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ABSTRACT	
	
Marine	prokaryotes	represent	abundant	and	diverse	communities	across	oceans.	These	organisms	
are	free	living,	symbionts,	parasites	or	or	produce	biofilm	on	very	diverse	types	of	marine	surfaces.	
These	 surfaces	 include	micro-	 and	macro-algae	 leaves	 (phycosphere),	marine	 particles,	 seashore	
rocks,	 buoys,	microplastics	 and	many	 others.	 Such	 niches	 favor	 bacterial	 concentration	 and	 thus	
different	 types	 of	 bacterial	 interactions,	 including	 quorum	 sensing.	This	 consists	 of	 a	mechanism	
that	allows	cells	to	coordinate	their	gene	expression	and	physiology	when	a	defined	number	of	cells	
is	 reached.	This	 review	aims	 to	synthesize	quorum	sensing	mechanisms	evidenced	 to	date	 in	 the	
marine	 biofilms	 and	 environments.	 It	 will	 first	 focus	 on	 the	wide	 range	 of	 chemical	 compounds	
involved	 in	 these	 processes	 and	 will	 describe	 the	 diversity	 of	 bacterial	 functions	 regulated	 by	
quorum	sensing.	Then,	the	implications	of	quorum	sensing	at	a	larger	and	integrated	scale	will	be	
examined,	 including	potential	biogeochemical	 implication	of	quorum	sensing	expression.	Also	the	
importance	in	quorum	sensing	in	the	functioning	of	diverse	holobionts	will	be	addressed,	as	well	as	
potential	industrial	applications.	Overall,	this	review	will	emphasize	quorum	sensing	roles	at	each	
stage	of	biofilm	development,	whatever	the	type	of	marine	surfaces	on	which	prokaryotes	grow	or	
the	host	they	colonize:	crucial	in	the	settlement,	maturation	and	dispersion	of	marine	biofilms.	
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Quorum	 sensing	 is	 suspected	 to	 lead	 to	 spectacular	 phenomenon	 in	 marine	 waters.	 For	
example,	 an	 impressive	 “Milky	 sea”	 of	 15400	 km2	 in	 the	 Arabian	 Sea	 has	 been	 attributed	 to	
bioluminescent	Vibrio	harveyi.	These	cells	were	suspected	to	express	quorum	sensing	to	glow	and	
bloom	in	response	to	a	phytoplankton	bloom	(Miller	et	al.,	2005).	However,	since	 its	discovery	 in	
the	70s,	quorum	sensing	has	been	evidenced	not	only	 in	 this	 type	of	spectacular	bioluminescence	
but	also	in	many	different	types	of	bacterial	activities	and	in	phylogenetically	very	diverse	marine	
cells.	This	review	aims	to	synthesize	the	current	knowledge	about	quorum	sensing	mechanisms	in	
marine	biofilms	and	environments.	Maintaining	a	specific	 focus	on	marine	waters,	we	will	review	
the	wide	diversity	of	chemical	compounds	 involved	 in	marine	quorum	sensing,	 the	wide	range	of	
biological	 functions	 of	 quorum	 sensing,	 and	 the	 large	 number	 of	 ecological	 niches	 where	 these	
processes	 occur.	 The	 last	 section	 of	 this	 chapter	 will	 review	 applications,	 targeting	 the	 marine	
environment	as	a	source	of	quorum	sensing-inhibiting	compounds	and	enzymes	or	focusing	on	the	
manipulations	of	marine	bacterial	physiologies	using	quorum	quenching-based	strategies.	
	
1. The discovery of and growing interest in quorum sensing in marine environments 
a.	1970s:	Quorum	sensing	was	discovered	in	the	marine	environment.	The	Vibrio-squid	model.		

