaloids. These may
cause sickness and food poisoning in humans and
animals even in low concentrations. Aspergillus,
Penicillium and Fusarium are some common

fungi which are known to produce such toxins.
Aflatoxin, produced by A. flavus, is a well-
known mycotoxin noted to cause sickness
in humans and animals. Ochratoxin A is
produced by A. ochraceus which is distributed
on various nuts and dry fruits. Fumonisins,
trichothecene toxins and zearalenone, produced
by F. moniliforme and F. graminearum, are some
other common mycotoxins (Abbott 2002; Pitt
2000). Rasmussen et al. (2005b) studied the
effect of two mycotoxins, patulin (produced
by Penicillium coprobium) and penicillic acid
(produced by Pe. radicola) for their QSI activity
in P. aeruginosa. Both patulin and penicillic acid
targeted the RhlR and LasR proteins, thereby
inhibiting quorum sensing-regulated genes in the
bacterium up to 49 % and 34 %, respectively.
Moreover, P. aeruginosa infection in mouse
is cleared rapidly when treated with patulin.
The biofilm of P. aeruginosa was also found to
be susceptible to tobramycin antibiotic in the
presence of patulin (Fig. 8).
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Enzymes of Fungal Origin
Degrading QSMs and Biofilms

The successful invasion of a host by microbe
depends on the expression of virulence factor
through quorum sensing signalling or biofilm
formation. Once the bacterium invades a host, it
attaches to the surface of internal lining and forms
a slimy structure (biofilms) for its protection. It
provides extra protection to the microbes from
outside effect (antibiotic, biomolecules, enzymes,
etc.). Almost 80 % of the disease infections are
caused by bacteria that form biofilms (Davies
2003). Biofilms also facilitate the development of
chronic infections of P. aeruginosa by protecting
the pathogen from host immune infections
(Costerone et al. 1999). Fungi are known to
produce several extracellular enzymes, namely,
cellulases, proteases, amylases, etc., which can be
used for degrading bacterial biofilms. Enzymes
(AHL-lactonase, AHL-acylase, oxidoreductase)
with QSI properties have been already found
in bacteria (Fig. 7) and reviewed in depth
by Chen et al. (2013). However, very few
reports are currently available on fungal QSI via
degradation or interruption. Since mycorrhizal
(both ecto and endo) and beneficial root-
associated fungi are known to protect plants
from diseases (caused by various microbes),
these will surely have the potential for such
biomolecules.

Trichosporon loubieri

Trichosporon is a genus of anamorphic fungi
(family Trichosporonaceae) with common occur-
rence in soil with few species inhabiting natural
human skin flora. In a first report of a basid-
iomycete yeast, Trichosporon loubieri was found
to produce enzyme-based QSI degrading various
AHLs with different N-acyl side chains ranging
from C4 to C10 with or without oxo group
substitution at C3 position (Wong et al. 2013).
Based on the re-lactonisation experiment, it was
confirmed that the degradation was via lactonase
enzyme. Further, heat-treated Tr. loubieri did not

degrade the AHLs, demonstrating that the enzy-
matic activity is heat sensitive.

Root-Associated Fungi (Phialocephala
fortinii, Ascomycete Isolate,
Meliniomyces variabilis, Unidentified
Isolate)

Root-associated fungi are known to produce
several chemicals to inhibit other groups of
organisms. In a study to test different root-
associated fungi for the inhibition of QSMs,
Uroz and Heinonsalo (2008) showed that Phialo-
cephala fortinii (strains JH1, JH8), unidentified
Basidiomycota mycorrhizal isolate (JH7) and
Meliniomyces variabilis (JH23) completely
inhibited AHL molecules. Interestingly, the AHL
degrading ability of JH1 was due to a bacterium
associated with the fungus (Rhodococcus
erythropolis Myc1), a probable endosymbiont.
The results concluded that lactonase and another
unidentified enzyme were responsible for the
activity (Uroz and Heinonsalo 2008). However,
the exact mechanism of action is still unknown.

Other Enzymes Degrading Biofilms

Apart from bacterial enzymes, fungal enzymes
are also known to degrade the biofilms produced
by bacteria. The enzymes produced by A. niger,
Trichoderma viride and Penicillium species are
known to degrade the biofilms of P. aeruginosa
(Gautam et al. 2013). The compositions of most
of the biofilms are lesser known. However, the
composition of planktonic extracellular polysac-
charide and others is known. Since a number of
fungal enzymes are able to degrade the plant cell
wall, it was thought that enzymes produced by
various fungi can be used to degrade biofilms.
Orgaz et al. (2006) studied the effect of various
enzymes for their potential to degrade biofilms
of Pseudomonas and found that fungi grown on
pectin (Trichoderma viride and A. niger are rich
in pectinesterases and poor in proteinase) and
gum arabic (from A. niger high in proteinase)
degraded more biofilm (84 %, 60 % and 65 %,
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respectively). The study concluded that both pro-
teolytic and carbohydrate- degrading activities
are good for biofilm removal.

Resistance to Fungal QSIs

The research on QSIs began with the concept
and interest that disruption of quorum sensing
system will be an effective anti-infective strategy
and it will restrict the growth of pathogenic
bacteria. With high likelihood of preventing
the development of resistance against the
prevalent antibiotics, these were regarded as
the best alternative to the discovery of new
antibiotics (Kalia et al. 2013). However, there
are possibilities that organisms may devise
mechanisms to develop resistance to QSIs
(Defoirdt et al. 2010). This concept came to
light when researchers observed a variation in
the expression of core quorum sensing genes
between different bacterial species and different
strains (possibly virulent and avirulent strains) of
Vibrio and Pseudomonas. It is very likely that if
this variation better supports fitness and health of
bacteria, natural selection would help the bacteria
to spread the QSI resistance further on. Later on,
Maeda et al. (2012) showed that P. aeruginosa
develops resistance when grown on adenosine
as sole carbon source. They observed growth of
previously resistant cells within four sequential
dilutions after transposon mutagenesis in the
presence of added QSI (brominated furanone
C-30). While resistant phenotypes are known, no
clear mechanism is known for such resistance.
It is believed to be similar to that of antibiotic
resistance: restricted availability, inactivation
or even modification of the target. Relatively
recently, several studies have been initiated that
have revealed some intriguing aspects about
the development of resistance to QSIs (Decho
et al. 2010; Defoirdt et al. 2011; Mattmann
and Blackwell 2010). It has been found that
bacteria might develop resistance against
QSIs when bacteria interact with antibiotics
and mutation occurs in efflux pump without
any interaction with QSI (García-Contreras
et al. 2013).

While some information is available on the
development of resistance to QSIs in bacteria,
there is no information about it in fungi. But,
given the nature of mechanisms being discovered,
it is very likely that resistance to QSIs in fungi
will soon be discovered, albeit it needs further
exploration.

Applications of Various Fungal QSIs

In 1928, when the first antibiotic was discovered
(penicillin), it was thought that it will help in con-
trolling microbial infections. During the past few
decades, various antibiotics and there derivatives
were discovered which have helped mankind.
With the discovery of antibiotics came an immi-
nent problem of antibiotic resistance. The life cy-
cle of microbes, genetics, physiology and ability
of an organism to adapt and evolve have led to the
resistance against many compounds including an-
tibiotics. Although antibiotics have played a key
role in the greater life survival and expectancy
of humans, the treatment of microbial infec-
tions has become difficult with the emergence of
antibiotic-resistant strains of bacteria. Many re-
searchers are now focusing on searching for new
antibacterial compounds. They achieve this by
disrupting the pathogen’s ability to sense its pop-
ulation and trigger its virulence factors. However,
relatively recently, there has been an alarming in-
crease in the drug-resistant microbes. The reason
includes the extensive use of non-specific drugs
and over-the-counter availability of many generic
antibiotics. Thus, those diseases which were once
treatable have now become untreatable.

Microbial resistance to known antimicrobials
and limitation in the discovery of novel
antimicrobial compounds have led to the
adoption of new strategies. Relatively recently,
researchers have focused on using QSIs
and enzymes for inhibiting production and
degradation of QSMs (Adak et al. 2011; Hentzer
and Givskov 2003; Hentzer et al. 2003; Njoroge
and Sperandio 2009). The effective use of QSIs
in controlling the spread of infection has recently
been demonstrated in mice. When mice are
infected with virulent bacteria, they grow and
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Fig. 9 Biotechnological application of fungal QSIs (Adapted from Bonnie Bassler’s lecture on “How bacteria ‘talk’ in
2009”)

multiply, and QSMs are released, resulting
in bacterial population to reach a threshold
level; the virulence gene expresses and causes
disease, killing mice. However, when mice
are infected with bacteria along with quorum
sensing imitating molecules or QSIs (with little
structural change), the bacterial population does
not recognise quorum sensing signalling, and its
virulence gene remains unexpressed or under-
expressed and mice survive (Fig. 9). Thus,
these QSIs will help us to develop new sets of
antibiotics and also help us to get rid of multidrug
resistance as it does not kill the bacteria and only
prevent them from coordinating amongst them.
Thus, the possibility of selection of resistant
bacteria becomes less.

In addition, probiotics and QSIs produced
by bacteria have been studied in controlling
pathogenic bacteria (Cotar 2013). In animal
pulmonary diseases, such QSIs have proved to
be beneficial and cleared the infection, thereby
reducing the mortality (Rasmussen and Givskov
2006b). Fungi (both macro and micro) with
antimicrobial compounds hold a lot of potential.
Fungi obtained as endophytes have been studied

by workers for antimicrobial properties and they
found promising results. Similarly, mushrooms
have also shown good antimicrobial properties.
When studied in detail, these may be producing
QSIs against pathogenic microbes. Fungal QSI
has been isolated and screened from fungal
extracts (Persson et al. 2005; Rasmussen et al.
2005a, b). The screening of 50 Penicillium spp.
showed that 66 % of them produced secondary
metabolites with QSI activity (Rasmussen and
Givskov 2006a, b). Unfortunately penicillic acid
and patulin (two fungal QSIs) have been limited
in their use to biotech industry due to their
mycotoxin nature. Many mushrooms are known
for medical importance and used by tribals
for antimicrobial properties and documented
in ethnomedicinal publications. Hence, the
screening of edible mushrooms is an important
aspect while searching for fungal-based QSIs
which holds a lot of pharmaceutical potential.
However, there have been very few studies on
the screening of QSIs from fungi as natural
resources.

Biofilm formation on glass, steel and plastic
surfaces of medical equipment has become a



Fungal Quorum Sensing Inhibitors 251

problem for critical surgeries. Various pathogens
have been isolated from artificial hip prosthesis,
prosthetic heart valve, intrauterine device, central
venous catheter, artificial voice prosthesis, etc.
(P. aeruginosa, St. aureus, Klebsiella pneumo-
nia, Enterococcus sp., C. albicans, etc.) (Jain
et al. 2007). The QSI enzymes that are found
in organisms other than bacteria have the po-
tential to degrade the biofilms of microbes and
provide protection against microbial infection. In
addition, many fungal enzymes are commercially
used in fruit processing industries and waste
water treatments (Orgaz et al. 2006). Earlier work
on the same has resulted in promising results
(Hahn et al. 2001; Johansen et al. 1997). Biofilms
treated with furanones are easily eradicated by
tobramycin. Many other researchers have ex-
pressed their hope in QSIs as an alternative to
conventional methods of controlling bacterial in-
fections (Finch et al. 1998; Hentzer and Givskov
2003; Smith and Iglewski 2003). The biofilms
of microbes are also known to degrade poly-
meric compounds which may involve various
mechanisms (Mohan and Srivastava 2010). The
fungal enzymes hold a lot of potential to protect
deterioration of the same.

Spoilage of nonfrozen vegetables by microbes
has been an area of concern for food industry.
Growth of bacteria to high density is one of the
reasons for destruction of perishable crops and
vegetables. Spoilage of sprouted beans is one
such example where bacteria grow, release en-
zymes and cause soft rot of vegetables accounting
for 10–50 % of loss (Rasch et al. 2007). Studies
have found very high concentration of AHLs
in sprout bean spoilage (Rasch et al. 2005). As
also discussed earlier, QSIs patulin and penicillic
acid have antimicrobial effect on P. aeruginosa.
Hence, these QSIs have a lot of potential to be
used as food preservatives. However, their side
effects must first be evaluated in great detail.

Treatment of rhizospheric bacterial diseases
is also another aspect where the use of fungal
QSIs may hold potential for biotechnological
exploitation. Production and secretion of QSI and
its application against root plant pathogens are
likely to help in crop protection.

Conclusion and Our Opinion
on the Scope of Research on Fungal
QSIs

With the discovery of crosstalk, even unicellular
organisms are now being reinvestigated at the
population level because they are behaving as
multicellular forms (multiple cells) working in
coordination. In comparison to bacteria, fungi
harbour a greater diversity in forms and functions
necessitating much concerted regulation of their
functions. Most information on quorum sensing
in fungi is based on studies in yeasts like C.
albicans, S. cerevisiae and H. capsulatum (yeast
phase), amongst which C. albicans has been the
most extensively studied due to its importance
as a human pathogen. Amongst mycelial fungi,
quorum sensing has been studied in Ce. ulmi
and Neurospora crassa. While we now know
that quorum sensing in fungi is not uncommon,
there is dearth of information on QSMs in fungi,
except farnesol and tyrosol, produced by C. albi-
cans. Similarly, fungi also produce several sec-
ondary metabolites, mycotoxins and signalling
molecules which can act as QSIs and help in
controlling the spread of pathogenic bacteria or
fungi. In similar potential, research is required to
test various edible mushroom extracts for fungal
QSIs, those which are cultivable in lab and those
which are not yet cultured but have antimicrobial
properties. Several mushrooms which are being
used by tribals or reported to be ethnomedically
important should be used for studies, namely,
Russula, Cantharellus, Lactarius, Lentinus and
Daedalea. Using edible wild mushrooms for such
screening will help to exclude the possibility
of toxic nature of such compounds. Endophytic
fungi that are known to produce several metabo-
lites and antibiotic compounds (cephalosporin
derived from Acremonium) also hold great poten-
tial for fungal QSIs.

Multidrug resistance has become a problem
for humans to control various pathogens and
disease outbreaks. With the advent in research on
QSIs, researchers are now targeting the crosstalk
mechanisms amongst the bacteria and other
pathogenic microbes to improve the efficacy of
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existing antibiotics and reduce their dosage. The
molecules imitating the species-specific QSM
can be used for a specific disease and others
not so specific may be used as broad-spectrum
antibiotics. Although research in this area is in
infancy and still restricted to the laboratory, the
results are promising. The restriction of bacterial
growth by affecting quorum sensing signalling is
better than bactericidal or bacteriostatic and will
find its application in medicine, agriculture and
food technology in the future. We believe that
the time is not far when inhibition of quorum
sensing will replace antibiotic treatment for
microbial disease control in humans, animals and
plants.
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Marine Organisms as Source
of Quorum Sensing Inhibitors

Fohad Mabood Husain and Iqbal Ahmad

Introduction

More than half of all prescribed drugs have
their origin in natural sources and the diversity
of chemical structures produced by marine
organisms provides a potential source of novel
pharmaceuticals (Harper et al. 2001; Paterson
and Anderson 2005; Marris 2006). While
there are few natural products derived from
marine organisms in clinical use, the potential
applications of these compounds are broad
(Marris 2006). Marine natural products are in
clinical or preclinical evaluation against severe
pain, cancers, allergy/asthma, inflammation,
Alzheimer’s disease, HIV, and tuberculosis,
with the majority of these natural products
being sponge or tunicate derived (Proksch
et al. 2002; Newman and Cragg 2004a, b).
They also have potential application as anti-
infective therapies (Fenical and Jensen 2006).
The development of novel anti-infectives is
particularly critical because of the increasing
number of multidrug resistant bacteria (Tenover
and Hughes 1996; Reacher et al. 2000; Ahmad
et al. 2008). One strategy to develop new
mechanisms to combat bacterial infections is
through the development of antipathogenic drugs
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that function by attenuating the bacteria with
respect to virulence. Because this can be achieved
without affecting the growth of bacteria, this
principle is less likely to impose a selective
pressure for resistance (Hentzer and Givskov
2003; Hentzer et al. 2003; Aqil et al. 2006).
Many pathogenic bacteria synchronize their
expression of virulence genes by cell-to-cell
communication systems called quorum sensing
(QS) which enables bacteria to monitor cell
density. QS relies on low molecular weight
signal molecules that are capable of activating
transcriptional regulators in order to couple gene
expression with population density. In Gram-
negative bacteria, QS is mediated mostly by
N-acyl homoserine lactones (AHLs). QS systems
function by means of two proteins: the AHL
synthetase (the LuxI-homologue) responsible
for the AHL signal generation and the LuxR
homologue, which is a dual-function receptor-
response protein recognizing and binding the
AHL molecules, allowing interactions with
QS-controlled promoter sequences. The signal
molecules are produced constitutively at a
basal low level by the LuxI homologue and
are distributed in the cell and the surrounding
environment either actively or by diffusion. The
concentration of AHL molecules increases with
increasing cell density, and reaching a certain
critical level, they bind to the LuxR homologues,
creating active LuxR–AHL complexes. This
complex functions as a transcription factor
that binds to the promoter region of the QS-
regulated genes, where it triggers gene expression
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(Fuqua et al. 1994), including virulence traits
(Toder et al. 1991; Gambello et al. 1993). It
has been established that for some opportunistic
pathogens, such as Pseudomonas aeruginosa, it
is essential to stay “silent” and delay production
of virulence factors until the cell population has
reached a level to overwhelm the host’s defenses.
QS-regulated virulence factors and biofilm have
been reported in a variety of bacteria pathogenic
to humans, animals, as well as plants (Williams
2007; Kalia 2013). The role of QS in virulence
and pathogenicity is most widely explored and
studied in Pseudomonas aeruginosa. Virulence
factors like LasB elastase, LasA protease,
pyocyanin production, rhamnolipid production,
swarming motility, and biofilm are controlled
by QS (Miller and Bassler 2001; LaSarre
and Federle 2013). Therefore, QS offers the
invading bacteria with an advantage during
the establishment of infections. A strategy for
the development of novel anti-infectives is to
block the bacterial communication pathway. In
contrast to the sophisticated mammalian immune
system plants, fungi and marine invertebrates
rely on physical and chemical defense strategies
to protect them against bacterial pathogens.
This provides a logical source to search for
natural products with the ability to inhibit QS
in natural libraries of chemically rich organisms
(Natrah et al. 2011). A proof of this concept
is the halogenated furanones derived from the
marine macro alga Delisea pulchra (Givskov
et al. 1996), which inhibits QS in vitro as well
as in vivo experimental settings (Manefield
et al. 2000; Hentzer et al. 2003; de Nys et al.
2006). The treatment of the opportunistic
pathogen P. aeruginosa in a mouse pulmonary
infectious model with furanone-derived drugs
greatly accelerates eradication of the pathogen
(Hentzer et al. 2003). Furanones also reduce
the mortality of vibriosis in rainbow trout
challenged with pathogenic Vibrio anguillarum
(Rasch et al. 2004). The use of QS inhibitors
(QSIs) has a wide range of applications,
from veterinary treatment in aquaculture to
medical treatments in humans. Thus, given the

importance of QS in virulence and pathogenicity
development of pathogenic bacteria, it is
attractive how other organisms and certain
compounds interfere with the bacterial QS. In this
chapter we have reviewed the current progress in
the discovery and reports on QSI compounds
from marine organisms and their potential
applications.

QS Inhibitors fromMarine Origin

Quorum sensing pathways reported so far are
complex and varied; associated signals are also
of different types (Lasarre and Federle 2013).
The process of QS can be disrupted by different
mechanisms: (1) reducing the activity of AHL
cognate receptor protein or AHL synthase, (2)
inhibiting the production of QS signal molecules,
(3) degradation of the AHL, and (4) mimicking
the signal molecules primarily by using syn-
thetic compounds as analogs of signal molecules
(Hentzer and Givskov 2003). The compounds
reported so far as anti-QS agents act on either
one or other above targets. The wide spread of
anti-QS compounds from various sources that
act against P. aeruginosa infection, which in-
cludes halogenated furanones from marine red
macroalgae Delisea pulchra (Manefield et al.
1999; Hentzer et al. 2002), N-acyl homoserine
lactone acylase from Streptomyces species (Park
et al. 2005), N-acyl and homoserine lactonases
from Bacillus species (Dong et al. 2002), has
been reported. However, reports from crude prod-
ucts might be a combination of direct and indirect
mechanisms (Adonizio et al. 2008; Zahin et al.
2010; Khan et al. 2009; Husain et al. 2013).
Although the marine environment is considered
to be a rich source of both biologically and chem-
ically diverse bioactive compounds, the AHL in-
hibitors discovered from marine resources espe-
cially from marine microbes is meager. In recent
years, the QSI potential of a few marine microbes
has been reported. In the subsequent sections, a
detailed account of the QS inhibitors of marine
origin is discussed.
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Quorum Sensing Inhibition
by Algae

Eukaryotes such as algae, protozoa, and fungi
live in close proximity with both pathogenic and
beneficial bacteria in the aquatic environment.
Thus, it is not surprising that eukaryotes have
developed different defense mechanisms to inter-
act with bacteria, e.g., by producing secondary
metabolites (Rasmussen et al. 2005) impacting
QS (Dudler and Elberl 2006).

Marine plants are important potential
candidates to interfere with QS (Kjelleberg and
Steinberg 2001). The first QS inhibitor was
isolated from the red macroalga (also known
as seaweed), Delisea pulchra, which showed a
high antifouling activity (Givskov et al. 1996).
The antifouling activity apparently is caused
by a broad range of secondary metabolites,
halogenated furanones found at the surface of
the alga (Dworjanyn and Steinberg 1999). These
halogenated furanones are similar in structure to
AHL, except that furanones have a furan ring
instead of a homoserine lactone ring. Among
the earliest investigations on the effect of this
alga on bacteria is the addition of D. pulchra
crude extract to cultures of the human pathogen
Proteus mirabilis (Gram et al. 1996), where the
extract was found to inhibit swarming motility.
Although not as strong as the crude extract,
the halogenated furanones isolated from the
sample also decreased the swarming velocity.
The most well-studied natural compound to date
is probably (5Z)-4-bromo-5-(bromomethylene)-
3-butyl-2(5 H)-furanone (Fig. 1). This compound
is shown to have high inhibitory activities in
several biological assays of AHL-controlled
expression in different Gram-negative bacteria
(Rasmussen et al. 2000; Hentzer et al. 2003) and
also blocks AI-2 signaling (Ren et al. 2001). The
results triggered the chemical synthesis of several
furanone analogs as QS inhibitors such as (5Z)-
4-bromo-5-(bromomethylene)- 2(5H)-furanone
(Fig. 1).

Using a gnotobiotic model system, Defoirdt
et al. (2006) demonstrated that natural and
synthetic brominated furanones are able to
protect brine shrimp (Artemia franciscana) from

pathogenic isolates belonging to the species
V. harveyi, V. campbellii, and V. parahaemolyti-
cus, respectively, through the disruption of AI-
2 QS. The natural furanone was also found
to counteract the negative effect of different
pathogenic V. harveyi strains in the rotifer
Brachionus plicatilis (Tinh et al. 2007a).
Moreover, Manefield et al. (2000) showed that
the natural furanone blocked the luminescence
and toxin T1 production (both of which
are QS-regulated) of V. harveyi that were
pathogenic to farmed shrimp. This compound
also decreased death in rainbow trout infected
with V. anguillarum (Rasch et al. 2004). These
data showed that furanones could act as anti-
infective compounds in different aquatic host-
microbe systems.

The antagonistic effects of furanones are
attributed to their ability to destabilize V. fischeri
LuxR-type proteins, thus reducing the amount of
the protein to act as an AHL-mediated regulator
(Manefield et al. 2002). In V. harveyi, the natural
furanone was found to directly target the QS
master regulator LuxR (which is not homologous
to V. fischeri LuxR), obstructing the ability of
LuxR to bind to target gene promoter sequences,
probably by inducing certain molecular structure
modifications (Defoirdt et al. 2007). In addition,
findings by Zang et al. (2009) demonstrated
that the molecules also disrupt AI-2 synthesis
by covalently modifying and inactivating the
LuxS enzyme. The furanones were shown
to bind to thiol groups in cysteine residues
in the LuxS protein and can therefore be
hypothesized to be nonspecific. The apparent
specificity in activity toward QS-regulated
phenotypes might be due to the fact that relatively
small changes in the activity of QS regulatory
genes have large effects on the phenotypes
regulated by QS. Interestingly, another seaweed
belonging to the same family, Bonnemaisonia
hamifera, also showed antifouling activities
(Nylund et al. 2005). The chemical structure of
the algal metabolites responsible for the inhibi-
tion activity is still unknown, although it was
speculated to be polyhalogenated 2-heptanones.
In addition to this, Kim et al. (2007) discovered
three new AHL antagonists in the red alga
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Ahnfeltiopsis flabelliformis through bioactivity-
guided fractionation. The metabolites from the
polar active fractions were identified as ’-
Dgalactopyranosyl-(1–2)-glycerol(floridoside),
betonicine, and isethionic acid (Fig. 1). Due
to the inavailability of other pure compounds,
only commercial isethionic acid was further
tested. However, the compound did not show
any QSI activity and it was speculated that it
worked synergistically with other compounds
to block QS. Minor antagonist activity was also
observed in algae of the families Caulerpaceae,
Rhodomelaceae, and Galaxauraceae (Skindersoe
et al. 2008). Some compounds secreted by
Chlamydomonas reinhardtii were found to
mimic bacterial signals and interfere with their
QS system (Teplitski et al. 2004). Another
enzyme bromoperoxidase produced by algae
(Laminaria digitata) can also be exploited as QSI
to deactivate AHL signal-3OC6HSL by oxidation

process (Borchardt et al. 2001). QS inhibitor-
like compounds were shown to be produced
by 12 % of the 96 epibiotic bacteria associated
with brown algae, Colpomenia sinuosa using
Serratia rubidaea JCM14263 as biosensor
(Kanagasabhapathy et al. 2009). An interesting
feature of this indicator organism is its ability
to tolerate high NaCl concentrations, which is
necessary when marine organisms are the source
material.

Asparagopsis taxiformis, a marine macroalgae
demonstrated antiquorum, sensing activity in
Chromobacterium violaceum CV026 reporter
strain. The activity was confirmed using the
sensor strain, Serratia liquefaciens MG44,
having green fluorescent protein (gfp). The ICR-
FT/MS data indicated that the expected active
compound responsible for the QS inhibitory ac-
tivity could be 2-dodecanoyloxyethanesulfonate
(C14H27O5S) (Jha et al. 2013).
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Quorum Sensing Inhibition
byMarine Bacteria

Various bacteria have been reported to antag-
onize/inhibit QS of other bacteria by mecha-
nisms like the production of lactonase, acylase
enzymes, and long chain AHLs (Kalia 2013).
However, in some cases the mechanism remains
unexplored. The role of marine bacteria is also
evident in inhibiting QS. Tinh et al. (2007b)
isolated microbial communities from the Penaeus
vannamei shrimp gut and were grown in the
presence of a mixture of different short-chain
AHLs as sole carbon (and nitrogen) source, even-
tually resulting in three enrichment cultures. The
enrichment cultures were shown to degrade V.
harveyi HAI-1 in vitro and to improve the growth
rate of rotifers challenged to pathogenic V. har-
veyi. Similar studies were conducted by Cam
et al. (2009) using AHL degraders from the gut
of European seabass, Dicentrarchus labrax L.,
and Asian seabass, Lates calcarifer. Two Gram-
negative strains with different roles in QS were
isolated from the intestinal microbial flora of ayu
fish, Plecoglossus altivelis, with Aeromonas sp.
strain MIB015 as AHL producer and Shewanella
sp. strain MIB010 as AHL degrader, respectively
(Morohoshi et al. 2005). The AHL degraders
disintegrated 1 �M of synthetic HHL in 3 days
and interfered with the exoprotease activity of
Aeromonas. Further investigation showed that the
activity was due to AHL-acylases encoded by the
aac gene (Morohoshi et al. 2008). The expression
of this gene was also found to quench AHL
production in the fish pathogen V. anguillarum,
thus disrupting QS-regulated biofilm formation
(Morohoshi et al. 2008). Bacteria can also act
as antagonists by releasing molecules that can
block QS. Marine actinomycetes screened by You
et al. (2007) inhibited the biofilm formation of
different Vibrio species. Thirty-five out of 88
actinomycetes inhibited the biofilm formation of
V. harveyi, Vibrio vulnificus, and V. anguillarum
without affecting their growth. The best strain,
strain A66 (identified as Streptomyces albus),
dispersed the biofilm structure and this may have
been linked to the inactivation of the AHL QS

system. As indigenous species of the marine envi-
ronment, Actinomycetes predominantly from the
genera of Streptomyces, Micromonospora, and
Salinispora could offer interesting options for
probiotics in aquaculture (Das et al. 2008).

A Gram-positive strain isolated from
seagrass communities, Halobacillus salinus C42,
inhibited the bioluminescence of V. harveyi in
a co-cultivation assay through the diffusion of
small molecules identified as phenethylamine
compounds, with 2,3-methyl-N-(20-phenylethyl)-
butyramide being the most effective one. The
compounds blocked the expression of several
QS-controlled phenotypes in Gram-negative
bacteria such as violacein pigment in CV026,
fluorescence in AHL reporter strain JB525,
and planktonic luminescence in V. harveyi. The
structural similarities of the compounds with the
AHL suggest that they might compete with AHLs
for receptor binding (Teasdale et al. 2009).

Nithya et al. (2010) screened bacteria isolated
from Palk Bay sediments for anti-QS activity
and found eleven strains inhibiting QS signals in
Chromobacterium violaceum (ATCC12472) and
C. violaceum CV026. The marine bacterial strain
S8-07 identified as Bacillus pumilus reduced
the accumulation of N-acyl homoserine lactone
(AHLs) and showed significant inhibition of
LasA protease (76 %), LasB elastase (84 %),
caseinase (70 %), pyocyanin (84 %), and
pyoverdin and biofilm formation (87 %) in
Pseudomonas aeruginosa PAO1. Strain S8-
07 also showed highly significant reduction
(90 %) in prodigiosin, secreted caseinase (92 %),
hemolytic activity (73 %), and biofilm formation
(61 %) in Serratia marcescens. Acidification
assay and HPLC analysis revealed that the
degradation of AHL was due to acylase activity
of S8-07. Another marine bacterial strain Bacillus
sp. SS4 isolated from the Point Calimere
coastal region showed potential quorum sensing
inhibitory (QSI) activity in a concentration-
dependent manner (0.5–2 mg/ml) against
the AHL-mediated violacein production in
C. violaceum (33–86 %) and biofilm formation
(33–88 %), total protease (20–65 %), LasA
protease (59–68 %), LasB elastase (36–68 %),
pyocyanin (17–86 %), and pyoverdin productions
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in PAO1 (Musthafa et al. 2011). In another
study, the bacterium exhibited a concentration-
dependent (50–200 �g/ml) reduction in
prodigiosin production in S. marcescens to a level
of 40–87 %. The azocasein-degrading proteolytic
activity of S. marcescens was also reduced by up
to 60 % (Musthafa et al. 2012).

Five bacterial strains belonging to the genera
Marinobacter and Halomonas and one archaeal
strain belonging to the genus Haloterrigena
were isolated from a hypersaline microbial mat.
Purification of QS inhibitory dichloromethane
extracts of Marinobacter sp. SK-3 resulted
in isolation of four related diketopiperazines
(DKPs). Cyclo(L-Pro-L-Phe) and cyclo(L-Pro-
L-isoLeu) inhibited QS-dependent production of
violacein by C. violaceum CV017. Cyclo(L-Pro-
L-Phe), cyclo(L-Pro-L-Leu), and cyclo(L-Pro-L-
isoLeu) reduced QS-dependent luminescence of
the reporter E. coli pSB401 induced by 3-oxo-
C6-HSL (Abed et al. 2013).

Quorum Sensing Inhibition
by Other Marine Organisms

Other organisms with the potential to be
inhibit QS systems include sponges and aquatic
invertebrate and the compounds produced by
these organisms. The North Sea bryozoan
Flustra foliacea releases brominated alkaloids
that reduce the signal intensities of different
QS biosensors with 20–50 % at a concentration
of 20 mg/L. Furthermore, the metabolites
also inhibit QS-regulated phenotypes, such
as protease in P. aeruginosa (Peters et al.
2003). A strong QS inhibition has also been
observed for the sponge Luffariella variabilis
in LuxR-regulated systems. The secondary
metabolites manoalide, manoalide monoacetate,
and secomanoalide were found to be responsible
for the inhibitory activity present in this sponge
(Skindersoe et al. 2008). Other AHL-like
molecules are the tumonoic acids from the marine
cyanobacterium Blennothrix cantharidosmum.
Although no significant QSI activity was detected
in a green fluorescent protein AHL detection

assay, some of the compounds were shown
to moderately inhibit the bioluminescence of
wild-type V. harveyi with the highest inhibition
by tumonoic acid F (Clark et al. 2008).
Dobretsov et al. (2011) reported the screening
of seventy-eight natural products from chemical
libraries containing compounds from marine
organisms (sponges, algae, fungi, tunicates,
and cyanobacteria) and terrestrial plants, for the
inhibition of bacterial quorum sensing (QS) using
a reporter strain Chromobacterium violaceum
CV017. Twenty-four percent of the tested
compounds inhibited QS of the reporter without
causing toxicity. QS-dependent luminescence
of the LasR-based reporter, which is normally
induced by N-3-oxo-dodecanoyl-L-homoserine
lactone, was reduced by demethoxy encecalin
and hymenialdisin at concentrations >6.6 �M
and 15 �M, respectively. Hymenialdisin,
demethoxy encecalin, microcolins A and B,
and kojic acid inhibited responses of the
LuxR-based reporter induced by N-3-oxo-
hexanoyl-L homoserine lactone at concentrations
>0.2 �M, 2.2 �M, 1.5 �M, 15 �M, and
36 �M, respectively. A few compounds have
been reported from marine organisms such
as cyanobacteria with abilities to inhibit QS
gene expressions. Malyngolide and lyngbyoic
acid (Fig. 1) isolated from Lyngbya majuscula
were able to inhibit violacein production in C.
violaceum and elastase and pyocyanin production
in P. aeruginosa, respectively (Dobretsov et al.
2010; Kwan et al. 2011). Two other compounds-
malyngamide C and 8-epi-malyngamide isolated
from L. majuscula were able to inhibit QS
activities in P. aeruginosa (Kwan et al. 2010).

The quorum-sensing inhibitory (QSI) activity
of marine sponges collected from Palk Bay,
India, was evaluated against acyl homoserine
lactone (AHL)-mediated violacein production in
Chromobacterium violaceum (ATCC 12472),
CV026, and virulence gene expressions in
clinical isolate Serratia marcescens PS1. Out of
29 marine sponges tested, the methanol extracts
of Aphrocallistes bocagei, Haliclona (Gellius)
megastoma, and Clathria atrasanguinea
inhibited the AHL mediated violacein production
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in C. violaceum (ATCC 12472) and CV026.
Further, these sponge extracts inhibited the
AHL-dependent prodigiosin pigment, virulence
enzymes such as protease, hemolysin production,
and biofilm formation in S. marcescens PS1
(Annapoorani et al. 2012).

