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A B S T R A C T

Quorum sensing plays important roles in the regulation of physiological and virulence processes in most bac-
teria, but its role in extremophiles is largely unknown. Comparative genomic, phylogenic, structural and sig-
naling pathways analyses and deletion mutant studies have suggested the presence of three major quorum
sensing systems (AI-1, Peptide based and AI-2) in extremophiles. Autoinducer-1(AI-1) system was found to be
most prevalent (except in thermophiles where it is autoinducer-2) while peptide based system was least pre-
valent in extremophiles. Some unknown mechanisms of quorum sensing have also been reported which need
further exploration. Quorum sensing is utilized by extremophiles for processes like cold adaptation, lowering the
freezing point, biofilm formation, oxidative stress resistance and persister cell formation. Explication of quorum
sensing in extreme environments may provide discernment regarding the role and functional strategies for
survival of extremophiles. Here the role of quorum sensing in different classes of extremophiles and also in their
survival strategies has been reviewed. Further, the applications and problems caused by quorum sensing
regulated factors in extreme environments are discussed.

1. Introduction

Extremophiles are important not only because of their incredible
capabilities to tolerate extreme environments but also because of their
numerous applications in the fields of biotechnology and medicine
besides providing industrially important enzymes (Table 1). It would be
impossible to imagine the success of PCR without the immense poten-
tial of thermophilic DNA polymerases. Diminishing supply of non-re-
newable fossil fuels and use of high temperature during production of
biofuels has made the use of thermophiles viz. Thermoanaerobacterium
saccharolyticum (Olson et al., 2012), Pyrococcus (Keller et al., 2017) and
Aeropyrum (Nishimura and Sako, 2009) a boon for biofuel. Halo-
bacterium salinarum, a halophilic archaea, produces bacteriorhodopsin
that can be used for artificial retinas and photochromic dyes (Schiraldi
et al., 2002). Certain halophiles such as Naloterrigena hispanica and
Natronococcus occultus possess quorum quenching properties against the
nosocomical pathogen Pseudomonas aeruginosa (Charlesworth and
Burns, 2015). Not only this, extremophiles form the base of tree of life,
as many of the hyperthermophiles represent universal ancestors of all
life forms on earth as shown by evolutionary and phylogenetic studies
(Rampelotto, 2013). All these magnificent properties have made the
study of these fascinating extremophiles one of the most exhilarating

areas of research.
Despite numerous applications, there are certain industrial and

health issues associated with extremophiles such as contamination of
food in refrigerated environment by the psychrophile Pseudomonas
fluorescens that also causes numerous problems in dairy industry (Eller
et al., 2013). Thermophilic bacteria, Anoxybacillus flavithermus and
Geobacillus spp., are major sources of contamination in the dairy in-
dustry (Kent et al., 2016). Similarly, Alicyclobacillus, an acidophile, can
cause spoilage of juices and beverages because of their high acid con-
tent (Huang et al., 2015). Furthermore, halophiles are also the major
contaminants in salted meat and fish products (Felix et al., 2016). En-
vironmental problems are also caused by extremophiles such as dete-
rioration of Capuchin Catacombs in Palermo, Italy due to the presence
of halophilic bacteria in that environment (Pinar et al., 2014). Ther-
mophilic biofilms are major sources of industrial problems like corro-
sion of pipelines by genera Anaerobaculum and Methanothermobacter
(Liang et al., 2014), deterioration of paper in paper mills by Meio-
thermus sp. and Geobacillus sp. biofilms (Ekman, 2011).

These applications and problems caused by extremophiles demand
the knowledge of communication mechanisms used by these micro-
organisms to fulfill their tasks, as cell to cell communication (quorum
sensing) is essential for the development and survival of these
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microorganisms in extreme environments (de Oliveira et al., 2015;
Perez-Rodriguez et al., 2015; Fazli et al., 2014; Riley et al., 2008;
Johnson et al., 2005). Moreover, most bacteria rely on quorum sensing
(QS) for coordinated gene expression at high cell densities which is
based on the production and detection of signaling molecules called
autoinducers (Miller and Bassler, 2001). The significance of QS in
mesophilic pathogens is well studied where it regulates various pro-
cesses such as bioluminescence, virulence, motility, cell competency
and biofilm formation (Papenfort and Bassler, 2016; Montgomery et al.,
2013). However the world is merely at the initial stage of exploring and
analyzing QS system(s) in extremophiles.

This review aims at assessing the occurrence, type and role of QS in
extremophiles and how they utilize this communication for their de-
velopment and survival in extreme conditions. Though QS can only be
speculated in certain cases but strong bioinformatic analysis suggests
their established proven role in future.

2. Quorum sensing systems prevalent in mesophiles: a quick look

2.1. AI-1 based system

QS signaling molecules are of three major types. Autoinducer-1(AI-
1) system uses acylated homoserine lactones (AHLs) as signals having
N-acylated homoserine-lactone ring consisting of 4–18 carbon acyl
chain (Galloway et al., 2011). It was first discovered in Vibrio fischeri,
where it controls bioluminescence. This system is prevalent in Gram-
negative bacteria; but has been identified in cyanobacteria (Sharif et al.,
2008) and archaea (Zhang et al., 2012) as well. AHLs are produced by
LuxI (AI-1 synthase) or its homologues and the receptor for these sig-
nals is LuxR (AI-1 receptor) or its homologues (cytoplasmic transcrip-
tion factors) (Fig. 1). The lactone moiety is acquired from S-adeno-
sylmethionine (SAM) while the acyl chains are obtained most
commonly from the biosynthesis of fatty acids (Papenfort and Bassler,
2016). However, few exceptions are there like in the photosynthetic
bacterium Rhodopseudomonas palustris, p-coumaroyl-homoserine

lactone synthase (RpaI) synthesizes p-coumaroyl-homoserine lactone
where the acyl group is drawn from plant derived p-coumarate
(Schuster et al., 2013). Similarly, certain uncommon autoinducers are
produced by Bradyrhizobium spp. and Aeromonas spp. which synthesize
isovaleryl-HSL (Lindemann et al., 2011) and cinnamoyl-HSL (Ahlgren
et al., 2011) respectively. All these molecules are species specific and
are known to regulate various phenotypic characters such as biolumi-
nescence in V. harveyi and V. fischeri (Sitnikov et al., 1995; Stevens
et al., 1994), swarming motility in Serratia marcescens (Soo et al., 2008),
biofilm formation in Acinetobacter baumannii (Bhargava et al., 2012,
2010), virulence and biofilm formation in P. aeruginosa (Rasamiravaka
et al., 2015), swimming motility and virulence in Acidovorax avenae
(Fan et al., 2011).