The	 concept	 of	 quorum	 sensing	 referring	 to	 a	 population	 density-based	 physiological	
response	 of	 bacterial	 cells	was	 introduced	 in	 the	 90s	 (Fuqua	 et	 al.,	 1994).	However,	most	 of	 the	
observations	that	led	to	the	elaboration	of	this	concept	were	acquired	from	experiments	conducted	
by	 marine	 scientists	 during	 the	 70s.	 During	 this	 decade,	 a	 lot	 of	 data	 were	 collected	 on	 Vibrio	
fischeri	strains	that	were	able	 to	colonize	the	 light	organ	of	 the	Hawaiian	bobtail	squid	Euprymna	
scolopes,	 where	 they	 produce	 bioluminescence	 (Nealson	 et	 al.,	 1970,	 Greenberg	 et	 al.,	 1979).	 In	
particular,	 a	 density-dependent	 phenotype	 was	 originally	 noted	 in	 this	 symbiotic	 bacterial	
community.	In	the	surrounding	seawater,	these	cells	are	free	living	and	scarce	and	do	not	produce	
light.	However,	they	are	able	to	bioluminesce	when	they	reach	high	concentrations,	similar	to	in	lab	
cultures	or	when	they	colonize	the	light	organ	of	the	squid.		

Interestingly,	the	cell	abundances	of	V.	fischeri	within	the	squid	follow	a	circadian	pattern.	At	
night,	V.	fischeri	are	present	at	high	concentrations	(1010-1011	cells	ml-1)	and	emit	a	diffusible	factor,	
also	 named	 an	 autoinducer	 (AI),	 associated	with	 the	 production	 of	 light.	 At	 the	 end	of	 the	 night,	
most	 of	 the	 bacterial	 cells	 are	 expulsed	 from	 the	 light	 organ,	 leading	 to	 a	 dramatic	 reduction	 in	
bacterial	concentration	and	in	the	diffusible	factor.	During	the	day,	the	concentrations	of	V.	fischeri	
that	have	not	been	expulsed	are	very	low,	the	diffusible	factor	is	not	produced,	and	the	squid	do	not	
bioluminesce.	 However,	 this	 remaining	 population	 of	 Vibrio	 grow	 steadily	 under	 favorable	
conditions	within	 the	squid	 throughout	 the	day	and	again	 reach	at	night	a	 cell	 abundance	 that	 is	
sufficient	 to	 produce	 bioluminescence.	 This	 bacteria–squid	 association	 constitutes	 a	 bacteria–
animal	symbiosis.	The	squid	relies	on	Vibrio’s	light	to	escape	predators	or	hunt	prey.	In	return,	the	
squid	provide	host	and	nutrients	to	the	Vibrio	(Graf	and	Ruby,	1998).	
	 Since	the	first	observations	in	the	70s,	this	original	system	of	bioluminescence	regulation	has	
been	fully	chemically	and	genetically	described.	The	diffusible	signal	was	 identified	 in	1981	as	an	
acyl-homoserine	 lactone	 (AHL)	 and	 described	 as	 3-oxo-hexanoyl-homoserine	 lactone	 (3-oxo-C6-
HSL)	 (Eberhard	 et	 al.,	 1981).	 The	 genetic	 cluster	 involved	 in	 this	 phenomenon	 was	 then	
characterized	as	a	bi-directionally	 transcribed	operon	with	8	genes,	named	 luxA-E,	 luxG,	 luxI	 and	
luxR.	The	LuxA	and	LuxB	proteins	are	 the	 two	subunits	of	 luciferase,	 the	enzyme	responsible	 for	
light	production.	The	LuxC-D-E	proteins	are	 involved	 in	the	synthesis	of	 the	 luciferase	substrates,	
while	 LuxG	 is	 a	 flavin	 reductase.	 However,	 in	 quorum	 sensing	 research,	 most	 of	 the	 interest	 is	
focused	on	LuxI	and	LuxR	proteins.	LuxI	 is	 the	AI	 synthase	 responsible	 for	AIs	production,	while	
LuxR	 is	 the	receptor	of	 this	diffusible	signal.	When	the	AIs	reach	a	 threshold	concentration	in	the	
nearby	environment	of	bacterial	cells	(reflecting	the	increase	in	cell	abundances),	they	bind	to	the	
LuxR	receptors,	which	act	as	transcription	factors	and	activate	the	expression	of	all	lux	genes.	The	
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diffusible	signal	is	designated	an	AI	as	it	promotes	its	own	production	through	the	autoinduction	of	
luxI	(Engebrecht	et	al.,	1983,	Swartzman	et	al.,	1990).	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	 1	 legend:	 A	 schematic	 representation	 of	 the	 first	 discovered	 luxI/luxR-based	 quorum	
sensing	system	in	the	model	species	Vibrio	fischeri,	producing	3-oxo-C6-HSL.	Since	then,	a	second	
quorum	 sensing	 system	 has	 been	 discovered.	 Based	 on	 the	 AinS	 AI	 synthase,	 it	 permits	 the	
liberation	of	C8-HSL.		
	