(R)-Bgugaine (Fig. 1) is a natural pyrrolidine
alkaloid from Arisarum vulgare (a plant native of
Mediterranean coasts of Morocco and Spain) was
found to exhibit significant effect on motility,
particularly swarming as well as swimming
motilities in P. aeruginosa. The compound also
showed significant reduction in rhamnolipid
production by 42 %, pyocyanin production
by 37 %, and Las A production by 34 %
(Majik et al. 2013). Recently, Nielsen et al.
(2014) reported that a cyclodepsipeptide termed
Solonamide B (Fig. 1) isolated from the marine
bacterium, Photobacterium halotolerans strongly
reduces expression of RNAIII, the effector
molecule of the agr quorum sensing system. They
demonstrated that Solonamide B interferes with
the binding of S. aureus autoinducing peptides
(AIPs) to sensor histidine kinase, AgrC, of the
agr two-component system.

Potential Application
and Limitations

The compounds of marine origin identified as
QSIs need to be tested in vivo in suitable animal
models to test their therapeutic efficacy. In a
mouse pulmonary infection model, the furanone
inhibited quorum sensing of the P. aeruginosa
and promoted their clearance by the mouse im-
mune response Hentzer et al. (2003). Further,
Wu et al. (2004) reported that furanones suc-
cessfully interfered with N-acyl homoserine lac-
tone and suppressed bacterial quorum sensing
in lungs, which resulted in decreases in expres-
sion of green fluorescent protein. Furanones ac-
celerated lung bacterial clearance and reduced
the severity of lung pathology. In a lethal P.
aeruginosa lung infection, treatment with fura-
none significantly prolonged the survival time of
the mice. Several other reports on the in vivo
activity of the furanones have been published, but

application of these furanones for treatment of
human patients is limited due to instability of the
furanones (Rasmussen and Givskov 2006). Other
reported compounds need to be investigated in
search of safe, stable, and nontoxic QS inhibitors
for therapeutic use.

Conclusion

The discovery that several marine organisms and
their secondary metabolites can interfere with
QS inhibitors, together with the findings that QS
controls the virulence of many pathogenic bacte-
ria, suggests that the active compounds derived
from marine organisms could be used to control
infections caused by bacteria. In order to utilize
these organisms in practice, in vivo studies in
suitable animal models is needed for a better
understanding of the processes involved. It is
very important to explore in depth the virulence
mechanisms of the pathogens and particularly
the connection with QS. There is also a need
to investigate the precise relationship between
the diverse organisms present in the marine en-
vironment and the effect of QS on this interac-
tion. A thorough understanding of the mechanism
of action is needed to uncover the therapeutic
potential of these agents. Further combinational
approaches of disease treatment by exploiting
synergistic interactions of QSIs with other anti-
infective compounds should be explored.
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Introduction

Plants living in an environment with high bacte-
rial density were long suspected to have protec-
tive mechanisms against infections. Due to this
reason, natural products were explored initially
because of their broad therapeutic values in tra-
ditional medical practice. Since these plants can
be consumed by humans, the active compounds
that are having therapeutic activities should be
safe toward human cells. However, as science
progressed, toxicological studies were performed
on these active compounds to avoid their toxic-
ity. The interest to identify and understand the
biological functions and the mode of action re-
sponsible for their therapeutic roles has been es-
calated. To date, biologically active constituents
of natural products, especially plant-derived ones,
have led to the discovery of new drugs used for
the treatment of numerous diseases. However,
the absence of an immune system in plants,
unlike humans and animals against the invaders,
demanded researchers to speculate other defense
mechanisms to defeat the pathogens (Koh et al.
2013), and manipulation of quorum sensing (QS)
systems is considered to be a mode of defense by
the plants against pathogens.
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Various studies showed that eukaryotes have
evolved efficiently to maneuver bacterial QS
systems and protect themselves from pathogen
attack. Plant extracts have been found to act
as quorum sensing inhibitors (QSI). The plant
compounds usually target the bacterial QS system
via three different ways (Fig. 1), by stopping the
signaling molecules from being synthesized,
by degrading the signaling molecules, or
by targeting the signal receptor (Koh et al.
2013).

Koh et al. (2013), screened hundreds of plant
extracts specifically for the QS signal synthase
activity and couldn’t find any, suggesting that
it is rather rare for plants to possess anti-signal
synthase activity. To interfere with signal recep-
tion, there can be competitive and noncompetitive
molecules that can obstruct with the binding of
the signal to its cognate receptor. It is logical to
imagine that for competitive molecules to bind
to receptor, these molecules must be structurally
similar to the signal molecules. For noncom-
petitive binding to the signal receptor, conceiv-
ably, these molecules will bind to the site on
the receptor other than the signal binding site.
Plants can produce molecules that structurally
mimic the signals, and such competitive binding
is effective to block activation of signal-mediated
QS. In addition to this, investigations have also
proven that plants have the ability to degrade the
signaling molecules produced by the bacteria and
this will obstruct the bacteria virulence factors
by disrupting their communication systems (Koh
et al. 2013).
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Fig. 1 Various mechanisms utilized by plants to inhibit quorum sensing

QSI Activity by Plants Used for
Dietary Purpose

Medicago truncatula Gaertn. seedlings modulate
AhyR, CviR, and LuxR reporter activities in
different reporter strains like Escherichia coli
JM109 [p (SB536)], Chromobacterium vio-
laceum CV026, and E. coli JM109 [p (SB401)],
respectively (Kalia 2013), and QS in general in
Pseudomonas aeruginosa and Sinorhizobium
meliloti by secreting AHL “signal-mimic”
substances of unknown structure that specifically
stimulate or inhibit AHL-regulated responses in
bacteria (Kalia 2013). AHL-degrading abilities
have been reported from a large number of
legumes – Medicago sativa L. (alfalfa), clover,
Lotus corniculatus L. seedlings, Hordeum
vulgare L. (barley), Pisum sativum L. (pea), and
Pachyrhizus erosus (L.) Urb. (yam beans) (Kalia
2013). Although the exact nature of enzyme is
not elucidated, it is likely to be lactonase.

Seed exudate L-canavanine from alfalfa
(M. sativa L.) affected the QS expression and
exopolysaccharide (EPS) production by the

nitrogen-fixing bacterium Sinorhizobium meliloti
(Kalia 2013). The aqueous extracts of leaf and
fruit of Moringa oleifera Lam. were found to
inhibit violacein production, a QS-regulated
behavior in C. violaceum. Compounds like
chlorogenic acid, gallic acid, and quercetin that
were present in appreciable quantities in the
extract were expected to be responsible for the
anti-QS property (Koh et al. 2013). Quorum
sensing-mediated behaviors like violacein
production by C. violaceum, biosurfactant
production by P. aeruginosa PA01, and motility
and EPS and biofilm production by E. coli,
Proteus mirabilis, and Serratia marcescens were
repressed by methanolic extract of Capparis
spinosa Linn. dry fruits (Abraham et al. 2011).

Sweet basil (Ocimum basilicum L.) inhibited
AHL activity-mediated violacein production in
C. violaceum CV026 by 78 %. Rosamarinic acid,
a multifunctional caffeic acid ester produced
by the roots of O. basilicum L., reduced the
biofilm formation by P. aeruginosa (Kalia
2013). Thyme (Thymus sp.) and kale (Brassica
oleracea L.) decreased the pigment formation
of C. violaceum by 60 % (Kalia 2013).
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Exudates from Arabidopsis affected QS signals in
Agrobacterium tumefaciens (Kalia 2013). Fatty
acid amide hydrolase enzymes from Arabidopsis
have been linked to AHL degradation through
mutant studies. Mutants overexpressing this
enzyme were more resistant to developmental
changes by AHLs (Kalia 2013).

Herbal plants like Camellia sinensis (L.) (tea
plant) produces catechins which affected the
transfer of conjugative R plasmid in E. coli (Kalia
2013). Caffeine (1, 3, 7-trimethylxanthine), one
of the few plant products with occurrence in
beverages such as coffee and tea, could inhibit
AHL production and swarming by P. aeruginosa
PA01 (Norizan et al. 2013).

L-Canavanine from legume alfalfa (M. sativa
L.) and iberin from horseradish (Armoracia
rusticana G.Gaertn., B.Mey. & Scherb.) found
to have anti-QS activity against P. aeruginosa
PA01and E. coli QSIS1 system (Jakobsen et al.
2012). Aqueous extracts of edible plants and
fruits such as Ananas comosus ((L.) Merr.),
Musa paradisiacal L., Manilkara zapota (L.)
P. Royen, and O. sanctum proved to be QSI
against violacein production by C. violaceum
and pyocyanin pigment, staphylolytic protease,
elastase production, and biofilm formation
abilities of P. aeruginosa PA01 (Musthafa et al.
2010). Sulforaphane and erucin, two natural
isothiocyanates that are highly abundant in
broccoli and other cruciferous vegetables, were
found to strongly inhibit QS and virulence
in P. aeruginosa. Mechanistic evaluations of
these effects suggest that these isothiocyanates
are antagonists of the transcriptional activator
LasR (Ganin et al. 2013). The presence of
AHL-mimic QS molecules in Oryza sativa
L. (rice) and Phaseolus vulgaris L. (bean)
plant samples showed the bean and rice seed
extract contain molecules that lack the typical
lactone ring of AHLs. Interestingly, these
molecules specifically alter the QS-regulated
biofilm formation of two plant-associated
bacteria, Sinorhizobium fredii SMH12 and
Pantoea ananatis AMG501 (Montaño et al.
2013). Growing onion bulbs found to inhibit
the QS mechanism in P. aeruginosa, and the

exogenous application of pantolactone and
myristic acid, isolated from onion (Allium ceppa
L.), significantly inhibited pyocyanin production,
protease, and lipase and polygalacturonase
activity but did not have any significant effects on
bacterial growth (Abd-Alla and Bashandy 2012).

QSI Activity by Fruits

Among the many fruit extracts tested, raspberry
(Rubus idaeus L.), blueberry (Vaccinium
angustifolium Aiton), and grape (Vitis sp.)
extracts inhibited AHL activity-mediated
violacein production. The mechanism of
inhibition appeared to be a combination of
interfering with AHL activity and modulating
the synthesis of AHLs (Kalia 2013). Naturally
occurring furocoumarins from grapefruit showed
>95 % inhibition of AI-1 and AI-2 activities
based on the Vibrio harveyi-based autoinducer
bioassay. Grapefruit juice and furocoumarins also
inhibited biofilm formation by E. coli O157:H7,
Salmonella typhimurium, and P. aeruginosa.
Grapefruit juices showed 47–62 % inhibition
against AI-1 and 16.8–27.5 % inhibition against
AI-2, whereas purified furocoumarins dihy-
droxybergamottin and bergamottin caused AI
inhibitions in the range of 94.6–97.7 %. Biofilm
formation by E. coli was disrupted by grapefruit
juice (furocoumarins). These lower inhibitory
effects were assigned to low concentration of
furocoumarins in grapefruit juice (Kalia 2013).

Sour orange seeds contain limonoids such as
isolimonic acid, ichangin, and deacetyl nomilinic
acid glucoside with abilities to interfere with
cell–cell signaling and biofilm formation in
V. harveyi. Furthermore, isolimonic acid and
ichangin treatment resulted in induced expression
of the response regulator gene luxO without
affecting the luxR promoter activity. Limonoids
were also effective against HAI- and AI-2-
mediated bioluminescence. These furocoumarins
and limonoids are unique secondary metabolites,
characterized by a furan moiety with the synthetic
furanones, which have QSI abilities (Vikram et al.
2010).
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Aqueous extracts of edible fruits such as A.
comosus (L.) Merr. (pineapple), Musa paradisi-
acal L. (banana), and M. zapota (L.) P.Royen.
(sapodilla) proved to be QSI against violacein
production by C. violaceum and pyocyanin pig-
ment, staphylolytic protease, elastase production,
and biofilm formation abilities of P. aeruginosa
PA01 (Musthafa et al. 2010). The hexane extracts
of Kigelia africana (Lam.) Benth. fruit showed
QS inhibitory activity against C. violaceum and
A. tumefaciens biosensor systems. Both LuxI and
LuxR activities were affected by crude extracts
suggesting that the phytochemicals target both
QS signal and receptor (Chenia 2013).

QSI Activity by Plants Used as
Spices

Curcuma longa L. (turmeric) produces cur-
cumin, which inhibits the expression of
virulence genes of P. aeruginosa PA01 in A.
thaliana/Caenorhabditis elegans pathogenicity
models (Kalia 2013). The antibiofilm potential of
curcumin on uropathogens as well as its efficacy
in disturbing the mature biofilms was examined
and found to attenuate the QS-dependent factors,
such as EPS production, alginate production,
and swimming and swarming motility. It
was documented that curcumin enhanced the
susceptibility of a marker strain and uropathogens
to conventional antibiotics (Packiavathy et al.
2014).

Cinnamaldehyde, an organic compound, given
by Cinnamomum verum J. Presl (cinnamon)
and its derivatives affect a wide range of QS-
regulated activities such as biofilm formation
in P. aeruginosa and AI-2-mediated QS in
different Vibrio spp. by decreasing the DNA-
binding ability of LuxR, resulting in several
marked phenotypic changes, including reduced
virulence and increased susceptibility to stress
(Kalia 2013). The ethanolic extracts of Laurus
nobilis L. (leaves, flowers, fruits, and bark)
were found to possess anti-QS activities against
C. violaceum (Kalia 2013).

Quorum sensing inhibition has been reported
from Allium sativum L. (garlic), and it has

been found that garlic extract has a preference
for the genes belonging to the group (toxins,
enzymes, and alginate), targeting 11 genes
(22 % of the functional class genes of P.
aeruginosa) like LasA, LasB (coding for elastase
and protease), rhlAB (encoding rhamnolipid),
chiC (encoding for chitinase), as well as aprA,
phzA1B, phzS, phzC2D2E2F2G2, and PA1L.
All these are involved in the virulence and
pathogenesis of P. aeruginosa (Kalia 2013). QS
inhibitory extract of garlic renders P. aeruginosa
sensitive to tobramycin, respiratory burst, and
phagocytosis by Polymorphonuclear Leucocytes,
as well as leads to an improved outcome of
pulmonary infections (Kalia 2013). Bioassay-
guided fractionation of garlic extracts identified
the primary QSI present in garlic to be ajoene, a
sulfur-containing compound. Microarray studies
of ajoene-treated P. aeruginosa cultures revealed
a concentration-dependent attenuation of central
QS-controlled virulence factors. Ajoene also
demonstrated a clear synergistic effect with
antibiotics on biofilm eradication and a cease
in lytic necrosis by macrophages (Jakobsen et al.
2012).

Aqueous methanolic extract of vanilla
beans (Vanilla planifolia Jacks. ex Andrews)
demonstrated QSI activity in reporter strain
C. violaceum CV026 (Kalia 2013). Essential
oils from Piper caucasanum Bredemeyer,
P. brachypodon Benth., and P. bogotense showed
significant QSI property upon the production of
violacein in C. violaceum CV026 (Olivero et al.
2011). Hexane and methanol extracts of clove
(Syzygium aromaticum (L.) Merrill & Perry)
inhibited the response of C. violaceum CV026
to exogenously supplied N-hexanoyl-homoserine
lactone, in turn preventing violacein production.
Chloroform and methanol extracts of clove sig-
nificantly reduced bioluminescence production
by E. coli [pSB1075] grown in the presence
of N-(3-oxododecanoyl)-L-homoserine lactone,
while the hexane extract inhibited QS-regulated
phenotypes in P. aeruginosa PA01, including ex-
pression of lecA :: lux and pyocyanin production
(Krishnan et al. 2012). Subinhibitory concentra-
tions of the clove oil demonstrated significant
reduction of Las- and rhl-regulated virulence
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factors such as LasB, total protease, chitinase
and pyocyanin production, swimming motility,
and EPS production in P. aeruginosa PA01. The
biofilm-forming capability of P. aeruginosa and
A. hydrophila WAF-38 was also reduced in a
concentration-dependent manner (Husain et al.
2013). Eugenol, the major constituent of clove
extract, was identified to have the anti-QS prop-
erty and at subinhibitory concentrations inhibited
the production of virulence factors, including
violacein, elastase, pyocyanin, and biofilm
formation. With the help of 2 E. coli biosensors, it
has been found that the mechanism of eugenols’
QSI property is related to the inhibition of the
Las and PQS systems (Zhou et al. 2013).

QSI Activity byMedicinal Plants

QSI have also been reported from many other
medicinal plants like Prunus armeniaca L.,
Prunella vulgaris L., Nelumbo nucifera Gaertn.,
Punica granatum L., Areca catechu L., and
Imperata cylindrical (L.) P.Beauv. Among the
acetone/water extracts of the medicinal plants,
A. catechu L. seed extracts repressed QS-
regulated characters in P. aeruginosa PA01
and C. violaceum. All the other plants, except
P. armeniaca L., exhibited QSI property in
P. aeruginosa PA01 and reduced violacein
production in C. violaceum. Panax notoginseng,
a Chinese medicinal plant and a dietary
supplement, demonstrated its ability to counter
the QS system by suppressing the protease
activities and many other virulence factors
from P. aeruginosa and violacein production
in C. violaceum. It appears that the reduction of
protease activity may be due to the decrease in
the production of signal molecules, critical for
the production of virulence factors (Song et al.
2010; Koh and Tham 2011).

O. sanctum L. proved to be QSI against
violacein production by C. violaceum and
pyocyanin pigment, staphylolytic protease,
elastase production, and biofilm formation
abilities of P. aeruginosa PA01 (Musthafa
et al. 2010). The methanolic bark extract
obtained from the mangrove plant Rhizophora

annamalayana Kathiresan against C. violaceum
exhibited a reduction in the QS-dependent
violacein production and the QS-dependent
bioluminescence production in the aquatic
bacterial pathogen V. harveyi. The molecular
docking analysis of the identified compounds
like cyclononasiloxane octadecamethyl and
cyclodecasiloxane eicosamethyl exhibited the
best docking energy with the QS receptors
of C. violaceum and V. harveyi with that of
the natural ligand (Musthafa et al. 2013). The
pigment production by C. violaceum strain was
inhibited by the ethanolic fractions of medicinal
plants like Adhatoda vasica L. (leaves), Bauhinia
purpurea L. (leaves), Lantana camara L.
(leaves), Myoporum laetum G. Forst. (leaves),
P. longum L. (fruits), and Taraxacum officinale
F.H. Wigg. (aerial parts) (Zaki et al. 2013).

Among the chloroform-soluble compounds
extracted from 46 plant materials, extract from
Scorzonera sandrasica Hartvig & Strid. proved
effective in inhibiting violacein production
in C. violaceum as well as the QS-regulated
carbapenem antibiotic production in Erwinia
carotovora (Kalia 2013). Hamameli tannin
extracted from the bark of Hamamelis virginiana
L. (witch hazel) like RNAIII-inhibiting peptide
(RIP) did not affect the growth of Staphylococcus
spp., but it did inhibit the QS regulator RNAIII
and prevented biofilm formation and cell
attachment in vitro. Further evidence was
provided by implantation of grafts into the
animal, which drastically decreased the bacterial
load in comparison to the controls (Kalia 2013).

Flavan-3-ol catechin, one of the flavonoids
from the bark and leaves of Combretum albi-
florum Tul., had a significant negative effect on
pyocyanin and elastase productions and biofilm
formation, as well as on the expression of the
QS-regulated genes like lasR and rhlA. Various
biosensor-based assays indicated that catechin
might interfere with the perception of the QS sig-
nal molecule by the respective receptor; thereby
leading to a reduction of the production of QS
factors (Vandeputte et al. 2010).

Pyrogallol extracted from medicinal plants
such as Phyllanthus emblica L. and its analogues
exhibit antagonism against AI-2 (Kalia 2013).
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Botanical remedies from southern Italy are used
to evaluate for their QSI properties by testing
the biofilm inhibition by methicillin-resistant
S. aureus. Among them, Lonicera alpigena
L., Castanea sativa Mill., Juglans regia L.,
Ballota nigra L., Rosmarinus officinalis L.,
Leopoldia comosa (L.) Parl., Malva sylvestris
L., Cyclamen hederifolium Aiton, Rosa canina
L., and Rubus ulmifolius L. showed significant
antibiofilm activity (Koh et al. 2013). Tannin-rich
fraction from Terminalia catappa L. was found to
have anti-QS activity against violacein pigment
production in C. violaceum (Taganna et al. 2011;
Jakobsen et al. 2012). The tannin-rich fraction
also inhibited QS-regulated characters like LasA
and biofilm formation in P. aeruginosa (Taganna
et al. 2011).

Methanolic extract of Terminalia chebula
Retz. fruits showed anti-QS activity using A.
tumefaciens and downregulated the expression
of LasI/R and rhlI/R genes with concomitant
decrease in AHLs in P. aeruginosa PA01 causing
attenuation of its virulence factors and enhanced
sensitivity of its biofilm toward tobramycin
(Sarabhai et al. 2013). The ethyl acetate fractions
of Syzygium cumini L. and Pimenta dioica L. dis-
played significant anti-QS activity by inhibiting
the pigment production by C. violaceum (Vasavi
et al. 2013). Lagerstroemia speciosa (L.) Pers.
fruit extract modulates QS-controlled virulence
factors like LasA protease, LasB elastase, and
pyoverdin production and biofilm formation in P.
aeruginosa (Singh et al. 2012).

QSI Activity by Ornamental Plants

Extracts from different plants like Tecoma
capensis (Thunb.) Lindl. (leaves, flowers), R.
officinalis L. (leaves), and Sonchus oleraceus
L. (aerial parts) were found to possess anti-QS
activities against C. violaceum (Kalia 2013).
Aqueous extracts of six southern Florida plants
Conocarpus erectus L., Chamaesyce hypericifo-
lia (L.) Millsp., Callistemon viminalis (Gaertn.)
G.Don, Bucida buceras L., Tetrazygia bicolor
(Mill.) Cogn., and Quercus virginiana Mill.

displayed their QSI effects on two biomonitor
strains, C. violaceum and A. tumefaciens. Each
plant presented a distinctive action profile upon
Las and Rhl QS genes and their respective
signaling molecules, suggesting that different
mechanisms are responsible for the efficacy of P.
aeruginosa virulence factors and the QS systems
(Kalia 2013). Essential oil and hydrosol fraction
of Satureja thymbra L. and PolytoxinolTM, a
compound based on essential oil, were shown
to be effective against biofilms formed by
Salmonella sp., Listeria sp., Pseudomonas sp.,
Staphylococcus spp., and Lactobacillus spp.
(Kalia 2013).

Essential oils from Colombian plants were
assayed for anti-QS activity in bacteria sensor
strains. Two major chemotypes were found
for Lippia alba (Mill.) N.E.Br. ex Britton &
P.Wilson, the limonene–carvone and the citral
(geranial–neral). For other species, the main
components included ’-pinene (Ocotea sp.),
“-pinene (Swinglea glutinosa Tabog), cineol
(E. cardamomum (L.) Maton), ’-zingiberene
(Zingiber officinale Roscoe), and pulegone
(Minthostachys mollis (Kunth) Griseb.). Several
essential oils, in L. alba, in particular, presented
promising inhibitory properties for the short-
chain AHL quorum sensing (QS) system, in E.
coli containing the biosensor plasmid pJBA132.
Moderate activity as anti-QS using the same
plasmid was also found for selected constituents
of essential oils studied here, such as citral,
carvone, and ’-pinene, although solely at the
highest tested concentration (250 �g/mL).
Only citral presented some activity for the
long-chain AHL QS system, in Pseudomonas
putida containing the plasmid pRK-C12. In
short, essential oils from Colombian flora
have promising properties as QS modulators
(Colorado et al. 2012).

Among the eight fractions of Acacia nilotica
(L.) P.J.H.Hurter & Mabb (green pod), fraction
which is rich in gallic acid, ellagic acid,
epicatechin, rutin, etc., demonstrated QSI activity
in C. violaceum (Koh et al. 2013). The ethanolic
extract from Scutellaria baicalensis Georgi
was found to inhibit violacein production, a
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QS-regulated behavior in C. violaceum and
Pectobacterium carotovorum (Song et al. 2012).
A methanol-soluble extract of the bark of
Myristica cinnamomea King was found to exhibit
anti-QS activity, and subsequent bioassay-guided
isolation led to the identification of the active
compound malabaricone C (1). Malabaricone
C (1) inhibited violacein production by C.
violaceum when grown in the presence of a
cognate signaling molecule, N-3-oxohexanoyl-
homoserine lactone (Chong et al. 2011). Six
sesquiterpene lactones of the goyazensolide
and isogoyazensolide type isolated from the
Argentine herb Centratherum punctatum Cassini
inhibited the virulence factors of P. aeruginosa
(Amaya et al. 2012).

Table 1 represents the abridged details about
the anti-QS research in plants and related prod-
ucts.

QSI Activity by Various
Phytocompounds

Phenolic plant secondary metabolites such as
salicylic acid stimulate AHL-lactonase enzyme
expression (Kalia 2013). Salicylic acid inhibits
biofilm formation, motility, and N-acyl homoser-
ine lactone production by P. carotovorum and
Pseudomonas syringae (Lagonenko et al. 2013).
The QSI action of salicylic acid might be due
to the reduction in the signal molecules level
produced by Pseudomonas sp. (Bandara et al.
2006).

A new biofilm inhibitor ursolic acid was iden-
tified from 13,000 samples of compounds puri-
fied from whole plants and separated parts such
as fruits, leafs, roots, and stems (Kalia 2013).
Ursolic acid added at the rate of 10 �g/ml de-
creased biofilm formation by 79 % in E. coli
and 57–95 % in V. harveyi and P. aeruginosa
PA01 depending up on the medium. Incidentally,
in these experiments, ursolic acid was found
to have no effect on QS as observed with V.
harveyi AI-1 and AI-2 reporter systems (Kalia
2013). GABA (”-aminobutyric acid) produced
by plant acts as promoter for the degradation

of AHL signal OHC8HSL by lactonase (AttM)
of A. tumefaciens, attenuating the QS-dependent
infection process (Kalia 2013; Zhang et al. 2002).
However, under abiotic stress such as drought and
salinity, accumulation of proline antagonizes the
plant’s GABA-defense mechanism (Kalia 2013).

Flavonoids have been the focus of research
for their roles as antioxidant, anti-inflammatory,
and anticancer agents. Keeping in view of these
health benefits, flavonoids such as naringenin,
kaempferol, quercetin, and apigenin were evalu-
ated for their QSI activities. All these flavonoids
inhibited HAI-1- or AI-2-mediated biolumines-
cence in V. harveyi BB886. Quercetin and narin-
genin were found to inhibit biofilm formation
by V. harveyi BB120 and E. coli O157:H7. In
addition, naringenin altered the expression of
genes for type three secretory system in V. harveyi
(Vikram et al. 2011).

Conclusion

It is concluded that anti-QS is as important to
fight against infections, as it does not pose selec-
tion pressure as it will unlikely cause resistance
problems. On the other hand, plants also prove to
produce anti-QS compounds, effective in protect-
ing crops from pathogenic bacteria. Other plants,
which can provide effective support to protect
human beings from infectious diseases, are tradi-
tionally known for their medicinal properties and
can act as QSI. But it is important to establish the
“modus operandi” of the different plant-derived
QS antagonists against the pathogens in order to
establish whether the antagonists are narrow or
broad spectrum. Most antagonists from plant ori-
gin are reported to have narrow spectrum of activ-
ity which may be useful in specifically targeting
a single type of pathogen in a polymicrobial envi-
ronment such as infection sites. But, on the other
hand, such a narrow action antagonist may have
limited clinical value, and care must be taken to
avoid the toxicity of these molecules to patients.
Keeping these attributes, the plant-derived anti-
QS antagonists may serve as the next-generation
“magic bullets” against infectious diseases.
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Introduction

Quorum sensing (QS) is a bacterial regulatory
mechanism that orchestrates communication
between bacteria in response to their local
population density. This coordinated behavior
allows bacteria to regulate the expression of
various phenotypes such as virulence, defense
mechanisms, antibiotic resistance, and biofilm
formation (Schuster et al. 2013, Ng and Bassler
2009; Guo et al. 2013; Geske et al. 2008b;
Galloway et al. 2011). QS is orchestrated by
a variety of small organic molecules called
autoinducers which are broadly divided into
three classes, namely, autoinducer-1 (AI-1),
autoinducer-2 (AI-2), and autoinducing peptides
(AIP). Whereas AI-1 compounds, also known
as AHLs (N-acylated L-homoserine lactones),
are the most common class of QS molecules
in Gram-negative bacteria (Geske et al. 2008b),
AIPs are the major autoinducers in Gram-positive
bacteria (Sturme et al. 2002; Novick and Muir
1999). AI-2 on the other hand is utilized by both
Gram-positive and Gram-negative bacteria and is
therefore referred to as a “universal” signaling
molecule (Lowery et al. 2008a; Waters and
Bassler 2005). In addition to these compounds
which are associated with a variety of bacterial
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strains, other small molecules have also been
reported to play important roles in QS in certain
strains. Prominent examples include PQS or 2-
heptyl-3-hydroxy-4-quinolone in Pseudomonas
(Dubern and Diggle 2008) and ”-butyrolactone
and diffusible signal factors (DSF) such as CAI-1
and cis-decenoic acid in P. aeruginosa (Fig. 1)
(Deng et al. 2011; Jimenez et al. 2012).

Quorum Sensing Inhibition

Several clinically relevant pathogens regulate vir-
ulence by QS-mediated pathways. For example,
P. aeruginosa, an opportunistic pathogenic bac-
terium, uses QS to regulate biofilm formation
and antibiotic tolerance (Jimenez et al. 2012;
Davies et al. 1998; Bjarnsholt et al. 2005; Hentzer
et al. 2003; Rasmussen et al. 2005). Consid-
ering the important roles of QS in virulence,
perturbing bacterial QS pathways, also referred
to as quorum quenching (QQ), has been proposed
as a viable strategy to address the menacing
problem of development of bacterial resistance
toward antibiotics (Hentzer et al. 2003; Wu et al.
2004; Sintim et al. 2010). This idea is based
on the notion that the use of antibiotics triggers
evolution of resistant strains because they tar-
get essential bacterial cellular processes. Since
QS is not essential for bacterial survival and
is mainly utilized for controlling virulence, dis-
ruption of QS pathways may impose compara-
tively less evolutionary pressure on bacteria to
develop resistant strains, thereby resulting in an

V.C. Kalia (ed.), Quorum Sensing vs Quorum Quenching: A Battle with No End in Sight,
DOI 10.1007/978-81-322-1982-8__23, © Springer India 2015
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Fig. 1 Structures of
selected autoinducers

efficacious antibacterial strategy (von Nussbaum
et al. 2006; Clatworthy et al. 2007; Cegelski et al.
2008; Marra 2004; Lewis 2013). Two viable QQ
approaches have been proposed—targeting the
synthase enzymes of autoinducers and inhibiting
the binding of autoinducers to their endogenous
receptors. This section of the chapter discusses
some of the highlights from the recent literature
on the development of quorum quenchers based
on both these approaches.

Targeting the Synthases of AI-1
(AHLs) and AI-2

One way to modulate QS pathways is to prevent
the biosynthesis of autoinducers by inhibiting
their synthase enzymes by using synthetic
analogues of their biosynthetic intermediates.
S-Adenosylmethionine (SAM) is a particularly
attractive intermediate to focus on as it is a
key precursor for the biosynthesis of both AI-1
(AHL) and AI-2 (Fig. 2).

AHL biosynthesis involves binding of SAM
and acylated carrier protein (ACP) to AHL syn-
thase (or LuxI-type protein) leading to acylation
followed by lactonization to generate the AHL
molecule (Fig. 2) (Rasmussen and Givskov 2006;
Hentzer and Givskov 2003; Parsek et al. 1999;
Watson et al. 2002). Various analogues of SAM

have been reported that act as quorum sensing
inhibitors (QSIs), presumably by interrupting this
biosynthetic pathway of AHL molecules. Among
them, S-adenosyl-homocysteine (SAH, 5), sine-
fungin (6), and butyryl SAM are the most potent
in vitro inhibitors reported for the P. aeruginosa
AHL synthase, RhlI (Fig. 3) (Rasmussen and
Givskov 2006; Hentzer and Givskov 2003).

Biosynthesis of AI-2 (Fig. 2), on the other
hand, involves the enzymes 50-methylthioadenosine
nucleosidase (MTAN) and LuxS (Pereira et al.
2013; Parveen and Cornell 2011). The first
step involves a methyl transferase-dependent
demethylation reaction of SAM to give
S-adenosylhomocysteine (SAH) which under-
goes an MTAN (also known as Pfs nucleosidase)-
catalyzed deadenylation reaction to give S-
ribosylhomocysteine (SRH). Subsequently, the
Zn metal-utilizing LuxS enzyme catalyzes the
hydrolysis of SRH into 4,5-dihydroxy-2,3-
pentanedione (DPD) (Zhu et al. 2013; Gopishetty
et al. 2009; Alfaro et al. 2004; Shen et al.
2006). During the catalysis, the metal ion acts
as a Lewis acid and catalyzes two consecutive
aldose-ketose isomerization reactions to yield
a 2-ketone intermediate (2) and ultimately a 3-
ketone intermediate (3). A base in LuxS then
abstracts a proton at the C4 position of 3 leading
to the elimination of the enol intermediate (4)
and homocysteinyl thiol (Hcy). The resultant



Synthetic Quorum Sensing Inhibitors: Signal Analogues 287

Fig. 2 Biosynthesis of AI-1 (AHL) and AI-2

Fig. 3 Selected SAM
analogues as inhibitors of
AHL synthase (Rh1I) in
P. aeruginosa
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Fig. 4 SRH analogues as
LuxS inhibitors (Alfaro
et al. 2004)

Fig. 5 Structures of LuxS inhibitors based on modifications at the ribose C-3 position (Wnuk et al. 2009)

Fig. 6 Hydroxamic acid
analogues as LuxS
inhibitors (Shen et al.
2006)

enol (4) spontaneously isomerizes to a highly
reactive 1,2-diketone compound (DPD) which,
in presence of water and borates, exists as a
complex mixture of multiple species in a dynamic
equilibrium, together comprising the AI-2 pool
(Fig. 2) (Globisch et al. 2012; Worthington and
Melander 2012).

Zhou and coworkers have reported the
synthesis of various SRH analogues and
evaluated them for their activity as AI-2 synthase
(LuxS protein) inhibitors. Two compounds, 7
and 8, were identified as potent LuxS inhibitors
(Fig. 4) (Alfaro et al. 2004). In compound 7,
an ether group replaces the hemiacetal of SRH,
presumably preventing the initial aldose-ketose
isomerization reaction occurring during the LuxS
catalyzed hydrolysis of SRH as discussed above
(Fig. 2). In compound 8, a C5-C6 carbon-carbon
bond replaces the carbon-sulfur bond of SRH,
whereas the rest of the molecule is identical
to SRH, thereby precluding the cleavage of
carbon-sulfur bond and hence inhibiting DPD
synthesis.

Another interesting class of SRH analogues
as AI-2 biosynthesis inhibitors was reported by
Wnuk and coworkers who synthesized various
SRH analogues modified at the ribose C3 position
and evaluated them for their activity against the
Bacillus subtilis LuxS (Wnuk et al. 2009). The
goal was to prevent the enolization step that
produces the 3-keto intermediate (3) (Fig. 2).

The compounds with inverted stereochemistry 9
(SXH) or the compounds substituted with either
bromine (e.g., compound 10 ([3-Br]SRH)) or
fluorine (e.g., compound 11 ([3-F]SRH)) showed
potent inhibition (Fig. 5).

Shen and coworkers have reported the syn-
thesis of various hydroxamic acid derivatives as
2-keto intermediate (4) mimics involved in the
hydrolysis of SRH. Two members of this library
of compounds, 12 and 13, were identified as
potent inhibitors against LuxS, yielding KI values
of 0.72 �M and 0.37 �M, respectively (Fig. 6)
(Shen et al. 2006).