2.2. Peptide based system

Second type of signaling molecules are autoinducing peptides
(AIPs), used by Gram-positive bacteria to communicate (LaSarre and
Federle, 2013). These peptides are linear or cyclic in nature and are
5–34 amino acids long. These autoinducing peptides are synthesized as
inactive pro-peptides and are exported by ABC transporters or general
secretion mechanisms. During export, pro-peptides are processed to
generate active peptides. As peptides are impermeable to biological
membranes, they utilize specialized transport systems for import.
Peptide based signals can be transported either by the typical two-
component system comprising membrane-bound histidine kinase re-
ceptor and a cognate cytoplasmic response regulator (Ng and Bassler,
2009) or by peptide transporter complexes (Shanker and Federle,
2017). In the two component system, binding of peptide to histidine
kinase receptor prompts its autophosphorylation activity, which causes
ATP-driven phosphorylation of a cytoplasmic conserved histidine re-
sidue. This phosphate group is further transferred to the conserved
aspartate residue of the cognate response regulator that now becomes
active DNA-binding transcription factors (Fig. 2). Peptide signals are
activated by cleavage. Alternatively, AIPs are transported back into the

Table 1
Applications of extremophiles in industry, health, medicine and environment.

Extremophilic class Members Applications References

Acidophiles Acidimicrobium ferrooxidans (strain TH3) and
Ferroplasma acidiphilum (strain MT17)

Biomining Okibe et al. (2003)

Thermophiles Sulfobacillus thermosulfidooxidans and
Metallosphaera sp.
Caldicellulosiruptor saccharolyticus and Thermotoga
neopolitana
Geobacillus thermoleovorans
Alicyclobacillus sp. strain CC2.
Geobacillus thermocatenulatus
Thermus aquaticus
Meiothermus ruber
Fervidobacterium nodosum Rt17-B1
Thermobacillus xylanolyticus

Biomining
Biofuel production
Lipase production
Superoxide dismutase production
Laccase production
Taq polymerase production
Restriction endonucleases (MspNI and MspNII)
production
Cellulose production
Xylanases production

Tourova et al. (1994); Vera et al. (2013); de Vrije
et al., 2010; Abol Fotouh et al. (2016),
Correa-llanten et al. (2014); Verma et al., (2014);
Gupta et al. (2012); Wang et al. (2010); Touzel
et al. (2000)

Halophiles Halobacterium salinarum
Haloferax
Alexandrines
Haloterrigena thermotolerans SS1R12,
andHalorubrum chaoviator SS1R17
Naloterrigena hispanica and
Natronococcus occultus

Holography,
artificial retinas, photochromic dyes, spatial light
modulators, and the renewal of biochemical
energy
Canthaxanthin used as a food dye, a feed additive
and cosmetic industry
Antimicrobial peptides production
Diketopiperazines having blood-clotting
functions,
antimicrobial, antifungal, antiviral, and antitumor
properties

Charlesworth and Burns (2015); Asker and Ohta
(2018); Ghanmi et al. (2016); Charlesworth and
Burns (2015)

Psychrophiles Pseudoalteromonas haloplanktis
Pseudoalteromonas haloplanktis TAH3a
Pedobacter cryoconitis
Flavobacterium psychrophilum
Psychrobacter okhotskensis

Bioremediation of aromatic compounds
Xylanase production
Catalase, Protease, amylase, oxidase production
Metalloprotease production
Lipases production

Parrilli et al. (2010); Dornez et al., (2011);
Margesin et al. (2018); Zeng et al. (2004)

Radiation resistant Deinococcus radiodurans Bioremediation of radioactive waste Misra et al. (2014)
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cell after sensing the threshold of AIPs in its environment detected by
cytoplasmic transcription factors. This second peptide based system
utilizes extracellular proteases for the secretion and maturation of pro-
peptides. Like acylated homoserine lactones, AIPs are also species
specific and regulate various important functions in bacteria such as
virulence in Staphylococcus aureus (AIP: AIP 2) (Kim et al., 2017),
competence development in Bacillus subtilis (AIP: ComX) (Schultz et al.,
2009) and Streptococcus pneumoniae (AIP: CSP, Competence Stimulating
Peptide) (Johnsborg and Havarstein, 2009), bacteriocin-inducing pep-
tide IP-673 in Lactobacillus sake LTH673 (AIP: IP-673) (La Rosa et al.,
2015) and programmed cell death in E. coli (AIP: EDF, Extracellular

Death Factor) (Yan et al., 2015).

2.3. AI-2 based system

The third major signaling system used by bacteria is based on au-
toinducer-2 (AI-2), a furanosyl borate diester. This mode of QS is shared
by both Gram-positive and Gram-negative bacteria (Chen et al., 2002).
This molecule is produced by LuxS enzyme by recycling of S-adenosyl-
homocysteine (SAH) to S-ribosyl-homocysteine (SRH) which further
produces (S)-4, 5-dihydroxy-2, 3-pentanedione (DPD), the AI-2 pre-
cursor. LuxS is not only involved in QS but it has important role in

Fig. 1. Autoinducer-1 type quorum sensing. LuxI (AI-1 synthase) produces AHLs. At high cell density bacteria recognize the nearby AHLs secreted by neighbor
bacteria. LuxR (transcriptional activator) receives the cognate AHLs resulting in gene expression of appropriate phenotype.