b.	1990-2010s:	A	growing	interest	in	the	study	of	quorum	sensing	in	marine	environments		

After	 these	 initial	 discoveries	 and	 subsequent	 full	 elucidation	 of	 the	 genetic	 system	 of	
quorum	sensing,	the	study	of	this	mechanism	garnered	little	interest	from	the	scientific	community	
for	more	than	a	decade.	Likely,	quorum	sensing	appeared	then	to	be	a	kind	of	regulation	specialized	
for	 bioluminescence.	 This	 interest	 was	 renewed	 in	 the	 90s	 with	 the	 development	 of	 DNA	
sequencing	 methods	 and	 the	 discovery	 of	 a	 large	 diversity	 of	 luxI	 and	 luxR	 homologs	 in	 many	
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different	 types	 of	 bacteria.	 Little	 by	 little,	 it	 appeared	 that	 the	 luxI-luxR	 model	 developed	 for	 V.	
fischeri	 was	 also	 relevant	 to	 a	 wide	 diversity	 of	 bacterial	 strains	 (Whiteley	 et	 al.,	 2017).	 These	
observations	led	to	the	establishment	of	the	quorum	sensing	concept	in	1994	(Fuqua	et	al.,	1994).		

However,	despite	the	full	characterization	of	the	environmental	Vibrio-squid	model,	most	of	
the	scientific	effort	in	the	field	of	quorum	sensing	was	put	forth	in	the	90s	and	focused	on	strains	
with	a	medical	or	agronomic	interest.	Researchers	devoted	little	attention	to	these	mechanisms	in	
the	 field	 of	 environmental	 sciences	 before	 2005.	 An	 important	 reason	 for	 this	 interest	 in	 the	
medical	field,	among	others,	is	that	an	increasing	number	of	links	were	established	during	the	90s	
between	virulence	and	quorum	sensing	in	pathogenic	bacteria,	such	as	in	Staphylococcus	strains	(Ji	
et	al.,	1995)	and	Pseudomonas	aeruginosa	(Pearson	et	al.,	2000).	It	was	only	in	the	following	decade	
that	work	 began	 to	 be	 published	 about	 bacteria	 in	 the	 field	of	 environmental	 sciences,	 including	
those	isolated	from	the	marine	waters.	In	1998,	one	of	the	first	reports	of	AIs	present	in	the	natural	
environment	 was	 published	 under	 the	 title	 “Quorum	 sensing	 autoinducers:	 do	 they	 play	 a	 role	 in	
natural	environments?”,	which	revealed	some	early	interest	in	quorum	sensing	from	the	aquatic	AIs	
in	 naturally	occurring	 biofilms	 revealed	 (McLean	 et	 al.,	 1997).	 It	was	 then	 hypothesized	 in	 2001	
that	quorum	sensing	might	function	in	marine	particle-attached	bacteria	(Kiørboe,	2001).	In	2002,	
Gram	et	al.	reported	for	the	first	time	the	production	of	AHLs	within	Roseobacter	and	Marinobacter	
strains	isolated	from	marine	snow	(Gram	et	al.,	2002).	Since	then,	a	growing	number	of	reports	had	
focused	 on	 the	 nature	 and	 role	 of	 quorum	 sensing	 in	marine	 bacteria,	 and	 large	 sets	 of	 culture-
dependent	(Wagner-Dobler	et	al.,	2005,	Rasmussen	et	al.,	2014)	and	culture-independent	(Doberva	
et	 al.,	 2015,	 Muras	 et	 al.,	 2018a)	 studies	 have	 highlighted	 the	 importance	 of	 quorum	 sensing	
mechanisms	in	marine	biofilms	and	environments.	