MTAN is a crucial enzyme for both AI-1
and AI-2 biosyntheses (Fig. 2) and hence is an
attractive target for developing quorum sensing
inhibitors. Schramm and coworkers have reported
transition state analogues that are femtomolar
inhibitors of MTAN (Gutierrez et al. 2009;
Thomas et al. 2012). These compounds are
one of the most potent non-covalent enzyme
inhibitors known and they also demonstrate
potent quorum sensing inhibition. For example,
late transition state analogues (R2 D Me, Et, or n-
Bu in Fig. 7) demonstrate nanomolar IC50 values
for the inhibition of biosynthesis of both AI-1
and AI-2 (Gutierrez et al. 2009). Recently, early
transition state analogues (R1 D Me or 4-Cl-Ph
in Fig. 7) have been shown to inhibit MTAN
from S. pneumoniae, E. coli, and V. cholerae with
picomolar KI values (Thomas et al. 2012).
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Fig. 7 Structure of MTAN
inhibitors

Fig. 8 Structures of AI-1/AHLs (a) General structural features of AHL. (b) Selected Cn-HSLs discussed in the section.
(c) Selected 3-oxo-Cn-HSLs discussed in this section

Targeting AHL Receptors with AHL
Mimics

Another widely applied approach for modulating
QS is to target the receptor proteins that bind
to autoinducers by designing analogues of the
autoinducers. Most of the natural AHLs reported
share three conserved structural characteristics
(Fig. 8a): (1) a homoserine lactone ring which is
unsubstituted at the 3- and 4-positions (shown
in red), (2) a central amide linkage (shown
in blue), and (3) an acyl chain derived from
fatty acid biosynthesis (shown in green). The
AHLs discussed in this section are depicted
in Fig. 8.

Acyl Chain Modifications
The first report of synthetic AHL analogues was
published in 1986 by Eberhard and coworkers
(Eberhard et al. 1986). This study focused on
screening a set of �20 synthetic AHL analogues
for their agonist and antagonist activities against
3-oxo-C6-HSL (the native autoinducer) in Vib-
rio fischeri for binding to the AHL receptor,
the LuxR protein. This library was generated
mainly by varying the acyl chain length and
either incorporating or removing the 3-oxo group

in the chain (Fig. 9). Length of the acyl chain
was found to be a critical determinant of LuxR-
modulation activity of these compounds. For ag-
onistic activity, the optimal acyl chain length was
six carbon atoms (the 3-oxo-C8-HSL analogue).
In contrast, C9-HSL, an analogue without the oxo
substituent, was a potent antagonist. Additionally,
the 3-oxo group was found to be important for the
agonistic activity. Indeed, moving the oxo group
from C3 to C2 (e.g., compound 14) completely
abolished the agonistic activity. One limitation of
this study is that all the compounds were tested in
a bacterial reporter strain that expresses the AHL
synthase (LuxI), and so the presence of native 3-
oxo-C6-HSL in these assays could influence the
data interpretation.

To overcome this limitation of Eberhard’s
study (Eberhard et al. 1986), Greenberg and
coworkers screened a set of AHL analogues
very similar to those reported by Eberhard and
coworkers against cognate 3-oxo-C6-HSL for
LuxR activation in an E. coli strain in which
the V. fischeri LuxI synthase was inactivated
(Fig. 10) (Schaefer et al. 1996). Similar trends in
ligand activity were observed in this study. The
3-oxo-C5-HSL analogue demonstrated potent
activation of LuxR. Analogues with acyl chain



290 D. Kalia

Fig. 9 AHL analogues
screened against LuxR in
Vibrio fischeri by Eberhard
and coworkers (a) General
structural features of AHLs
tested. (b) Identified
agonist, antagonist, and
inactive analogues

Fig. 10 AHL analogues
evaluated against LuxR by
Greenberg and coworkers
(Schaefer et al. 1996). (a)
General structural features
of AHL analogues tested.
(b) Identified antagonists
and agonists. (c)
Incorporation of
unsaturated and aromatic
groups in the acyl side
chain

Fig. 11 Identified agonist
against LasR by Passador
and coworkers (Passador
et al. 1996)

length greater than five carbons demonstrated
potent inhibitory activity against LuxR. Among
them, C7-HSL was found to be the most efficient
antagonist. A comparison of 3-oxo and cor-
responding 3-methylene-substituted analogues
showed that 3-oxo derivatives were far superior
agonists of LuxR. Furthermore, introduction of
alkene or alkyne groups into the acyl chain next
to the amide to yield compounds 15 and 16,
respectively, decreased the activity, suggesting
that the flexibility of acyl chain is important
for LuxR binding. Interestingly, the 3-oxo-C4

derivative with a terminal phenyl group on the
acyl chain (e.g., compound 17) showed a strong
affinity for LuxR, suggesting the tolerance of acyl
chains for bulky substituents, which was further
supported by several other studies (Reverchon
et al. 2002; Geske et al. 2007; Geske et al. 2008a).

In another study, Passador and coworkers
showed that the length of the acyl chain is

the most critical parameter for the binding of
structural analogues of the P. aeruginosa au-
toinducer, 3-oxo-C12-HSL, to the AHL receptor,
LasR (Passador et al. 1996). The results of this
study revealed that both increasing (e.g., 3-oxo-
C14-HSL) or decreasing (e.g., 3-oxo-C10-HSL)
the acyl chain length by two carbon atoms
as compared to the native AHL (3-oxo-C12-
HSL), while retaining the 3-oxo group, were
well tolerated and gave the most potent agonists
(Fig. 11). Interestingly, introduction of double
bond at the C6-C7 position of the native AHL
(e.g., compound 18) resulted in an extremely
potent agonist (EC50 10 nM) and was comparable
to the native 3-oxo-C12-HSL (EC50 7 nM).
Increasing the chain length above 15 carbon
atoms or reducing it below 6 carbon atoms
resulted in a 300-fold decrease in activity. To
test the antagonistic activity, all the analogues
were analyzed for their ability to displace the
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Fig. 12 Identified agonist and antagonist against TraR by
Zhu and coworkers (Zhu et al. 1998)

tritium-labeled bound native ligand from the
LasR. The best agonist of the series, compound
18, was a good competitor and excluded 80% of
bound native AHL.

The significance of acyl chain length and the
3-oxo group was further seen in the study carried
out by Zhu and coworkers (Zhu et al. 1998). In
this work, the authors compared the ability of
32 acyl chain-modified AHL analogues to that
of the native ligand (3-oxo-C8-HSL) for acti-
vating TraR, an autoinducer-activated transcrip-
tional factor in Agrobacterium tumefaciens. In
general, AHL analogues with acyl chain length
of 7 carbons or more containing the 3-oxo group
were the most potent agonists. The most potent
activator was 3-oxo-C12-HSL (Fig. 12). Out of
the 32 analogues tested, 28 did not show agonist
activity but several were efficient antagonist. In-
terestingly, removing the 3-oxo group from the
native AHL resulted in the most potent antagonist
(C8-HSL).

In 1999, Kline and coworkers explored
the agonistic and antagonistic activities of
constrained analogues of native AHL, 3-oxo-
C12-HSL, against LasR in the P. aeruginosa strain
PAO-JP2 (Kline et al. 1999). The objective of this
study was to probe the two possible tautomers
(E and Z) of the “-ketoamide of native AHL
(Fig. 13a). Both salicylamide (19) (Z-enol tau-
tomer mimic) and the furan compound 20 (E-enol
tautomer mimic) turned out to be inactive. On the
other hand, gem-difluorinated analogues (e.g.,
compound 21, Fig. 13b), in which keto-enol
tautomerism is not possible, required a 10-fold
higher concentration as compared to native AHL
to display the same potency.

These studies revealed that an extended ge-
ometry of the acyl chain of 3-oxo-C12-HSL ana-
logues is essential to retain the agonistic activity.

Reverchon and coworkers synthesized C4-
substituted analogues of 3-oxo-C6-HSL (native
AHL in V. fischeri) with cycloalkyl, branched,
and aryl substituents (Fig. 14) (Reverchon et al.
2002). These analogues were screened for their
agonistic activity against LuxR in recombinant
E. coli pSB401, a bioluminescent reporter strain
containing LuxR and the lux box from V. fischeri
and the luminescence gene cluster from Pho-
torhabdus luminescens. Apart from compounds
having bulky substituents at the C4 position
(e.g., 22; R D naphthyl, t-butyl, or adamantyl),
all other 4-alkyl-substituted analogues showed
agonistic activity against LuxR. Cyclopentyl-
substituted AHL (23) was found to be slightly
more active than natural 3-oxo-C6-HSL. Further,
analogues substituted with phenyl group at the
C4 position (24) displayed no agonistic activity
and, instead, displayed potent inhibition of LuxR
which was influenced by C4 substitution on
the phenyl ring. For example, the IC50 value
of the unsubstituted parent compound (24) was
found to be 2 �M and suffered a 5-fold hit in
IC50 when substituted with the 4-trifluoromethyl
group (e.g., compound 25, IC50 10 �M). The
authors suggested that this observed antagonist
activity of aryl-substituted AHL analogues was
due to specific interactions with the aromatic
amino acids residue of the ligand receptor
pocket. These interactions presumably prevent
LuxR from adopting its active dimeric form.
This hypothesis was further supported by an X-
ray crystal structure of the TraR-3-oxo-C8-HSL
complex (Zhang et al. 2002).

Significant contributions have been made by
Blackwell and coworkers on the design and
the synthesis of acyl-chain-modified analogues
of AHLs. In their initial efforts, the group
developed a robust synthetic method for
these compounds by utilizing solid phase and
microwave-mediated synthetic technologies,
resulting in the preparation of 11 native AHLs
in addition to a small test library of nonnatural
AHL analogues (Geske et al. 2005). Among the
library, three AHL analogues (26, 27, and 28,
Fig. 15a) showed significant antagonistic activity
against receptor proteins, LasR (PAO-JP2 strain
of P. aeruginosa) and TraR (WCF47 strain of
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Fig. 13 Enol mimics and
nonenolizable AHL
analogues tested against
LasR by Kline and
coworkers (Kline et al.
1999). (a) E- and Z-enol
tautomer mimics of native
3-oxo-C12-HSL. (b)
Nonenolizable
gem-difluoro AHL
analogue agonist

Fig. 14 Identified C4-substituted AHL analogues as inactive, agonist, and antagonist against LuxR by Ravenchon and
coworkers (Reverchon et al. 2002)

A. tumefaciens). Encouraged by these results, the
authors synthesized a larger library consisting of
�90 nonnative AHL analogues and evaluated
their activity against QS regulator proteins,
TraR (A. tumefaciens), LasR (P. aeruginosa),
and LuxR (V. fischeri) (Geske et al. 2007). The
main objective of this comprehensive study was
to probe the key structural features required for
small-molecule inhibition or activation of QS-
modulating receptors in Gram-negative bacteria.
A major highlight of this study was that a
sub-library of 25 N-phenylacetyl-L-homoserine
lactones (PHL) (particularly the 3- and 4-phenyl-
substituted analogues) displayed a wide range of
antagonistic and agonistic activities (Fig. 15b).
The activity was found to greatly depend upon
the nature of the substituents on the aromatic
system. The most potent LuxR antagonists were
obtained when the phenyl ring was substituted
with the electron-withdrawing groups at the
para position. For example, 4-I PHL (29) was
the most potent antagonist against all the three
receptors. Interestingly, while 3-bromo and

3-chloro PHLs displayed antagonistic activity
against LasR, 3-NO2-PHL (30) and 3-CN-PHL
(31) proved to be potent agonists against LuxR.
In fact, compound 30 was identified as the
first nonnative superagonist (EC50 0.35 �M),
activating LuxR 10-fold more effectively than the
native 3-oxo-C6-HSL (EC50 3 �M) in V. fischeri.
Screening same libraries of synthetic nonnative
AHL against the third LuxR-type protein in
P. aeruginosa, QscR identified several potent
agonists (e.g., compounds 32, 33) and antagonists
(e.g., compounds 34, 35) (Fig. 15c) (Mattmann
et al. 2008). Based on the lead compounds
obtained during these studies, the Blackwell
group then synthesized a more focused library of
�40 compounds of three basic structures, PHL,
phenoxyacetyl-homoserine lactones (POHL)
(Fig. 15d), and phenylpropionyl-homoserine
lactones (PPHL) (Fig. 15e), with various substi-
tutions on the aromatic ring (Geske et al. 2008a).
4-NO2-POHL (36) and 4-CF3-POHL (37) proved
to be the potent antagonist against TraR. Against
LasR, 3-I-PPHL (38) and 4-Cl-PPHL (39) were
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Fig. 15 AHL analogues screened by Blackwell and
coworkers against various receptor proteins. (a) Identified
antagonists against LasR and TraR. (b) Identified PHLs
agonists and antagonists against LuxR. (c) Identified ago-

nists and antagonists against QscR. (d) Identified POPLs
as antagonists against TraR. (e) Identified PPHLs antago-
nists against LasR and LuxR

the potent inhibitors, whereas 38, 3-Br-PPHL
(40) and 3-CF3-PPHL (41) displayed potent
antagonistic activity against LuxR.

Amide FunctionModifications
One way to enhance the desired biological prop-
erties of a compound without making signifi-
cant structural modification is to use bioisosteres
(groups or substituents having similar physical or
chemical properties) (Patani and LaVoie 1996).
This approach has been employed to nonnative
AHLs by replacing the amide function by its
bioisosteres such as sulfonamides, ureas, and
sulfonylureas.

Sulfonamides
In a 2003 patent (Givskov 2003), Giskov and
coworkers have reported a variety of nonnative
AHLs in which the amide bond has been substi-
tuted with sulfonamides. A year later, Douthean
and coworkers reported their work on screening

a series of racemic N-alkyl and phenylalkyl-
sulfonyl HSL analogues for their agonistic or
antagonistic activities against LuxR in V. fischeri
(Fig. 16) (Castang et al. 2004). Interestingly, by
replacing amide group with the sulfonyl group,
none of the compounds showed agonistic activity,
but instead were potent antagonists against LuxR.
For N-alkyl-sulfonamide, the acyl chain length
was found to be the critical parameter for the
antagonistic activity. For example, the maximum
inhibition was displayed by compound (42), con-
taining five carbons in the acyl chain. Deviating
(either increasing or decreasing) from a five car-
bon chain length resulted in a decrease in the
activity. The antagonistic activity of phenylalkyl-
sulfonamides varied with the length of the carbon
spacer between the terminal phenyl group and the
sulfonamide linkage. Compounds with one car-
bon spacer showed weak activity (e.g., compound
43), whereas increasing the carbon spacer to
two yielded the most potent antagonistic activity
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Fig. 16 AHL analogues tested against LuxR by Douthean and coworkers (Castang et al. 2004). (a) General structural
features of AHL analogues tested. (b) Antagonists identified in the study

Fig. 17 Reverse amides and reverse sulfonamides deriva-
tives of AHL tested against LuxR (Boukraa et al. 2011).
(a) General structural features of AHL analogues tested.
(b) Most potent antagonists and an inactive AHL analogue
from the study

(compound 44). Compound 45 which contains a
three-carbon spacer yielded intermediate activity.
Docking studies, using computational homology
modeling of TraR X-ray structure, revealed the
molecular basis of sulfonyl AHLs to bind to the
3-oxo-C6-HSL binding domain of LuxR via hy-
drogen bonding interactions with the two amino
acid residues, Y62 and S137 (Zhang et al. 2002).

Reverse Amides and Reverse Sulfonamides
Douthean and coworkers also synthesized AHL
analogues in which the amide linkage was
replaced with reverse amides and reverse sul-
fonamides and the lactone ring was replaced with
the cyclopentanone and cyclopentanol (Fig. 17)
(Boukraa et al. 2011). These compounds were
evaluated for their agonistic and antagonistic
activities with respect to 3-oxo-C6-HSL in
V. fischeri for binding to LuxR protein, using

bioluminescence as the read out. Most of the
compounds showed antagonistic activity against
LuxR and none displayed agonistic activity up to
a maximum concentration of 200 �M. Acyl chain
length was found to be critical for the inhibition,
and N-pentyl reverse amide 46 (IC50 34 �M)
was identified as the most potent inhibitor
of the series, whereas the N-butyl derivative
resulted in a �3-fold reduction in activity, and
compounds with chain lengths of 6, 8, or 10
carbon atoms were moderately less efficient
antagonists. Replacing the reverse amide linkage
in compound 46 with a reverse sulfonamide
resulted in a 2-fold decrease in the inhibitory
activity (e.g., compound 47, IC50 70 �M).
Substituting lactone ring of the reverse amide
46 with the cyclopentanone (e.g., compound
48) was well tolerated and showed the same
range of activity as that of the lactone derivative.
Replacement of the ketone functional group in 48
by an alcohol to yield cyclopentanol 49 resulted
in complete loss of activity.

Ureas
Substituting the amide group by urea (Fig. 18)
resulted in compounds that displayed only an-
tagonistic activity and no agonistic activity for
LuxR (Frezza et al. 2006). Among the phenyl-
substituted ureas tested, the strongest inhibition
was observed for compound 50, in which the
phenyl group and the urea group are separated by
a three-carbon spacer. The antagonistic activity of
N-alkyl ureas increases with the increasing chain
length with pentyl urea (51) displaying the most
potent inhibition. Furthermore, N-methylation of
urea nitrogen (e.g., compound 52) resulted in
drastic decrease in the activity. These studies
therefore revealed that replacement of the amide
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Fig. 18 Urea derivatives of AHL tested against LuxR (Frezza et al. 2006). (a) General structural features of AHL
analogues tested. (b) Most potent antagonists and an inactive AHL analogue from the study

Fig. 19 Sulfonylurea derivatives of AHL tested against LuxR (Frezza et al. 2008). (a) Identified antagonists. (b) The
most potent antagonist discovered in the study

Fig. 20 Thiolactones and
lactams derivatives of AHL
identified as agonist,
antagonist, and inactive
against LuxR and LasR

group of AHL with either sulfonyl amide or
urea proved to be a viable strategy for designing
antagonists against LuxR in V. fischeri.

Sulfonylureas
Douthean and coworkers widened the scope of
designing inhibitors of LuxR by synthesizing
nine N-alkyl- and phenylalkyl-sulfonylurea HSL
analogues (Fig. 19) (Frezza et al. 2008). All these
compounds showed antagonistic activity against
LuxR, and the N-pentyl-sulfonylurea (compound
53) proved to be the most potent inhibitor in the
series (IC50 2 �M).

Lactone RingModifications
To understand the importance of ”-lactone ring
of the AHL, ”-lactone ring in the AHL analogues
has been replaced with either carbocyclic or hete-
rocyclic ring and was tested against their receptor
protein. One major advantage of this modification
is that such analogues would not be susceptible to
degradation by the AHL-degrading enzymes.

Thiolactones and Lactams
In V. fischeri, replacing the lactone ring with
the thiolactone ring in native 3-oxo-C6-HSL
(e.g., compound 54) resulted in weak agonist,
but strong antagonists against LuxR (Eberhard
et al. 1986; Schaefer et al. 1996). However,
switching from lactone ring to a 7-membered
lactam ring (e.g., compound 55) resulted in
complete loss of antagonistic activity, suggesting
that the lactone ring is important for binding
to the LuxR receptor (Eberhard et al. 1986).
Longer acyl chain (C12) thiolactone (compound
56) displayed weak agonistic activity against
LuxR (Schaefer et al. 1996). In contrast, the same
thiolactone (56) was as potent as native 3-oxo-
C12-HSL as an agonist for LasR in P. aeruginosa
(Passador et al. 1996). Again, its lactam analogue
(compound 57) showed considerably less activity
(Fig. 20).

A library of �21 thiolactone derivatives of
AHL was reported by Blackwell and coworkers
(McInnis and Blackwell 2011). These nonnative
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Fig. 21 Thiolactone derivatives of AHL identified as agonists and antagonists against LuxR, LasR, and TraR by
Blackwell and coworkers (McInnis and Blackwell 2011)

Fig. 22 3- and
4-Substituted ”-Lactone
derivatives of AHL tested
against LuxR by Neilsen
and coworkers (Olsen et al.
2002). (a) Structure of
halogenated furanone. (b)
Identified antagonists. (c)
Identified agonists

thiolactone AHL analogues were screened for
their agonistic and antagonistic activities against
LuxR-type QS receptors in P. aeruginosa (LasR),
V. fischeri (LuxR), and A. tumefaciens (TraR)
using bacterial reporter strains. Several new and
potent QS modulators having multi-receptor ac-
tivity were discovered in this study. Some of the
identified potent agonists and antagonists (com-
pounds 58-63) are shown in Fig. 21.

3- and 4-Substituted ”-Lactone
Various halogenated furanoses (e.g., compound
64, Fig. 22), isolated from the red marine alga
Delisea pulchra, have been reported to inhibit
several different QS systems (Givskov et al. 1996;
Manefield et al. 1999). These compounds pos-
sessed structural homology with the 3- and 4-
substituted AHL lactone rings (Fig. 22). Build-
ing on these observations, Nielsen and cowork-
ers designed and synthesized AHL analogues
that had various substitutions on the 3- and 4-
positions of the lactone ring and evaluated their
activity against LuxR in V. fischeri (Olsen et al.
2002). Compounds substituted at C4-position of
the lactone ring (e.g., compounds 65 and 66)
were found to be weak activators of LuxR, but
inhibitors at high concentration (50 �M). Com-
pounds substituted at C3-position of the lactone
(e.g., compounds 67 and 68) and essentially hav-

ing 3R configuration (67) displayed potent ago-
nistic activity, similar to that of the native ligand,
3-oxo-C12-HSL.

Substituting Lactone Rings
with Carbocycles and Heterocycles
Suga and coworkers designed and synthesized
�96 AHL mimics against LasR (3-oxo-C12-HSL
is its native ligand) and RhlR (C4-HSL is its
native ligand) in P. aeruginosa PAO-JP2 by re-
placing the AHL lactone ring with carbocycles
and heterocycles, while keeping the acyl chain
length unaltered with respect to the native ligands
(Smith et al. 2003a; Smith et al. 2003b; Jog et al.
2006). These studies resulted in the discovery of
several modulators of LasR and RhlR (Fig. 23)
(Smith et al. 2003b). For example, the 3-oxo-C12

cyclopentanone (compound 69) showed agonistic
activity against LasR at potency levels close to
the native ligand at high concentration (400 �M).
However, compound 70, the reduced variant of
compound 69, and notably the S,S derivative
displayed agonistic activity comparable to native
3-oxo-C12-HSL at 50 �M. Replacing the lac-
tone ring with the cyclopentanone in C4-HSL
(e.g., compound 71) activated RhlR to the same
level as native ligand at 100 �M concentrations.
Switching from cyclopentanone (5-membered) to
the cyclohexanone (6-membered) derivative, for
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Fig. 23 Carbocyclic and heterocyclic derivatives of AHL tested against LasR and RhlR tested by Suga and coworkers
(Smith et al. 2003b)

example, compound 72, resulted in an antagonist
which inhibited LasR and RhlR by 35% and
�60% at 100 �M and 50 �M concentrations,
respectively. Based on the initial findings, the
authors then reported a more focused library
of non-lactone AHL mimics against LasR (Jog
et al. 2006). In this study, bicyclic analogues,
for example, the isoquinoline derivative (73),
showed strong agonistic activity against LasR,
while monocyclic aromatic analogues, such as
aniline derivatives, turned out to be antagonists.
Out of eight identified inhibitors, five were ani-
line derivatives, and notably, anilines having a
hydrogen bond acceptor at the ortho or meta posi-
tion were identified as the most potent inhibitors
of LasR (e.g., compounds 74 and 75). Based on
the results obtained from these studies (Jog et al.
2006; Smith et al. 2003b), the authors concluded
that (1) AHL analogues with 5- and 6-membered
ring containing hydrogen bond acceptors next to
the amino group exhibited agonism against LasR
and (2) AHL analogues containing aromatic ring
in place of lactone displayed inhibition against
LasR.

Kato and coworkers synthesized AHL ana-
logues in which the lactone ring was replaced
by the cyclopentane ring to ablate its hydrogen
bonding capability and varied the alkyl chain
from 3 to 12 carbon atoms (Fig. 24) (Ishida
et al. 2007). All these compounds were tested
against LasR in P. aeruginosa. These studies led
to the discovery of C10-CPA (76) as one of the
most potent antagonists against LasR. Further-
more, with cyclopentane analogue as the lead

Fig. 24 Cyclopentyl derivatives of AHL tested against
LasR by Kato and coworkers (Ishida et al. 2007). (a)
General structural features of AHLs testes. (b) The most
potent antagonist identified in the study

compound, replacing the cyclopentane ring with
other carbocycles such as cyclopropane, cyclobu-
tane, cyclohexane, and cyclooctane resulted in
a decrease in antagonistic activity. From these
observations, the authors concluded that the both
the acyl chain length and the ring size were
important parameters to consider for designing
inhibitors of LasR.

Targeting AI-2 Receptors with AI-2
Mimics

LsrB and LuxP are the two best characterized
receptors for AI-2-mediated QS systems, which
are usually employed for studying the nonnative
AI-2-receptor interactions. LsrB regulates
the “-galactosidase activity in Salmonella
typhimurium, whereas LuxP plays an important
role in the regulation of bioluminescence
in Vibrio harveyi. In comparison to AHLs
analogues, there is a relatively paucity of known
synthetic nonnative small-molecule modulators
of AI-2-regulated QS pathways.

As discussed earlier, DPD exhibits a complex
equilibrium with the compounds comprising the
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Fig. 25 DPD analogues
tested for agonistic activity
against LuxP by Janda and
coworkers (Lowery et al.
2005)

AI-2 pool, in the presence of water and borates
(Fig. 2). Different bacteria recognize different
DPD derivatives of this AI-2 pool, as their ac-
tive signaling molecules. This interconversion
of molecules within the AI-2 pool presumably
allows bacteria to respond to both intra- and in-
terspecies cell-to-cell communication. Therefore,
synthesizing nonnative DPD analogues that will
also display such complex equilibria has been a
major focus of researchers engaged in develop-
ing small-molecule modulators of AI-2 signaling.
Furthermore, despite its relative structural sim-
plicity, the chemical synthesis of DPD and its
analogues is nontrivial, as these compounds are
stable only in dilute concentrations but dimer-
ize to biologically inactive derivatives at higher
concentrations (Smith et al. 2009; Meijler et al.
2004).

Janda and coworkers evaluated a series of nat-
ural and nonnatural DPD analogues (77–84) for
their agonistic activity against the receptor, LuxP
in the V. harveyi strain MM30, using biolumines-
cence induction as the read out (Fig. 25) (Lowery
et al. 2005). The results obtained from this study
showed that the natural S enantiomer of DPD (77)
(EC50 0.044 �M) was a 2000-fold more potent
agonist than its nonnatural L enantiomer (80)
(EC50 84 �M). Furthermore, both the chelation
of boron and the position of hydroxyl functions
were found to be important for DPD analogue-
LuxP binding.

A few years later, the same group reported a
variety of C1-alkyl-substitued DPD analogues
(85–96) (Fig. 26) (Lowery et al. 2008b).
These analogues were evaluated for their
QS-modulating activity by monitoring AI-2-
regulated induction of “-galactosidase activity
in S. typhimurium and bioluminescence in
V. harveyi. In S. typhimurium, none of the

compounds showed agonistic activity in the
absence of DPD. Interestingly, however, in
the presence of DPD (77), all the compounds
displayed antagonistic activity, without affecting
bacterial growth. Compounds 86 and 87 were
found to be the most potent inhibitors in this
study. In V. harveyi, in the absence of DPD, only
85 showed weak induction of bioluminescence
(weak agonist). However, in the presence of
DPD, a synergistic agonistic effect involving
DPD-enhanced AI-2-induced bioluminescence
was observed with the tested compounds. The
authors hypothesized that instead of LuxP, some
promiscuous receptors were responsible for the
observed synergistic agonism displayed by DPD
analogues in the presence of DPD. Similar results
were obtained by Ganin and coworkers upon
screening of C1-alkyl-DPD analogues by varying
alkyl chain length from 1–7 carbons in V. harveyi
(Ganin et al. 2009). Of note, two of the C1-alkyl-
DPD analogues (compounds 91 and 92) were
identified as potent inhibitors for the production
of virulence factor, pyocyanin in P. aeruginosa, a
phenotype regulated by QS (Fig. 26). Synergistic
agonism was also observed in DPD analogues
synthesized by Smith and coworkers where the
C1-alkyl groups were varied from linear (85–87)
to branched (93, 94) to cyclic alkyl groups (95,
96), suggesting marked promiscuity of ligand
binding (Smith et al. 2009). Compound 96 was
identified as the most potent synergistic agonist
in this study.

Future Perspectives

A plethora of synthetic analogues of autoinduc-
ers and those of their biosynthetic intermediates
have been reported in the last 15 years, only
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Fig. 26 Structures of C1-alkylated DPD analogues

a few of which have been discussed here. Al-
though these studies have resulted in the discov-
ery of several potent modulators of QS, there is a
paucity of mechanistic insight that underlies the
biological effects of these compounds. Unravel-
ing the molecular basis of binding and modu-
lation of QS-orchestrating bacterial proteins by
small molecules is critical for driving efforts in
designing novel QS modulators. Recent break-
throughs in structural biology efforts focused
at obtaining high-resolution crystal structures of
QS-regulating bacterial proteins complexed with
autoinducers or their cognate synthetic analogues
are providing much needed molecular-level in-
sights (Liu et al. 2005; Liu et al. 2013; Ha
et al. 2013; Haapalainen et al. 2013; Ilangovan
et al. 2013; Zou and Nair 2009). In addition to
detailed information on the mode of binding of
QS modulators to their target receptors, discovery
of new QS pathways that are modulated by au-
toinducer analogues will be tremendously useful
and will lead to the identification of new tar-
gets for designing antibacterial agents. A recent
chemical biology-based study has utilized mass
spectrometry to achieve this goal for the S. ty-
phimurium QS antagonist, propyl-DPD (Lowery
et al. 2013). Future studies focused on elucidat-
ing the molecular details of binding of quorum
sensing modulators to their targets employing
crystallography and other techniques, along with
discovery of novel QS signaling mechanisms and
pathways, are awaited with great anticipation.
Such efforts are urgently required for developing

novel QS inhibitors which can be ultimately uti-
lized as antibacterials, thereby adding to our fast-
depleting armamentarium against the scourge of
bacterial diseases that threaten the very existence
of mankind.
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Introduction

Pseudomonas aeruginosa masters quorum
sensing (QS) communication to coordinately reg-
ulate pathogenicity-associated group behaviors
including the production of virulence factors and
biofilm formation, which facilitate the invasion
into the hosts, counteract host immune system, as
well as promote the resistance/tolerance toward
conventional antibiotics. Three main QS systems
are employed by the pathogen, denoted as las
(Gambello and Iglewski 1991; Passador et al.
1993), rhl (Ochsner et al. 1994; Ochsner and
Reiser 1995), and pqs (Pesci et al. 1999). All the
networks are hierarchically interconnected: las
controls the other two systems; pqs positively
regulates the rhl signaling, whereas rhl in turn
puts a negative feedback upon pqs (Wilder
et al. 2011; McGrath et al. 2004). Regarding
the central role of QS for the infectious
process, the interruption of these pathways by
blocking the receptors or inhibiting the signal
synthesis via small molecules is an attractive
therapeutic strategy to attenuate the bacterial
pathogenicity, thereby overcoming intractable P.
aeruginosa infections (Rasmussen and Givskov
2006).
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Synthetic QSIs Blocking Receptor
Signaling

The interference with the QS receptors via QSIs
is a promising approach to efficiently interrupt
the communication networks, thereby decreasing
the QS-controlled pathogenicity (Kalia 2013;
Rasmussen and Givskov 2006). Generally, such
QSIs are derived from the natural ligands of the
target receptors, structurally unrelated natural
products, or small molecules/fragments. These
QSIs could be either pure antagonists or weak
agonists, all of which effectively compete with
the natural agonists preventing a sufficient
stimulation of the receptors.

N-Acyl l-Homoserine Lactone (AHL)
Receptors as Targets

In Gram-negative bacteria, N-acyl l-homoserine
lactones (AHLs) are the most commonly used
signal molecules for QS. The innate receptors
of these autoinducers belong to the LuxR type
which act as transcriptional regulators upon ac-
tivation by their native agonists. In P. aeruginosa,
the so-called las and rhl systems have been iden-
tified to be the key AHL-based QS systems. The
native ligands of the involved cytoplasmic recep-
tors LasR and RhlR are N-(3-oxo-dodecanoyl)-l-
homoserine lactone (3-oxo-C12-HSL or OdDHL)
and N-butanoyl-l-homoserine lactone (C4-HSL
or BHL), respectively (Fig. 1a).

Notably, a higher rank in the regulatory
hierarchy is accounted to the las system. An
additional LuxR-type receptor – the “orphan”
receptor QscR also responding to 3-oxo-C12-
HSL – has been reported for this particular human
pathogen (Chugani et al. 2001). However, the
major part of scientific studies concentrates on
the development of LasR antagonists to disrupt
AHL signaling in P. aeruginosa. Desirable
cellular effects of LasR- and/or RhlR-targeting
QSIs would be the reduction of virulence factor
production (e.g., elastase, hydrogen cyanide,
pyocyanin, pyoverdine, rhamnolipids, or alkaline
protease) as well as the attenuation of biofilm

formation. Indeed, several groups have reported
on the successful development of synthetic
agents with promising in cellulo activities.
The following section provides a detailed,
yet not exhaustive, overview on the structural
space covered by synthetic QSIs interfering
with AHL signaling. In general, compounds
addressing LasR and RhlR can be divided into
two categories: (1) structural mimics of AHLs
and (2) structurally unrelated substances.

AHLMimics
Many nonnatural agonists and antagonists of
LuxR-type receptors possess structural features
very similar to the native ligands or are actually
direct synthetic derivatives thereof (Fig. 1b, c).

Quite obviously, the AHL scaffold can be
divided into two sections. The head group con-
sists of the five-membered homoserine lactone
moiety, while the tail region comprises a linear
N-acyl residue of varying length. The amide-
based linker between both segments facilitates
modular approaches for straightforward synthe-
sis and derivatization. Many reports in the lit-
erature dealing with synthetic AHL analogues
focus on structural modifications in one of these
two sections while leaving the other part of the
molecule constant. Nevertheless, combinations of
nonnatural head and tail modules have also been
described.

Noteworthy, the native lactone pentacycles
of 3-oxo-C12-HSL and C4-HSL are easily
hydrolyzed under physiological conditions. The
resulting linear product is QS inactive (McInnis
and Blackwell 2011b). Thus, replacing this
moiety by stable bioisosters is a worthwhile
endeavor providing access to nonnatural QS
modulators with an in vivo half-life superior
to the natural ligands. The range of possible
substituents is broad and includes penta- and
hexacyclic thiolactones, homo- and heteroaro-
matic residues, as well as saturated ring systems
(Fig. 1b). Interestingly, modifications within the
head group of AHL-receptor agonists enable
to achieve the desirable functional inversion to
yield promising synthetic antagonists. Structural
differences between agonists and antagonists can
be very subtle. For example, Suga and coworkers
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Fig. 1 (a) Structure of N-acyl l-homoserine lactone-
based autoinducers in P. aeruginosa. (b) A selection of
reported substituents as head group replacements found in
the literature (McInnis and Blackwell 2011a, b; Jog et al.
2006; Ishida et al. 2007; Smith et al. 2003; Kim et al. 2009;
Persson et al. 2005; Morkunas et al. 2012; Hodgkinson

et al. 2012). (c) A selection of substituents as tail section
replacements found in the literature (Persson et al. 2005;
O’Loughlin et al. 2013; Geske et al. 2005, 2007, 2008;
Stacy et al. 2013; Amara et al. 2009). Abbreviations:
3-oxo-C12-HSL N-(3-oxo-dodecanoyl)-l-homoserine lac-
tone, C4-HSL N-butanoyl-l-homoserine lactone
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have shown that a compound possessing the
natural 3-oxo-dodecanoyl tail and a nonnatural
2-aminocyclohexanoyl head group is a potent
agonist and can be converted into an antagonist
through head group replacement by a 2-
aminocyclohexanone substituent (compound 1)
(Jog et al. 2006). A similar effect can be
observed for the usage of a 2-aminophenol
analogue (2) (Smith et al. 2003). The latter
derivative has the advantage that it has no
stereoisomers which abolishes the need for
stereo control and/or racemate separation during
synthesis/purification. Moreover, it has been
reported that the incorporation of aromatic
head groups usually yields an antagonistic
functional profile (Hodgkinson et al. 2012). In
summary, nonnatural head groups usually contain
a cyclic motif which can have diverse electronic
and/or chemical properties as well as varied
substitution patterns providing control over
agonist/antagonist functionality of the desired
compound without compromising affinity to the
respective LuxR-type receptor.