Fig. 2. Peptide based quorum sensing. AIP synthase produces autoinducing peptides that are release through the transporter T into the environment. At high cell
density secreted peptides are recognized by two component sensor kinases H and this interaction causes phosphorylation of cognate response regulator R, thus
activating it. This results in gene expression of appropriate phenotype.
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activated methyl cycle for the generation of S-adenosyl-L-methionine
(SAM) that acts as major methyl group donor in cell. Thus, the presence
of luxS in bacteria without stimulation of bioluminescence in V. harveyi
BB170 (autoinducer-2 assay) suggests its non-QS role. Different bac-
terial species recognize different AI-2 DPD stereoisomer. Cyclization of
DPD generates two major stereoisomers, S-DHMF (2S, 4S)-dihydroxy-2-
methyldihydro-3-furanone) and R-DHMF (2R, 4S)-dihydroxy-2methyl-
dihydro-3-furanone), their hydration generates others DPDs that are
interconvertable and exist in equilibrium with each other in aqueous
solutions thus stimulating interspecies communication. The known re-
ceptors for autoinducer-2 are: LuxP (Chen et al., 2002), LsrB (Miller
et al., 2004), RbsB (James et al., 2006) that are all periplasmic proteins
(Fig. 3). AI-2 is extremely important among different bacterial species
as it works in both interspecies as well as in intraspecies communica-
tion. Some examples of autoinducer-2 mediated regulation are biofilm
formation by Bifidobacterium longum (Sun et al., 2014), Staphylococcus
epidermidis RP62A (Xue et al., 2015), virulence in E. coli 0152:H7 (Kim
et al., 2009), motility in Campylobacter jejuni subsp. jejuni (Plummer
et al., 2012), biofilm formation and oxidative stress in Deinococcus
radiodurans (Lin et al., 2016).

2.4. Other quorum sensing systems

Another less common QS system is AI-3, a product of an amination
of aromatic compound whose structure is unknown and is found in
enteric bacteria Enterohemorrhagic Escherichia coli (EHEC).
Mammalian hormones (epinephrine and norepinephrine) cause similar
responses as AI-3 by binding to AI-3 receptor (Walters and Sperandio,
2006). Thus AI-3 is involved in inter-kingdom communication. luxS
gene influences the synthesis of autoinducer-3 (AI-3), which further
turns on the expression of virulence genes to colonize the large intestine
(Walters and Sperandio, 2006). However it cannot induce biolumines-
cence in V. harveyi. AI-3 is chemically distinct from AI-2 as it is not
furanosyl-borate diester. Moreover unlike AI-2, AI-3 can bind C-18
columns and is eluted with methanol (Sperandio et al., 2003).

Indole is another QS compound gaining interest as an intercellular
signaling molecule playing role in biofilm formation, virulence, anti-
biotic resistance and formation of persister cells (Kim and Wood, 2010).
Indole is produced from tryptophan in enteric bacteria by tryptopha-
nase (Yanofsky et al., 1991). Supplementation of culture medium with
indole results in the formation of quiescent cells in E.coli (Chen et al.,
2015) and its accumulation in aged cultures promotes cell death (Saint-
Ruf et al., 2014). Indole producing resistant bacteria defend non-re-
sistant neighbor cells against antibiotic stress (Lee and Lee, 2010).
Some other QS molecules are Diffusible Signal Factor (DSF), reported as
a QS factor in Xanthomonas campestris (Barber et al., 1997) and Steno-
trophomonas maltophilia (Ryan et al., 2008) and responsible for viru-
lence and antibiotic resistance in these bacteria; DiKetoPiperazine
(DKP) allows the coexistence of Cronobacter sakazakii and Bacillus cereus
leading to contamination of food (Bofinger et al., 2017); Pseudomonas
Quinolone Signal (PQS) plays a key role in regulating virulence in no-
socomial pathogen P. aeruginosa (Reen et al., 2011); 2-Amino Acet-
ophenone (2-AA) promotes virulence in P. aeruginosa (Kesarwani et al.,
2011); Integrated Quorum Sensing System (IQS) is another one pre-
valent in P. aeruginosa which under phosphate depletion conditions
controls the role of central las system (Lee et al., 2013); Competence
Stimulating Peptide (CSP) controls competence of genetic transforma-
tion in Streptococcus pneumoniae (Oggioni et al., 2004); Cholera Auto-
inducer-1 (CAI-1) has role in production of virulence factors in Vibrio
cholerae (Higgins et al., 2007); γ-butyrolactone regulates differentiation
and antibiotic production in Streptomyces (Takano, 2006), Dialkylre-
sorcinols (DARs) constitute an important virulence regulating QS
system in Photorhabdus asymbiotica, sensed by the LuxR homolog
PauR (Brameyer and Heermann, 2015) and Photopyrone autoinducer
(PPY) QS system found in insect pathogen Photorhabdus luminescens,
might be involved in virulence (Brachmann et al., 2013).

Fig. 3. Autoinducer-2 type quorum sensing. LuxS (AI-2 synthase) produces furanosyl borate diester. At high cell density bacteria recognizes the nearby AI-2 signals
secreted by neighbor bacteria. LuxP or LsrB or RbsB (transcriptional activator) receives the cognate AI-2 resulting in gene expression of appropriate phenotype.
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3. Quorum sensing systems prevalent in extremophiles (Fig. 4)

3.1. Bacteria thriving at extreme temperatures

3.1.1. Thermophiles
All the three major QS systems found in mesophiles had been ex-

plored in thermophilic bacteria (Table 2,). It was observed that hy-
drogen produced by certain fermentative H2 producers inhibits their
own growth after sometime when these microorganisms are present in
monocultures; however when they are present with methanogenic H2

acceptors in syntrophic relationship, inhibitory hydrogen is utilized as
the energy source for formation of methane. This association was ob-
served between Thermotoga maritima which produces H2 as auto-
inhibitory product and hydrogenotrophic methanogen Methanococcus
jannaschii. Co-culturing T. maritima with M. jannaschii facilitated the
formation of extracellular polymeric substances (EPS) in T. maritima
during mid log phase that led to the formation of cellular aggregates
and speculatively promoted the interspecies H2 transfer. Transcrip-
tional analysis of T. maritima in co-culture revealed that the gene
‘TM0504’ (predicted signal peptide) encoding a 43 amino acid poly-
peptide was up-regulated. This gene is in proximity of genes coding for
permeases and ATP binding subunits (including oligopeptide ABC
transporter), and these may function in the export of small peptide
derived from ‘TM0504’. Moreover the cleavage site of active auto-
inducing peptide in S. pneumonia and lactic acid bacteria is very similar
to the GG motif of ‘TM0504’ (Havarstein et al., 1995). This was further
proved by adding the truncated version of polypeptide from ‘TM0504’
to pure culture of T. maritima that resulted in the production of EPS
within 30min which otherwise is not visible at this point without
peptide addition. This observation suggests the role of peptide based QS
as the mode of interaction (Johnson et al., 2005).