	
2. Overview of prokaryotic diversity and compounds involved in quorum sensing in marine 
environments and biofilms. 
	
a.	Experimental	approaches	to	characterize	autoinducers	in	the	marine	environment	

One	 important	 difficulty	 in	 characterizing	 AIs	 from	 the	 marine	 environment	 is	 their	 low	
concentration,	which	is	at	picomolar	levels.	Only	in	a	few	cases	only	have	researchers	been	able	to	
identify	 AIs	 directly	 on	 samples	 collected	 in	 situ,	 such	 as	 in	 marine	 snow	 (Jatt	 et	 al.,	 2015),	
phycosphere	 of	 phytoplankton	 cells	 (Bachofen	 and	 Schenk,	 1998,	 Van	Mooy	 et	 al.,	 2012)	mucus	
covering	cnidarians	(Ransome	et	al.,	2014),	or	microbial	mats	(Decho	et	al.,	2009).	However,	such	
direct	measurements	of	AIs	concentrations	remain	rare,	and	indirect	detection	has	generally	been	
used,	such	as	that	described	in	the	pioneering	paper	of	Gram	et	al.	(2002).	In	this	workflow,	the	first	
step	 consists	 of	 the	 isolation	 of	 bacterial	 strains	 from	 the	 studied	 environment,	 such	 as	 a	
phytoplankton	bloom	(Bachofen	and	Schenk,	1998),	algae	cultures,	microbial	mats	or	marine	snow	
(Gram	et	al.,	2002,	Wagner-Dobler	et	al.,	2005,	Schaefer	et	al.,	2008).	Then,	the	supernatant	of	the	
isolated	 cells	 is	 added	 to	 a	 culture	 of	 whole-cell	 biosensors,	 such	 as	 Escherichia	 coli	 JB523	
(Andersen	 et	 al.,	 2001),	 Chromobacterium	 violaceum	CV026	 (McClean	 et	 al.,	 1997)	 or	 V.	 harveyi	
JMH612	(Henke	and	Bassler,	2004).	These	biosensors	are	very	diverse	and	present	large	variation	
of	 sensibilities	 to	 detect	 various	 types	 of	 a	 (Steindler	 and	 Venturi,	 2006).	 	 They	 are	 genetically	
modified	organisms	that	are	able	 to	produce	a	signal	 in	presence	of	 the	AIs	eventually	emitted	 in	
the	 supernatant	 of	 the	 screened	 strains.	 For	 example,	C.	 violaceum	 produces	 the	 purple	 pigment	
violacein,	and	E.	coli	JB523	emits	a	GFP	signal	in	presence	of	AHLs		(Doberva	et	al.,	2017).	

The	next	step	in	quorum	sensing	compounds	characterization	relies	on	the	tools	used	in	the	
field	 of	 natural	 substances	 chemistry.	 Pioneering	 studies	 used	 thin-layer	 liquid	 chromatography	
(TLC)	(Gram	et	al.,	2002,	Rivas	et	al.,	2010).	However,	more	recent	approaches	are	usually	based	on	
liquid	 chromatography	 coupled	 with	 mass	 spectrometry	 (LC-MS)	 (Schaefer	 et	 al.,	 2008),	 gas	
chromatography	coupled	with	MS	 (GC-MS)	 (Wagner-Dobler	et	 al.,	 2005),	 and	MS/MS	approaches	
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(Van	Mooy	et	al.,	2012).	 In	some	cases,	 these	analyses	are	preceded	by	a	microfractionation	step,	
which	 allows	 a	 better	 separation	 and	 concentration	 of	 the	 extracted	 compounds	 (Doberva	 et	 al.,	
2017).	When	focusing	on	AHL	characterization,	 the	position	of	double	bonds	on	the	side	chain	of	
AHL	can	be	determined	by	additional	derivatization	steps	using	dimethyl	disulfide	(Neumann	et	al.,	
2013).	 Definitive	 characterization	 can	 sometimes	 be	 achieved	 by	 1D	 and	 2D	 nuclear	 magnetic	
resonance	 (NMR)	 analyses	 depending	 on	 whether	 the	 purity	 and	 concentrations	 of	 targeted	
compounds	are	sufficient	to	allow	such	analyses.	
	