Reported variations in the tail region of
synthetic AHL mimics are also quite numerous
(Fig. 1c). Indeed, the difference between the
native AHL signal molecules in P. aeruginosa
lies in the length and chemistry of this section
mediating receptor selectivity. The absence of the
ˇ-keto motif in the RhlR-selective autoinducer
(C4-HSL) inspired researchers to omit this struc-
ture also for the generation of LasR-addressing
modulators. Interestingly, also short alkyl chains
and even cyclic structures are accepted in this
part of the molecule. Hence, substituted homo-
and heteroaromatics with varying alkyl linker
chains have been successfully incorporated into
antagonists of LuxR-type AHL receptors in P.
aeruginosa (Geske et al. 2008). Introduction of
1,2,3-triazole-based “click” linkers by Blackwell
and coworkers allowed for additional synthetic
modularity and combinatorial library generation
(Stacy et al. 2013). However, antagonists
possessing nonnatural tail groups that mimic the
linear unbranched structure of the native signal
molecules usually demonstrate higher potency
than multi-cyclic or angled motifs (Geske et al.
2007). Incorporation of electrophilic reactive
groups within such a linear tail section resulted

in covalent QSI addressing LasR (e.g., compound
6) (Amara et al. 2009).

Combining favorable nonnatural head and tail
groups with each other may yield rather unex-
pected results. Spring and coworkers have shown
that many of these “chimeric” compounds are of
low potency or essentially inactive (Hodgkinson
et al. 2012). Hence, conservation of the native
3-oxo-dodecanoyl chain in antagonists with non-
natural head groups can be mandatory for strong
QS inhibition. A selection of promising AHL-
mimicking LasR and RhlR antagonists and their
effects on P. aeruginosa is given in Fig. 2.

Structurally Unrelated AHL-Interfering
QSI
The application of experimental screening
methodologies using compound libraries led
to the identification of structurally diverse
LasR/RhlR antagonists (Wu et al. 2004; Musthafa
et al. 2012; Muh et al. 2006a, b). A selection of
respective compounds together with biological
activities is given in Fig. 3. One structure showing
very promising effects in vitro is referred to as C-
30 (10). This compound is a synthetic derivative
of a marine natural compound found in Delisea
pulchra and has been investigated for in vivo
efficacy in murine infection models. 10 was
capable of attenuating QS-mediated virulence
in mice and improved bacterial clearance from
infected animal lungs (Wu et al. 2004). However,
the molecular mode of action by which C-30 (10)
interacts with its target receptor (LasR) is not yet
fully elucidated.

Finally, it has to be stated that means by
which the potency of such LuxR-type antago-
nists can be determined are various and range
from recombinant reporter gene assays, over the
direct quantification of receptor-regulated down-
stream products, to the investigation of effects
on biofilm formation. Each of these biological
evaluation methodologies is highly dependent on
experimental parameters like used cell culture
media, effective concentration of organic cosol-
vents like dimethyl sulfoxide, or, importantly,
chosen P. aeruginosa strain. Hence, a comparison
of QSI interfering with AHL signaling developed
by separate working groups is difficult and in
many cases not practical. Additionally, not in all
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Fig. 2 A selection of LasR and/or RhlR antagonists with
reported effects on P. aeruginosa cells (Jog et al. 2006;
Smith et al. 2003; Hodgkinson et al. 2012; Ishida et al.

2007; O’Loughlin et al. 2013; Amara et al. 2009; Geske
et al. 2005; Muh et al. 2006b)

Fig. 3 A selection of LasR and/or RhlR antagonists with reported effects on P. aeruginosa cells (Hentzer et al. 2003;
Wu et al. 2004; Musthafa et al. 2012; Muh et al. 2006a)

cases it has been analyzed whether a cellular
effect (e.g., reduction of virulence factor pro-
duction) was mediated via antagonism of LasR,
RhlR, or both. Indeed, a very strong dual an-
tagonizing agent might prove ineffective in the
cellular context as the las and the rhl systems
can act reciprocally on the production of key vir-
ulence factors. Thus, detailed biological studies
including in vivo experiments will be necessary
to guide further developments in the field of
AHL-interfering QSI in P. aeruginosa.

4-Hydroxy-2-Alkylquinoline (HAQ)
Receptor as Target

PqsR is the receptor of the P. aeruginosa-
specific pqs QS circuit and functions as a
critical regulator that fine-tunes a large set of
pathogenicity-associated genes that encode for
virulence factors, such as pyocyanin, elastase B,
and hydrogen cyanide. Pseudomonas quinolone
signal (PQS) and 2-heptyl-4-hydroxyquinoline
(HHQ) – the two most predominant members of
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Fig. 4 Discovery of PqsR antagonists following ligand-
based and fragment-based approaches and the biolog-
ical effects on the production of virulence factor py-
ocyanin in P. aeruginosa. Abbreviations: HHQ 2-heptyl-

4-hydroxyquinoline, PQS Pseudomonas quinolone signal,
IC50 inhibitor concentration to achieve a half-maximal
degree of inhibition

the 2-alkyl-4-hydroxyquinoline (HAQ) family –
are the agonists of the receptor (Fig. 4) and
serve as the signal molecules of the network.
While QSIs interfering with receptors of las and
rhl systems are being intensively investigated,
only a few compounds targeting PqsR (PqsR
antagonists) have been reported.

Following a ligand-based approach, two re-
search groups have individually discovered po-
tent PqsR antagonists. Hartmann and coworkers
identified the first PqsR antagonists (e.g., com-
pound 13, Fig. 4) by means of introducing strong
electron-withdrawing groups into the 6-position
of HHQ (Lu et al. 2012). Interestingly, such in
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vitro highly active antagonists reveal opposite
functionality (agonistic activity) in P. aeruginosa
culture, which is attributed to an unexpected
functional inversion mediated by a bacterial en-
zyme PqsH. Overcoming the problem via fur-
ther structural optimization resulted in the most
potent PqsR antagonist to date (inhibitor con-
centration to achieve a half-maximal degree of
inhibition (IC50) toward pyocyanin: 2 �M, com-
pound 14), which demonstrated anti-virulence ef-
ficacy in vivo, thereby providing the first proof of
concept for the PqsR-targeting therapeutic strat-
egy (Lu et al. 2014). Meanwhile, Williams and
coworkers reported a series of novel PqsR an-
tagonists based on a quinazolinone (QZN) core
mimicking the quinolone scaffold of the natural
ligands (compound 15) (Ilangovan et al. 2013).
The QZN compounds do not only strongly inhibit
the pqs QS and production of pyocyanin but
also attenuate the biofilm formation of P. aerug-
inosa. Importantly, this work provided the first
co-crystal structures of the PqsR ligand-binding
domain with either agonist or antagonist giving a
deep insight into the ligand-receptor interactions
(Ilangovan et al. 2013).

Application of fragment-based approaches
is another promising way to discover potential
PqsR antagonists. Based on the knowledge
that the �-opioid receptor agonist (˙)-trans-
U50488 stimulates the transcription of the PqsR-
controlled operon, this compound was identified
as a PqsR binder via biophysical methods (Klein
et al. 2012). To simplify this compound into
smaller molecules and modify it into potent
antagonists, 106 fragments with key features
derived from U50488 were screened and the
best hit 16 was further optimized resulting in a
hydroxamic acid 17 with both high activity and
ligand efficiency. As expected, this antagonist
significantly diminished the pyocyanin produc-
tion. Similarly, attractive hits were discovered
via fragment screening of a library collection
composed of 720 small molecules (Zender et al.
2013). The most outstanding hit 18 having a 2-
phenyl-1,3,4-thiadiazole core was subsequently
transformed into potent PqsR antagonist 19,
which successfully suppressed pqs QS activity as
well as production of virulence factor pyocyanin.

Particularly, it is worth to note that 19 is more
drug-like than other known PqsR antagonists
regarding physicochemical properties.

Overall, PqsR has been attracting attention and
the recent contributions highlight QSIs antago-
nizing PqsR as promising anti-virulence com-
pounds combating P. aeruginosa.

Synthetic QSIs Blocking Signal
Molecule Biosynthesis

An alternative approach for interference with QS
is inhibition of the signal molecule synthesis. Al-
though reports applying this strategy are far less
numerous than those about signal reception inhi-
bition, evidence indicates that inhibition of signal
synthesis is feasible and effective both in vitro
and in vivo (LaSarre and Federle 2013). Usually,
signal molecules are generated via a cascade of
enzymes, which can be targeted individually for
inhibition of signal molecule production.

AHL Biosynthesis

In P. aeruginosa, AHL signals C4-HSL and 3-
oxo-C12-HSL are produced by the LuxI-type
AHL synthases LasI and RhlI, respectively
(Raychaudhuri et al. 2005; Parsek et al.
1999; Gould et al. 2004a). Both enzymes
use l-S-adenosylmethionine as substrate. The
second substrates, butanoyl-acyl carrier protein
(ACP) for RhlI and 3-oxo-dodecanoyl-ACP
for LasI, are likely derived from fatty acid
biosynthesis. Thereby, FabI, a nicotinamide
adenine dinucleotide-dependent enoyl-ACP
reductase, reduces trans-2-enoyl-ACPs to the
corresponding acyl-ACPs. FabB, a ˇ-ketoacyl-
ACP synthase I, condenses malonyl-ACP with
an acyl-ACP resulting in the respective 3-oxo-
acyl-ACP (Fig. 5a) (Hoang and Schweizer 1999).
So far, only a limited number of reports on AHL
biosynthesis inhibition have been published.

Triclosan (20, Fig. 5b) was identified as potent
inhibitor of FabI (IC50 of 0.2 �M) that could
suppress the production of C4-HSL in vitro. How-
ever, as P. aeruginosa was resistant to triclosan
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Fig. 5 Current model for N-acyl l-homoserine lactone
biosynthesis in P. aeruginosa (a) and representative QSIs
(b). Abbreviations: AHL N-acyl l-homoserine lactone,
ACP acyl carrier protein, NADH/NADC reduced/oxidized

form of nicotinamide adenine dinucleotide, SAM l-S-
adenosylmethionine, MTA 5-methylthioadenosine, C4-
HSL N-butanoyl-l-homoserine lactone, 3-oxo-C12-HSL N-
(3-oxo-dodecanoyl)-l-homoserine lactone

due to active efflux, the validity of FabI-targeting
QS inhibition could not be demonstrated yet
(Hoang and Schweizer 1999).

Interference with C4-HSL production by
inhibiting the synthase RhlI with substrate ana-
logues, reaction intermediates, and final products
was investigated by Greenberg and coworkers
(Parsek et al. 1999). Inter alia, the substrate
analogue l-S-adenosylcysteine (21, Fig. 5b)
and the reaction product 50-methylthioadenosine
(22, Fig. 5b) strongly inhibited RhlI activity in
vitro at micromolar concentrations (Parsek et al.

1999). However, these homologues have not been
evaluated in cellulo as they are likely to affect the
central pathways of amino acid and fatty acid
metabolism (Scutera et al. 2014).

Although the crystal structure of LasI has
been elucidated (Gould et al. 2004a, b), no
inhibitor targeting the synthase in P. aeruginosa
has been described so far. However, recent
advances in inhibiting LuxI synthases in other
bacterial species might pave the way for the
development of such inhibitors in P. aeruginosa
(Chung et al. 2011; Christensen et al. 2013).
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HAQ Biosynthesis

The pqs QS system, which is unique to P.
aeruginosa, makes use of HAQs as signal
molecules, among which PQS and its precursor
HHQ play a major role (Xiao et al. 2006).
Their biosynthesis requires the enzymes PqsA-
D and PqsH (Fig. 6a). Thereby, PqsA acts as a
ligase catalyzing the formation of anthraniloyl
coenzyme A (CoA) from anthranilate, adenosine
triphosphate, and CoA (Coleman et al. 2008).
PqsD, a ˇ-ketoacyl-ACP synthase III (FabH)-
type condensing enzyme, has been shown to
catalyze the condensation reaction between
anthraniloyl-CoA and ˇ-ketodecanoic acid
to give HHQ in vitro (Pistorius et al. 2011;
Steinbach et al. 2013). However, recent studies
revealed that in the cellular context of P. aerug-
inosa, PqsD more likely employs anthraniloyl-
CoA and malonyl-CoA as substrates to form
3-(o-aminophenyl)-3-keto-propionic acid. This
reactive intermediate is then condensated with
octanoyl to yield HHQ by a PqsB/PqsC complex
(Dulcey et al. 2013). As the exact mechanism
of action of PqsB/PqsC still remains elusive,

there have been no attempts so far to develop
QSIs targeting PqsB/PqsC. Finally, HHQ is
converted into PQS by the monooxygenase
PqsH (Schertzer et al. 2010). However, PqsH
has not been considered as suitable target as a
pqsH mutant displayed wild-type virulence in
mice (Xiao et al. 2006). Thus, most efforts have
been put into the development of small molecule
inhibitors blocking PqsA and PqsD.

The first reported inhibitor of PQS production
in P. aeruginosa was methyl anthranilate (23,
Fig. 6b), an analogue of the PqsA substrate an-
thranilate that was able to decrease the levels of
PQS-dependent virulence factor elastase. How-
ever, concentrations in the millimolar range were
necessary to see a pronounced inhibitory effect
on PQS formation (Calfee et al. 2001). Although
it could be excluded that methyl anthranilate was
a substrate or inhibitor of PqsA (Coleman et al.
2008), the exact mechanism of action remained
unknown.

Rahme and coworkers aimed at developing
more potent substrate analogues based on
the anthranilate structure (Lesic et al. 2007).
Introduction of electron-withdrawing halogen

Fig. 6 Current model for 4-hydroxy-2-alkylquinoline
biosynthesis in P. aeruginosa (a) and representative QSIs
(b). Abbreviations: HAQ 4-hydroxy-2-alkylquinoline,
CoA coenzyme A, ATP adenosine triphosphate, AMP

adenosine monophosphate, PPi pyrophosphate; II,
HHQ 2-heptyl-4-hydroxyquinoline, NADH/NADC re-
duced/oxidized form of nicotinamide adenine dinu-
cleotide, PQS Pseudomonas quinolone signal
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Fig. 6 (continued)

atoms into the phenyl ring should restrict
formation of an activated carbonyl. Indeed, these
derivatives strongly inhibited HHQ and PQS
formation (Lesic et al. 2007). For instance, 6-
fluoroanthranilic acid (24, Fig. 6b) exhibited an
IC50 of 109 �M regarding inhibition of PQS
synthesis (Maurer et al. 2013). Excitingly, these
compounds were shown to have therapeutic
benefits in vivo, where they increased survival
and limited systemic dissemination of P.
aeruginosa in a thermal injury mouse model

(Lesic et al. 2007). These effects were concluded
to be likely due to PqsA inhibition as anthranilic
acid accumulated in cultures grown in the
presence of the compounds.

Pesci and coworkers purified PqsA for the
first time and developed an in vitro assay
for identifying substrates and inhibitors of
PqsA (Coleman et al. 2008). For example,
anthranilate derivatives bearing chloro- and
fluoro-substituents in 4- to 6-position of the
benzene ring, such as compound 24 (Km of
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11 �M), were found to be substrates of PqsA.
In contrast, 3-chloroanthranilic (25, Fig. 6b)
acid was identified as an inhibitor of PqsA
(Ki of 12.9 �M). In general, the extent of
inhibition of PQS synthesis achievable with
both substrates and inhibitors did not correlate
with respective Km or Ki values. Finally, it
remained to be elucidated whether the inhibition
of PQS production by the substrates was due
to competition with anthranilate or to the
inhibition of downstream enzymes by formed
CoA thioesters (Coleman et al. 2008).

In 2011, Müller and coworkers developed an
in vitro enzyme assay with purified PqsD us-
ing anthraniloyl-CoA and ˇ-ketodecanoic acid as
substrates and detecting the product HHQ (Pisto-
rius et al. 2011). As a starting point for the iden-
tification of PqsD inhibitors, known inhibitors
of FabH, a structural and functional homologue
of PqsD, were tested. Indeed, compounds 26
(IC50 of 65 �M) and 27 (IC50 of 35 �M) could be
identified as the first inhibitors of PqsD (Fig. 6b).
However, their activity was only moderate and
they were not tested in cellular assays as they
were expected to exhibit antibiotic activity (Pis-
torius et al. 2011).

Hartmann and coworkers initiated several ra-
tional design projects for the development of
potent, selective, and non-bactericidal PqsD in-
hibitors. In the course of these studies, three
classes of PqsD inhibitors have been identified
following a design approach based on known
inhibitors of FabH, an experimental screening,
and a ligand-based strategy. For each class, a
series of compounds was synthesized and eval-
uated for its inhibitory potency in an in vitro
PqsD assay. Therefrom, structure-activity rela-
tionships were derived. Furthermore, molecular
docking based on the crystal structure of PqsD
(Bera et al. 2009), biochemical assays, and bio-
physical methods including surface plasmon res-
onance spectroscopy (Henn et al. 2012) were
applied to characterize the compounds regarding
binding site, binding mode, or molecular inter-
actions with the target. Based on that knowl-
edge, structural optimizations were performed
that led to potent PqsD inhibitors with IC50 val-
ues in the single-digit micromolar to submicro-
molar range (Storz et al. 2012; Weidel et al.

2013; Sahner et al. 2013; Hinsberger et al. 2014;
Storz et al. 2013).

The design approach based on known
FabH inhibitors (Pistorius et al. 2011) resulted
in two subclasses of compounds with 2-
benzamidobenzoic acid core structure. The 30-
sulfonamide-substituted series was found to
reversibly bind to the substrate access channel
within PqsD. The most potent inhibitor 28
(Fig. 6b) exhibited an IC50 value of 1.2 �M
(Weidel et al. 2013). The 30-phenoxy/40-phenyl-
substituted 2-benzamidobenzoic acids, originally
reported as inhibitors of bacterial RNA poly-
merase (RNAP), were systematically optimized
regarding their activity and selectivity profile.
The most promising compound 29 (Fig. 6b)
strongly inhibited PqsD (IC50 of 6.2 �M) while
not affecting RNAP (Hinsberger et al. 2014).

From the class of 5-aryl-ureidothiophene-
2-carboxylic acids identified by experimental
screening, compounds 30 (IC50 of 0.5 �M) and
31 (IC50 of 2 �M) turned out to be the most
potent (Fig. 6b). As the latter binds covalently to
the active site, it carries the potential of strong
biological effects (Sahner et al. 2013).

The ligand-guided design strategy led to a
potent class of PqsD inhibitors, the nitrophenyl-
methanols, which showed time-dependent
inhibitory activity, tight-binding behavior, and
active site binding (Storz et al. 2013). The most
promising member of this series, compound
32 (Fig. 6b), exhibited high potency (IC50

of 3.2 �M) and high ligand efficiency (0.39).
Applied at micromolar concentrations, this
compound strongly inhibited HHQ and PQS
synthesis as well as biofilm formation in P.
aeruginosa without affecting growth. Thus, by
the use of 32, it was shown for the first time that
inhibition of signal molecule synthesis is feasible
with a PqsD inhibitor and that PqsD is a valid
anti-biofilm target (Storz et al. 2012).

Conclusion

Numerous highly active blockers of QS
receptors as well as inhibitors of QS signal
synthases were identified using diverse design
strategies during the last decade. Among
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the developed compounds, several showed
anti-infective activities. However, studies provid-
ing detailed in vivo data are rare. Nevertheless,
the recent scientific achievements emphasize the
potential applicability of QSIs as a weapon to
treat the recalcitrant infectious diseases caused
by P. aeruginosa.

Opinion

Numerous scientific contributions demonstrate
that inhibition of QS can be regarded as a promis-
ing strategy against P. aeruginosa infections, and
the discovery of small molecules targeting QS is
rapidly progressing. However, there are obstacles
that hinder the successful translation of such QSIs
into real anti-infective drugs. First, the method-
ologies used for biological evaluation of QSIs are
various and the results are highly dependent on
experimental conditions, especially on the chosen
P. aeruginosa strain. This makes a comparison of
QSIs developed by different working groups dif-
ficult or even impossible. Second, the molecular
target of QSIs discovered by cellular screening
approaches is often unknown, which hampers a
directed optimization of their activity, selectivity,
and pharmacokinetic profile. Third, QSIs derived
from target-based drug discovery approaches of-
ten fail to exhibit cellular activity. Development
of such QSIs overcoming the Gram-negative cell
wall and escaping the widespread efflux pumps
remains a very challenging task. Fourth, despite
exciting in vitro and in cellulo activities achieved
with QSIs, an in-depth evaluation of such in-
hibitors in advanced animal models or even clini-
cal trials is still to be performed. Such studies are
mainly hampered by lack of drug-like molecules.
Many QSIs, especially those derived from natural
products, suffer from chemical instability, exhibit
toxic effects, or possess inappropriate pharma-
cokinetic properties. Thus, in our opinion, current
QS research should focus on development of
drug-like molecules applicable for in-depth in
vivo studies providing the proof of concept for
QS inhibition-based treatment of P. aeruginosa
infections.
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Development of Quorum-Sensing
Inhibitors Targeting the fsr System
of Enterococcus faecalis

Ravindra Pal Singh and Jiro Nakayama

Introduction

Enterococcus spp. can cause illnesses such as
bacteremia, endocarditis, urinary tract infections,
posttreatment endophthalmitis, and endodontic
infections (Murray 2000; Marothi et al. 2005).
Medical treatment of these infectious diseases
depends largely on bactericidal or bacteriostatic
antibiotics. However, frequent use of such an-
tibiotics has led to the development of drug-
resistant bacterial strains, which are difficult to
treat (Marothi et al. 2005; Murray 2000). As a
result, the blockage of bacterial quorum-sensing
(QS) systems has attracted attention owing to its
potential to attenuate bacterial virulence with-
out inducing bactericidal pressures that lead to
drug resistance. This approach, called quorum
quenching (QQ), can be undertaken partially or
completely independently of antibiotic treatment.
Among several QQ strategies, the use of QS
inhibitors (QSIs), which are small molecules that
have no adverse effects on bacteria, offers ad-
vantages in terms of drug delivery and decreased
damage to commensal microbiota.

Enterococcus faecalis is the most prevalent
species in the genus Enterococcus, espe-
cially at clinical sites. The expression of
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two pathogenicity-related proteases, namely,
gelatinase (GelE) and serine protease (SprE), is
regulated by a QS system encoded by the fsr gene
cluster on the E. faecalis chromosome. Similar to
the cognate QS systems frequently found in low-
GC Gram-positive bacteria, the fsr QS system
is mediated by a cyclic autoinducing peptide
(AIP) called gelatinase biosynthesis-activating
pheromone (GBAP). GBAP is an 11-residue
cyclic peptide in which the hydroxyl group of
the third serine forms a lactone bridge with the
C-terminal carboxyl group of methionine (please
refer to Chap. 14). The structure of GBAP is
somewhat different from that of other cognate
AIPs, which commonly have a thiolactone
ring consisting of five amino acids instead of
the lactone ring of nine amino acids found in
GBAP. A nanomolar level of GBAP activates the
FsrC-FsrA two-component regulatory system,
which results in the expression of the gelE-sprE
operon (Nakayama et al. 2001). QS-controlled
protease activity is strongly associated with the
pathogenicity of E. faecalis through promotion
of biofilm formation, breakdown of complement
systems, unlocking of collagen barriers, and
modulation of cell surface proteins (Hirt et al.
2000; Chuang et al. 2009; Chuang-Smith et al.
2010).

To develop QSI compounds targeting the fsr
system, we used two approaches: random screen-
ing from natural resources and rational drug de-
sign. In this chapter, the processes and outcomes
of these approaches are summarized and dis-
cussed.
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Screening of fsr Inhibitors
fromNatural Resources

We began QSI screening with a small number of
actinomycete strains isolated from soil samples
(Nakayama et al. 2007). In total, the culture
extracts of 179 strains were subjected to screen-
ing for the fsr inhibitor. Among three samples
showing fsr inhibitory activity, a culture filtrate
of Streptomyces strain Y33-1 showed the most
potent QSI activity, blocking the production of
GBAP and gelatinase without growth-inhibitory
effects. A QSI compound was isolated from the
culture filtrate of Y33-1 and identified as a tri-
cyclic peptide, siamycin I, which was originally
discovered as an anti-HIV peptide (Nakayama
et al. 2007). The half maximal inhibitory con-
centration (IC50) of siamycin I for gelatinase
production by E. faecalis is approximately 100
nM. At this concentration, siamycin I shows

no cell growth-inhibitory activity, but it slightly
inhibits the growth of E. faecalis at a concen-
tration of 1 �M (80 % growth 5 h after in-
oculation) and completely inhibits growth at a
concentration of 5 �M (no growth 12 h after
inoculation). Siamycin I acts as noncompetitive
inhibitor of GBAP and appears to disturb sig-
nal transduction of the fsrC-fsrA two-component
regulatory system (Fig. 1). Siamycin I also in-
hibits biofilm formation of E. faecalis at sublethal
doses (Nakayama et al. 2007). Another study has
demonstrated that siamycin I blocks autophos-
phorylation of the histidine receptor kinase FsrC
(Phillips-Jones et al. 2013). However, siamycin
I also inhibits other ATP-dependent enzyme ac-
tivities (Ma et al. 2011), which may explain the
growth-inhibitory effect of siamycin I at the high
dose of 200 �M.

Screening of fungal extracts yielded another
attractive QSI. We assayed 153 butanol extracts
from various fungal strains for fsr inhibition.
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Fig. 1 Mode of action of developed inhibitors target-
ing the fsr quorum-sensing (QS) system of Entero-
coccus faecalis. Siamycin I, produced by Streptomyces
strain Y33-1, inhibits phosphorylation of FsrC, and am-
buic acid, produced by fungi, inhibits the activity of

FsrB involved in biosynthesis of gelatinase biosynthesis-
activating pheromone (GBAP). ZBzl-YAA5911, devel-
oped through peptide design, competitively inhibits the
interaction of GBAP with FsrC. Bzl, benzyl
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Ambuic acid, with an IC50 of approximately
10 �M, was identified from strain KAP-
21 (Nakayama et al. 2009). Interestingly,
ambuic acid targets GBAP biosynthesis rather
than GBAP signal transduction. Specifically,
ambuic acid inhibits the cysteine protease
functions of FsrB, which are to process and
cyclize FsrD, a GBAP propeptide (Fig. 1).
FsrB belongs to the AgrB protein family that
is widely conserved among low-GC Gram-
positive bacteria, suggesting that cyclic AIP is
produced via a similar molecular mechanism.
Thus, the inhibitory effect of ambuic acid
on the biosynthesis of cyclic AIPs was also
examined in Staphylococcus aureus and Listeria
innocua, whose genomes encode AgrB and its
homologue, respectively. The results of liquid
chromatography-mass spectroscopic analysis of
culture filtrates revealed that ambuic acid inhibits
the biosynthesis of AIPs in these Gram-positive
bacteria. Furthermore, ambuic acid inhibits
hemolysin production in S. aureus, which is one
of the outputs controlled by the agr QS system
(Nakayama et al. 2009).

The finding that ambuic acid has a broad
anti-QS spectrum motivated us to perform large-
scale screening of cyclic peptide-mediated QS in
low-GC Gram-positive bacteria. For this purpose,
a high-throughput screening (HTS) system was
constructed by combing agr assay of the S. au-
reus with fsr systems of the E. faecalis; (Des-
ouky et al. 2013; Shojima and Nakayama 2014).
The screening system consisted of three steps.
The first two steps used a dual-reporter strain
for the agr system, and the last step was based
on the conventional E. faecalis gelatinase assay.
The reporter strain, S. aureus 8325-4, carried
pSB2035 encoding the bacterial luciferase gene
cluster and the green fluorescent protein (GFP)
gene under the agrP3 promoter and generated
luminescence and fluorescence, respectively, in
response to AIP induction. In the first step, which
was performed with a titer plate assay enabling
HTS, we measured luciferase luminescence. To
filter out pleiotropic inhibitors that indirectly af-
fect luciferase activity, we performed a second
screening with a GFP reporter which directly
reflected the activity of the agrP3 promoter. The

final step was to assay gelatinase production by E.
faecalis, which is the output of the fsr QS system.

A total of 906 actinomycete culture extracts
were subjected to the HTS, and 20 extracts were
identified as positive in the first screening step.
These 20 extracts were subjected to the second
screening with GFP, and 16 extracts significantly
inhibited GFP expression. After the final step of
screening using the 16 extracts, 4 extracts named
608, 609, Y51, and Y67 were identified as poten-
tial QSIs against both the agr and the fsr systems.
Some of these compounds were determined to
be depsipeptides with molecular sizes approxi-
mately the same as those of staphylococcal AIP
or GBAP. Determining the structure and mode of
action will be a particularly interesting direction
for further studies.

Apart from our studies, plant extracts have
been assayed for anti-QS activity. Salvadora per-
sica, typically used for teeth cleaning in Mid-
dle Eastern countries, is of interest for its an-
timicrobial activity against Streptococcus mutans
and plaque control capability (Khalessi et al.
2004; Rezaei et al. 2011). Methanolic extracts
(roots, leaves, bark, and shoots) of S. persica have
been screened for QQ targeting gelE and cylR1
expression in E. faecalis and N-acylhomoserine
lactone-mediated QS in Chromobacterium vio-
laceum (Rezaei et al. 2011). All extracts showed
QQ activity against all targets without bacterici-
dal activity. These results have attracted interest
in the mining of QSIs from plant resources.

Development of GBAP Antagonists

S. aureus has four classes of AIPs that interfere
with one another (Ji et al. 1997; Otto et al.
1999; Tal-Gan et al. 2013). The discovery of
this cross inhibition has accelerated the rational
design of AIP antagonists using the structure
of natural antagonists as receptor-binding tem-
plates. On the contrary, AIP structure does not
vary in Enterococcus. This structural consistency
forced us to undertake de novo design of peptide
antagonists. First, we gained knowledge of the
structure-activity relationship of GBAP through
an alanine scanning experiment. In contrast to
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those in staphylococcal AIPs, exocyclic amino
acid residues are not critical for agonist activity
for GBAP. Two aromatic residues, Phe-7 and Trp-
10, are indispensable for receptor binding as well
as agonist activity (Nishiguchi et al. 2009). Un-
expectedly, no antagonistic peptide was obtained
through single alanine substitution.

Therefore, we developed a novel reverse
alanine scanning approach. Initially, we created
a peptide called the receptor-binding scaffold
(RBS), which has the minimum structure
required for receptor binding. To create the
RBS, we retained two aromatic acids, Phe-7
and Trp-10, which are essential for receptor
binding, and replaced all other residues of the
ring region with alanine (Nakayama et al. 2013).
As expected, the synthetic RBS showed very
weak but significant QSI activity (25 % inhibition
at 100 �M). Thereafter, each alanine residue of
RBS was reverted to the original GBAP amino
acid. Concurrently, the QSI activity of each
revertant was examined, and the peptide with the
strongest QSI activity was selected for the next
cycle of reverse alanine scanning. We obtained
[Ala5,9,11]-Z-GBAP (Z D benzyloxycarbonyl)
after three cycles of screening. This compound
had the strongest QSI activity (IC50 8.7 �M), and
none of the additional revertants created in the
fourth round of scanning gained QSI activity,
suggesting that [Ala5,9,11]-Z-GBAP was the
maximally reverted peptide (MRP). The structure
of this MRP indicated that three residues, Asn5,
Gln9, and Met11, were critical in determining
agonist/antagonist activity. Further experiments
focusing on these three residues indicated that
Asn5 is the most critical for agonist/antagonist
activity. Thus, Asn5 was further substituted
with other amino acids, including unnatural
amino acids, to investigate high QSI activity.
Consequently, ZBzl-YAA5911 ([Tyr (Bzl)5,
Ala9,11]-Z-GBAP; Bzl D benzyl) was obtained as
the most potent GBAP antagonist (IC50 D 26 nM
and Kd D 39 nM, Fig. 1) (Nakayama et al. 2013).

It is found that enterococcal endophthalmitis
is one of the most relentless sight-threatening ad-
verse effects of cataract surgery (Scott et al. 2003;
Chen et al. 2009). Studies have demonstrated
that fsr QS-regulated expression of gelatinase and

serine protease is significantly associated with the
translocation of bacteria from the anterior cham-
ber to the vitreous chamber, which is a key event
in the progression of postoperative endophthalmi-
tis and severe retinal damage (Mylonakis et al.
2002; Engelbert et al. 2004; Suzuki et al. 2008).
Vancomycin and fluoroquinolones are commonly
used to treat and prevent endophthalmitis, respec-
tively. However, enterococci resistant to these an-
tibiotics have appeared in clinical settings and the
natural environment and are of significant con-
cern to ophthalmologists. We challenged ZBzl-
YAA5911 to block E. faecalis translocation in a
rabbit endophthalmitis model, and the compound
significantly inhibited the translocation without
showing direct bactericidal activity (Nakayama et
al. 2013). The destruction of retinal function was
significantly rescued in treated animals. This re-
sult suggests that ZBzl-YAA5911 has potential as
an anti-pathogenic agent. Combining drugs with
ZBzl-YAA5911 to increase effectiveness and ro-
bustness could open the way for new chemother-
apy for enterococcal endophthalmitis.

Conclusion

We used two approaches to identify QSIs
targeting the enterococcal fsr system: random
screening of natural compounds and drug design
based on AIP structure. Small-scale screening
of actinomycete culture supernatants revealed
that siamycin I effectively inhibits fsr QS at
sublethal concentrations. Siamycin I blocks
autophosphorylation of the histidine receptor
kinase FsrC. The compound also inhibits other
ATP-dependent enzyme activities, which may
explain the growth-inhibitory effect of siamycin
I at high doses. Another study using fungal
extracts showed that ambuic acid blocks QS
not only in E. faecalis but also in S. aureus and
L. innocua. Interestingly, ambuic acid inhibits
the processing of AIP propeptides, which is
necessary for the biosynthesis of mature AIP.
The fact that the AgrB protein family, which is
involved in the processing of AIP propeptides, is
commonly encoded in the genomes of a number
of low-GC Gram-positive bacteria suggests
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that thiolactone/lactone AIPs are produced via
a common biosynthetic mechanism and that
ambuic acid may be effective against QS in these
bacteria. These findings related to ambuic acid
led us to perform HTS to target cyclic peptide-
mediated QS in low-GC Gram-positive bacteria.

In contrast to the varied AIPs of S. aureus,
the AIPs of enterococci do not interfere with
one another. To enable de novo design of GBAP
antagonists, we used a novel approach of reverse
alanine scanning based on an RBS. Using this
approach, we developed an antagonist, ZBzl-
YAA5911, with a potency (IC50 D 26 nM) higher
than that of any of the QSIs thus far obtained in
our studies. In vivo efficacy of ZBzl-YAA5911
was investigated using a rabbit endophthalmi-
tis model. The compound inhibited E. faecalis
translocation without direct bactericidal activity.
To our knowledge, this example is the first of an
anti-fsr QSI with in vivo anti-pathogenic efficacy.