Further exploration in T. maritima revealed the presence of AI-2 type
QS. Nichols et al., (2009) demonstrated that two hyperthermophiles, T.
maritima and Pyrococcus furiosus, produce AI-2 signal despite lacking
the autoinducer-2 synthase, LuxS. However, both these organisms
contain SAH hydrolase, another enzyme in the pathway of activated

methyl cycle which catalyzes the cleavage of SAH to adenosine and
homocysteine. Adenosine produced is converted to AI-2 signal as de-
termined by Vibrio harveyi reporter assay. It was speculated that the AI-
2 formed here might be the result of temperature dependent re-
arrangement of phosphorylated ribose by the action of enzyme nu-
cleoside phosphorylase, producing ribose-1-phosphate that is converted
to ribose-5-phospate by phosphosugar mutase, which would then
spontaneously convert to DPD in the presence of heat. This was tested
by GC–MS analysis using nucleoside phosphorylase and phosphosugar
mutase of T. maritima that showed a peak with the similar fragmenta-
tion pattern at the same place as was observed in case of AI-2 synthe-
sized from purified E. coli LuxS. Further, it was noticed that the dose
response used in V. harveyi AI-2 assay was consistent with that of
methy-3(2 H)-furanone (MHF). These results lead to the possibility that
MHF is the furanone formed here. Hauck et al. (2003) suggested that
MHF formed from “D-ribulose- 5- phosphate” gives rise to DPD. In this
way AI-2 could be formed in luxS-independent manner which has the
capability to stimulate bioluminescence in V. harveyi AI-2 assay. No
phenotypic change was observed which suggested that the adenosine
from SAH is involved in the production of AI-2 without the involvement
of appropriate AI-2 type QS genes.

Another thermophile, Geobacillus stearothermophilus T-6, produced
an extracellular xylanase (Xyn10 A) that formed xylo-oligosaccharides
from xylan. Earlier studies by Shulami et al. (2014) suggested that the
expression of xynA in strain T-6 occurs during stationary phase. How-
ever, higher expression was observed when growth was carried out in
well aerated fermenter that allowed maintenance of logrithimic phase
for more generations. The specific activity of Xyn10 A increased over
50-fold during early exponential growth, suggesting cell density de-
pendent regulation. In order to confirm this, the high cell density xynA
expressing culture was diluted. This resulted in decreased xylanase
activity followed by increase when growth of culture was continued.
Further, expression of xynA was observed at different cell densities
which showed that the increase in expression is correlated with the
increase in cell density. Quantitative measurements of xynA-mRNA
using qRT-PCR and RNase protection assays indicated that this cell

Fig. 4. Members from each extremophilic class showing evidences of quorum sensing systems.
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density dependent, QS based regulation was at the transcriptional level.
Xylanase density factor (XDF), a small peptide, was suggested as the QS
signal (Shulami et al., 2014). Conditioned culture medium was pre-
pared by growing strain T-6 in modified basal salt medium (mBSM)
containing 1% xylose to a density of ˜0.8 OD600. The cells were re-
moved and supernatant was filter sterilized, concentrated two-fold and
boiled for 10min. High activity of Xyn10 A was observed when this
conditioned medium was added to low cell density cultures suggesting
the QS functioning of heat stable XDF. Further, it was found that XDF is
protease sensitive and can be absorbed on hydrophobic matrix and
eluted with 20–25% acetonitrile using a C18 reverse phase HPLC
column (Shulami et al., 2014). These characterstics are similar to those
of Gram-positive QS peptide factors (Ibrahim et al., 2007).

Thermophilic origin of luxS lineage was observed in epsilonpro-
teobacteria. Mesophilic epsilonproteobacteria are nested within the
thermophilic clades and the phylogenetic analysis of LuxS sequence
revealed higher amino acid identity to those found in thermophiles.
This revealed an evolutionary link between thermophiles and meso-
philic pathogens (Perez-Rodriguez et al., 2015). The thermophile Ca-
minibacter mediatlanticus and a mesophile Sulfurovum lithotrophicum
from deep sea hydrothermal vent produced bioluminescence in V.
harveyi AI-2 assay and indicated that the epsilonproteobacterial lineage
of the LuxS enzyme originated in high-temperature geothermal en-
vironments (Perez-Rodriguez et al., 2015). luxS was found to be in-
volved in the formation of biofilm in deep sea hydrothermal vents. It
was suggested that reduced sulfur is not limiting in geothermal en-
vironments, thus de novo synthesis of methionine is energetically in-
expensive. Therefore, the role of LuxS in activated methyl cycle is not
very remarkable as in other habitats. The presence of luxS in thermo-
philic bacteria from deep sea hydrothermal vent thus may be involved
in AI-2 synthesis rather than methionine recycling.

Moreover, LuxS protein search in non-redundant database suggested
its presence in certain members of Deinococcus-Thermus phylum
(Thermus thermophilus HB27, Truepera radiovictrix DSM 17,093,
Oceanithermus profundus DSM 14977, Meiothermus silvanus DSM 9946),
but its role in these environments as well as experimental validation
remain to be understood. T. radiovictrix was selected as the re-
presentative member of the phylum for structure analysis which sug-
gested that N-terminal region of the protein was different from rest of
the LuxS sequences from mesophilic representatives (Rao et al., 2016).
Further work is required to validate the presence and role of LuxS in
these thermophiles.

In an extensive study in our lab, proteomes of 106 thermophilic
eubacteria and 21 thermophilic archaea were searched for the presence
of QS systems (Kaur et al., 2018). Bioinformatic analysis revealed the
presence of complete AI-2 system in 17 thermophilic bacteria belonging
to phyla Deinococcus- Thermus and Firmicutes while 18 were having
only LuxS and 16 were having only LsrB and/or RbsB. None of the
archaea was found to have any existing QS system. But the possibility of
novel, unknown mechanisms of communication cannot be ruled out.

3.1.2. Psychrophiles
A considerable fraction of earth is covered by sea that forms shelter

for microorganisms which can survive at temperature below 15 °C.
Little is known about the survival strategies and communication in
these cold adaptive microbes (Table 2).