b.	AHLs,	or	autoinducer-1	(AI-1)	

In	marine	 environments,	 the	 production	of	 AHLs	 is	mostly	 due	 to	Gram-negative	 bacteria	
and	 is	 found	 in	 many	 diverse	 types	 of	 marine	 Alpha-,	 Beta-,	 and	 Gammaproteobacteria.	 AI-1	 is	
produced	by	LuxI	family	enzymes	and	detected	by	LuxR	family	receptors	(Engebrecht	et	al.,	1983).	
In	addition,	some	AHLs	are	produced	by	ainS-like	genes	(Gilson	et	al.,	1995)	and	in	some	cases	by	
hdtS-like	genes	(Laue	et	al.,	2000,	Burton	et	al.,	2005,	Rivas	et	al.,	2007).	The	AHLs	are	formed	from	
S-adenosylmethionine	and	a	fatty	acid	residue,	which	are	the	AIs	synthases	substrates	(Moré	et	al.,	
1996,	 Schaefer	et	 al.,	 1996,	Parsek	et	 al.,	 1999).	Also,	 it	has	been	evidenced	 some	bacteria	which	
harbor	 “LuxR	 orphans”,	 meaning	 that	 these	 organisms	 are	 able	 to	 catch	 AHLs	 in	 the	 marine	
environment	without	producing	them	(Patankar	and	Gonzalez,	2009).	Thus,	they	save	the	energetic	
cost	of	AHL	production,	but	they	are	able	to	“sense”	chemical	dialogues	in	their	nearby	environment	
and	adapt	their	physiology	using	such	“spying”	system.	In	addition,	some	“luxI	orphans”	have	also	
been	found	in	some	marine	bacterial	genomes	(Cude	and	Buchan,	2013).	The	ecological	roles	and	
importance	of	LuxI	and	LuxR	orphans	in	marine	waters	remains	to	be	studied.	

AHLs	are	 composed	of	 a	 lactone	 ring	attached	 to	a	 fatty	 acid	 residue	 (the	acyl	 side	 chain)	
with	an	amide	bound.	These	AHLs	present	many	types	of	structural	variants	 that	differ	 in	 length,	
with	 4	 to	 19	 carbons	 (Doberva	 et	 al.,	 2017)	 in	 the	 acyl	 side	 chain	 that	 can	 be	 saturated	 or	
unsaturated.	 These	 compounds	 also	 differ	 in	 the	 substitution	 that	 occurs	 at	 the	 C3	 position	
(hydrogen,	hydroxyl,	 or	 carbonyl	 group)	 and	sometimes	 on	 other	 carbons	 in	 the	 acyl	 side	 chain.	
Additionally,	a	few	AHLs	with	branched	acyl	side	chains	have	been	described,	but	to	the	best	of	our	
knowledge,	not	yet	 in	marine	 strains	 (Thiel	 et	 al.,	 2009).	Other	authors	have	also	 reported	AHLs	
presenting	side	chains	with	aromatic	acid	residues	(p-coumaric	acid	or	cinnamic	acid).	This	is	the	
case	 of	 p-coumaroyl-HSL,	 which	 has	 been	 characterized	 in	Rhodopseudomonas	 palustris	 but	 also	
discovered	in	the	marine	bacterium	Silicibacter	pomeroyi	DSS-3	(Schaefer	et	al.,	2008).	

	
	
	
	
	
	
	
	
	
	
Figure	2	 legend:	The	general	 chemical	 structure	of	AHLs.	The	 lactone	 ring	moiety	 is	 linked	 to	a	
fatty	acid	residue	(R)	with	an	amide	bound.	The	acyl	side	chain	is	highly	variable	in	terms	of	length,	
oxidization	state,	and	the	presence	hydrogen,	hydroxyl	or	carbonyl	groups;	this	variability	provides	
to	the	AHL	signal	its	specificity.	
	