Opinion

Throughout our studies of inhibitors targeting
cyclic AIP-mediated QS in Gram-positive bacte-
ria, both peptide design and natural compound
screening approaches have been effective and
characteristic. The peptide design approach has
yielded a highly specific QSI, which shows no
bactericidal effect or QSI activity against other
species. On the contrary, natural compounds ob-
tained have mostly pleiotropic effects, notably
at high doses. It may appear that QSIs should
be as specific as possible. However, in terms of
anti-infectious chemotherapy, bactericidal effect
is generally preferred. A strong attack against
the QS system and a subsequent attack against
pathogen growth would be the best combina-
tion. The availability of both specific synthetic
QSIs and somewhat broad-spectrum QSIs can
obtain this combination and should be central
to future applications of these types of QSIs for
chemotherapy.
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Quorum-Sensing Inhibitor:
Pheromone-Guided Antimicrobial
Peptides
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Abbreviations

AMP Antimicrobial peptides
CSP Competence-stimulating peptide
EDTA Ethylenediaminetetraacetic acid
NMR Nuclear magnetic resonance
PG-AMP Pheromone-guided antimicrobial

peptide
QSI Quorum-sensing inhibitor

Introduction

Mankind fights microbial infections worldwide
by using large quantities of antimicrobials
(Geddes 2000). The success of these therapies
in infectious diseases is largely based on
the availability of antimicrobials that aim to
kill target pathogens (Kohansk et al. 2010).
Indeed, many bacterial infections can be treated
effectively with antibiotics since Alexander
Fleming discovered the first antibiotic penicillin
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in 1928 (Andersson and Hughes 2010). In the
battles of fighting against microbial infections
today, however, we have found ourselves facing a
severe threat: many antibiotics have lost their
effectiveness in treating infectious diseases
due to the growing crisis of development of
antibiotic-resistant microorganisms (Hogan and
Kolter 2002; Hughes and Anderson 2012).
Meanwhile, many conventionally available
antimicrobials exhibit broad-spectral killing
with regard to bacterial genera and species
(Eckert et al. 2006a, b). Such indiscriminate
killing of microbes can disrupt the ecological
balance of the indigenous microflora in a natural
ecosystem, resulting in various negative clinical
consequences (Eckert 2011). The problems
resulting from broad-spectrum antimicrobials
combined with the emergency of antibiotic
resistance highlight the urgent need for new
antimicrobials that selectively target specific
pathogens but less likely promote antibiotic
resistance. Currently, there are at least two
major research areas where researchers aim to
discover such new antimicrobials as alternatives.
In one field, antimicrobial peptides (AMPs)
have been rigorously investigated as alternatives
to small-molecule antibiotics, mainly because
of their ability to kill antibiotic-resistant
pathogens (Jenssen et al. 2006; Brogden 2005;
Brogden and Brogden 2011). In another field
that is extensively studied in recent years,
scientists actively search for natural and
synthetic compounds that act as quorum-sensing
inhibitors (QSI) targeting bacterial cell-cell
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signaling and its controlled pathogenic activities
(LaSarre and Federie 2013). These compounds
that quench quorum-sensing mechanisms are
considered as promising alternatives to antibiotic-
resistant microbes (Kalia and Purohit 2011). It
is believed that QSIs target bacterial cell-cell
signaling and coordinated activities required
for infections, thereby, essentially disarming
the bacteria and tipping the balance in favor
of the host and allowing the immune system to
clear the infectious pathogen (Li and Tian 2012).
QSI therapies that specifically block bacterial
quorum sensing can make the pathogens become
“deaf,” “mute,” or “blind” rather than directly
kill them. Therefore, QSI therapy may achieve
the treatment but cause much less selective
pressure to create resistant microbes (LaSarre
and Federie 2013; Kalia 2013). More recently, a
new class of antimicrobials, called pheromone-
guided antimicrobial peptides (PG-AMP), has
been developed as potential alternatives (Eckert
et al. 2006a, b; Mai et al. 2011; Qiu et al. 2003,
2005). PG-AMPs are fusion peptides that consist
of a targeting domain of a quorum-sensing signal
pheromone from a specific pathogen and a killing
domain of a known antimicrobial peptide. The
targeting domain can guide such a fusion peptide
to bind selectively to the target pathogen, leading
to quorum-sensing interference and selective
killing. Thereby, pheromone-guided AMPs have
added an exciting opportunity to develop new
antimicrobials that selectively target pathogens.
However, pheromone-guided AMPs and their
application as an alternative therapy are still in
their infancy. This chapter briefly reviews the
current advances in this field.

Rational Design
of Pheromone-Guided
Antimicrobial Peptides

To circumvent the problem that broad-spectral
antimicrobials indiscriminately kill bacterial
species, a few attempts have been made to
achieve target-specific antimicrobial therapies
by coupling antibiotics to species-specific
monoclonal antibodies or creating fusion

peptides that combine bactericidal domains
with bacterial recognition domains (Qiu et al.
2003, 2005; Eckert et al. 2006a, b; Franzman
et al. 2009; Mai et al. 2011). These narrow-
spectrum antimicrobials can selectively target
specific pathogens with little effect on the other
members of the resident flora. Among these
antimicrobials with “targeting activity,” quorum-
sensing pheromone-guided AMPs have shown
the greater promise to improve the selectivity,
effectiveness and applicability. It is well known
that quorum-sensing signal pheromones can
specifically bind to the same bacterial species
that produce them and function at nano-molar
concentrations even in a microbial community
(Eckert 2011). The rationale of creating such
antimicrobial agents is based on the addition
of a targeting domain of a quorum-sensing
signal pheromone from a target organism to
the killing domain of an antimicrobial peptide.
Both domains are fused via a small linker to
generate a fusion AMP without detrimental
change of their activities. Design of such target-
specific AMPs requires the identification of two
functionally independent molecules, a killing
domain comprised of a known AMP and a
targeting domain consisting of a species-specific,
high-affinity binding molecule, such as quorum-
sensing signal pheromones (Fig. 1). The major
advantage of such a fusion AMP is that the
targeting domain can guide the fusion molecule
to bind selectively to the target organism, leading
to quorum-sensing interference and selective
killing. In recent years, such pheromone-guided
antimicrobial peptides have been successfully
developed against various bacterial pathogens,
including MRSA S. aureus, vancomycin-
resistant E. faecalis, and Pseudomonas spp., and
cariogenic pathogen S. mutans (Qiu et al. 2003,
2005; Eckert et al. 2006a, b; Franzman et al.
2009; Mai et al. 2011).

Structure-Activity Analysis

Pheromone-guided AMPs are hybrid molecules
that largely depend on chemical synthesis
followed by experimental confirmation of their
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Fig. 1 A schematic diagram describes the rationale of
a pheromone-guided antimicrobial peptide to achieve se-
lective killing of a target bacterium, such as S. mutans,
in a multispecies microbial community. The pheromone-
guided AMP is a fusion peptide consisting of a target-
ing domain of a portion of quorum-sensing signal pep-
tide pheromone specific to S. mutans, a killing domain

of the portion from a known antimicrobial peptide, and
a short linker enabling two functional domains to fuse to-
gether to form a fusion peptide. The targeting domain can
guide the fusion peptide to bind to the target pathogen, S.
mutans, thereby triggering the selective killing or quorum
sensing interference

bactericidal activity against target pathogens.
Therefore, design of pheromone-guided AMPs
requires the identification of two functionally
independent molecules, a killing domain
comprising of a known AMP, and a targeting
domain consisting of a species-specific binding
domain of a quorum-sensing signal pheromone.
However, previous knowledge of two function-
ally independent molecules may not be sufficient
to predict targeted and killing activities of a newly
constructed fusion AMP. In many cases, such
fusion molecules may be lack of an expected
functionality because of changes in primary
sequences, charge, and hydrophobic features
of a fusion molecule. In few cases, a linker
sequence may also affect the targeted activity
of a fusion molecule. Therefore, it is important
to develop a rationale to design and synthesize
pheromone-guided AMPs based on structure-
activity analysis of two known functional
molecules. Generally, a library containing a
list of fusion molecules should be constructed
and experimentally evaluated for their activities
in terms of the selectivity and killing activity.
Based on this concept, Mai et al. (2011) have
constructed a library of fusion peptides consisting

of a killing domain of the active portion of
a marine-derived AMP (Patrzykat et al. 2003)
and the targeting domain of a signaling peptide
or CSP from Streptococcus mutans, a leading
cariogenic pathogen (Syvitski et al. 2007). By
screening the library, these researchers have
identified several pheromone-guided AMPs that
selectively target and kill S. mutans (Mai et al.
2011). The active fusion peptides consist of three
parts: an 8-residue targeting domain of CSP, a GG
linker, and a killing domain of a marine-derived
AMP (Table 1). Structural analysis by NMR
spectroscopy confirms that the active PG-AMP,
such as IMB-2, form an amphipathic, ’-helical
character, which appears to favor the interaction
of this peptide with the ComD receptor in
the cell membrane of S. mutans, whereas the
inactive peptide adopts a relatively unstructured,
random coil form (Mai et al. 2011). In other
studies, He et al. (2007; 2010) have developed
a strategy to design and construct two libraries
of fusion peptides that also target S. mutans
by a tunable, building-block approach that use
various combinations of antimicrobial, targeting,
and linker regions. The rationale developed
by this approach enables the researchers to
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Table 1 Examples of pheromone-guided antimicrobial peptides (PG-AMP)

Name of peptide
Fusion peptide (targeting domain –
linker – killing domain) MIC Target organism Reference

PMC-EF LVTLVFV (cCF10) – colicin Ia (175
residues)

4 �g/ml Vancomycin-resistant
Enterococcus faecalis

Qiu et al. (2005)

PMC-SA YSTCDFIM (AgrD1) – colicin Ia (175
residues)

4 �g/ml MSSA or MRSA
Staphylococcus aureus

Qiu et al. (2005)

G10KHc KNLRRIIRKGIHIIKKYG
(G10) –GGSGGS–
KKHRKHRKHRKH (KH)

2.8 �M Pseudomonas
mendocina

Eckert et al. (2006)

CSP-18a SGSLSTFFRLFNRSFTQA NA Streptococcus mutans Hossain and Biswas
(2012)

CSP-21a SGSLSTFFRLFNRSFTQALGK NA S. mutans Syvitski et al. (2007)

C16G2 TFFRLFNRSFTQALGK
(C16) –GGG– KNLRHRKGIHIIKKY

5.2 �M S. mutans Eckert et al. (2006)

M8-G2 TFFRLFNR -GGG–
KNLRIRKGIHIIKKY

3.25 �M S. mutans Eckert et al. (2006)

IMB-1 TFFRLFNR –GG– GWGSF-
FKKAAHVGKHVGKAALTHYL•NH2

2.2 �M S. mutans Mai et al. (2011)

IMB-2 TFFRLFNR –GG–
GWGSFFKKAAHVGKL•NH2

2.8 �M S. mutans Mai et al. (2011)

IMB2-H/S14 TFFRLFNR –GG–
GWGHFFKKAAHVGKL•NH2

2.8 �M S. mutans Mai et al. (2011)

aCSP-18: competence-stimulating peptide from S. mutans after C-terminal cleavage by SepM; CSP-21: CSP before
the C-terminal cleavage. Underlined is minimal targeting sequence from CSP. NH2: C-terminal amidation. H/S14: a
His-to-Ser14 substitution (bold). MIC: minimum inhibitory concentration. NA: not applicable

modify and improve the targeted killing activities
of fusion peptides in the libraries. In both
studies, the newly constructed peptides can be
optimized through modification of their primary
sequences, such as C-terminal amidation to
reduce the end charge or residue substitutions
to enhance their effectiveness and the stability in
various physiological conditions, including salt
concentrations, low pH, or proteolytic activity in
body fluids (He et al. 2010; Li et al. 2010; Mai
et al. 2011; Tian et al. 2009).

Targeted Killing Activity

All pheromone-guided AMPs newly constructed
have to be experimentally tested and validated
for their selective killing activities against
target pathogens. The in vitro effectiveness
and selectivity of a targeted peptide are usually
determined by experimental tests under three
culture conditions, mono-species culture, dual-
species culture, or multispecies culture or even in

biofilms. For example, a PG-AMP, IMB-2, shows
strong bactericidal activity (MIC 2.5 �M) against
S. mutans under a mono-culture condition.
However, this may not be sufficient to determine
the selectivity of this fusion peptide, so it is
further tested in a dual-species culture condition
or biofilm, which contains closely related species,
such as S. sanguinis and S. gordonii found in the
same ecosystem. This study confirms that IMB-2
selectively target S. mutans in the presence of
these closely related species under tested culture
conditions. The data suggest that the binding
of the PG-AMPs to S. mutans cells is species-
specific, since an enhanced killing activity
against S. mutans cells is clearly observed in
both monoculture and mixed culture. In addition,
IMB-2 shows good killing activity against S.
mutans cells grown in biofilms, although the
higher concentration of the peptide is required
to achieve desirable killing results. In addition
to mono- and dual-species culture conditions,
Eckert et al. (2006b) have also evaluated the
effectiveness and selectivity of several PG-AMPs
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against S. mutans in multispecies biofilms.
These researchers have confirmed that the
fusion peptides, especially C16G2, are capable
of eliminating S. mutans from multispecies
biofilms without affecting closely related non-
cariogenic oral streptococci. The work suggests
that some of the PG-AMPs may have the
potential to be developed into as “probiotic”
antimicrobials.

In another study, a targeted peptide, G10KHc,
exhibits a high degree of specificity for bacterium
Pseudomonas mendocina and binds tightly
to the surface of this species, resulting in
rapid and selective killing of this species in a
mixed culture condition (Eckert et al. 2006a).
It has been found that the targeting domain
(KH) and killing domain (G10) of G10KHc
function separately: the targeting domain of
G10KHc selectively delivers the peptide to the P.
mendocina surface and the killing domain then
rapidly disrupts the outer membrane, increasing
its ability to access the cytoplasmic membrane
and cause cell death. The data suggest that the
specificity of G10KHc against P. mendocina
results from an independent activity of the KH
domain. The combination of these independent
processes results in large overall enhancements in
killing activity and selectivity against the target
pathogen.

The ActionMechanisms

Theoretically, pheromone-guided AMPs should
function to exhibit two types of activities,
the targeting activity that guides the peptide
to bind selectively to the target pathogen
and bactericidal activity that triggers a rapid
killing by a mechanism that primarily depends
on the killing domain. However, the action
mechanisms for targeted killing by pheromone-
guided AMPs are not fully understood. Each
newly constructed AMP requires experimental
confirmation of its action mechanism. Currently,
there are two types of the action mechanisms
that may be involved in the activity of
PG-AMPs.

Killing by Disrupting theMembrane

Kaplan et al. (2011) have described the action
mechanism of a pheromone-guided AMP,
C16G2, which contains a portion of the S.
mutans CSP (CSP16) and is designed to target
S. mutans. By comparing C16G2 with a known
AMP melittin B, these researchers confirm that
C16G2 has a selective membrane-disrupting
activity that results in loss of membrane potential
(�‰) of S. mutans, leading to cell death at a
level of potency similar to that of melittin B.
However, the exact mechanism by which C16G2
is selective for S. mutans remains unclear, since
the ComD receptor that is supposed to be the
binding site for C16G2 has no role in targeting of
C16G2 to the surface of S. mutans. The evidence
suggests that C16G2 may involve the membrane-
binding or partition steps that enable C16G2 to
retain on the S. mutans surface, independently of
the ComD receptor.

However, Mai et al. (2011) have found that
a PG-AMP IMB-2 consisting of eight residue
targeting domain of CSP appears to enable the
fusion peptide to bind to the ComD receptor of
S. mutans, because deletion of comD results in
significant reduction in the killing of S. mutans
by IMB-2. In another word, the target domain
of IMB-2 appears to play a true role in guid-
ing the peptide to bind selectively to S. mutans
cells and then triggers killing by the killing do-
main. This divergence was not clear until a recent
discovery that an extracellular protease SepM
on S. mutans cell surface is required for the
processing of 21-residue peptide to generate an
18-residue CSP by cleavage of C-terminal three
residues LGK (Hossain and Biswas 2012). Since
the targeting domain of IMB-2 does not have the
C-terminal three residues LGK, this implies that
the C-terminal killing domain of IMB-2 would
not be subject to the cleavage by the protease
SepM (Table 1). In contrast, the fusion peptide
C16G2 contains the intact C-terminal residues of
CSP (CSPC16), including LGK, suggesting that
the C-terminal killing domain of C16G2 can be
cleaved off by SepM, releasing two independent
peptides, the targeting and the killing domains.
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The discovery of the protease SepM explains the
divergence in the action mechanisms between
these two fusion peptides, C16G2 and IMB-2.
Thus, the action mechanism of C16G2 observed
by Kaplan et al. (2011) can be interpreted as the
action mode of the C-terminal killing domain
alone, which is actually consistent with their
observation in the report. However, this does not
exclude the possibility that fusion peptide IMB-2
may involve an additional unknown binding site
on the surface of S. mutans, since it also kills
about 20 % of the ComD deletion mutant cells.
It is speculated that due to its amphipathic na-
ture IMB-2 may interact mainly with the ComD
receptor and, to a lesser extent, with the cell
membrane of S. mutans before triggering the
killing.

Quorum-Sensing Interference (QSI)

Pheromone-guided AMPs are chimeric molecules
containing the binding domain of a quorum-
sensing signal pheromone and the killing domain
of a known antimicrobial peptide. The binding
domain is expected to recognize and interact
with the cognate receptor on a target organism.
However, it remains an open question whether
the binding of such a fusion AMP to the receptor
affects quorum-sensing signaling transduction.
Recent works by screening a library of PG-AMPs
reveal that some fusion AMPs initiate rapid
killing and these peptides are often selected for
further investigation, as described in publications
(Eckert et al. 2006b; Mai et al. 2011). However,
the work also shows that some fusion peptides
exhibit growth inhibition or slow “killing” of
the target organism (Mai et al. 2011). Since
the short-time killing is not so great, these
fusion peptides are often not included for
further study. To understand structure-activity
relationships of newly constructed peptides,
some of these molecules have been explored
for their action mechanisms (unpublished
data). Interestingly, some of these fusion
peptides show growth inhibition or death and
interference with quorum-sensing signaling, as
detected by luciferase reporter activity assays
of the promoters of quorum-sensing-controlled

genes. The initial work suggests that these
fusion peptides may exhibit dual activities,
quorum-sensing interference (QSI), and targeted
killing, although the mechanisms behind these
observations remain to be determined. Therefore,
it is reasonable to assume that fusion peptides
that do not confer immediate killing may involve
other mechanisms to affect the target organism
and should be included for further investigation.

In recent year, quorum-sensing mechanisms
have been recognized as a new target for develop-
ment of quorum-sensing inhibitors as alternative
antimicrobials (LaSarre and Federie 2013; Kalia
and Purohit 2011; Kalia 2013). Any compound
that interferes with interactions between quorum-
sensing signal molecules and their cognate re-
ceptors might block bacterial cell-cell signaling
and its controlled virulence. QSIs that specifi-
cally block or override bacterial quorum sensing
can make the pathogens lose their capability
to communicate for coordinated activities. It is
believed that the QSI-interfered pathogens can
be readily eliminated by the host defense mech-
anisms (LaSarre and Federie 2013). This ap-
proach potentially has several advantages, includ-
ing exerting less selective pressure toward resis-
tant microbes, preserving the normal microflora,
and expanding the repertoire of bacterial targets.
Clearly, further study is required to elucidate
the action mechanisms of individual pheromone-
guided AMPs.

The Stability in Physiological
Conditions

It is known that many AMPs are sensitive to vari-
ations in salt concentrations, ionic strength, pH,
and proteolytic activity in body fluids, such as in
serum, saliva, or gastrointestinal fluid, resulting
in reduction or loss of their bactericidal activ-
ities (Jenssen et al. 2006). Therefore, the abil-
ity to resist physiological salts, pH fluctuation,
and proteolytic activity is crucial for pheromone-
guided AMPs to retain their killing activities in
the host. A pheromone-guided AMP IMB-2 that
specifically target S. mutans has been assessed for
their stability in physiological conditions in body
fluids such as human saliva (Mai et al. 2011).
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Human saliva is a mixed fluid that contains 99 %
water and 1 % organic and inorganic molecules
with an average pH 6.7 (Syeebny et al. 1992). To-
tal electrolytes in saliva largely account for ionic
strength or salt concentrations, which are nor-
mally lower than those in serum, but vary greatly
with saliva flow and health status. In addition,
whole saliva contains a number of components,
such as antimicrobial compounds, proteins, gly-
coproteins, and bacterial products, which account
for most of its proteolytic activity (Syeebny et al.
1992). It is reported that IMB-2 is capable of
maintaining killing activity in physiological or
even higher salt concentrations for about 15 min,
which is sufficient for the peptide to exhibit
nearly full killing activity, indicating the relative
stability of this fusion peptide in human saliva
(Mai et al. 2011). It is also found that a low dose
of chelating agent EDTA can significantly im-
prove the stability of IMB-2 in human saliva, sug-
gesting that it should be an advantage by combin-
ing pheromone-guided AMP with a low concen-
tration of EDTA. In addition to resistance to high
salt and proteolytic activity, IMB-2 is also found
to be relatively resistant to low pH. In particular,
a modification of the peptide by a Ser-to-His
substitution, named IMB2-H/S14, improves the
killing activity of the fusion peptide by 10–20 %
at lower pH levels. Thus, IMB-2H/S14 appears to
be more desirable than IMB-2 for application un-
der pH fluctuation conditions such as in the oral
cavity.

Clinical Application and Efficacy

Currently, very few of studies have been car-
ried out to investigate the efficacy and potential
of pheromone-guided AMPs in vivo, although
several studies have reported the killing activ-
ity of these fusion AMPs in laboratory condi-
tions. There are considerable challenges in clin-
ical application, because of some doubts about
the ability to achieve high antimicrobial activity
under physiological conditions, the susceptibility
of peptides to proteolytic degradation, the lack of
information about potential toxicities in vivo, and
comparatively high costs associated with peptide
production. Despite such challenges, a pilot study

has been conducted in human volunteers to eval-
uate the clinical efficacy of a PG-AMP, C16G2,
against S. mutans in a mouth rinse (Sullivan et al.
2011). These researchers have found that C16G2
is highly effective in stopping the growth of S.
mutans in dental biofilms and reduces the for-
mation of total dental biofilms during the course
of the study. As a proof of concept, this study
has achieved relatively good results of in vivo
efficacy, the selectivity, the delivery method, and
the stability in the human hosts.

Summary

Development of target-specific antimicrobial
agents that selectively target specific pathogens
may provide an opportunity to circumvent some
clinical problems, such as ecological disruption
and negative clinical consequences, due to the
use of wide-spectrum antibiotics. Since bacterial
quorum-sensing signal pheromones specifically
bind to the same species at nano-molar
concentrations, researchers have taken advantage
to develop a new class of antimicrobials, called
pheromone-guided antimicrobial peptides. This
new class of AMPs consists of a targeting domain
of a quorum-sensing signal pheromone from a
pathogen and the killing domain of a known
antimicrobial peptide, both of which are fused
via a small linker to generate a pheromone-
guided AMP without detrimental change of their
activities. The major advantage of such an AMP
is that the targeting domain can guide the fusion
peptide to bind selectively to the target pathogen,
leading to quorum-sensing interference and se-
lective killing. Novel pheromone-guided AMPs,
such as IMB-2 and C16G2, have been shown
to be effective to kill their target organism in a
mixed microbial community. These pheromone-
guided AMPs have been demonstrated to retain
relatively good killing activities under various
physiological conditions and can be further
modified to improve their stability or killing ac-
tivity. Efforts have focused on increasing stability
and retention, improving antimicrobial activity,
reducing cytotoxicity, and incorporating AMPs
in novel formulations. Because of their effective-
ness, selectivity, relative stability, and minimal
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toxicity toward the host cells, this new class of
target-specific AMPs has shown great potential
for future development as alternatives in fighting
against certain types of infectious diseases.
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Alternative Strategies to Target
Quorum Sensing (QS): Combination
of QS Inhibitors with Antibiotics
and Nanotechnological Approaches

Divakara S.S.M. Uppu, Chandradhish Ghosh,
and Jayanta Haldar

Introduction

Conventional antibiotics, targeting the essential
cellular processes such as cell wall biosynthe-
sis, protein synthesis, and DNA replication and
repair, are limited by the ease at which bacteria
develop resistance against them (Wright 2010).
The increasing occurrence of resistant bacteria
has become a major threat to public health world-
wide (McKenna 2013). Consequently, much ef-
fort has been directed toward the identification
of novel strategies such as targeting the bacte-
rial cell membrane and attenuation of bacterial
virulence to tackle bacterial resistance (Defoirdt
et al. 2010). Quorum sensing (QS) is one such
important phenomenon, which can be targeted to
tackle the problems posed by multidrug-resistant
bacteria. QS involves a mechanism of gene reg-
ulation in response to the presence or absence
of small signal molecules (Miller and Bassler
2001). Thus, therapeutics targeting this nonessen-
tial pathway could prevent bacterial pathogenesis
and in turn prevent the cause of a disease. Since
QS is not essential for bacterial proliferation or
survival, it is generally believed (although not
proven yet) that pathogens are unlikely to develop
resistance to such a strategy which poses no or
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little selective pressure to bacteria (Defoirdt et al.
2010). More importantly, this bacterial commu-
nication would be required for the transfer of
genetic information (e.g., horizontal gene trans-
fer) in the process of spreading bacterial resis-
tance. Targeting such a communication would
have a tremendous impact on stalling the spread
of bacterial resistance. Extensive reviews on the
development of quorum sensing inhibitors (QSIs)
are available in the literature, which advocate
the efficacy of this strategy (de Kievit 2009;
Rasmussen and Givskov 2006; Kalia 2013; Tay
and Yew 2013).

Biofilms, the most important outcome of QS in
bacteria, often withstand the immune responses
of the host and are markedly more resistant to var-
ious antimicrobial treatments. In most pathogens
studied so far, blocking QS does not abolish
biofilm formation, but does make the biofilm
more susceptible to antimicrobials and immune
reactions. So, targeting quorum sensing would
help in the clearance of such stubborn biofilms
(Rasmussen and Givskov 2006; de Kievit 2009;
Kalia 2013; Tay and Yew 2013).

Antibiotics and Non-antibiotics
as QSIs

Over the past few decades, the research related
to the development of QSIs has gained increasing
attention. However, none of the compounds made
it yet to the phase II stage as the toxicity concerns
limit their application in the clinical settings.

V.C. Kalia (ed.), Quorum Sensing vs Quorum Quenching: A Battle with No End in Sight,
DOI 10.1007/978-81-322-1982-8__27, © Springer India 2015
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Table 1 Antibiotics and non-antibiotics as QSIs

Compound(s) Inhibition of QS/biofilm formation Organism Reference

Antibiotics

Kanamycin Makes QS-deficient mutants more
susceptible compared to wild-type strains

P. aeruginosa Shih and Huang (2002)

Azithromycin
Ciprofloxacin
Ceftazidime

QS inhibition by reducing the production
of virulence factors and altering the gene
expression that regulates QS

P. aeruginosa Skindersoe et al. (2008)

Azithromycin Inhibits QS in vitro, reduces the
expression of QS circuit and target genes
in patient and favorable pharmacokinetics
and metabolism

P. aeruginosa Skindersoe et al. (2008)
Delden et al. (2012)

Non-antibiotics

Polyphenols Quorum sensing ability has been reported
to be a side effect of peroxide production
of pyrogallol

V. harveyi Huber et al. (2003)
Ni et al. (2008)
Defoirdt et al. (2013)

Niclosamide Inhibits QS by inhibiting the production of
virulence factors, biofilm formation, and
effects motility. Increases the survival in
G. mellonella insect model of infection

P. aeruginosa Imperi et al. (2013)

4-Nitropyridine-N-
oxide
Halofuranones
Penicillic acid
Patulin
Fimbrolides
Nitric oxide (NO)

Blocks QS by inhibiting the production of
various signal molecules and inhibits
biofilm formation

P. aeruginosa Rasmussen and Givskov (2006)
Skindersoe et al. (2008)
Straight and Kolter (2009)
Romero et al. (2011)
Kutty et al. (2013)
Barraud et al. (2006)

2-Aminoimidazoles Inhibit and disperse biofilms P. aeruginosa
A. baumannii
S. aureus

Rogers et al. (2009)
Rogers et al. (2010)

A promising way to overcome this problem is
searching for QSIs among the thousands of drugs
approved for clinical use in the treatment of
different diseases. Antibiotics form the most im-
portant group of clinically approved drugs that
would serve this purpose. Investigations have
shown that biofilms of P. aeruginosa QS mutants
have reduced tolerance to antibiotics compared
with that of their wild-type parents, and inhi-
bition of QS has been shown to promote the
eradication of biofilms by antimicrobial treat-
ments and make the biofilm more susceptible to
phagocytosis by neutrophils (Rasmussen et al.
2005; Davies et al. 1998; Hentzer et al. 2003). It
has been shown that biofilms formed by the QS-
deficient mutants of P. aeruginosa were shown to
be more susceptible to kanamycin compared to
the wild-type strains (Table 1) (Shih and Huang
2002). Interestingly, antibiotics can act as QSIs
at their subinhibitory concentrations and play a

role in the expression of genes involved in key
biological process including general stress re-
sponse, exopolysaccharide production, virulence,
QS, and biofilm formation (for more informa-
tion, see Straight and Kolter (2009) and Romero
et al. (2011)).

Screening of 12 antibiotics for QSI activities
against P. aeruginosa resulted in the identifica-
tion of three antibiotics, azithromycin (AZM),
ciprofloxacin (CPR), and ceftazidime (CFT)
(Table 1), that inhibited the production of the
important virulence factors such as chitinase, pro-
tease, and elastase and the production of the heat-
stable hemolysin rhamnolipid. Another important
virulence component of P. aeruginosa is the T3S
system, which is negatively regulated by QS in
P. aeruginosa. The DNA microarray data showed
that AZM increases the level of expression of
T3S genes, in accordance with the QS-inhibiting
properties of AZM. The data suggested that
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the underlying mechanism may be mediated
by changes in membrane permeability, thereby
influencing the flux of N-3-oxo-dodecanoyl-L-
homoserine lactone (Skindersoe et al. 2008).

More importantly, macrolides, like
azithromycin, at clinically achievable concentra-
tions are neither bactericidal nor bacteriostatic
for P. aeruginosa and are therefore unlikely
to select resistant clones. However, at these
concentrations, azithromycin inhibits QS in
vitro (Skindersoe et al. 2008) and reduces the
expression of QS circuit and target genes in
patient and has a favorable profile in terms of
pharmacokinetics and of metabolism (Table 1)
(Delden et al. 2012).

Non-antibiotics such as polyphenols in gen-
eral are known to have a broad range of biological
properties including antimicrobial and antifoul-
ing properties. Several resistant interactions of
fungi and bacteria involve toxic concentrations
of polyphenolic compounds (Huber et al. 2003).
Moreover, the boric complex, which is the ac-
tive form of autoinducer AI-2 in Vibrio har-
veyi, interacts with the LuxP protein via two
anionic OH groups. It was thus logical to explore
polyphenols containing at least two ionizable OH
groups as potential QSIs (Table 1) (Ni et al.
2008). In a study carried out with the Vibrio
harveyi system, it was shown that polyphenols
such as pyrogallol and its derivatives were quite
active in inhibiting QS. Thus, the presence of
the third OH group was important for activity.
It was found that several other derivatives of
pyrogallol were equally active (Ni et al. 2008).
Polyphenols based on gallic acid moiety were
also found to block AHL-mediated communica-
tion in bacteria. In one study, it was shown that
common polyphenols produced by plants, such
as epigallocatechin gallate, ellagic acid, and tan-
nic acid, exhibited significant antagonistic effects
(Huber et al. 2003).

Niclosamide (Fig. 1), an FDA-approved
anthelmintic drug, has been shown to inhibit
quorum sensing in P. aeruginosa by inhibiting
the acyl homoserine lactone (AHL) QS signal
molecules (Table 1). It suppressed the production
of QS-regulated extracellular virulence factors
such as elastase, pyocyanin, and rhamnolipids

and effected the motility and biofilm formation
of P. aeruginosa. In G. mellonella insect model of
infection, niclosamide reduced the pathogenicity
of P. aeruginosa (Imperi et al. 2013). Examples
of other compounds that can block QS in
P. aeruginosa by inhibiting the production
of various signal molecules and/or inhibit
biofilm formation are 4-nitropyridine-N-oxide,
halofuranones, fimbrolides, 2-aminoimidazoles,
and the fungal metabolites penicillic acid and
patulin (Table 1) (Rasmussen and Givskov 2006).

Combination of Antibiotics
and QSIs

Combination approach would be one of the most
promising approaches to target the multidrug-
resistant bacteria (Worthington and Melander
2013). The combination of antibiotics and
QSIs (Table 2) can overcome the limitations
of monotherapy as in: (1) the concentration of
QSIs can be reduced, thus addressing its toxicity
issues; (2) the concentration of antibiotic needed
can also be brought down, thus decreasing its
selective pressure on the bacteria; (3) using
QSIs would yield low propensity to develop
bacterial resistance; and (4) the combination of
bactericidal antibiotics with QSIs would help
in the effective bacterial clearance (Estrela and
Abraham 2010).

Dissolving pathogenic biofilms exposes the
bacteria to the immune system of the host. It
may be possible that the immune reaction is
sufficient to clear the pathogen, but it is more
likely that some bacteria escape the immune
response and reestablish the biofilms. To address
this problem, several attempts have been made
to kill the bacteria released from the biofilm
(planktonic bacteria) by treatment with standard
antibiotics.

Autoinducer (AI) analogues have been shown
to inhibit QS responses in bacteria. It has been
demonstrated that a AI-2 analogue, isobutyl-DPD
(DPD- ((S)-4,5-dihydroxy-2,3-pentanedione)),
and AI-1 analogue, phenyl-DPD (Fig. 1), act
synergistically with gentamicin (Table 2) in the
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Fig. 1 Structures of various QSIs

clearance of preformed E. coli and P. aeruginosa
biofilms, respectively (Fig. 2). Interestingly, the
authors have used a microfluidic setting for real-
time analysis of biofilms inhibition (Roy et al.
2013).

The effect of tobramycin (for P. aeruginosa,
B. cepacia complex) and clindamycin or van-
comycin (for S. aureus), alone or in combination
with QSI, was studied on various in vitro and in
vivo biofilm model systems (Table 2). The QSIs
used here target the acylhomoserine lactone-
based QS system present in P. aeruginosa and B.
cepacia complex organisms (baicalin hydrate
(BH), cinnamaldehyde) or the peptide-based
system present in S. aureus (hamamelitannin
(HM)). A significantly higher fraction of infected
Galleria mellonella larvae and Caenorhabditis
elegans survived infection, and the microbial
load in the lungs of BALB/c mice was reduced
following combined treatment, compared to

treatment with an antibiotic alone. The data
suggests that QSIs may increase the success
of antibiotic treatment by increasing the
susceptibility of bacterial biofilms and/or by
increasing host survival following infection
(Brackman et al. 2011).

14-Alpha-lipoyl andrographolide (AL-1)
(Fig. 1) showed synergistic effects on antibiofilm
and antivirulence factor activities when combined
with azithromycin, ciprofloxacin, fosfomycin,
streptomycin, and gentamicin. AL-1 also
inhibited the production of the exopolysaccharide
and pyocyanin components and (Zeng et al. 2011)
altered the expression of genes that regulate the
QS systems (Las and Rhl systems) (Table 2) (Ma
et al. 2012).