DiKetoPiperazines (DKP) are considered QS molecules that can ac-
tivate LuxR utilizing quorum-sensing systems. Antarctic psychrophile
Pseudoalteromonas haloplanktis TAC125 produced a novel DKP, cyclo-
(D-pipecolinyl- L-isoleucine) and 7 other known DKPs (Mitova et al.,
2005). It was reported that microbial DKPs are either the de novo syn-
thesized compounds or the catabolic products of constituents of nu-
trient rich medium. Cyclo-(L-propyl- L-tyrosine), identified in this work,
was shown previously as QS molecule (Degrassi et al., 2002), but it was
also shown that the concentration of this DKP was same in both sterile
medium as well as in cell free culture supernatant which suggests that itTa
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is the component of medium used. It was presumed that the presence of
DKP (cyclo-(L-propyl- L-tyrosine) in medium was not providing any
wrong information regarding the cell density as the organism grew
appropriately in LB medium. However, this DKP contained phenyl
group and showed activity in free radical scavenging assay, so it may
have antioxidant properties but requires experimental validation
(Mitova et al., 2005). The exact role in QS was not discussed in this
report. Other QS systems were also searched in this bacterium viz. AI-1,
AI-2, quinolones, cyclicdipeptide and indole, but none was found.
However, PSHAa0159 gene was detected which codes for putative
aconitate hydratase that utilizes aconitate as iron sulfur cluster de-
pendent signal during stationary phase (Médigue et al., 2005; Kiley and
Beinert, 2003).

In general, psychrophiles are considered non-pathogenic but some
are involved in causing disease in plants. Pectobacterium atrosepticum is
a psychrotroph that causes soft rot in Solanum tuberosum in low tem-
perature regions where potatoes are grown. As the thermoregulation of
bacterial multiplication differs from that of exoenzyme production, it
was reported that the thermoregulation of AI-1 type QS triggers
exoenzyme synthesis (Latour et al., 2007).

QS also plays an important role in the survival of psychrophiles at
low temperature. Cyclic di-guanylate systems are known to regulate
genes for motility, biofilm formation and adhesion factors. Presence of
regulators of cyclic diGMP signaling system in Psychromonas ingrahamii
suggested that it is involved in the formation of an extracellular poly-
saccharide that may help lower the freezing point in surrounding area
of the cell (Riley et al., 2008). Moreover, an ortholog of biofilm con-
trolling regulator, HapR (in V. cholerae) is present. HapR (a homolog of
LuxR in V. cholerae) is the master high cell density regulator that con-
trols the genes for quorum sensing dependent biofilm formation and
virulence. Detection of CAI-1 (S)-3-hyroxytridecan-4-one) and AI-2 (4,
5-dihydroxy-2, 3-pentanedione) at high cell density is correlated with
the production of HapR (Papenfort et al., 2017). Papenfort et al., (2017)
examined the culture fluids from a V. cholerae ΔhapR mutant that was
found to be completely deficient in the production of CAI-1 and AI-2,
thus suggesting the importance of hapR in QS. Since only hapR was
found in Psychromonas and no autoinducer producer, it was concluded
that the QS mechanism is unknown. Thus it is presumed that P. in-
grahamii may form biofilm to combat cold conditions but the type of QS
system was not known.

QS regulated factors may cause spoilage of milk and dairy products
as AHLs are present in milk deteriorating psychrotroph Pseudomonas
spp. High cell density of P. fluorescens may enhance the production of
extracellular proteases and lipases that results in degradation of pro-
teins and fats in milk products. However the role of QS has to be further
validated for these preliminary findings (de Oliveira et al., 2015).

Bioluminescence in the psychrophile Aliivibrio logei is regulated by
AI-1 type QS containing two copies of luxR (luxR1 and luxR2).
Autoinducer concentration required to activate LuxR1 was 100 times
more than for the activation of LuxR2. LuxR2 was a substrate for Lon
protease and required GroEL/ES chaperonin for its folding while it was
not required by LuxR1 nor was it degraded by Lon. Further, combina-
tion of luxR1 and luxR2 products could activate pr-promoters of A. logei
lux operon in E. coli without the requirement of GroEL/ES and Lon. This
combination allows LuxR2 activation at high cell concentration even in
the absence of GroEL/ES (Konopleva et al., 2016; Khrulnova et al.,
2016).

QS mechanism utilized by certain psychrophiles can be exploited for
commercially valuable products e.g. biofilm formation by Pseudomonas
mandelii was mediated by alginate overproduction at low temperature.
QS is known to mediate alginate synthesis in pseudomonads (Fazli
et al., 2014) by expressing genes algU and mucA. AlgU (transcriptional
activator of the alginate operon) expression was controlled by MucA
which binds to AlgU to stop the alginate operon transcription. During
biofilm formation by P. mandelii, expression of algU did not change at
different temperatures; while the downregulation of mucA was reported

at lower temperatures (4 and 15 °C) which resulted in increased algi-
nate production at lower temperatures. Biofilm formation proves to be a
useful strategy for survival of this Antarctic isolate at low temperatures
(Vasquez-Ponce et al., 2017). However exact QS mechanism has not
been explained.

Recently, genome sequences of two psychrophiles, Pseudomonas si-
miae RGCB 73 and Pseudomonas brenneri RGCB 108, from the Arctic
were found to have more than one luxIR type genes producing acyl
homoserine lactone molecule, thus speculating the presence of AI-1
type QS. The presence of AHL was detected by AHL reporter strains
Chromobacterium violaceum CV026, Escherichia coli pJBA132, and
Pseudomonas putida F117 pKR-C12. This information will enable to
understand the survival strategy used by these psychrophiles at low
temperature and the function of QS (Dharmaprakash et al., 2016).

3.2. Bacteria thriving at extreme pH

3.2.1. Acidophiles
QS mechanisms have been detected in some acidophiles (Table 2),

for example Ferrovum, where ene-reductases (ERs), the flavin-depen-
dent oxidoreductases, might have a role in QS mediated oxidative stress
response (Toogood et al., 2010). Ferrovum (iron-oxidizing betaproteo-
bacterium) was found to have a thermostable (60 °C) and pH stable ER
(FOYE-1) with close phylogenetic relationship to that of mesophilic
DrOYE, RmOYE, and OYERo2 (Scholtissek et al., 2017). foye-1 is present
immediately downstream of luxR but luxI is lacking. Thus, FOYE-1 is
speculated to be a part of QS mechanism by substituting LuxI (that
provides the autoinducer for LuxR) with regard to its genomic neigh-
borhood and substrate specificity. These homoserine lactones are sup-
posed to be produced in response to transhydrogenation of the re-
spective furanones (Scholtissek et al., 2017).