Most	 Rhodobacteraceae	 species	 (a	 major	 marine	 bacterial	 group	 involved	 in	 quorum	
sensing)	 produce	 long-chain	 AHLs	 with	 additional	 modifications	 (Cude	 and	 Buchan,	 2013).	 The	
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strain	 Rhodobacter	 sphaeroides,	 which	 is	 phylogenetically	 very	 closed	 to	 various	 marine	 strains	
(Béjà	et	al.,	2002),	synthesizes	C14:1-HSL	(Puskas	et	al.,	1997).	The	marine	Dinoroseobacter	shibae	
emits	C18:2-HSL,	C18:1-HSL,	and	traces	of	C16-HSL,	C15-HSL	and	C14-HSL	(Wagner-Dobler	et	al.,	
2005,	Neumann	et	 al.,	 2013,	Patzelt	 et	 al.,	 2013).	The	 sponge	 symbiont	Ruegeria	 sp.	 emits	3-OH-
C14-HSL,	3-OH-C14:1-HSL	and	3-OH-C12-HSL	(Zan	et	al.,	2012).	More	recent	papers	using	UHPLC-
HRMS/MS	 approaches	 have	 revealed	 a	 much	 broader	 diversity	 of	 AHL	 compounds	 in	
Rhodobacteraceae	strains.	The	strain	MOLA401	emits	a	large	diversity	of	long-chain	AHLs,	with	20	
different	putative	types	of	 these	compounds,	 including	one	with	19	carbons	 in	 the	acyl	side	chain	
(Doberva	et	al.,	2017).	The	strain	Paracoccus	sp.	Ss63	from	the	sponge	Sarcotragus	emits	long-chain	
AHLs,	 including	12	 saturated	and	4	unsaturated	putative	ones	 (Saurav	et	 al.,	 2016b).	Clearly,	 the	
real	 extent	 of	 AHLs	 diversity	 in	marine	Rhodobacteraceae	 strains	 remains	 an	 open	 question	 that	
still	requires	further	investigations.	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	3	legend:	A	snapshot	of	AHL	diversity	in	marine	Rhodobacteraceae	
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Vibrionaceae	 strains	 are	 found	 in	many	 types	 of	marine	 environments	 and	 hosts	 and	 are	
frequently	 pathogens	 of	 fishes,	 mollusks	 and	 corals	 (Vibrio	 anguillarum,	 Vibrio	 vulnificus	 V.	
harveyi…)	or	symbionts	of	squids	(Aliivibrio	fischeri,	Vibrio	pomeroyi,	Vibrio	aesturianus…).	The	first	
quorum	sensing	signal	was	discovered	in	the	marine	squid	associated	A.	fischeri	(see	earlier	in	this	
chapter).	Since	this	discovery,	a	few	Vibrio	have	been	fully	described	as	prokaryotic	models	for	the	
study	of	quorum	sensing	 (Milton,	2006).	Nevertheless,	 the	extent	of	 AHL	signals	diversity	across	
Vibrio	species	is	far	from	fully	explored.	The	screening	of	Vibrio	collections	for	AHL	production	has	
revealed	contradictory	data,	with	between	9	and	85%	of	strains	testing	positive	 in	 these	biotests	
(Garcia-Aljaro	 et	 al.,	 2012,	 Purohit	 et	 al.,	 2013,	 Girard	 et	 al.,	 2017),	 making	 difficult	 the	
determination	of	 the	 real	 extent	of	AHL	 types	distribution	across	 this	genus.	Nevertheless,	 a	 few	
studies	have	attempted	to	characterize	the	chemical	diversity	of	AHLs	in	diverse	Vibrio	strains.	In	
general,	 the	 lengths	 of	 acyl	 side	 chains	 of	 AHL	 were	 found	 shorter	 than	 those	 detected	 in	
Rhodobacteraceae	 strains:	 C4-HSL	 to	 C12-HSL	 in	 diverse	 Vibrio	 strains	 (Purohit	 et	 al.,	 2013,	
Rasmussen	et	al.,	2014)	and	C10-HSL	to	C14-HSL	in	Vibrio	tasmaniensis	LGP32	(Girard	et	al.,	2017).	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	4	legend:	A	snapshot	of	AHL	diversity	in	marine	Vibrionaceae	
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An	AHL-based	quorum	sensing	system	has	also	been	found	in	some	marine	Mesorhizobium	
(Krick	 et	 al.,	 2007),	 Bacteroidetes	 (Huang	 et	 al.,	 2008,	 Romero	 et	 al.,	 2010)	 and	 Cyanobacteria	
(Sharif	et	al.,	2008,	Romero	et	al.,	2011b).	Additionally,	some	evidence	of	AHL	production	has	been	
detected	in	aquatic	Archaea	(Paggi	et	al.,	2003,	Montgomery	et	al.,	2013),	as	well	as	in	the	marine	
Gram-positive	 bacteria,	 Exiguobacterium	 (Biswa	 and	 Doble,	 2013).	 By	 contrast,	 some	 important	
groups	of	marine	bacteria	do	not	appear	to	produce	AHLs,	such	as	members	of	the	SAR11	group,	
which	dominates	many	types	marine	prokaryotic	communities	(R.	Lami,	unpublished	data	based	on	
biosensors	P.	putida	F117	and	E.	Coli	MT102	).	