Nitric oxide (NO), at low concentrations,
causes P. aeruginosa biofilms to disperse,
converting the bacteria in the planktonic phase
to their normal susceptibility to antibiotics
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Table 2 Combination strategy for multipronged QS inhibition

Compound(s) Inhibition of QS/biofilm formation Organism Reference

Combination of antibiotics and QSIs

Isobutyl-DPD C gentamicin Acts synergistically with gentamicin
in the clearance of preformed biofilms

E. coli Roy et al. (2013)

Phenyl DPD C gentamicin Acts synergistically with gentamicin
in the clearance of preformed biofilms

P. aeruginosa Roy et al. (2013)

Baicalin hydrate C tobramycin
and hamamelitannin C
vancomycin

Inhibits biofilm formation and
decreases pathogenicity in vitro and
in vivo (two invertebrate models and
one mouse pulmonary infection
model)

P. aeruginosa
B. cepacia
S. aureus

Brackman et al. (2011)

14-Alpha-lipoyl andrographolide
(AL-1) C azithromycin,
ciprofloxacin, fosfomycin,
streptomycin, and gentamicin

AL-1 acts synergistically with
antibiotics on antibiofilm and
antivirulence factor activities by
altering the QS-regulated genes

P. aeruginosa Zeng et al. (2011)
Ma et al. (2012)

Baicalein C ampicillin Dissolves and eradicates biofilms P. aeruginosa Zeng et al. (2008)

Fimbrolide–NO hybrids Antivirulent and antibiofilm agents P. aeruginosa Kutty et al. (2013)

2-Aminoimidazole/triazole
conjugates C conventional
antibiotics

Synergism in antibiofilm activity and
dispersal of preestablished biofilms

A. baumannii
S. aureus

Rogers et al. (2010)

Quorum quenching (QQ) enzymes C antibiotics

Lactonase C ciprofloxacin and
gentamicin

Lactonase increases the susceptibility
of antibiotics to biofilms

P. aeruginosa Kiran et al. (2011)

“-N-acetyl-glucos-aminidase
dispersin B C cefamandole nafate

Dispersin B decreases biofilm
formation and enhances the antibiotic
activity against adherent cells on
polyurethane surfaces

S. epidermidis Donelli et al. (2007)

(Barraud et al. 2006). Fimbrolides are known
for their potent QS inhibitory activities. Kutty
et al. reported fimbrolide–NO hybrids, first
dual-action antimicrobial agents based on the
bacterial QS inhibition and NO signaling
(Table 2). The fimbrolide–NO analogues like
N-butyl-substituted nitrooxy compound (Fig. 1)
and ester-linked nitrooxy compound (Fig. 1)
possessed superior biofilm inhibition activity in
P. aeruginosa compared to the corresponding
non nitrooxy-containing fimbrolide and hydroxy
fimbrolide, which were not effective in control-
ling biofilm formation. Compounds utilizing QS
inhibition and NO release represent key strategies
for controlling bacterial virulence without
inhibiting bacterial growth (Kutty et al. 2013).

Another QSI, baicalein, could indeed dissolve
P. aeruginosa biofilms and showed synergistic
effects with ampicillin (Table 2), causing eradi-
cation of P. aeruginosa biofilms at 2 �g mL�1,
a concentration not effective to kill the bacte-

ria without baicalein (Zeng et al. 2008). Me-
lander and coworkers reported a dramatic in-
crease in sensitivity toward conventional antibi-
otics, when biofilms of methicillin resistant S.
aureus (MRSA) or A. baumannii were treated
with biofilm-controlling 2-aminoimidazoles (Ta-
ble 1) (Rogers et al. 2009) in combination with
antibiotics (Table 2) (Rogers et al. 2010).

Nanotechnological Approaches
Toward Quorum Sensing

Nanotechnology provides an exciting approach
toward quorum sensing as antimicrobial thera-
peutics. The main idea behind this approach is to
encapsulate a smart protein factory which would
be able to produce quorum sensing molecules as a
stimuli response to the presence of bacteria in the
environment. Essentially, this factory should be
able to target specific bacteria and coax a quorum
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Fig. 2 Efficacy of combination approach in antibiofilm activity. Synergistic action of phenyl DPD and gentamicin in
the clearance of P. aeruginosa biofilms (Adapted from Roy et al. 2013)

sensing response from that species which will
interfere with the sustenance of other harmful
bacteria.

Over the years, Bentley and coworkers have
developed several nanoparticle systems to elicit
interspecies communication in bacteria. Initially,
they made magnetic nanoparticles functionalized
with enzymes Pfs and LuxS (responsible for the
synthesis of AI-2, universal bacterial signal) in-
dividually for localized manufacture and delivery
on the bacterial surface (Fernandes et al. 2007).
Then, they constructed a plasmid capable of
expressing the AI-2 synthetic module as a single
protein complex of Pfs and LuxS (Fernandes
and Bentley 2009), which was subsequently
conjugated with antibody to make nanofactories
that target a specific bacteria and elicit QS
from them (Fernandes et al. 2010). In the latest

development, they have made chitosan–alginate
capsules containing nanofactories that allow
small molecules (substrates) to enter the capsules
and also allow easy diffusion of the AI-2
molecules after their synthesis. The ultimate goal
of this approach is to create artificial cells that
communicate with the human microbial flora to
perform the desired functions and to selectively
harness useful bacteria over the harmful
ones.

Conclusions and Future
Perspectives

Antibiotics that have long been known to exert
antibacterial effects are being discovered as QSIs
or antibiofilm agents. Non-antibiotics such as
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natural polyphenols and the compounds from the
screening of the already approved drugs represent
a promising strategy for the development of novel
QSIs. Despite the fact that QSIs have a potential
to be alternatives for conventional antibiotics,
their use is largely limited due to their toxicity.
Combination approaches of antibiotics and QSIs
would overcome many shortfalls of the appli-
cation of QS inhibition alone. This approach is
based on the observation that most QSIs enhance
the sensitivity of pathogens to antibiotics, even if
the QSIs could not achieve complete dissolution
of the biofilms. In animal models, this com-
bination strategy has already been successfully
validated and could overcome the disadvantages
of the monotherapy. An emerging field, nanotech-
nology has a lot to offer in the field of quorum
sensing.

One of the most intriguing problems is that
many QSIs can prevent the formation of biofilms
but are not effective in dissolving existing ones
and are therefore of little use for the treatment
of already existing biofilm infections. More im-
portantly, high specificity of autoinducers com-
bined with a complex network of often redundant
regulation circuits and an increased virulence of
pathogens released from biofilms are real chal-
lenges in the development of QSIs for medical
applications. Biofilm dispersing agents like NO,
D-amino acids, and fatty acids have been found to
be effective due to their interactions with different
targets of the biofilms. The combination of such
biofilm dispersing agents and QSIs can be effec-
tive in dissolving the existing biofilms as well
as inhibiting the quorum sensing. The addition
of antibiotics to such combination systems would
complete the cocktail to effectively eradicate the
preformed biofilms and prevent their formation
through inhibition of quorum sensing. Such a
combination is attractive and holds high expec-
tations, but one should also bear in mind that we
are dealing here with drugs influencing each other
and complicating pharmacokinetics.

Nanotechnological approaches toward
quorum sensing definitely point toward future
success stories in the field. Although it is still in
its nascent form, proper implementation of the
concepts laid down in such approaches will allow

targeting specific bacteria in a group of many.
Thus, the activity of beneficial bacteria can be
switched on while that of harmful bacteria is
switched off.
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Introduction

The discovery of antibiotics was a wonderful
solution to provide relief to human beings from
infectious diseases. However, indiscriminate us-
age of antibiotics turned out to be counterproduc-
tive. It was observed that patients were not getting
cured in spite of the systematic use of antibiotics.
In fact, microbes had developed resistance to
antibiotics. This perturbation has been in oper-
ation even with antibiotics subsequently devel-
oped during the next 6–7 decades (D’Costa et al.
2006). Pharmaceutical companies are no longer
interested in investing money into this business
(Spellberg et al. 2004; Courvalin 2008). It obliged
scientists to look for alternative drugs and new
drug targets. It was realised that more than 80 %
of the infectious diseases are caused by micro-
bial pathogens, through specialised structures –
biofilms. It enables bacteria to survive the lethal
effect of drugs, as they “become” up to 1,000
times more resistant to antibiotics (Kalia 2013;
Gui et al. 2014; Kalia et al. 2014a, b). These
biofilms are developed by bacteria in a population
density-dependent process called quorum sens-
ing (QS) (Dong and Zhang 2005). Most Gram-
negative bacteria operate through a QS system
termed as LuxR/I-type, where acylated homoser-
ine lactones (AHLs) acts as signals. QS signals
consist of the lactone ring with varying acyl
chains (Yang et al. 2012; Shang et al. 2014). QS
regulates the expression of virulence factors, an-
tibiotic production, nitrogen fixation, sporulation,
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conjugation, swarming, etc. (Borlee et al. 2008;
Kalia and Purohit 2011; Kalia 2013; Wang et al.
2013; Zhang et al. 2013; Kalia et al. 2014a, b).
These properties allow such bacteria to dominate
the community structure. It is thus no surprise
that the competing organisms have also devel-
oped mechanisms to interfere with the QSS and
degrade these signals – a phenomenon termed
as quorum quenching (QQ) (Kalia and Purohit
2011; Annapoorani et al. 2012; Bakkiyaraj et al.
2013; Kalia 2013; Agarwala et al. 2014).

Signal Degradation

QS signals – AHLs – can be degraded through:
(1) chemical, (2) metabolic and (3) enzymatic
routes. In the chemical degradation route, alka-
line pH leads to the opening of the lactone ring
which thus inactivates the AHL signals produced
by plant pathogen – Erwinia species (Byers et al.
2002; Yates et al. 2002). This process can be
reversed at acidic pH, where the cyclisation of the
lactone ring leads to the reformation of an active
signal molecule. In addition to chemical inactiva-
tion, bacteria, such as Variovorax paradoxus and
Pseudomonas aeruginosa PAI-A can metabolise
AHLs to use them as an energy source (Leadbet-
ter and Greenberg 2000; Huang et al. 2003). In
addition to these mechanisms, QS signals can be
degraded enzymatically through AHL-lactonase,
AHL-acylase, oxidoreductases and lactonase-like
enzymes (paraoxonases) (Tables 1 and 2), which
hydrolyze either the lactone ring or the amide
bond of the AHL (Dong et al. 2000; Lee et al.
2002; Lin et al. 2003).

Diversity of Organisms Possessing
AHL-Lactonase

The distribution of AHL-lactonase has been
reported among diverse taxa: Actinobacteria,
Bacteroidetes, and Firmicutes. It is interesting
to learn that members of Acidobacteria, Planc-
tomycetes, Sphingobacteria, and Spirochaetales
possess only AHL-lactonase. However, most
of bacteria belonging to these taxa do not

show the presence of AHL-acylase (Kalia
et al. 2011). AHL-lactonase belonging to the
superfamily – metallohydrolase – has been
reported to be produced by Bacillus, Arthrobac-
ter, Acidobacteria, Agrobacterium, Klebsiella,
Streptomyces, Rhodococcus, Pseudomonas,
Comamonas, Shewanella, etc. (Kalia et al.
2011; Chen et al. 2013). The activity of the
enzyme, AHL-lactonase, is influenced by a wide
range of metal ions and chelating reagents. The
variation in enhancing the activity has been
observed with certain metal ions such as Mg2C
and Zn2C at high concentration of 10 mM.
However, this activity was observed to decline
dramatically at lower metal ion concentration
of 1 mM (Chen et al. 2010). In other cases, the
enhancement in enzyme activity was similar due
to the presence of metal ions such as NaC, KC,
Ca2C, Fe3C and Mn2C in the range of 1–10 mM.
In contrast, quite a few ions at concentrations
ranging between 0.2 and 2 mM did not have
any effect on the activity of this enzyme: Ca2C,
Mn2C, Co2C, Ni2C and Cd2C (Wang et al.
2004). There was complete inhibition in AHL-
lactonase activity in the presence of heavy
metals (1–10 mM): Cu2C, Cr3C, Hg2C and AgC
(Chen et al. 2010). Sodium do-decyl sulphate
inhibited the enzyme activity whereas reagents
such as ethylenediaminetetraacetic acid helped
to enhance AHL-lactonase activity at 10 mM
(Chen et al. 2010). In previous studies, reagents
like 2,20-bipyridine and o-phenanthroline were
found to have no impact on this enzyme
(Wang et al. 2004). It is important to know the
determinants that regulate the broad substrate
specificity of AHL-lactonases. In case of Bacillus
thuringiensis AiiA, F107 residue was found to
have an important role in the selective interaction
preferably for longer acyl-chain substrates (Liu
et al. 2013). Identification of such residues may
help in the development of highly selective QSIs
as potential therapeutics.

Hydrolysis of the lactone ring inactivates the
QS signal and thus influences the QS-mediated
characteristics (Dong et al. 2000, 2002, 2004;
Lee et al. 2002; Park et al. 2003; Ulrich 2004;
Dong and Zhang 2005; Liu et al. 2005; Thomas
et al. 2005; Bai et al. 2008; Riaz et al. 2008;
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Table 1 Effect of heterologous expression of acyl homoserine lactone (AHL)-lactonase in diverse organisms on their
quorum sensing systems

Source organism and gene Host QS signals and characteristic affected References

Bacillus
amyloliquefaciens
PEBA20, aiiA

Escherichia coli
BL21(DE3)

Interferes with QS-mediated functions
in P. carotovorum subsp. carotovorum

Yin et al. (2010)

Bacillus anthracis
(Ames), aiiA

Burkholderia
thailandensis

In activated C6HSL, C8HSL and
C10HSL

Ulrich (2004)

Bacillus cereus, aiiA

Bacillus subtilis subsp.
endophyticus BS1, aiiA

E. coli BL21(DE3)
pLysS

Attenuated the soft rot symptoms
caused by Erwinia carotovora var.
carotovora

Pan et al. (2008)

Bacillus thuringiensis
subsp. morrisoni and
subsp. kyushuensis, aiiA

E. coli BL21(DE3) 3OC6HSL, C6HSL and C8HSL
Attenuates the pathogenicity caused
by E. carotovora

Lee et al. (2002)

Bacillus sp. A24, aiiA Pseudomonas
aeruginosa PAO1

3OC12HSL; reduces virulence gene
expression and swarming motility in
P. aeruginosa PAO1

Reimmann et al.
(2002)

Pseudomonas
fluorescens P3

C4HSL and C6HSL; reduction in
protease production and diseases
caused by plant pathogens – A.
tumefaciens and Erwinia carotovora

Molina et al. (2003)

Serratia plymuthica
HRO-C48

Abolished AHL production; reduced
pyrrolnitrin and chitinase production

Müller et al. (2009)

Lysobacter
enzymogenes
OH11A

Strong reduction of Pectobacterium
carotovorum virulence on Chinese
cabbage

Qian et al. (2010)

S. plymuthica
strain G3

Modification of the adhesion and
biofilm forming abilities

Liu et al. (2011)

Bacillus sp. 240B1, aiiA E. carotovora SCG1
(E7-R3)

Reduced release of AI signals;
decrease extracellular level of
pectolytic enzymes and
polygalacturonase; attenuation in
pathogenicity on wide range of host
plants

Dong et al. (2000)

Transgenic tobacco
and potato plants

Resistant to infection by the plant
pathogen – E. carotovora

Dong et al. (2001)

Bacillus sp., aiiA B. thuringiensis
BMB171

Delayed sporulation Zhou et al. (2006)

Bacillus sp. BC6, aiiA E. coli
BL21(DE3)pLysS

Biofilm inhibition of V. cholerae Augustine et al. (2010)

Bacillus sp. B546, aiiA Pichia pastoris Resistance against Aeromonas
hydrophila

Chen et al. (2010)

Agrobacterium
tumefaciens; attM

Azospirillum
lipoferum strain
B518

Abolished pectinase activity,
increased siderophore synthesis and
reduced indole acetic acid production

Boyer et al. (2008)

Ochrobactrum
sp. T63, aidH

E. coli BL21(DE3) Interferes with QS-mediated
functions in P. fluorescens 2P24 and
P. carotovorum

Mei et al. (2010)

Pseudoalteromonas
byunsanensis 1A01261,
qsdH

E. coli BL21(DE3) Attenuates the pathogenicity caused
by E. carotovora

Huang et al. (2012)

(continued)
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Table 1 (continued)

Source organism and gene Host QS signals and characteristic affected References

Rhodococcus
erythropolis W2

E. coli DH5’ C6-14 HSL with or without
substitution at C3. Quench violacein
synthesis in reporter strain

Uroz et al. (2008)

P. aeruginosa
1855-344

Reduction in symptom severity of
P. carotovorum PCC797

Agrobacterium
tumefaciens 15955

Prevented accumulation of HSLs and
conjugal transfer of Ti plasmid

Chryseobacterium sp.
StRB126, aidC

E. coli DH5’ C6HSL and C10HSL Wang et al. (2012)

Metagenome-derived
clones; bpiB01, bpiB04,
bpiB07

P. aeruginosa PAO1 Inhibit motility and biofilm formation
in P. aeruginosa

Schipper et al. (2009)

Uroz et al. 2009; Chan et al. 2010; Han et al.
2010; Deng et al. 2011; Yin et al. 2012).
Among the different organisms known to
produce lactonase, Bacillus has a broad substrate
specificity with a preference for signals with (s)-
configuration (Fuqua et al. 2001; Thomas et al.
2005). Bacillus spp. could degrade AHL signal
HAI-1 of V. harveyi (Dong et al. 2002; Bai et al.
2008). Many homologues of this AHL-lactonase
have been identified (Ulrich 2004) (Table 1).
In a recent effort to look for diversity of AHL-
lactonases, screening of 800 different bacteria
revealed 42 strains of different Bacillus spp. to
have aiiA gene (Huma et al. 2011). Other Bacillus
species reported to express AHL-lactonase activ-
ity belonged to B. amyloliquefaciens, B. subtilis,
B. mycoides and B. microestinctum (Dong et al.
2002; Pan et al. 2008; Han et al. 2010; Yin et al.
2010). Comparative genomics (in silico) study
has also proved helpful in providing insights into
genetic variability of genes for AHL-lactonase:
B. weihenstephanensis KBAB4, B. licheniformis
ATCC 14580, Geobacillus sp. WCH70, Dorea
longicatena DSM 13814, Pelotomaculum
thermopropionicum SI, Moorella thermoacetica
ATCC 39073, Clostridium beijerinckii NCIMB
8052, Lysinibacillus sphaericus C3-41, Bacillus
sp. B14905, Staphylococcus saprophyticus
subsp. saprophyticus ATCC 15305, Bacillus
cereus W, Bacillus subtilis, B. thuringiensis,
B. thuringiensis serovar israelensis ATCC 35646,
B. thuringiensis str. Al Hakam, Clostridium
kluyveri DSM 555, Staphylococcus aureus
RF122, S. aureus subsp. aureus MSSA476,

S. aureus Mu50, S. aureus MW2, Thermosinus
carboxydivorans Nor1, Caldicellulosiruptor
saccharolyticus DSM 8903 and Clostridium
scindens ATCC 35704 (Huma et al. 2011; Kalia
et al. 2011).

Eukaryotic organisms are also known to
exhibit activities similar to AHL-lactonases.
Phialocephala, Ascomycetes and Meliniomyces
are fungi which have lactonase activities for
QS signals C6-HSL and 3OC6-HSL (Uroz and
Heinon 2008). Human epithelial cells show
activities for enzymes paraoxonases – PON1,
PON2 and PON3 (Ng et al. 2005; Dong et al.
2007). These enzymes inactivate QS signals
3OC12-HSL produced by P. aeruginosa infecting
human respiratory system (Chun et al. 2004;
Hastings 2004). Human paraoxonases (PON2)
hydrolyze and inactivate QS signals – 3OC6-
HSL of pathogenic bacteria. PON lactonases
are specific to six-member ring lactones than
5-member ring analogs (Draganov et al. 2005).

Diversity of Organisms Possessing
AHL-acylase

The enzyme AHL-acylase, present in Gram-
positive and Gram-negative bacteria, acts by
cleaving the side chain of the signal molecule –
AHL. The activity of AHL-acylase depends
on acyl-chain lengths (Table 1). AHL-acylase
reported from Ralstonia eutropha although quite
specific, however has preference for long-chain
AHLs more than 8 carbons (Lin et al. 2003).
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Table 2 Effect of heterologous expression of acyl homoserine lactone (AHL)-acylase in diverse organisms on their
quorum sensing systems

Source organism and gene Host QS signals and characteristic affected References

Anabaena sp.
PCC7120, aiiC

Escherichia coli Specificity for broad acyl-chain length
HSLs

Romero et al.
(2008)

Brucella melitensis, aiiD B. melitensis Clumping phenotype and produce
exopolysaccharide

Godefroid et al.
(2010)

Ochrobactrum A44, aiiO E. coli BL21(DE3) Inactivates C4 to C14 HSLs with or
without 3-oxo or 3-hydroxy substituents

Czajkowski et al.
(2011)

Pseudomonas aeruginosa
PAO1, quiP (PA1032)

E. coli
P. aeruginosa

Long-chain AHLs
Decreased accumulation of the
3OC12HSL

Huang et al. (2006)

P. aeruginosa PAO1, pvdQ
(PA2385)

P. aeruginosa
E. coli DH10B

Dismantle the biofilm formation
C7HSL, C8HSL, 3OC10HSL and
3OC12HSL

Sio et al. (2006)

P. aeruginosa, pvdQ
(PA2385)

P. aeruginosa PAO1 Less virulent in Caenorhabditis elegans
infection model; modulate its own
pathogenicity

Papaioannou et al.
(2009)

P. aeruginosa, pa0305 P. aeruginosa
E. coli

Reduction in 3OC12HSL accumulation
and the expression of virulence factors

Wahjudi et al.
(2011)

Pseudomonas syringae,
hacA, hacB and psyr3871

E. coli AHLs with differing substrate specificities Shepherd and
Lindow (2009)

P. aeruginosa, PAI-A Degrade long-chain AHLs but not short
chain AHLs

Huang et al. (2003)

P. aeruginosa, pvdQ E. coli Rapid inactivation of long-chain AHLs Huang et al. (2003)

P. aeruginosa PAO1 Did not accumulate 3OC12HSL

Ralstonia sp. XJ12B, aiiD E. coli Inactivated 3OC8HSL, 3OC10HSL and
3OC12HSL

Lin et al. (2003)

P. aeruginosa PAO1 Influenced AHL accumulation,
extracellular secretion and swarming
motility, attenuated elastase and
pyocyanin production, paralysed
nematodes

Ralstonia solanacearum
GMI1000, aac

E. coli DH10B
Chromobacterium
violaceum CV026

C6HSL, C7HSL, C8HSL
Inhibited violacein and chitinase activity

Chen et al. (2009)

Shewanella sp.
MIB015, aac

E. coli
Vibrio anguillarum

Long-chain AHLs
Reduced AHL production and biofilm
formation

Morohoshi et al.
(2008)

Streptomyces sp.M664,
ahlM gene

Streptomyces lividans Long acyl chains; degrades penicillin G;
decreased the production of virulence
factors, including elastase, total protease
and LasA

Park et al. (2005)

Metagenome-derived clone,
bpiB09

P. aeruginosa PAO1 Reduced pyocyanin production, decreased
motility and poor biofilm formation

Bijtenhoorn et al.
(2011)

AHL-acylase from Streptomyces sp. M664 can
be exploited for degrading AHLs with less than
8 carbons (Park et al. 2005). P. aeruginosa PAO1
can also degrade long-chain AHLs (Lamont and
Martin 2003; Zhang and Dong 2004; Huang
et al. 2006; Sio et al. 2006). The diversity of
organisms showing AHL-acylase is reflected

by their presence in Ralstonia solanacearum
GMI1000 (Chen et al. 2009) and Shewanella
sp. (Morohoshi et al. 2005). Comamonas can
degrade acyl-chain lengths between 4 and
16 carbons with varying substitutions (Uroz
et al. 2003, 2007). Homology to the acylase
was seen in two diverse organisms such
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as nitrogen-fixing cyanobacterium Anabaena
(Nostoc) sp. PCC7120 and QuiP of P. aeruginosa
PAO1 (Romero et al. 2008). In spite of a wide
diversity of taxa having organisms possessing
AHL-lactonase or AHL-acylase, however,
cyanobacterial members have been reported to
possess only AHL-acylase (Kalia et al. 2011).

Organisms PossessingMultiple
AHL-Degrading Enzymes

Rhodococcus erythropolis is unique with a wide
range of QQ abilities (Table 1). R. erythropo-
lis W2 is one of those strains which possess
activities for AHL-lactonase, AHL-acylase and
oxidoreductase (Uroz et al. 2005; Park et al.
2006). In silico studies have also reported the
presence of organisms with multiple AHL hy-
drolytic enzymes: (1) Deinococcus radiodurans,
(2) Hyphomonas neptunium and (3) Photorhab-
dus luminescens (Kalia et al. 2011).

Expression of Prokaryotic Genes for
AHL-Lactonase in Different Hosts

Attempts to enhance the activity of AHL-
lactonase have been made by expressing the
genes in different organisms (Table 1). Most of
the studies have been targeted to express aiiA
of the Bacillus species (Kumar et al. 2013; Tinh
et al. 2013). These heterologous expressions
have proved effective in manipulating a wide
range of QS-mediated characteristics in different
organisms.

Expression of Bacillus aiiA

In Escherichia
Gene aiiA from Bacillus subtilis subsp.
endophyticus BS1 expressed in Escherichia
coli BL21 (DE3) pLysS proved effective in
attenuating the soft rot symptoms caused by
plant pathogen Erwinia carotovora (Pan et al.
2008). Using the same host, the expression
of genes aiiA from (1) B. thuringiensis and
(2) Bacillus amyloliquefaciens interfered with

the pathogenicity caused by E. carotovora by
inhibiting the activities of the QS signals –
3OC6-HSL, C6-HSL and C8-HSL (Lee et al.
2002; Yin et al. 2010), whereas (3) Bacillus sp.
BC6 could inhibit biofilm formation abilities
of Vibrio cholerae (Augustine et al. 2010). The
expression of aiiA from B. thuringiensis subsp.
morrisoni was weak in comparison to that of B.
thuringiensis subsp. kyushuensis, as observed by
their AHL degradation capacity. However, when
E. coli BL21 (DE3) was used as a host, these
differences were no longer evident with different
QS signals: 3OC6-HSL, C6-HSL and C8-HSL
(Lee et al. 2002).

In Pseudomonas
Expression of aiiA gene from Bacillus sp. A24
has been tested in a wide range of host organisms.
There was a direct inhibitory impact on QS-
mediated functions of P. aeruginosa PAO1,
which include accumulation of QS signals
(3OC12-HSL to approximately 0.10 �M), and
expression of properties like swarming, motility
and secretion of virulence factors (Reimmann
et al. 2002). Similarly, soft rot disease of
potatoes and eggplants caused by Pectobacterium
carotovorum and crown gall disease of tomatoes
caused by Agrobacterium tumefaciens could be
prevented by expressing aiiA in Pseudomonas
fluorescens (Dong et al. 2000; Molina et al.
2003). Vascular wilt of tomato plants caused by
Fusarium oxysporum could be controlled when
co-inoculated with Pseudomonas chlororaphis.
However, this advantage was lost in the presence
of AHL-lactonase producing Bacillus sp. A24
(Molina et al. 2003).

In Burkholderia
AHL-lactonase gene aiiA from Bacillus anthracis
and B. cereus was effective in degrading AHL
signal molecules when expressed in Burkholderia
thailandensis. AHL signal molecules, such as
C6- to C10-HSL, were significantly reduced from
2.4 to 300 pmol to undetectable levels. Subse-
quently, this gene was shown to be instrumental
in retarding the growth rate such that generation
time of B. thailandensis increased from 48 min
in the wild-type to 243 min in the genetically
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modified strain. In addition, this genetically en-
gineered strain also affected the swarming and
twitching motility of this pathogen. It has been
envisaged that this genetic modification can prove
effective in developing vaccine against Gram-
negative pathogenic bacteria (Ulrich 2004).

In Erwinia
E. carotovora SCG1 (E7-R3) expressing aiiA
gene of Bacillus sp. 240 B1 could effectively
inhibit the release of AI signals into the milieu.
The activities of extracellular pectolytic enzymes
such as pectate lyase, pectin lyase and poly-
galacturonase were 3–10-fold lower than the wild
type. This genetic change in E. carotovora was
pivotal for reducing its ability to cause disease
on eggplant, potato, celery and leafy vegetables
such as cabbage, Chinese cabbage, carrot and
cauliflower (Dong et al. 2000).

In Serratia and Lysobacter
Endophytic bacteria, such as Serratia plymuth-
ica, are closely associated with plant rhizosphere
and phyllosphere. It has been proposed to be
a potential biocontrol agent against fungal dis-
eases. The influence of Bacillus A24 aiiA gene on
QSS of S. plymuthica G3 was recorded in terms
of the modified adhesion and biofilm-forming
abilities. QS signals were completely degraded,
which diminished its antifungal activity but aug-
mented its indole acetic acid biosynthesis (Liu
et al. 2011). Similar impact on AHL signal con-
centration and consequent depletion in produc-
tion of chitinase and pyrrolnitrin were evident
in S. plymuthica HRO-C48 expressing aiiA gene
(Müller et al. 2009). aiiA gene of Bacillus has
been expressed in Lysobacter enzymogenes. Here
it affected pathogenicity caused by E. carotovora
on Chinese cabbage (Qian et al. 2010).

In Eukaryotes
Aeromonas spp. are known to cause infections
in fishes through biofilm formation and efforts
are being made to control it (Chu et al. 2013;
Mahanty et al. 2013). A unique approach of
overproducing AHL-lactonase using eukaryotic
high yielding expression system led to many
advantages. Expression of aiiA in Pichia pastoris

made the fish less susceptible to infection by the
bacterial pathogen Aeromonas hydrophila (Chen
et al. 2010; Chu et al. 2013). The secreted lac-
tonase was found to be stable and active on a wide
pH of 6.5–8.9, having thermal stability at 70 ıC,
and most importantly was protease resistant. This
gave an advantage of having a QSI that can work
strongly and efficiently on field trials, without
the need to clone genes using biocontrol agents
(Chen et al. 2010). Bacillus spp. with AHL-
lactonase could protect Macrobrachium rosen-
bergii, a giant freshwater prawn, from infection
caused by Vibrio harveyi infection (Nhan et al.
2010). Tobacco and potato plants modified by
the introduction of aiiA gene were resistant to
E. carotovora infection (Dong et al. 2001).

In Bacillus spp.
In general, aiiA from Bacillus spp. shows higher
expression in a heterologous host such as E. coli.
However, certain mutants of the B. thuringiensis
BMB171 were found to perform better, but the
mutant strains were slow in sporulation process.
This property was linked to modifications in its
membrane channel. This scenario can be envis-
aged to allow sustainable commercial production
of AHL-lactonase (Zhou et al. 2006).

Expression of Homologues of aiiA
in Different Hosts

In Gram-positive bacterium R. erythropolis W2 a
unique AHL-lactonase encoded by gene qsdA
belonging to phosphotriesterases was found.
Like other classes of lactonases, it also has
broad substrate specificity for acyl-chain length
upto C14. All the clones (E. coli) harbouring
qsdA alleles efficiently inactivated AHL signals.
P. fluorescens 1855–344 expressing qsdAW2

also conferred resistance to infection against
P. carotovorum PCC797. It completely abolished
the QS-mediated Ti-plasmid conjugal transfer
ability of A. tumefaciens expressing qsdA (Uroz
et al. 2008). Similarly, another lactonase variant
aidH was found in Gram-negative bacterium
Ochrobactrum sp. T63. The encoded protein is a
metal-dependent (Mn2C) hydrolase belonging
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to ’/“ hydrolase family. Cloning of aidH
into P. fluorescens 2P24 and P. carotovorum
Z3-3 curtailed biofilm formation and abolished
pathogenicity in the tested plants (Mei et al.
2010). The absence of AHL-type substrate
specificity makes AidH a unique AHL-lactonase
to be used against QS-mediated harmful
phenotypes. Similarly, expression of qsdH
gene from Pseudoalteromonas byunsanensis in
E. coli BL21 (DE3) was effective in inhibiting
the QS-regulated functions and pathogenicity
caused by E. carotovora (Huang et al. 2012).
Heterologous expression of attM (a homologue
of aiiA) from A. tumefaciens was able to reduce
the QS-mediated pectinase enzyme activity of
Azospirillum lipoferum. It also influenced the
siderophore and indole acetic acid production
(Boyer et al. 2008). An attM paralogous gene
(aiiB) was also found in A. tumefaciens, having
potent activity against AHLs that can be exploited
(Carlier et al. 2003).

Recent developments in metagenomic
approaches to look for AHL-lactonase from
uncultured bacteria are expected to add to the
limited diversity of this enzyme (Williamson
et al. 2005). Metagenome of a bacterial
community from soil is another genetic resource
of great potential to be exploited. Screening
of various metagenomic clones allowed the
identification of genes such as qlcA, bpiB01 and
bpiB04, which had very low or no similarities
to any known AHL-lactonases. Expression
of bpiB01 in P. aeruginosa PAO1 inhibited
its biofilm-forming ability (Riaz et al. 2008;
Schipper et al. 2009).

Hetreologous Expression
of Eukaryotic Lactonase

Expression of genes for three mouse paraox-
onases (PONs) in mammalian cells led to the
degradation of AHL in a manner which was quite
similar to that of lactonases (Yang et al. 2005).
Expression of human paraoxonase in Drosophila
melanogaster allowed the organism to survive the
onslaught of the lethal action of P. aeruginosa
infection (Stoltz et al. 2008).

Heterologous Expression
of AHL-Acylase Gene from Ralstonia

Cloning and expression of gene aiiD from
Ralstonia sp. into E. coli was very effective
in abolishing the 3 QS signals: 3OC8-HSL,
3OC10-HSL and 3OC12-HSL, while its
overexpression within Brucella melitensis
affected the QS-mediated process and clumping
phenotypes (Godefroid et al. 2010) (Table 2).
This inactivation was quite rapid as it was
observed within 3 h of incubation. Wild-type
P. aeruginosa PAO1 possessing plasmid pUCM9-
PAO1 showed accumulation of QS signal in
normal concentrations. In contrast, introduction
of pUCaiiD encoding AHL-acylase gene into
P. aeruginosa PAO1 affected a wide range of QS
regulated expressions. The pathogenic bacterium
could not accumulate AHL signals: C4-HSL
and 3OC12-HSL. The genetically engineered
P. aeruginosa was not able to produce elastase
and pyocyanin in normal quantities, and its
ability to swarm was significantly restricted. The
pathogen could no longer paralyse the nematode,
Caenorhabditis elegans, which had more than
80 % survival rate (Lin et al. 2003). Subsequently,
an aculeacin A acylase was reported from
Ralstonia solanacearum GMI1000. The aac gene
had 83 % identity with acylase gene aiiD, but no
significant resemblance with lactonase gene aiiA
sequence (Chen et al. 2009). This enzyme is ac-
tive against AHLs having side chains more than 6
carbons. Expression of aac gene in C. violaceum
CV026 could inhibit AHL-mediated activities
such as production of violacein and chitinase
enzyme (Chen et al. 2009).