Acidithiobacillus ferrooxidans, one of the microorganisms important
in acid mine draining and industrial recovery of copper and gold, has
two autoinducer-1 type QS systems which respond to different en-
vironments. First one (LuxIR) is upregulated when bacteria are grown
in sulfur containing medium (Rivas et al., 2005) while the second one
having ‘Act’ as AHL synthase is upregulated when grown in iron con-
taining medium. It has been presumed that these QS mechanisms reg-
ulate biofilm formation (Rivas et al., 2007). Further, transcriptome
analysis of QS regulon in A. ferrooxidans revealed that the AHL syn-
thase, afeI, is regulated by QS while transcriptional regulator afeR is
not. Moreover it was observed that 4.5% genome of A. ferrooxidans
ATCC 23270 T represents QS network, of which 42.5% was part of
biofilm formation (Mamani et al., 2016). Thus it may be presumed that
QS regulates biofilm formation in this bacterium.

QS systems were investigated in acidophile Leptospirillum ferroox-
idans that is used in biomining. Genes ygiU and ygiT (homologues of
mqsR and mqsA of E.coli) are upregulated during biofilm formation. It is
known that MqsR (motility and QS regulator) is linked to biofilm for-
mation and persister cell development (Kim and Wood, 2010; Gonzalez
Barrios et al., 2006). Moreover it was observed that deletion of mqsR
results in reduction of biofilm (Moreno-Paz et al., 2010). However no
QS molecule was detected.

Mori et al. (2017) investigated the role of QS in two co-occurring
bacteria, Acidithrix str. and Acidiphilum str. from iron snow (iron rich
aggregates). Presence of cell free supernatant of Acidiphilum enhanced
the amount of nucleic acid and Fe (II) oxidation by Acidithrix. Acid-
iphilum possesses polar flagella which prevent cell aggregation. How-
ever, addition of cell free supernatant of Acidithrix resulted in formation
of macroscopic aggregates in Acidiphilum (Mori et al., 2017). This might
be the result of chemical communication between these bacteria which
needs further investigation of QS molecules.

Pathogenic bacteria also rely on the process of QS for pathogenesis
inside human body extreme environments such as acidic stomach. V.
cholerae survives acidic environment by the development of thick,
glutinous biofilm. This is achieved by QS regulator, HapR, that inhibits
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the expression of Vibrio polysaccharide (VPS) operon. After the bacteria
come out of acidic environment of stomach, biofilm protection is not
required; therefore HapR production restarts resulting in change of
biofilm conformation (March and Bentley, 2004). H. pylori is another
bacterium known to survive the acidic environment of stomach. It has
AI-2 type QS responsible for flagellar gene regulation and has role in
pathogenesis (Rader et al., 2007).

3.2.2. Alkaliphiles
Extracellular protease production was reported in the haloalk-

aliphilic archaeon Natronococcus occultus during late exponential and
stationary phases of growth. Paggi et al. (2003) proposed that the
production may be due to QS at high cell density during the late ex-
ponential phase, as when the low cell density culture was suspended in
the cell free culture filtrate of late exponential phase culture, the pro-
duction of extracellular protease shifted to early exponential phase.
Agrobacterium biosensor strain was used to confirm the presence of AI-1
molecules (N-3-oxo-octanoyl- and N-3- oxodecanoyl-homoserine lac-
tones) in this archaeon. More work is required to establish the exact
role of AHLs in this archaeon or whether QS is directly linked with
extracellular protease production.

Ramanathan and Ting (2015) reported the presence of QS in pure
cultures of four alkaliphilic bacteria viz. Agromyces aurantiacus, Alkali-
bacterium pelagium, Alkalibacterium sp. and Bacillus foraminis which
were used for bioleaching of copper. They hypothesized that these al-
kaliphilic bacteria may utilize QS for synergistic bioleaching.

3.3. Bacteria resistant to DNA damaging agents

3.3.1. Radiation/ oxidative stress resistant bacteria
QS mechanism is well characterized in radiation resistant

Deinococcus radiodurans (Lin et al., 2016). The reason for this resistance
is its remarkable ability to repair DNA damage and the presence of four
to ten copies of genome. D. radiodurans is one of those bacteria that
utilize both AI-1 and AI-2 systems for communication. AI-1 mediated
QS plays a vital role during oxidative stress that is controlled by DqsI/
DqsR regulatory system. Under non-stress conditions quorum quenchers
(QqaR and QqlR) inhibit the DqsI/DqsR regulatory system (Lin et al.,
2016). Further, it was found that the levels of AHLs were much less
during non-stress conditions indicating their role only during oxidative
stress.

Another mechanism controlled by AI-2 is cell death by MazEF, a
type II TA (Toxin-antitoxin) system, well known for its involvement in
cell death in E. coli under stress conditions (amino acid starvation,
antibiotics, oxidative stress and high temperature) (Hazan et al., 2004).
Similar mechanism was observed in D. radiodurans during DNA damage
stress in the presence of lethal concentration of mitomycin C to save
nutrients by suicide of certain cells enabling the survival of remaining
population (Li et al., 2017). In E.coli, EDF(Extracellular Death Factor)
(QS factor) is required for activation of MazF mediated cell death but
not in D. radiodurans where AHLs may activate MazEF as AHLs are
produced in the presence of lethal levels of oxidative stress (Li et al.,
2017; Lin et al., 2016).

Importance of AI-2 system in D. radiodurans was investigated by
constructing a luxS (dr_2387) deletion mutant (Lin et al., 2016). AI-2
regulates the expression of stress related genes coding for superoxide
dismutase, catalase, DNA protection during starvation, protein- 1 (Dps-
1), ATP-binding cassette (ABC) transporters and resistance to gamma
radiations. AI-2 receptor in this bacterium is yet to be found to un-
derstand the complete mechanism of QS (Lin et al., 2016).