	
c.	Autoinducer-2	(AI-2)	

4,5-Dihydroxy-2,3-pentanedione	 (DPD)	 is	 the	 precursor	 of	 AI-2	 and	 is	 synthesized	 by	 the	
LuxS	enzyme.	The	enzyme	LuxS,	which	converts	S-ribosyl	homocysteine	to	homocysteine	and	DPD,	
catalyzes	the	key	step	 in	AI-2	biosynthesis	(Schauder	et	al.,	2001).	The	AI-2	are	 is	 found	 in	many	
different	 types	 of	 both	Gram-negative	 and	 Gram-positive	 bacteria,	 thus,	 this	 AI	may	 serve	 as	 an	
interspecies	signal	(Surette	et	al.,	1999,	Xavier	and	Bassler,	2005).	 In	 the	presence	of	boron,	DPD	
leads	 to	 (2S,4S)-2	 methyl-2,3,3,4-tetrahydroxytetrahydrofuran-borate	 (S-THMF-borate).	 In	 the	
marine	environment,	this	compound	is	used	as	AI-2	in	Vibrio	(Chen	et	al.,	2002).	In	the	absence	of	
boron,	DPD	leads	to	(2R,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran	(R-THMF),	which	is	the	
AI-2	signaling	compound	in	enteric	bacteria	(Miller	et	al.,	2004).	The	presence	or	absence	of	borate	
in	local	environments	may	shift	the	spontaneous	non-enzymatic	rearrangements	between	the	two	
known	forms	of	AI-2.	(Miller	et	al.,	2004).	However,	some	researchers	have	raised	doubt	about	the	
signaling	 function	 of	 AI-2,	 as	 DPD	 is	 also	 a	 side	 product	 of	 the	 activated	 methyl	 cycle	 (De	
Keersmaecker	et	al.,	2006,	Rezzonico	and	Duffy,	2008).	

The	 presence	 of	 DPD	 in	 the	 marine	 environment	 has	 been	 confirmed	 by	 direct	
measurements	 in	natural	samples	(Van	Mooy	et	al.,	2012).	AI-2	signaling	is	 frequently	utilized	by	
Vibrio	 species	 (Milton,	 2006),	 as	 confirmed	 by	 culture-based	 studies	 (Yang	 et	 al.,	 2011).	 The	
examination	 of	 the	 phylogenetic	 diversity	 of	 luxS-translated	 sequences	 in	 the	 Global	 Ocean	
Sampling	 database	 suggests	 that	 Shewanella-related	 species	 constitute	 a	major	 group	 using	 AI-2	
signaling	in	marine	environments	(Doberva	et	al.,	2015),	as	also	observed	among	cultivated	strains	
(Bodor	 et	 al.,	 2008).	 Sulfurovum	 lithotrophicum	 and	 Caminibacter	 mediatlanticus	 are	
Epsilonproteobacteria	that	grow	within	biofilms	 colonizing	deep-sea	hydrothermal	environments.	
These	 bacterial	 strains	 were	 found	 to	 express	 AI-2-based	 quorum	 sensing,	 and	 luxS	 transcripts	
were	 also	 found	 directly	 from	 RNA	 extracts	 and	 subsequent	 RT-qPCR	 performed	 on	 deep	 sea	
biofilms	 (Perez-Rodriguez	 et	 al.,	 2015).	 Despite	 these	 few	 studies,	 the	 real	 extent	 of	 bacterial	
diversity	 involved	 in	 AI-2	 signaling	 as	 well	 as	 the	 ecological	 role	 of	 this	 AI	 require	 further	
investigation.		
	