Over Expression of AHL-Acylase
Gene from Pseudomonas

P. aeruginosa genes coding for AHL-acylase
have the potential to be exploited for developing
novel therapies against the infections caused by
this pathogen. Over expression of gene PA2385
also known as qsc112 and pvdQ (Whiteley
et al. 1999; Lamont and Martin 2003) has
differential behaviour against AHL signals.
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It could not hydrolyse QS signals: C10-HSL,
C12-HSL and C14-HSL (Sio et al. 2006). This
gene was first cloned into the P. aeruginosa-E.
coli shuttle vector pME6032 and electroporated
in P. aeruginosa PAO1. Introduction of gene
PA2385 absolutely extripated 3OC12-HSL, but
there was no impact on the level of C4-HSL.
Over expression of PA2385 abolished activities
of enzymes, LasB, and also minimised the
expression of lecA gene. It, however, did not
affect production of pyoverdin (Sio et al. 2006).

A novel AHL-acylase coded by aiiC (all3924)
was reported from filamentous nitrogen fixing
cyanobacterium, Anabaena sp. PCC7120. It
showed homology to quiP of P. aeruginosa
PAO1. This gene was also cloned into shuttle
vector pME6032 and expressed in E. coli.
AiiC has broad specificity with respect to the
acyl-chain length, but did not degrade short
chain AHLs (Romero et al. 2008). Although
P. aeruginosa PAO1 has been established to
possess pvdQ and quiP, however, two more
genes, pa1893 and pa0305 belonging to the Ntn
hydrolase superfamily, have been predicted to
encode for penicillin acylase (Wahjudi et al.
2011). Biosensor assays showed their ability to
degrade C6 to C14-HSLs. Pa0305 was found to
be 56 times more efficient in degrading 3OC12-
HSL than C8-HSL. The enzyme was effective in
killing C. elegans as well (Table 2).

Gene ahlM from Streptomyces sp. M664 was
able to express and degrade AHLs in Strepto-
myces lividans (Park et al. 2005). AhlM enzyme
had higher deacylation activity towards long acyl-
chain AHLs. It could also degrade penicillin by
the same mechanism. It had high activity, even
at low concentration of 2 �g/ml. It could signif-
icantly affect the production level of virulence
factors such as elastase, protease and LasA of
P. aeruginosa (Park et al. 2005).

Horizontal Gene Transfer

Screening for AHL-degrading proteins has
revealed the presence of aiiA gene in a large
number of organisms. These organisms belong to
taxonomically diverse genera. AHL-lactonases

from different sources may share homology
among themselves. Such genetic similarity can
be explained on the basis of horizontal gene
transfer (HGT). The occurrence of HGT among
bacterial kingdom and its impact of genetic and
phenotypic changes has been well reported (Lal
et al. 2008). The unique AHL-lactonase of R.
erythropolis W2 seems to be a case of HGT
(Uroz et al. 2008).

In silico studies have also highlighted the
occurrence of HGT involving AHL-degrading
enzymes (Kalia et al. 2011). Genetic variability
in AHL-lactonase coding gene aiiA was
reported on the basis of their phylogenetic
relationships and the restriction digestion
patterns (Huma et al. 2011; Kalia et al. 2011).
Taxonomically diverse organisms were found
to show discrepancies in their phylogenetic
relationships for aiiA. Genes for AHL-lactonase
from Firmicutes, Moorella thermoacetica ATCC
39073, and “-Proteobacteria, Burkholderia
graminis C4D1M, were very close to each other
with a bootstrap value, BV of 1000. Similar
correlations with high BVs were also recorded
among: (i) Actinobacteria such as Mycobac-
terium sp. MCS and Rubrobacter xylanophilus
DSM9941 on one hand and members of ’-
Proteobacteria (Granulibacter bethesdensis
CGDNIH1, Acidiphilium cryptum JF-5 and A.
tumefaciens) on the other and (ii) also between
D. radiodurans R1 (Deinococcus-Thermus) and
Xylella fastidiosa (”-Proteobacteria).

Taxonomic discrepancies in the phylogenetic
tree of the gene for AHL-acylase were reported
between different groups: (1) D. radiodurans
R1 and Ralstonia spp. and (2) •-Proteobacteria,
Plesiocystis pacifica SIR-1, and Acidobacteria,
Solibacter usitatus. This emphasises that in na-
ture, organisms live in symbiotic relationships
and share these genes through HGTs for evolving
better survival strategies (Kalia et al. 2011).

Conclusion

Heterologous expression of QS signal degrading
enzymes can be exploited for producing them on
a commercial scale. The immediate application is
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to use them as potential drugs against biofilm-
forming bacteria. Their usage in a range of
biotechnological applications has been discussed
in a subsequent chapter.
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Abbreviations

AHL Acyl homoserine lactone
HSL Homoserine lactone
3OC6-HSL 3-oxo-N-hexanoyl-HSL
3OC12-HSL 3-oxo-N-dodecanoyl- HSL
QQ Quorum quenching
QS Quorum sensing
QSI Quorum sensing inhibitors
QSS Quorum sensing systems

Introduction

All organisms are susceptible to attack by other
organisms, and it may even spell death for the
recipient. However, each organism is also be-
stowed with an inherent ability to protect itself
by developing self-defence mechanisms. Human
beings have a strong immune system but are quite
susceptible to infections by fungi, bacteria and
viruses. Microbial infections have been a constant
worry for health departments (Kalia 2013, 2014).
The economy of a nation is dramatically affected
by the health of its residents. The discovery of
antibiotics was a great boon to mankind. How-
ever, microbes have been developing resistance
against antibiotics. So much so that during the
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last seven to eight decades, there has been a need
to find new antibiotics. Now the scenario is quite
depressing as almost all antibiotics are proving
ineffective. The evolution of multidrug resistance
among pathogenic microbes has taken a new
dimension (Davies and Davies 2010). Bacteria
expressing their virulent behaviour through the
phenomenon of quorum sensing (QS) develop
a biofilm. Bacteria inside the biofilm are up to
1000 times more resistant to antibiotics com-
pared to their planktonic counterparts (Kalia et al.
2014a, b). Research efforts during the last four
decades have brought hope by providing alter-
natives and supplements to antibiotics. Quorum
sensing inhibitors (QSIs) are seen as novel drugs
especially against infectious bacteria. Although,
the search for QSIs was intended for helping
human beings to fight against diseases, the ap-
plications can be extended to other fields as
well: agriculture, aquaculture, water treatment,
fisheries, etc. A few examples of applications of
QSIs have been described below (Table 1).

Agriculture

Associations between plant and bacteria are well
known and prove helpful to each other. Bacteria
living as epiphytes – Pseudomonas, Pantoea and
Erwinia – seem to help the plant by manipulating
the QS behaviour of plant pathogens. Premature
induction of QS can allow the host to activate its
defence mechanisms. Epiphytic bacteria having
an inherent genetic make-up to produce 10-fold
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DOI 10.1007/978-81-322-1982-8__29, © Springer India 2015
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Table 1 Biotechnological applications of quorum sensing inhibitors from diverse sources

Source of quorum quenchers Biotechnological applications Reference

Agriculture

Erwinia, Pantoea and Pseudomonas
(epiphytic bacteria)

Reduction in pathogenicity of Pseudomonas
syringae on Nicotiana (tobacco) plant

Quinones et al. (2004), Dulla
and Lindow (2009)

Microbacterium testaceum (epiphyte
on potato leaf)

Effective against soft rot disease-causing
pathogen Pectobacterium carotovorum

Wang et al. (2010)

Recombinant Erwinia carotovora Reduced infection on plants: cauliflower,
Chinese cabbage and Nicotiana (tobacco)

Dong et al. (2000)

Erwinia carotovora subsp. atroseptica
(AHL-lactonase genes: attM, aiiB)

Reduce maceration in potato Carlier et al. (2003)

Furocoumarins from grapefruit juice Inhibitor of AI-1 and AI-2 activities in
S. typhimurium and P. aeruginosa, may act
as food preservatives

Girennavar et al. (2008)

Water treatment

Secondary metabolites from Delisea,
Asparagopsis and Bonnemaisonia

Antifouling agent against bacteria Nylund et al. (2005, 2008,
2010), de Nys et al. (2006),
Paul et al. (2006a, b)

Pyranone (kojic acid) from
Aspergillus

Inhibit the growth of bacteria and diatoms
involved in community formation

Dobretsov et al. (2011)

Biomembranes immobilized with
porcine kidney acylase 1

Reduction in biofouling during water
treatment

Swift et al. (1997), Paul et al.
(2009), Yeon et al. (2009a,
b), Choudhary and
Schmidt-Dannert (2010)

Filtration membrane coated with
porcine kidney acylase I

Antibiofouling, inhibits biofilm formation
and production of exopolysaccharides

Yeon et al. (2009a), Kim
et al. (2011)

Fisheries and aquaculture

Gut microbes from shrimp – marine
organism (Penaeus vannamei)

Quench the QS signal molecule HAI-I of
Vibrio harveyi. Enhanced growth of rotifers
and survival of turbot larvae

Tinh et al. (2007a, 2008)

Gut microbes from European sea
bass, Dicentrarchus labrax L, and
Asian sea bass, Lates calcarifer

Increase in the survival rate of larvae of
Macrobrachium rosenbergii

Cam et al. (2009), Nhan
et al. (2010)

Gut microbes (Shewanella sp.) from
ayu fish, Plecoglossus altivelis

Inhibited biofilm formation by fish
pathogen – Vibrio anguillarum

Morohoshi et al. (2005,
2008)

Natural and synthetic QS inhibitors
such as brominated furanones

Protect brine shrimp, Artemia franciscana;
rotifer, Brachionus plicatilis; and rainbow
trout from pathogenic Vibrio spp.

Defoirdt et al. (2006), Tinh
et al. (2007b), Rasch et al.
(2004)

Expression of aiiA in Pichia pastoris Increase survival against the fish pathogen
Aeromonas hydrophila

Chen et al. (2010)

Medical

Mammalian serum paraoxonases Degrades broad range of AHLs Yang et al. (2005)

Garlic QS inhibitory activity in animal models and
human trials

Smyth et al. (2010)

Transgenic Drosophila – expressing
human paraoxonase 1

Reduced pathogenicity of Pseudomonas
aeruginosa and Serratia marcescens

Stoltz et al. (2008)

Homologues of QS signals (AHL) Anticancer Oliver et al. (2009)

Recombinant Escherichia coli As vehicles in cancer therapy Anderson et al. (2006)

Recombinant Burkholderia
thailandensis (aiiA from Bacillus)

Significant reduction in bacterial activities:
swarming and twitching motility. Prevents
the “-haemolysis of sheep erythrocytes

Ulrich (2004)

Synthetic AIP-II Mouse become resistant to S. aureus Mayville et al. (1999)

Furanone Inhibits pathogenicity of P. aeruginosa Hentzer et al. (2003)

Candida albicans (DSF) Inhibits dimorphism linked to fungal
virulence

Wang et al. (2004)
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higher quantities of QS signal (acyl homoserine
lactones [AHLs]) – 3OC6-HSL – caused
Pseudomonas syringae to prematurely induce its
quorum sensing system (QSS). It allows tobacco
plants to become resistant to pathogenic attack
of P. syringae (Quinones et al. 2004; Dulla and
Lindow 2009) (Table 1). Potato leaf surface har-
boured by Microbacterium testaceum can protect
the potato plant from soft rot disease caused by
plant pathogen Pectobacterium carotovorum. It is
primarily because of the AHL-degrading capacity
of the bacterium – hence reduced QS-regulated
expression of virulence genes (Wang et al. 2010).
Another approach prevalent among agricultural
scientists is the production of transgenic plants.
Genetic modification of plants with bacterial
enzymes known to inhibit QSS of pathogens
can be effective tools for crop protection. In
fact, transgenic plants of tobacco and potato
expressing AHL-lactonase enzyme were helpful
in reducing the impact of infection caused by
Erwinia carotovora on tobacco, on potato and
also on cauliflower and Chinese cabbage (Dong
et al. 2000, 2001; Carlier et al. 2003). Nitrogen-
fixing plants like Medicago truncatula and Pisum
sativum are known to exude chemical compounds
which act as QS mimics in response to bacterial
infections. These compounds provide protection
to plants against pathogens by manipulating their
QS-regulated expression of genes responsible
for their virulence behaviour (Teplitski et al.
2000; Cirou et al. 2012; LaSarre and Federle
2013). For agricultural managers, these genetic
tools can help to control bacterial infection and,
consequently, help them to achieve higher crop
yield.

Water Treatment

Biofilm formation is generally linked to the in-
fectious bacteria (Vejborg and Klemm 2008). In
fact, more than 80 % of the infectious diseases
are caused by biofilm-forming bacteria (Don-
lan 2002; Martinez and Fries 2010; Kalia et al.
2014a, b). Industrial houses involved in reclama-
tion and desalination of brackish and sea water
face a very strange scenario (Cooley et al. 2006).

They employ membrane bioreactor to treat water
(Stamper et al. 2003). These membrane filters get
choked by bacterial growth and biofilm forma-
tion (Azizi et al. 2013). This exerts unnecessary
pressure on the membrane filters, a phenomenon
called as biofouling. This adverse effect on mem-
brane permeability obviously adds to treatment
costs (Paul et al. 2009; Kalia et al. 2014a, b).
Among a large number of bacteria, the most
prevalent are Aeromonas hydrophila and Pseu-
domonas putida (Swift et al. 1997; Chen et al.
2010; Zhang et al. 2013). Mechanisms to distort
the biofilm have been through coating of QSIs
or immobilizing enzymes. Others have employed
genetically engineered marine organisms, which
release QSI to act as antifouling agents. This
non-toxic antifouling technology can be used
effectively in a wide variety of areas (Qian et al.
2007; Choudhary and Schmidt-Dannert 2010).
The use of acylase I (porcine kidney) was effec-
tive in reducing biofilm formed by A. hydrophila
by a magnitude of 20–24 % (Paul et al. 2009)
(Table 1). Although this antibiofouling technique
appears promising, it is limited by the short life
of the enzyme and difficulty in recovering the
enzyme for re-usage. Immobilization of quorum
quenching (QQ) enzyme (acylase I) on mem-
brane was shown to control biofouling (Yeon
et al. 2009a). Other innovative steps such as
immobilization of the enzymes on magnetic par-
ticles also improve the efficiency of water treat-
ment process (Yeon et al. 2009b; Kim et al.
2011).

Adhesion and biofilm formation by Pseu-
doalteromonas sp. D41 could be abolished
by hydrolases, which act upon extracellular
polysaccharide (EPS) and QS molecules.
Similarly, enzymes – mutanase, dextranase,
Savinase and Alcalase – were instrumental
in reducing bacterial adhesion and inhibiting
dental biofilms formed by Streptococcus mutans
and Streptococcus sobrinus (Leroy et al.
2008). Rhodococcus sp. BH4, producing QQ
enzymes, was encapsulated in alginate beads
(cell entrapping beads [CEBs]). These CEBs
colliding with biofilm on membrane surface were
effective in removing biofilms in a more efficient
manner than the physical phenomenon of friction
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(Kim et al. 2013). Secondary metabolites from
Asparagopsis, Bonnemaisonia and Delisea have
been shown to act as antifouling agents (Nylund
et al. 2005, 2008, 2010; de Nys et al. 2006; Paul
et al. 2006a, b; Lane et al. 2009). It has been
envisaged that these biological approaches are
likely to tackle biofouling problems (Malaeb
et al. 2013).

Biotransformations

The exopolysaccharide succinoglycan is
produced by bacteria. It has biochemical
properties similar to xanthan, which has
applications in oil wells (Clarke-Sturman et al.
1989). Symbiotic nitrogen-fixing Sinorhizobium
meliloti in association with Medicago plants
produce exopolymers. Under QS regulatory
mechanism, the bacterium produces important
exopolysaccharides, succinoglycan and EPS II,
which have great biotechnological applications
(Marketon et al. 2003). The most widely used
bacterial host for expression of a range of
genes has been Escherichia coli. With its
potential to be used on industrial scale, the
pharmaceutical industry has used it for producing
biochemicals and proteins of therapeutic value
(Huang et al. 2012). However, the associated
risk in biochemical transformation carried out
by single cultures is its getting contaminated. It
obviously demands strict monitoring. Genetically
engineering cyclic AMP into E. coli allowed
uninterrupted production of indole, which plays
a dual role. Firstly, it supports the growth of
the host and, secondly, inhibits QS mediated
virulence factors including pyocyanin production
of contaminating bacteria such as Pseudomonas
aeruginosa (Chu et al. 2012; Lee et al. 2012).
The role of indole in regulating the process
of biofilm formation especially in E. coli has
been shown by manipulating specific proteins.
SdiA is a transcription regulator which is
influenced by indole and AHLs (van Houdt
et al. 2006; Yao et al. 2006; Jayaraman and
Wood 2008; Wood 2009). QS signal N-butyryl-
DL-homoserine lactone at low concentration of
10 �M decreased biofilm formation of E. coli

(25 %) (Lee et al. 2007). SdiA variants formed
5-fold lower biofilms in comparison to the wild-
type cells, while some variants had enhanced
biofilm-forming capacity. It has also led to the
construction of the first synthetic signalling
circuit, which can manipulate biofilm formation.
Indole also acts as an interspecies signal between
E. coli and pseudomonads (Lee et al. 2007).

Most biochemical reactions need very strin-
gent control and demand efforts. It has been
realized that synthetic biology can offer better
solutions and easy manipulation on QS-based
bacterial biofilms (Hooshangi and Bentley 2008).
This self-regulatory system can be easily auto-
mated and will need little supervision, if any.
For biochemical transformations on large scale,
especially in biorefineries, biofilms play a sig-
nificant role. They provide the platform for bio-
catalysis, which need to be reused for achieving
high economy. P. aeruginosa QS signal 3OC12-
HSL plays an important role in the formation of
biofilm. Dispersal of the biofilm can be achieved
with the aid of two proteins. Engineering the
global regulator (Hha13D6) and cyclic diguany-
late binding (BdcAE50Q) proved instrumental in
dispersing the cells forming the biofilm. These
cells had a retarded growth rate. Incidentally,
these slow growers could enhance their QS sig-
nal molecule (3OC12-HSL)-producing capacity
by a magnitude of 14-fold compared to their
planktonic counterparts. The system of removing
the old biofilm paved way for a fresh round
of biofilm formation. This strategy can be ef-
fectively exploited for biotechnological applica-
tions: biofouling, bioremediation, biocorrosion,
biosensors, etc. (Hong et al. 2012a, b).

Fisheries and Aquaculture

Fisheries and aquaculture departments are
primarily viewed as source of food especially
along coastal areas and water bodies (Smith
et al. 2010). A worry which looms large
on the managers of these industries is the
diseases caused by different pathogenic bacteria
(Defoirdt et al. 2011; Tinh et al. 2013). QSIs
such as floridoside, betonicine and isethionic
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acid produced by a macro-alga – Ahnfeltiopsis
flabelliformis – can be effective in aquacultures.
Bromo-tryptamine-based alkaloids have been
shown to be produced by Bryozoa, Flustra
foliacea isolated from North Sea, which can
inhibit QS-regulated gene expression (Peters
et al. 2003). Other equally important sources
of QSI such as secomanoalide and manoalide
are sponges – Luffariella variabilis – and
corals (Ettinger-Epstein et al. 2008; Bakkiyaraj
et al. 2013). Waterborne pathogens such as A.
hydrophila are responsible for infections among
fishes (Chen et al. 2010; Chu et al. 2013).
Rotifer Brachionus plicatilis used as feed for
fish larvae get infected by bacteria belonging to
Aeromonas, Pseudomonas and Vibrio (Skjerma
and Vadstein 1993). An easy option seems to be
the use of antibiotics to protect fishes and other
organisms from bacterial attack. It has been well
established that persistent and indiscriminate use
of antibiotics results in their acquiring multiple
drug resistance traits (Davies and Davies 2010).
Since these bacteria cause disease primarily
through gene regulated by QS, it can be envisaged
that disruption of this system can be a better
alternative (Defoirdt et al. 2004).

Members of the red algal family Bonnemaiso-
niaceae produce secondary metabolites having
strong antifouling activities and retard the growth
of pathogenic bacteria (Nylund et al. 2005, 2008,
2010; de Nys et al. 2006; Paul et al. 2006a, b).
Brominated furanones have been found to be
helpful in higher survival and growth of rotifers
in the presence of Vibrio harveyi strains (Tinh
et al. 2007a, b). A similar protective effect
at reasonably low concentrations of this QSI
was reported against: (1) Vibrio spp. infecting
gnotobiotic brine shrimp Artemia franciscana
(Defoirdt et al. 2006); (2) V. anguillarum
infecting rainbow trout, Oncorhynchus mykiss
(Rasch et al. 2004); and (3) V. harveyi (Tinh et al.
2007b). Gut microbes (Shewanella sp.) isolated
from ayu fish (Plecoglossus altivelis) could
inhibit biofilm formation by Vibrio anguillarum
(Morohoshi et al. 2005, 2008). QS mediated
virulence genes of V. harveyi were also found to
be suppressed by Halobacillus salinus strain
isolated from seagrass. The bacterial strain

produces two phenethylamide metabolites, which
act as QSIs (Teasdale et al. 2009). Microbes
from the guts of marine organisms Asian sea
bass, Lates calcarifer, and European sea bass,
Dicentrarchus labrax L., used as inoculants in
prawn rearing water, were effective in enhancing
the survival rate of larvae of Macrobrachium
rosenbergii (Cam et al. 2009).

Bacillus spp. being a very good source of
AHL-lactonase are among the most deserving
candidates, which can be exploited on an
industrial scale (Kumar et al. 2013). The
use of AHL degraders such as Bacillus spp.
was instrumental in increasing the survival
rate of larvae of: (1) Scophthalmus maximus
(turbot) (Tinh et al. 2008), (2) Sparus aurata
(gilthead sea beam) (Avella et al. 2010) and
(3) M. rosenbergii (the giant freshwater prawn)
(Nhan et al. 2010). QQ enzyme – acylase
from fish pathogen Tenacibaculum maritimum
NCIMB2154T belonging to Bacteroidetes –
provides more opportunities for biotechnological
application of the enzyme-based QSIs (Romero
et al. 2010). The use of QSIs is likely to improve
the economy of the food industry by increasing
the shelf life of the food. Well-preserved food and
reduced chances of the evolution of MDRs are
good for health and fishery departments as well
(Rasch et al. 2004; Cam et al. 2009; Nhan et al.
2010; Craigen et al. 2011; Jamuna Bai and Rai
2011; Annapoorani et al. 2012). Since marine
animals such as big fishes and whales do not
allow microbes to stick to their bodies, we can
learn to develop surfaces for avoiding biofouling
(Natrah et al. 2011; Hong et al. 2012a, b).

Medical

In Humans

Microorganisms are very closely associated
with human beings: (1) harbouring the skin
surface, (2) present in the gastrointestinal system
and (3) infecting different parts of the body
(Grice and Segre 2011). We take notice of the
microbes which cause a number of diseases.
Bacteria operating through QSS are responsible
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for metabolic disturbances. The growth of E.
coli and P. aeruginosa is regulated by different
bioactive molecules: adenosine, indole, QS signal
(3OC12-HSL) and noradrenaline. Adenosine
regulates secretion of electrolytes, downregulates
inflammation and disrupts epithelial cells (Ye
and Rajendran 2009). All these activities
allow pathogens like Staphylococcus aureus
and Bacillus anthracis to escape phagocytosis
(Thammavongsa et al. 2009; Tonello and
Zornetta 2012). Adenosine is also instrumental
in inhibiting the expression of pathogenicity
of P. aeruginosa on Caenorhabditis elegans.
It operates by repressing the acquisition of
iron and in turn influences bacterial growth.
It also regulates the precursor of signal
molecule PQS and thus acts as a QSI (Sheng
et al. 2012).

QS signal (3OC12-HSL) from P. aeruginosa
can inhibit proliferation of human breast can-
cer cell lines and induce apoptosis (Li et al.
2004). Its potential as anticancer therapy can
be better exploited through the use of synthetic
AHL homologues, which may not allow viru-
lence gene expression in P. aeruginosa especially
in immunocompromised patients (Oliver et al.
2009). Genetically engineered bacteria with QSS
targeting only cancerous cells are a better option
(Choudhary and Schmidt-Dannert 2010). Recom-
binant E. coli with invasion gene of Yersinia
pestis regulated by QS signals of Vibrio fischeri
was useful in invading human cancer-derived
cell lines (Anderson et al. 2006). Similarly, a
recombinant strain of Burkholderia thailandensis
expressing AHL-lactonase gene of Bacillus was
shown to be affecting the QS mediated motility
activities of the bacterium (Ulrich 2004). Garlic
extracts have been demonstrated as QSIs against
P. aeruginosa infections by inhibiting biofilms
produced by them (Rasmussen et al. 2005; Jakob-
sen et al. 2012). In fact, QSI treatment made the
biofilm more susceptible to antibiotics such as
azithromycin and tobramycin and phagocytosis
by neutrophils (Bjarnsholt et al. 2005; Gui et al.
2014). The use of diffusible signal factor and its
structural analogues can be used to enhance the
efficiency of conventional antibiotic for treating
infectious diseases (Deng et al. 2014). The first

clinical trial on human patients suffering from
cystic fibrosis was based on this QSI (Smyth et al.
2010). P. aeruginosa biofilms can be treated us-
ing synthetic furanone and consequently reduce
the production of enzymes elastase and chitinase
responsible for manifesting the disease (Hentzer
et al. 2002, 2003). Thus, genetically engineered
bacteria can be used for large-scale production
of QSIs in a self-regulatory manner (Basu et al.
2004; Brenner et al. 2007; Chan et al. 2010;
Choudhary and Schmidt-Dannert 2010; Danino
et al. 2010).

In clinical settings, P. aeruginosa resistant
to antibiotics and even those deficient in
AHL production are also effective in causing
infections (Wang et al. 2013; Shang et al.
2014). In clinics, Dispersin B (hexosaminidase)
produced by Actinobacilli and Aggregatibacter
actinomycetemcomitans can prevent biofilm
formation by Staphylococcus epidermidis on
medical implants, plastics and polyurethane
coatings. Synergistic effect of Dispersin B along
with antiseptics such as triclosan or chlorhexidine
was seen by their antibiofilm and antimicrobial
activities against S. aureus, S. epidermidis and
E. coli (Arciola et al. 2011; Boles and Horswill
2011). Recombinant phages producing Dispersin
B can be applied to hydrolyze bacterial adhesion
molecules and other biofilm-forming molecules
(Lu and Collins 2007; Darouiche et al. 2009;
Arciola et al. 2011). Hence, surgical implants
and catheters coated with QSIs can be a viable
strategy for medical applications (Choudhary and
Schmidt-Dannert 2010).

In Non-humans

Transgenic Drosophila harbouring human
paraoxonases 1 (PON1) were quite resistant
to infections caused by P. aeruginosa and
Serratia marcescens (Table 1). PON1 acts
by degrading AHL signals of the pathogenic
bacteria, which thus prevents pathogenesis. These
QQ mechanisms can be exploited as therapeutic
strategy for infections and inflammations (Stoltz
et al. 2008). Besides the enzymatic QSIs well
appreciated for its broad QS targets, synthetic
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molecules were also employed. Usage of
synthetic molecules such as AIP-II, furanones
and other diffusible signal factors led to host
organisms such as mice becoming resistant
against S. aureus, P. aeruginosa and Candida
albicans, respectively (Mayville et al. 1999;
Hentzer et al. 2003; Wang et al. 2004).

Shipping Industry

The growth of sessile organisms on ships is
a serious cause of concern for the shipping
industry. Biofouling caused by marine organisms
affects the efficiency of ships and propellers. This
leads to increase in the weight and consequently
higher consumption of fuels. QQ producing
marine organisms can be effective in developing
antifouling technologies and thus tackling these
problems (Qian et al. 2007). Application of
QQ biomolecules on the surfaces of ship hulls,
pipes, tanks, etc. can prove effective in reducing
biofouling (Choudhary and Schmidt-Dannert
2010). Incorporation of kojic acid produced by
Aspergillus into a non-toxic paint can be applied
on the base of the ships for controlling bacteria
and diatoms (Dobretsov et al. 2011).

Conclusion

Antibiotics like penicillin have been proving
to be quite ineffective in recent years. Now, a
novel strategy has been proposed by combining
the drug with a polymer, which is expected to
make these drugs effective against MDRs (Zhang
et al. 2014). The broad range of applications
of QSIs also demands effort to improve their
efficiency. Nanoparticles have been found to
be effective against biofilm-forming MDRs
(Mahanty et al. 2013; Agarwala et al. 2014). Even
gamma-radiations seem to help in enhancing the
antimicrobial properties of these bacteria (Pathak
et al. 2013). So far the use of QSIs has played an
effective role in agriculture, aquaculture, fisheries
and shipping industries. However, their use as
therapeutics against bacteria causing infections
in human being is still limited. A word of caution

has also been given by the recent discoveries that
bacteria are likely to become resistant to QSI
(Kalia et al. 2014a, b).
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Introduction

For more than 4.3 billion people, fish are a source
of animal protein. The fishery and aquaculture
sectors are significant as they increase nutritional
security, generate economic growth, and allevi-
ate poverty. In the year 2011, the exports asso-
ciated with fish and fishery products exceeded
US$125 billion (FAO 2012). In the developing
world, capture fisheries are the main source of
nutrition security (Hall et al. 2013). Diminish-
ing resources, energy crisis, and resultant high
cost of fishing have led to an increased real-
ization of the potential of aquaculture as a vi-
able and cost-effective alternative to capture fish-
eries (Ayyappan and Jena 2001; Pillai and Katiha
2004: Campbell and Pauly 2013). Aquaculture
is thus being considered as a vital complement
to global capture fisheries. The United Nations
Food and Agriculture Organization (FAO) de-
fines aquaculture as the farming of individually
or corporately owned aquatic organisms such as
fish, mollusks, crustaceans, and aquatic plants
with interventions in the rearing process so as
to enhance production. This is one of the fastest
growing sectors in the world (Subasinghe et al.
1998). According to FAO (global aquaculture
production database), aquaculture production has
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increased at an average rate of around 8 % in the
past three decades, and this growth is higher than
any other major animal food production sector.
By the year 2021, world fisheries production is
projected to be about 172 million tonnes.

There are some problems associated with the
increased intensification and commercialization
of aquatic procedures. For example, disease out-
breaks are a major cause of serious economic
losses. According to a World Bank Report, global
losses due to shrimp diseases alone amount to
US$ 3,000 million (Lundin 1996). The aqua-
culture industry has been seriously affected by
a variety of viral, bacterial, fungal, parasitic,
and other undiagnosed and emerging pathogens.
Diseases are thus primary constraints during the
cultivation of aquatic species (Subasinghe et al.
2001). Some of the reasons for the increased
incidence of diseases are (1) the release of aquatic
animals raised in hatcheries into the marine and
coastal areas, (2) the use of pathogen contain-
ing stocks, (3) unanticipated negative interactions
between cultured and wild populations, (4) lack
of effective biosecurity measures, (5) unaware-
ness regarding emerging diseases, and (6) climate
change (Olivier 2002; Bartley et al. 2006; Bell
et al. 2006).

Role of Bacterial Pathogens
and Their Biofilms in Aquaculture

Bacterial pathogens are a major cause of diseases
in fish and aquaculture (Gonzalez et al. 2004;
Bondad-Reantaso et al. 2005). Such diseases
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Fig. 1 Representative scanning electron micrographs of the major aquatic pathogens Vibrio harveyi (a) and Pseu-
domonas aeruginosa (b) forming biofilms on glass surfaces

cause growth retardation and mass mortalities.
Bacteria belonging to the genus Vibrio are im-
portant pathogens. They are widely distributed in
freshwater, estuarine, and marine environments
(Otta et al. 1999, 2001; Austin and Zhang 2006).
A few of these are human pathogens (e.g., V.
cholerae, V. parahaemolyticus, and V. vulnificus)
and some are pathogenic to aquatic animals (V.
harveyi, V. spendidus, V. penaecida, V. anguil-
larum, V. parahaemolyticus, and V. vulnificus).
Although most Vibrio species are regarded as
opportunistic pathogens, some of them (e.g., V.
harveyi) are primary pathogens and can result in
mass mortality. V. harveyi are luminous bacteria
that are found in coastal and marine waters. They
are generally associated with the surface and
gut of organisms found in such environments
(Moriarty 1998; Zhang and Austin 2000; Muroga
2001). Pseudomonas and Aeromonas are other
pathogenic bacteria. They cause black spot
diseases and bacterial necrosis in juveniles of the
freshwater prawns Macrobrachium rosenbergii
(Lombardi and Labao 1991; Jayasree et al.
1999). These two organisms along with Bacillus
species have also been isolated from hatcheries
wherein they exist as biofilms (Dass et al. 2007).
Representative scanning electron micrographs of
the major aquatic pathogens V. harveyi and P.
aeruginosa forming biofilms on glass surfaces
are depicted in Fig. 1.

The conventional approaches of using antibi-
otics and sanitizers have a limited success in
preventing aquatic diseases (King et al. 2008).
Their indiscriminate and frequent use has led
to the development of resistant strains. For ex-
ample, bacterial strains isolated from aquacul-
ture environments have displayed the presence
of transferable antibiotic resistant genes (Bruun
et al. 2000; Jayaprakash et al. 2006; Agersø et al.
2007; Akinbowale et al. 2007). The importance
of biofilms for survival, virulence, and stress
resistance is well-documented (Karunasagar et al.
1996; Wai et al. 1998; Watnick and Kolter 1999;
Watnick et al. 2001; Wang et al. 2003; Zhu
and MeKalanos 2003; Faruque et al. 2006) and
their significance in fish processing, aquaculture
industry is being increasingly recognized (Joseph
et al. 2001).

Bacteria are known to settle on the surface
of submerged material, pipes, and tanks of
hatcheries; form biofilms; and act as reservoirs
(Karunasagar et al. 1996). In general, they are
difficult to eliminate as they resist antibiotics
and sanitizer treatments (Costerton et al. 1987,
1999; Thompson et al. 2002). On account of the
aforementioned factors, there is need to explore
alternative means of controlling biofilms. In this
regard, novel quorum-sensing inhibitors may be
a lucrative option. Such compounds negatively
modulate bacterial cell-to-cell communication
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via by small signal molecules and decrease
virulence and biofilm formation in aquaculture-
related bacteria.

Quorum-Sensing Inhibition: An
Anti-infective Strategy
in Aquaculture

Most of the bacteria coordinate gene expres-
sion using quorum sensing (QS), a process of
cell-to-cell communication. It is a mechanism
of gene regulation in which bacteria coordinate
the expression of certain genes in response to
the presence/absence of small signal molecules.
Quorum sensing in general involves the produc-
tion of extracellular signaling molecules (autoin-
ducers), their detection by bacterial populations,
and the elicitation of appropriate responses. This
mechanism was first discovered in V. fischeri
(Nealson et al. 1970). QS systems are known
to control diverse functions such as biolumines-
cence, conjugation, biofilm formation, antibiotic
production, swarming, nodulation, sporulation,
and expression of virulence factors such as tox-
ins, siderophores, lytic enzymes, and adhesion
molecules (Dunny and Leonard 1997; de Kievit
and Iglewski 2000; Jayaraman and Wood 2008).
Virulence, pathogenicity, and biofilm formation
can be controlled by employing QS inhibitors.
This strategy is particularly important in recent
years when several pathogenic bacteria are de-
veloping resistance toward antibiotics. Aquatic
pathogens such as V. harveyi and P. aeruginosa
display quorum-sensing systems as summarized
in the following sections.

Quorum Sensing in V. harveyi

Three QS systems have been demonstrated in
this marine bacterium. System 1 consists of the
LuxM-dependent autoinducer HAI-1 and the
HAI-1sensor LuxN. System 2 comprises the
LuxS-dependent autoinducer AI-2 and the AI-2
detector LuxPQ. System 3 includes the CqSA-
dependent autoinducer CAI-1 and the sensor

CqsS. These three communication systems
involving HAI-1, AI-2, and CAI-1 work in a
coordinated manner and regulate a variety of
genes through the Lux network (Henke and
Bassler 2004).