Deinococcus gobiensis is another radiation resistant bacterium that
has mechanism to overcome UV irradiation. Its gidA gene encoding
glucose-inhibited cell division protein A controls the regulation of QS
genes in P. aeroginosa via RhlR dependent and RhlR independent
pathways in a similar manner as QS in soil symbionts. However, the
exact function of this gene is yet to be explored (Montgomery et al.,

2013).

3.4. Other extremophiles

3.4.1. Piezophiles
Piezophiles/barophiles are the microorganisms capable of surviving

high pressure environment such as ocean floor. Sea beneath 1000m
depth is distinguished by a high hydrostatic pressure, predominantly
having coldness, darkness and shortage of organic-matter.

Photobacterium profundum is a member of the family Vibrionaceae
comprising of the microorganisms (Vibrio harveyi and Aliivibrio fischeri)
in which QS was first explored. Although Photobacterium profundum and
Vibrio harveyi belong to the same family Vibrionaceae, still they have
differences in genomes with regard to quorum sensing genes.
Comparative genomic studies had been attempted by Rezzonico and
Duffy (2008) for searching AI-2 signaling system in P. profundum and
found that though LuxS homologue is present but no luxP (AI-2 re-
ceptor) homolog was found there, although luxP is prevalent in Vi-
brionales having AI-2 type of QS and no alternative receptor for AI-2
has been described in bacteria belonging to the Vibrionales. Therefore,
luxS in Photobacterium profundum appears to have only metabolic role,
suggesting that P. profundum may be using some unknown mechanisms
of QS (Montgomery et al., 2013). However it requires experimental
validation.

Likewise, the effect of pressure was observed on the growth and
bioluminescence of P. phosphoreum isolated at the depth of 2200m and
22MPa pressure. Higher level of luminescence was observed at high
pressure (22MPa) in comparison to atmospheric pressure (0.1 MPa)
(Rezzonico and Duffy, 2008), reason being the formation of aggregates
at high pressure that keep the cells in close proximity, and higher cell
densities possibly generate a QS response resulting in high biolumi-
nescence as observed in other marine microorganisms such as V. harveyi
(Martini et al., 2013).

QS mechanism was also reported in Shewanella piezotolerans that is
able to survive and grow in the pressure range 0.1–50MPa and is found
at the depth of 1914m. Genomic studies revealed the presence of a
large number of small regulatory RNAs, 92% of which allied to the
dominant trans-encoded RNAs class and remaining were cis-regulatory.
Most of the cis-sRNAs were cold regulated. However, trans-regulatory
sRNAs are assumed to be part of the mechanisms such as iron home-
ostasis and QS (Gottesman and Storz, 2011).

3.4.2. Halophiles
Extreme halophiles can survive at salt concentration 3.4–5.1M.

Tahrioui et al. (2013) demonstrated the presence of AI-1 type QS in 43
species of Halomonadaceae family using Chromobacterium violaceum
strain CV026 and Agrobacterium tumefaciens NTL4 (pZLR4) dependent
assays for detection of AHLs. TLC analysis suggested the presence of C8-
HSL (N-octanoyl-homoserine lactone), C6-HSL (N-hexanoyl-L-homo-
serine lactone) and 3-oxo-C6-HSL (N-(3-oxo-hexanoyl)-L-homoserine
lactone). AI-1 synthase gene was also searched using PCR primers
specific to active site of luxI. 29 species were found to have the se-
quences similar to luxI, however 14 did not contain it. Tahrioui et al.
(2013) suggested that the possible reason could be ‘primer mis-
matching’ in those 14 species. However, it could be because of the
presence of alternative non-homologous enzymes for AHL production in
those 14 species.

Similarly, AHLs are also produced by some members of the mod-
erately halophilic genus Halomonas, viz. H. eurihalina, H. maura, H.
ventosae and H. anticariensis (Llamas et al., 2006). The presence of AHLs
was confirmed using Chromobacterium violaceum strain and Agro-
bacterium tumefaciens based assays. TLC analysis showed the presence of
C8-HL, C6-HL, 3-oxo-C6-HL, C4-HL. Also, H. anticariensis possessed
luxR/luxI homologues, hanI and hanR, and formed biofilms with the
help of AHLs produced (Tahrioui et al., 2011). Presence of QS in these
halophiles suggests its role in adaptation to a wide range of hypersaline
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habitats which further needs to be evaluated.
Another QS mechanism has been reported in halophiles belonging

to genus Halanaerobium that has great importance in oil and gas in-
dustry since it is a common habitant of oil reservoirs and shale for-
mation. It is also present in processed water from hydraulic fracturing
(Monzon et al., 2016). Anodic biofilm was formed by H. praevalens,
found in saline oil and gas reservoirs, in a hypersaline microbial fuel
cells (100 g/L NaCl) through QS by incorporation of exogenous QS
signals PQS and 4-hydroxy-1-methyl-2-quinolone (found in P. aerugi-
nosa) that resulted in increase in biomass and generated power density.

Chloride dependent homologue of LuxS was found in the moder-
ately halophilic bacterium Halobacillus halophilus (Sewald et al., 2007).
luxS transcription was salt dependent with maximal mRNA concentra-
tions at 2.0 M NaCl in the growth medium and motility was chloride
dependent. However the role of QS or production of AI-2 was not
proved.

Evidences have shown the presence of QS in halophilic archaea such
as Haloferax volcanii, Haloterrigena hispanica and Natronococcus occultus.
H.volcanii was isolated from the Dead Sea, the Great Salt Lake, oceans
and is naturally competent, which suggests that it may be using QS as a
regulatory mechanism for competence. Bioinformatic analysis further
showed significant homology with comA of S. pneumoniae that also
functions for competence. Recently, Megaw and Gilmore (2017) sug-
gested the role of AHL induced QS in H.volcanii in response to stress that
mediates persister formation. The AHL produced was different from
that of other bacterial AHLs. QS molecule, DKP has been reported in an
extremely halophilic archaeon, H. hispanica that activates the bior-
eporters of AHL (Tommonaro et al., 2012).

4. Quorum sensing dependent applications of extremophiles

Extremophiles have found their way in industry, biotechnology,
biomining, health, production of electricity (Table 1) and are the best
alternatives to replace the conventional enzymes used in industries
from mesophiles. The efficiency of enzymes produced by mesophiles is
usually improved by genetic or chemical modification or by im-
mobilization (Mukhopadhyay and Banerjee, 2015) which makes the
process lengthy as well as costly (Coker, 2016). However, ex-
tremophiles provide alternative source to be used at extreme tem-
perature, pressure, pH and salinity. The reason for their flexibility in
extremes is the presence of stable proteins and cell membranes in
thermophiles, flexible cellular and antifreeze proteins in psychrophiles,
presence of compatible solutes providing salt-resistance in halophiles
and the capability to pump ions to keep internal pH close to neutrality
in acidophiles and alkaliphiles. Applications of extremophiles can be
further improved by exploration of QS mechanisms involved.

4.1. Quorum sensing as an emerging area of research

4.1.1. Development of quorum quenchers
The problems discussed in the beginning of the review that are as-

sociated with thermophilic biofilm formers lead to huge economic loses
and severe environmental contamination which demands interest in
developing strategies to disrupt QS in these thermophilic bacteria. In
the last decade, attempts have been made to find or develop inhibitors
which will control the production of autoinducers by inhibiting key
enzymes involved in autoinducers biosynthesis viz. MTAN (5'-methyl-
thioadenosine/S-adenosylhomo-cysteine nucleosidase), LuxS, LuxI; that
will decrease the amount of AI-1 and 2 production (Guo et al., 2013).

4.1.2. Biosensors utilizing quorum sensing systems
QS is attaining importance in the development of whole cell mi-

crobial biosensors able to sense pathogenic microbes in the surround-
ings and diseased host (Choudhary and Schmidt-Dannert, 2010). QS
phenomenon can be used to develop anti-cancer therapeutics by sup-
plementation of cancer destructing material in engineered bacteria able

to permeate the cancer cells (Choudhary and Schmidt-Dannert, 2010).
One such example is the introduction of invasin gene (regulated by the
AI-1 system) from Yersinia pestis in the genome of E. coli. At high con-
centration of AHLs, expression of invasin gene is induced which further
allows E. coli to attach and invade cells exhibiting β1-integrin cell
surface receptors (Anderson et al., 2006). Another example involves AI-
1 signal 3-oxo-C12-HSL produced by P. aeruginosa that has the cap-
ability to inhibit proliferation and induce apoptosis in breast cancer cell
lines (Li et al., 2004). However P. aeruginosa cannot be used directly
because of its virulence in immune-compromised patients. More such
QS molecules can be explored from non-pathogens for host. Ex-
tremophiles are usually non-pathogenic and their QS systems can be
employed in this area. Further, synthetic homologs of autoinducers can
be prepared that can act as anti-QS molecules (Oliver et al., 2009).

4.1.3. Biocontrol strategies utilizing quorum sensing systems
AHLs are essential for the pathogenicity of E.carotovora in tobacco

plants. Transgenic tobacco plants are capable of producing AHLs thus
fooling the bacteria to switching to virulent form at low cell density
which makes the bacteria vulnerable to defense mechanisms of tobacco
plant. This kind of biocontrol strategy can be employed if the AHLs
produced by virulent bacteria are known (Mae et al., 2001). Likewise
autoinducer molecules from extremophiles can be used in developing
biocontrol strategy by utilizing their autoinducers in transgenic crops
which can provide resistance to the crops in similar manner.

4.1.4. Industrial importance of quorum sensing systems from extremophiles
A novel psychrophile, Pseudomonas mandelii, was isolated from

Antarctica capable of producing alginate, known to have various ap-
plications in pharmaceutical, cosmetic, textile and paper industry
(Vasquez-Ponce et al., 2017; Muller et al., 2009). It is known that al-
ginate synthesis is regulated by QS in pseudomonads (Hay et al., 2013;
Bakkevig et al., 2005). Similarly, ene-reductases from acidophilic iron
oxidizing bacterium Ferrovum sp. were found to have high stability
because of which these are acquiring great importance. This thermo-
philic-like ene-reductase (FOYE-1) has shown involvement in QS pro-
cess (Scholtissek et al., 2017). Likewise, the acidophile A. ferrooxidans,
utilizing QS, is involved in bioleaching, biorecovery of copper and in
biogeochemical cycling of iron, sulfur, heavy metals, and nutrients
(Rivas et al., 2007). Similarly, 50-fold increase was noticed in extra-
cellular xylanase (Xyn10 A) produced by a thermophile, G. stear-
othermophilus during early exponential growth, which might be because
of high cell density (QS) (Shulami et al., 2014). Halomonas maura,
known to degrade aromatic compounds and produce exoenzymes and
exopolysaccharides (EPS’s) and carry out denitrification, also uses QS to
fulfill these processes (Tahrioui et al., 2013). QS autoinducers in H.
praevalens enhanced power generation in a hypersaline microbial fuel
cell (Tahrioui et al., 2011).

5. Conclusions

Information regarding QS in extremophiles is limited. However,
bioinformatic analysis has made it possible to understand the genomes
of extremophiles through which the identification of QS systems can be
carried out by utilizing known QS genes/proteins as queries. In future,
knowledge of QS in extremophiles can be utilized for the development
of quorum quenching molecules against those extremophiles which are
causing industrial problems.

Traditional QS systems are not sufficient for the complete knowl-
edge of communication in extremophiles. In T. maritima, no phenotypic
change was detected although the LuxS formed was able to prompt
bioluminescence in V. harveyi AI-2 assay. Confirmation for the in-
volvement of peptide based system was not provided in G. stear-
othermophilus. In P. haloplanktis, Ferrovum sp., N. occultus, S. piezo-
tolerans, H. halophilus and certain species of Halomonadaceae family,
role of QS was not explained despite the presence of QS genes. In P.
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ingrahamii, P. fluorescens, P. mandelii, Acidithrix sp., Acidiphilum sp., A.
auranticus, A. pelagium, B. foraminis and D. gobiensis the type of QS
system was not described although the phenotypes regulated by QS/
regulators of signaling systems/ high cell density dependent enhance-
ment of enzymes were observed. Experimental validation is required for
the speculative bioinformatic results for the presence of QS genes in P.
profundum and in certain thermophilic bacteria. There is a possibility of
the presence of novel QS genes or systems in extremophiles which are
yet to be discovered. Through the use of bioinformatics, gene knockout
and cloning can reveal the possible role of QS in some extremophiles,
however for others new techniques or biosensors need to be developed.
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