P. aeruginosaQuorum-Sensing
Systems

There are main two acyl homoserine lactone
(AHL)-mediated QS systems in P. aeruginosa,
namely, las and rhl. The former system is re-
sponsible for the synthesis of the autoinducer
and the production of LasI synthase via the lasI
gene. The lasR gene codes for the transcriptional
regulator and LasR synthase. LasA protease pre-
cursor and elastase LasB are gene products of
lasA and lasB, respectively. The rhl system in-
cludes the rhlI gene that is responsible for the
production of the autoinducer synthesis protein
and Rh1I synthase. The rhlR gene encodes for
a transcriptional regulator and Rh1R synthase. In
addition, rhlAB, rhlC, and rhlG code for rhamno-
syl transferase 1, rhamnosyl transferase 2, and “-
ketoacyl reductase, respectively. The pqs system
found in this bacterium acts as a link between
the las and rhl systems (Dusane et al. 2010).
Interplay between these systems regulates biofilm
formation and synthesis of metabolites such as
toxins, rhamnolipids, and pigments.

QS Inhibitors Effective Against
Aquaculture Pathogens

There are certain molecules referred to as
quorum-sensing inhibitors (QSIs) that disrupt
cell-to-cell communication. As stated earlier,
the major aquatic pathogens are V. harveyi
and P. aeruginosa. There are reports on the
effectiveness of a variety of QSIs in controlling
biofilm formation, virulence, and pathogenesis in
these bacteria. The QSIs effective against these
aquatic pathogens are of either of biological or
chemical origin as discussed in the following
sections.
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QSIs of Biological Origin

There are reports on the production of QSIs
from a wide variety of biological forms such
as bacteria, algae, tunicates, corals, and higher
plants. Bacteria are able to interfere with QS-
related phenomena in two ways (1) by degrading
AHL molecules and (2) by producing QSIs.

A number of bacteria can utilize AHL
molecules as carbon and nitrogen sources.
Such bacteria have been isolated and used
for controlling aquaculture infections. When
mixtures of AHL were added in rearing water,
a sharp reduction in the turbot larvae survival
was observed (Tinh et al. 2008). This effect
could be counteracted by introducing a microbial
community that degraded the AHL molecules. In
some later studies, similar observations were
made with the prawn M. rosenbergii (Cam
et al. 2009a; Nhan et al. 2010). Two enrichment
cultures (EC) degrading AHL were obtained.
EC5(D) was isolated from the European sea bass
Dicentrarchus labrax and consisted of Bacillus
circulans, Bacillus sp., and Vibrio sp. EC5(L)
was obtained from the Asian sea bass Lates
calcarifer and included members of the family
Enterobacteriaceae. Both these ECs used AHL as
carbon and nitrogen sources and were equally
effective in enhancing prawn larvae survival
under experimental conditions when 106 colony-
forming units ml�1 were added on a daily basis.
In another report, Cam et al. (2009b) obtained
an enrichment culture capable of degrading
homoserine lactone and accumulating poly-“-
hydroxybutyrate (PHB) from the European sea
bass. This EC was used as a biocontrol agent
against Vibrio infections in Artemia. Such studies
on the application of natural populations in
combating infections could provide an alternative
for sustainable aquaculture practices.

Some bacteria produce QSIs that can interfere
with and inhibit QS signals in other bacteria.
Kanagasabhapathy et al. (2009) screened sev-
eral epibiotic bacteria associated with the brown
alga Colpomenia sinuosa for their ability to pro-
duce QSIs against AHL-based QS systems. Out
of the 96 bacteria screened, 12 % strains be-
longing to the Bacillaceae, Pseudomonadaceae,

Pseudoalteromonadaceae, and Vibrionaceae fam-
ilies produced QSIs. In another study, Clark et
al. (2008) isolated tumonoic acid F (Fig. 2a)
from the cyanobacterium, Blennothrix canthari-
dosmum. This compound inhibited biolumines-
cence in V. harveyi by acting as a QSI.

There are also reports on the synthesis of
QSIs from micro- and macroalgae. For example,
Natrah et al. (2011) have investigated the effect
of some microalgae strains (commonly used in
aquaculture) on AHL-regulated QS in V. harveyi
and C. violaceum (CV026). In particular, extracts
of Chlorella saccharophila CCAP211/48 inhib-
ited violacein production in CV026 and inter-
fered with bioluminescence in V. harveyi without
affecting cell densities. Chlamydomonas rein-
hardtii is another microalga that inhibited AHL-
mediated luminescence. The substances inhibit-
ing QS were considerably higher in phototroph-
ically cultured algae than in cultures grown on
acetate (Teplitki et al. 2004).

Delisea pulchra a red macroalga of marine
origin is reported to produce halogenated
furanones that act as antagonists for AHL-
mediated QS. This halogenated furanone
(Fig. 2b) has structural similarity with AHLs
and most probably binds LuxR-type proteins.
Intramuscular administration of such halogenated
furanones in the shrimp P. monodon reduced
mortality by 50 % (Manefield et al. 2000). In later
report, AHL antagonists were discovered from
the red macroalga Ahnfeltiopsis flabelliformes.
Three compounds, floridoside, betonicine, and
isethionic acid (Fig. 2c–e), were purified via
bioactivity-guided fractionation (Kim et al.
2007). In a later study, these authors (Liu
et al. 2008) also evaluated the effectiveness
of commercially available isethionic acid
and chemically synthesized floridoside and
betonicine individually and in combinations.
It was found that a mixture of floridoside
and isethionic acid inhibited QS in a dose-
dependent manner. Skindersoe et al. (2008)
screened 284 extracts from the Great Barrier
Reef for QSIs. It was observed that 23 % of the
marine organisms including corals, algae, and
sponges inhibited bacterial AHL-mediated QS
and 56 % of these were specifically active against
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Fig. 2 Summary of the quorum-sensing inhibitors of bio-
logical origin effective against selected aquatic pathogens
(a) tumonoic acid F, (b) furanone derived from Delisea
pulchra, (c) floridoside, (d) betonicine, (e) isethionic

acid, (f) manoalide (R D H) or manoalide monoacetate
R D Ac, (g) secomanoalide, (h) demethoxy encecalin, (i)
midpacamide, (j) hymenialdisin, (k) microcolin A, (l)
microcolin B, (m) kojic acid
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P. aeruginosa. During this study, three related
C25 sesterterpene metabolites (manoalide,
manoalide monoacetate, and secomanolaide)
were purified from the sponge Luffariella
variabilis (Fig. 2f, g). In another investigation,
Dobretsov et al. (2011) screened natural
products from marine organisms (sponges,
algae, fungi, tunicates, and cyanobacteria) and
terrestrial plants for QSI activity. Compounds
such as demethoxy encecalin, midpacamide,
hymenialdisin, microcolins (A, B), and kojic acid
(Fig. 2h–m, respectively) displayed QSI activity.

Extracts from higher plants such as pea, rice,
soybean, tomato, and barrel clover were found
to inhibit AHL-mediated quorum sensing. Sev-
eral AHL-mimicking substances were present in
these extracts (Teplitki et al. 2000). The essential
oil from Syzygium aromaticum (clove) is also
reported to significantly decrease the las- and
rhl-regulated virulence factors (LasB elastase,
chitinase, pyocyanin, protease production) and
biofilm formation in P. aeruginosa (Husain et al.
2013). Thus, it is evident that a vast variety
of molecules derived from different biological
forms act as QSIs.

Chemically Synthesized QS Inhibitors

There are reports on the synthesis and screening
of chemical compounds for QSI activity. In
general, furanones, chlorolactones, thiophenones,
cinnamaldehyde and its derivatives, nucleoside
analogues, pyrogallol, phenothiazine, boronic
acid, and S-phenyl-L-cysteine derivatives display
such activities (Fig. 3).

Furanones are heterocyclic lactones that share
structural similarity with AHL and display QS

inhibitory activity. A natural furanone [(5Z)-
4-bromo-5-(bromomethylene)-3-butyl-2(5H)-
furanone] (Fig. 3a) and a brominated furanone
[(5Z)-4-bromo- 5-(bromomethylene) -2 (5H)-
furanone] (Fig. 3b) inhibiting AI-2-based quorum
sensing in V. harveyi, V. campbellii, and V.
parahaemolyticus has been reported by Defoirdt
et al. (2006). During the in vivo challenge
tests involving the pathogenic isolates in brine
shrimp (Artemia franciscana), it was found
that the furanones offered some protection
from pathogens. Particularly V. harveyi and
V. parahaemolyticus strains were completely
inhibited. The brominated furanone inhibited
V. harveyi and V. campbellii when used in a
range between 5 and 20 mgl�1. The authors
have further elucidated the mode of action of
these halogenated furanones in quorum-sensing
inhibition (Defoirdt et al. 2007). In the V. harveyi
model system, these compounds decreased the
DNA-binding activity of the quorum-sensing
master regulator LuxR. Some other analogues
of furanones have also been synthesized and
assessed for their QS inhibitory activities. Kim
et al. (2008) synthesized a series of analogs of
(5-oxo-2,5-dihydrofuran-3-yl) methyl alkanoates
and checked them for inhibiting QS signaling
and biofilm formation in P. aeruginosa. The
methyl substituent (Fig. 3c) was found to be
most effective. In addition, some substituted
[11-bromo, 11-acetoxy 3-alkyl-5-methylene -
2(5H)-furanones] have also been evaluated
for QS-regulated bioluminescence inhibition
in V. harveyi. Although the introduction
of an acetoxy group did not enhance the
activity, with bromide group substitution,
the action was improved (Steenackers et al.
2010).

�

Fig. 3 Summary of different chemical compounds
displaying QSI activity (a) (5Z)-4-bromo-5-
(bromomethylene)-3-butyl-2(5H)-furanone, (b) (5Z)-
4-bromo-5-(bromomethylene)-2 (5H)-furanone, (c)
derivative of (5-oxo-2,5-dihydrofuran-3-yl)methyl alka-
noate, (d) chlorolactone, (e) chloro-thiolactone, (f) meta-
chloro-thiolactone (mCTL), (g) meta-bromo-thiolactone,
(h) TF101 [(z)-5-(bromomethylene)thiophen-2(5H)-one],
(i) TF310 [(z)-4-((5-(bromomethylene)-2-oxo-2,5-
dihydrothiophen-3-yl)methoxy)-4-oxobutanoic acid],

(j) LMC 21 (p-methoxy phenyl propionamide derivative
of adenosine), (k) cinnamaldehyde, (l) cinnamaldehyde
derivatives R1 D 3,4-Cl (3,4-dichloro-cinnamaldehyde),
R1 D 2,3,4,5,6-F (2,3,4,5,6-pentafluoro-cinnamaldehyde)
and R1 D 3-CF3,4Cl (4-chloro-3-trifluoromethyl-
cinnamaldehyde), (m) pyrogallol (1,2,3-
trihydroxybenzene), (n) phenothiazine, (o) boronic acid,
(p) S-phenyl-L-cysteine sulfoxide, (q) diphenyl disulfide,
(r) PD12, (s) V-06-018
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The effectiveness of chlorolactone (CL) as
a QSI was first demonstrated by Swem et al.
(2009) during preliminary studies related to
CviR-dependent QS virulence pathway. In a
more recent study, O’Loughlina et al. (2013)
analyzed the QSI activities of CL (Fig. 3d) and
its halogenated derivatives chloro-thiolactone
(Fig. 3e), meta-chloro-thiolactone (Fig. 3f),
and meta-bromo-thiolactone (Fig. 3g) against
P. aeruginosa (PA14) with respect to the
production of the virulence factor pyocyanin
and biofilm formation. Among the different CL
derivatives, meta-bromo-thiolactone was found to
be most effective in inhibiting the aforementioned
phenomena.

Thiophenones are another class of compounds
that are reported to display QS inhibitory
action. Two thiophenones (1) TF101 (z)-5-
(bromomethylene)thiophen-2(5H)-one (Fig. 3h)
and (2) TF310 (z)-4-((5-(bromomethylene)-
2-oxo-2,5-dihydrothiophen-3-yl)methoxy)-4-
oxobutanoic acid (Fig. 3i) were tested (Defoirdt
et al. 2012). These inhibitors could modulate
the virulence of V. harveyi toward brine shrimp
in a negative manner. The quorum-sensing
blocking ability was monitored by measuring
the bioluminescence of wild-type strain (BB120)
and quorum-sensing mutants (JAF553, JAF 483,
and BNL 258). When these organisms were
grown to high cell densities (to activate quorum-
sensing-regulated bioluminescence) and treated
with 2.5 �M thiophenones, bioluminescence
was blocked although there was no effect on
the growth of the microorganisms. Fluorescence
anisotropy assays showed that these compounds
disrupted quorum sensing by decreasing the
ability of quorum-sensing regulator LuxR to
bind its target promoter DNA in vitro. In vivo,
with the brine shrimp larvae, TF101 was found
to be highly toxic. However, TF 310 completely
protected them from V. harveyi infection when
2.5 �M was used.

Some nucleoside analogues have also been
effective QSIs. For example, Brackman et al.
(2009) screened a small panel of nucleoside
analogues for their ability to inhibit AI-2-based
quorum-sensing systems. An adenosine deriva-
tive with a p-methoxy phenyl propionamide

moiety at C-31 (LMC-21) was found to be
effective (Fig. 3j). The mode of inhibition by
this compound was investigated by measuring
bioluminescence in a series of V. harveyi AI-2
QS mutants. It was observed that the derivative
blocked AI-2-based QS without interfering with
bacterial growth. The compound interfered with
the signal transduction pathway at the level of
LuxPQ. This nucleoside analogue reduced Vibrio
species starvation response and affected biofilm
formation in V. anguillarum, V. vulnificus, and V.
cholera. It was also found to reduce pigment and
protease production in V. anguillarum. This was
effective in preventing vibriosis in A. franciscana
nauplii larvae during in vivo studies.

Cinnamaldehyde (Fig. 3k) and its analogs
are also shown be effective in inhibiting QS-
regulated virulence in Vibrio species (Brackman
et al. 2008). Later the authors (Brackman et al.
2011) screened several cinnamaldehyde analogs
(Fig. 3l) for their inhibitory effect on QS. In
particular, halogenated compounds such as 3,4-
dichloro-cinnamaldehyde, 2,3,4,5,6-pentafluoro-
cinnamaldehyde, and 4-chloro-3-trifluoromethyl-
cinnamaldehyde were found to be more effective
than the unsubstituted cinnamaldehyde. 3,4-
dichloro-cinnamaldehyde reduced QS-regulated
bioluminescence in V. harveyi BB170 by 99 %
without interfering with the bacterial growth.
It was concluded that cinnamaldehyde and its
analogs disrupted AI-2 by decreasing the DNA-
binding ability of LuxR to its promoter DNA.
Incubation of LuxR with this DNA fragment
in the absence of QS inhibitors resulted in a
significant increase in anisotropy. When LuxR
was incubated with this DNA fragment in the
presence of cinnamaldehyde and its analogs,
binding to DNA was strongly inhibited thereby
indicating the role of these compounds in
inhibiting AI-2-mediated QS (by decreasing the
DNA-binding ability of LuxR). Cinnamaldehyde
analogs also affected starvation response,
pigment synthesis, protease production, and
biofilm formation in Vibrio species and exhibited
low cytotoxicity.

Pyrogallol (1,2,3-trihydroxybenzene) a
polyphenolic compound (Fig. 3m) that has
been reported to be an antimicrobial and
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antiquorum-sensing agent (Ni et al. 2008).
Defoirdt et al. (2013) reported the impact of
pyrogallol on the virulence of V. harveyi toward
brine shrimp larvae (A. franciscana) and giant
river prawn (M. rosenbergii). It was demonstrated
that the quorum-sensing disrupting ability is
a side effect of peroxide producing activity
of pyrogallol rather than true QS inhibition.
Addition of pyrogallol (at a concentration of
10 mgl�1) protected both the types of larvae from
V. harveyi and this compound was also relatively
less toxic.

Phenothiazine (Fig. 3n) and its analogs were
screened for QS inhibition using V. harveyi as
a model system (Ni et al. 2009a). The authors
checked quorum-sensing-controlled biolumines-
cence in the V. harveyi strain BB886 (mutated
with respect to the AI-1 pathway lacking the
LuxP receptor required for AI-2 response) and
the mutant strain MM32 (mutated with regard
to the AI-2 pathway lacking the LuxS enzyme
needed for producing DPD and the LuxN re-
ceptor need to respond to AI-1). It was found
that phenothiazine inhibited both AI-1- and AI-2-
mediated quorum sensing without affecting bac-
terial growth. Some closely related analogs did
not show any inhibitory activity which meant that
tolerance for structural modification on the aryl
ring was low. Oxidizing sulfur to sulfone moiety
and replacing phenothiazine nitrogen by an oxy-
gen atom also resulted in loss of activity. Phe-
nothiazine analog with an ionizable side-chain
group (amino) showed modest activity; however,
it affected bacterial growth.

Ni et al. (2009b) also screened several boronic
acid (Fig. 3o) compounds for the ability to inhibit
QS in the V. harveyi model system. The authors
tested bioluminescence production in this bac-
terium and used BB886 strain for AI-1 pathway
and MM32 strain for AI-2 pathway-mediated QS.
Five compounds showed inhibitory effect in the
single digit �M range for MM32 strain, and most
of the tested compounds showed some inhibitory
effect with IC50 values in the range of 0.7–
100 �M without effecting cell density. Most of
the boronic acid showed moderate inhibition of
BB886 strain although the IC50 values were gen-
erally two- to fourfold higher than against MM32.

Cady et al. (2012) synthesized a library of S-
substituted cysteine sulfoxides and their corre-
sponding disulfide derivatives and evaluated them
as QSIs. Two compounds S-phenyl-L-cysteine
sulfoxide (Fig. 3p) and its breakdown product
diphenyl disulfide (Fig. 3q) were found to be
effective in inhibiting biofilm formation and QS
without reducing the planktonic growth. The in-
hibition was monitored in E. coli-based reporter
strains expressing P. aeruginosa lasR rhIR re-
sponse protein and an endogenous P. aerugi-
nosa reporter from las I/las R QS system. While
S-phenyl-L-cysteine sulfoxide inhibited biofilm
formation in both the systems, diphenyl sulfide
showed only limited inhibition in the P. aerugi-
nosa reporter system.

Müh et al. (2006) screened a library of ap-
proximate 200,000 compounds for inhibition of
LasR-dependent genes expression. Among these,
two compounds that were structurally related
to the native Las-dependent signal molecule N-
3-oxododecanoyl homoserine lactone (3OC12-
HSL) were identified as potential lead molecules.
PD12 a tetrazole compound with a 12-carbon
alkyl tail (Fig. 3r) and V-06-018 containing a
phenyl ring with a 12-carbon alkyl tail (Fig. 3s)
showed QS inhibition. Both the compounds were
found to affect LasR-dependent genes responsi-
ble for the production of elastase and pyocyanin.
From the foregoing discussion, it is evident that
a wide variety of molecules of biological and
chemical origin are effective QSIs.

Conclusions

The aquaculture sector has been witnessing
speedy growth in the past few decades. It is
emerging as the major animal food production
sector and is projected to increase rapidly in
the years to come. This expanding sector is
also challenged with certain serious problems
such as disease outbreaks and the emergence
of bacterial strains resisting antibiotics and
sanitizers. The significance of quorum sensing
in formation of biofilms that are better adapted
for survival and in the production of virulence
factors is well known. An understanding on the
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molecular basis of quorum sensing has opened
up new lines of investigations and a search
for new classes of molecules that can control
aquatic pathogens has been initiated. Molecules
interfering with quorum-sensing systems are
capable of providing alternative strategies for
controlling diseases. Most of the studies on
the effect of QSIs on aquatic pathogens are
restricted to the laboratory, although on a few
occasions, their effectiveness has also been
proven under field conditions. QSIs have been
obtained from bacteria, algae, tunicates, corals,
and higher plants. An interesting fact is that
some natural bacterial consortia also bring about
degradation of quorum-sensing molecules. In
addition, some algae commonly encountered in
aquaculture setups are also reported to inherently
produce QSIs. By seeding bacterial consortia
(capable of degrading signaling molecules) or
algae (producing such inhibitors), self-regulated
systems limiting the growth of aquatic pathogens
may be developed. The variety of marine forms
implicated in producing such inhibitors would
be of significance in marine aquacultures. In
addition, the varied chemical entities including
furanones, chlorolactones, thiophenones, cin-
namaldehyde and its derivatives, nucleoside
analogues, pyrogallol, phenothiazine, boronic
acid, and S-phenyl-L-cysteine provide alternative
modes of controlling the pathogenesis of aquatic
bacteria. To conclude, the use of QSIs in
controlling aquatic pathogens may in the future
provide an effective and sustainable alternative
to the use of commonly used antibiotics or
sanitizers.
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The Battle: Quorum-Sensing
Inhibitors Versus Evolution
of Bacterial Resistance

Vipin C. Kalia and Prasun Kumar

Introduction

During the last few centuries, human beings had
high mortality and morbidity rate. At times, a
large population was completely wiped away.
Although these were ‘diagnosed’ to be caused
by bacterial infections, however, in the absence
of any effective treatment, people helplessly
watched the patient dying. The discovery of
antibiotics in the twentieth century brought a
revolution in human health. Microbial infections
in human beings could be treated through the
regular and at times indiscriminate administration
of antibiotics (Davies et al. 2006). Today,
bacteria have developed resistance to quite
a few antibiotics (Davies and Davies 2010).
Pharmaceutical companies are hesitant to invest
in searching novel antibiotics. The scenario is
further exacerbated by infections caused by
biofilm-forming bacteria. This structure provides
additional resistance to antibiotics. One needs up
to 1,000 higher doses of antibiotics for dispersing
the biofilm (Nadell et al. 2008). Biofilms are
formed through the phenomenon known as
quorum sensing (QS). QS operates through a
wide range of signal molecules, the most widely
reported being oligopeptides and acylhomoserine
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lactones (AHLs) (McDougald et al. 2007).
At low cell densities bacteria continue to multiply
silently and are able to evade the host’s defence
(Hentzer et al. 2003). Hence, while the infection
is spreading, the ‘patient’ does not realize their
presence. At high cell densities, bacteria activate
their arsenal of virulence, and the disease spreads
so rapidly that the patient is taken by surprise.
At this stage, antibiotic therapy does not function
effectively. It was realized that disrupting the QS
system may help to let bacteria grow without
getting into virulence mode. Quite a bit of
effort has gone into searching quorum-sensing
inhibitors (QSIs).

The bacterial QS system (QSS) is primarily
composed of signal synthetic machinery, signals,
their receptors and finally transcription of
virulence genes. Each component of the QS can
be a potential drug target, as their disruption can
lead to the inhibition of pathogenic behaviour
of the bacteria. Bioactive molecules can thus act
by: (1) inhibiting biosynthesis of QS signals,
(2) disrupting the signal molecules, (3) blocking
the receptor site and/or (4) modulating the
interaction of signal and receptor (Kalia and
Purohit 2011). A few basic guidelines have been
laid down for designating bioactive molecules
as being QSIs: They should have low molecular
mass, be highly specific, be stable and withstand
the action of the host’s defence mechanisms,
and should not affect the host adversely, etc.
(Rasmussen and Givskov 2006). Almost all
kinds of organisms – plants, animals and
microbes – seem to have an ability to produce
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QSIs albeit with varying degree of effectiveness
(Bakkiyaraj et al. 2013; Chu et al. 2013; Kalia
2013; Kumar et al. 2013; Tinh et al. 2013).
Bacteria and plants secrete secondary metabolites
(antibiotics), enzymes and so forth, whereas
animals have an immune system as a defence
mechanism (Teplitski et al. 2000; Dembitsky
et al. 2011; Nazzaro et al. 2013). Incidentally,
the progress of this novel antibacterial therapy
has run into a big tumbling block (Defoirdt et al.
2013). It has been realized that bacteria will not
take this assault for long and are already evolving
mechanism to resist QSIs (Allen et al. 2014). We
are thus left wondering: Is this novel antimicro-
bial therapy using QSIs destined to meet the same
fate as the antibiotics, which have been losing
their sheen? A cautionary approach may keep us
from losing the battle against bacterial ability to
defeat attacks from biomolecules (QSIs).

The Illusion

Antibiotics became life-saving drugs as they were
able to stop microbial growth and eventually kill
it. This treatment resulted in putting microbes
under strong selective pressure. To overcome this
environmental stress, bacteria evolved different
mechanisms primarily by undergoing genetic or
physiological changes, responsible for: (1) re-
moval of antibiotics through efflux pumps (cmcT)
and/or (2) degradation of antibiotics (bla, pbp)
(Kalia et al. 2007). To avoid high selective pres-
sure, it is envisaged to use ‘anti-pathogenic’.
QSIs fit this requirement as these do not sig-
nificantly affect growth and allow bacteria to
survive (Hentzer et al. 2003; Otto 2004; Defoirdt
et al. 2008; Nazzaro et al. 2013; Scutera et al.
2014). The validity of this perception seems to be
losing its ground. Studies have come up with data
which show that bacteria may evolve and develop
resistance to QSIs (Defoirdt et al. 2010; Maeda
et al. 2012; García-Contreras et al. 2013; Schuster
et al. 2013; Kalia et al. 2014).

The Bacterial Genetic Reservoir

The Communication Systems

Bacteria are bestowed with two kinds of com-
munication or QS systems. One of the QS sys-
tems (the personal and familial language) allows
them to communicate among those belonging to
their own taxonomic group (intraspecies), and
another (the trade and commercial language) en-
ables them to interact with organisms belong-
ing to other taxa (interspecies) (Fig. 1). This
multiplicity of QSS provides the bacteria with
a latent mechanism, whereby inhibiting one of
these will still allow them to exploit the other
one to express their virulence. A single QSS is
known to operate in Vibrio fischeri: the luxI/R,
where QS signal (AHL) produced by synthase
gene (luxI) binds to the receptor and activates
the transcription regulator (luxR homologues).
Multiple (I/R) systems have been reported in bac-
teria such as Pseudomonas, Sinorhizobium and
Vibrio. The diversity of QS signals produced by
these bacteria adds to the possible combinations
by which the system(s) can be regulated (Ng
and Bassler 2009; Antunes et al. 2010; Galloway
et al. 2011; Jimenez et al. 2012). The com-
plexity increases further because of overlapping
regulation (Geske et al. 2008). A few examples
of the diversity of QSS are the (1) variability
in the specificity of AHL synthases of Erwinia
carotovora strains SCC3193 and SSC1, (2) pres-
ence of 2–5 LuxR signal receptor homologues
in Burkholderia mallei (Case et al. 2008) and
(3) las and rhl QSS in Pseudomonas aeruginosa
(Decho et al. 2010). The multiplicity of QS sys-
tems and signals is likely to provide the bacteria
with opportunities to evolve in a manner, which
may be a reflection of having developed resis-
tance to QSIs. Thus, in principle, it is possible
for bacteria to switch pathways, to evade the
action of QSIs. A few examples to support this
hypothesis have been presented in the following
sections.



The Battle: Quorum-Sensing Inhibitors Versus Evolution of Bacterial Resistance 387

Fig. 1 Diversity of
microbial quorum-sensing
systems
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QS-regulated genes of P. aeruginosa primarily
those responsible for biofilm formation and
partial repression of Type III secretion system
(TTSS) are observed in patients of cystic fibrosis
and keratitis. It has been realized that AHLs
may repress TTSS, while another type of signal
molecule may modify its expression (Mikkelsen
et al. 2009; Njoroge and Sperandio 2009). The
QS-mediated functions like swarming motility
of Serratia liquefaciens could be inhibited by
brominated furanone; however, the negative
effect of QSI was annulled by just supplying N-
butanoyl-HSL (C4HSL) at higher concentration
(Givskov et al. 1996). A similar reversal of
the negative impact of Furanone C-30 on QS-
operated PluxI-gfp (ASV) fusion in a mouse
model was achieved by increasing the dose
of 3-hydroxy-N-hexanoyl-HSL (Hentzer et al.
2003). Although C-30 affected a wide array of
genes, however, it did not influence lasI/R and
rhlI/R gene clusters, which are under the control
of 3-oxo-N-dodecanoyl-HSL (3OC12HSL)
(Hentzer et al. 2003). Ahl-acylase gene PA2385
of P. aeruginosa PAO1 shows the differential
behaviour against AHLs. Functional analysis
revealed that this gene could completely abolish
QS signal 3OC12-HSL but did not affect the
levels of C4-HSL. Consequently, a certain
QS-mediated virulent gene expression such

as that of lecA was reduced, whereas the
production of pyoverdin remained unaffected.
It has been proposed that this acylase may enable
P. aeruginosa PAO1 to modulate the abilities of
its QSS (Sio et al. 2006). Thus, multiple QSS
and signals may allow bacteria to evade QSIs and
give an impression of their ability to have gained
resistance (Hentzer et al. 2003; Schuster et al.
2013). It also amounts to stating that for efficient
control of virulent behaviour of P. aeruginosa, it
may be imperative to block both the las- and rhl-
mediated QSS. Similar mechanisms to evade the
effect of QSI seem to be operative in Escherichia
coli, where transcription of virulence genes
is under the control of the membrane-bound
sensor kinase (QseC). The kinase can however be
activated by any one of the three optional signal
molecules: (1) aromatic autoinducer (AI-3) and
(2) hormones – epinephrine and norepinephrine
(Walters and Sperandio 2006).

Genetic Mutations

Genetic changes in the bacterial genome through
mutations and/or acquisition of genes via hori-
zontal gene transfer is a well-accepted phenom-
ena (Kalia et al. 2007; Lal et al. 2008). Muta-
tions in the different components of QSS can
be envisaged to allow bacteria to elucidate a
modified behaviour. Mutation studies carried out
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on QSS of Agrobacterium tumefaciens, P. aerug-
inosa and Rhizobium etli revealed that inducer
genes can be activated by any one of the mul-
tiple signal molecules (Rosemeyer et al. 1998;
Galloway et al. 2011; Jimenez et al. 2012). Re-
verse mutations in the defective lasR gene of
P. aeruginosa allowed bacteria to carry the infec-
tion process even in the absence of las system.
Mutations in the QSS of Vibrio cholerae strains
may lead to a constitutive behaviour (Joelsson
et al. 2006). lasI mutant of P. aeruginosa PAO1-
JP1 could form biofilms, in spite of its having lost
its ability to produce 3OC12HSL (Purevdorj et al.
2002). P. aeruginosa mutant PAO-R1, defective
in LasR-PAI-1, expressed upregulation in QSS –
RhlR-PAI-2 (Sandoz et al. 2007). QscR regulator
of P. aeruginosa inhibits QS gene expression by
acts of forming inactive heterodimers with LasR
and/or RhlR, at low cell densities (Ledgham et al.
2003). A mutation in this gene can be expected
to allow the bacteria to lead a constitutive ex-
pression of virulence genes. Similarly, a mutation
in the rsaL gene, which encodes for the global
regulator of QSS in P. aeruginosa, will lead to
an uninterrupted supply of QS signal 3OC12HSL
(Rampioni et al. 2007). A scenario may thus arise
where destruction of signal molecules by QSI
may be nullified by such mutants (Mattmann and
Blackwell 2010).

Efflux Pumps

Bacteria manifest resistance to antibiotics, toxins,
heavy metals and biocides by exploiting their
efflux pumps (Köhler et al. 2001; Poole 2005).
Antibiotics such as azithromycin, ceftazidime
and ciprofloxacin act by altering membrane
permeability, which can also be instrumental
in affecting the efflux of QS signal – 3OC12HSL
(Skindersoe et al. 2009). It may either inhibit
QS or, under certain conditions, for example, at
subinhibitory concentrations, may even promote
biofilm formation (Köhler et al. 2001; Hoffman
et al. 2005). The efflux of tryptophan, the
precursor molecule leading to the production
of Pseudomonas quinolone signal (PQS) led
to reduced transcription of rhlI and finally

the functioning of QSS. Bacteria under such
environmental stresses can evade the QSIs by
retarding QS signal synthesis (Köhler et al. 2001;
Aendekerk et al. 2002). This expression was
attributed to mutations in the genes, mexR and
nalC, that allowed P. aeruginosa to withstand
pressure caused by QSI – brominated furanone
C-30. Such mutants could infect Caenorhabditis
elegans in the presence of C-30 (Maeda et al.
2012). In fact, the first evidence of evolution
of bacterial resistance to QSIs came from this
study, where addition of C-30 impaired the
growth of P. aeruginosa on adenosine as the sole
carbon source. Under these rigorous conditions,
P. aeruginosa can grow only by operating special
QS, responsible for producing only private goods
(Maeda et al. 2012). In these experiments, cells
resistant to the QSI were observed to evolve
within four sequential dilutions after transposon
mutagenesis. The genetic changes were recorded
to be in the repressors of an efflux pump, which
led to higher efflux of QSI. These mutations
were reported among clinical isolates from
patients with cystic fibrosis (Maeda et al. 2012).
A previous study based on QS mimics had
anticipated the occurrence of this phenomenon
(Mellbye and Schuster 2011). Support for the
evolution of resistance to QSI has been also
provided by clinical strains resistant to C-30
(García-Contreras et al. 2013).

The Social Cheats

Bacteria are perceived to hold out as individuals
with no social life. Nevertheless, the discovery
of QS has made us understand that bacteria also
possess a social life, where they act in a co-
operative fashion. It makes goods for all members
of the community to take an advantage. Like all
social systems, QS is also exploited by certain
individuals, which can be marked as free loaders
or cheaters. These individuals can be a drain
on the energy spent on producing enzymes and
other compounds, which may adversely affect QS
(West et al. 2006; Diggle et al. 2007; Sandoz et al.
2007; Buckling and Brockhurst 2008). QS cheats
can be either (1) signal negative- the lasI mutants,
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which do not produce QS signals; or (2) signal
blind- the lasR mutants, which can produce QS
signals but do not use them for transcribing genes
responsible for pathogenesis (Rumbaugh et al.
2009). Their roles were deciphered using two dif-
ferent carbon sources: (1) bovine serum albumin
(BSA) and (2) adenosine. For metabolizing BSA,
bacteria need to produce and release proteases,
which can be used by all, i.e. public goods. In
contrast, adenosine can be degraded only in the
periplasmic space and is accessible only to the
producer cell, i.e. private goods (Mellbye and
Schuster 2011). Coculturing the wild types and
the mutants in either of the C sources led to
differential growth (Mellbye and Schuster 2011).
Wild-type strains of P. aeruginosa could not grow
well in the presence of lasR mutants, since iron-
scavenging siderophores were not available for
public benefit (Griffin et al. 2004). These evi-
dences support the fact that bacteria can become
resistant to QSIs by operating their QS for either
public or personal benefit. Bacterial resilience al-
lows them to check the growth of cheaters – lasR
mutants – by undergoing compensatory mutation.
In this scenario, enhanced production QS signals
enabled bacteria to produce pathogenicity factors
(Sandoz et al. 2007; Köhler et al. 2010).

The Battle Continues

Antibiotics launched an attack on microbial
growth. Still, it did not take them long to blunt the
onslaught. They built up resistance to whatever
human beings could envisage and discover. It
seems nature has already exposed the bacteria
to all that we can imagine. Bacteria have the
necessary arsenal to take on all the battles (Kalia
2014). We should not forget that up to 10 %
of the bacterial genome is always geared up
for expressing its virulent behaviour. QSIs are
proving quite promising as novel drugs. The
target should be to develop non-competitive
or uncompetitive inhibitors, which may exert
relatively less pressure on QSS and should not
affect efflux pumps. The need is to be innovative
and judicious (Allen et al. 2014).
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