d.	Other	autoinducers	

In	marine	environments,	V.	harveyi	synthesizes	the	AI	(Z)-3-aminoundec-2-en-4-one.	In	fact,	
a	chemically	very	similar	compound	was	first	discovered	in	Vibrio	cholerae,	which	synthesizes	(S)-
3-hydroxytriecan-4-one,	 which	 gives	 the	 name	 to	 this	 family	 of	 AIs:	 CAI-1	 or	 Cholera	 AI-1.	 The	
enzyme	 that	 synthesizes	 CAI-1	 belongs	 to	 the	 CqsA-family,	which	 is	 found	 in	 all	Vibrio.	Whether	
CAI-1	 plays	 an	 ecological	 role	 in	 natural	marine	 communities	 remains	 to	 be	 evaluated	 in	 future	
experiments	(Higgins	et	al.,	2007,	Kelly	et	al.,	2009,	Ng	et	al.,	2011,	Wei	et	al.,	2011).		

There	are	many	others	AIs	that	were	discovered	in	marine	strains	and	for	which	little	data	
have	yet	been	published.	3,5-Dimethylpyrazin-2-ol	(DPO)	has	been	demonstrated	to	be	an	AI	in	V.	
cholerae,	 activating	 the	 expression	 of	 vqmR,	 encoding	 small	 regulatory	 RNAs	 (Papenfort	 et	 al.,	
2017).	 In	 addition,	 tropodithietic	 acid	 (TDA)	 has	 been	 described	 as	 an	 AI	 in	 Rhodobacteraceae	
(Geng	and	Belas,	2010).	Collectively,	these	observations	clearly	reveal	that	quorum	sensing	AIs	are	
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not	limited	to	AI-1	and	AI-2	families	in	the	marine	environment.	There	is	probably	a	much	broader	
diversity	 of	 quorum	 sensing	 semiochemicals	 that	 remain	 to	 be	 discovered	 and	 probably	 play	
important	ecological	roles	in	association	with	the	dynamics	of	marine	microbial	communities.	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	5	 legend:	The	AI-2	and	CAI-1	autoinducer	 families	and	 the	 structure	of	 the	autoinducers	
TDA	and	DPO	
	
e.	Diffusion	of	autoinducers	in	the	marine	environment.	

Once	produced	by	marine	bacteria,	AIs	passively	diffuse	through	the	marine	environment	to	
reach	their	target.	It	appears	that	the	signaling	compounds	cannot	diffuse	over	“calling	distances”	
longer	 than	 10-100	 μm	 (Gantner	 et	 al.,	 2006),	 in	 accordance	 with	 their	 thermodynamic	 and	
chemical	 characteristics,	 like	 solubility,	 diffusivity,	 dispersion	 potential	 or	 chemical	 stability	
(Harder	et	al.,	2014).	According	to	Fick’s	law,	short-chain	AHLs	will	diffuse	more	rapidly	than	long-
chain	AHLs.	The	molecular	weight	of	AHLs	and	their	solubility	are	negatively	correlated	with	their	
mobility,	but	other	characteristics	modify	this	general	rule.	On	one	hand,	the	presence	of	hydroxy-	
or	oxo-substitutions	along	their	acyl	side	chain	can	increase	their	solubility	and	thus	their	capacity	
to	 passively	 diffuse.	 On	 the	 other	 hand,	 long-chain	 AHLs	 with	 high	 molecular	 weight	 are	 also	
predicted	to	adsorb	to	organic	surfaces	(Decho	et	al.,	2011,	Harder	et	al.,	2014).			

Many	 other	 factors	must	 be	 considered	 to	 differentiate	AHL	diffusion	 processes	 from	one	
bacterium	to	another	one.	Abiotic	processes	can	lead	to	a	rapid	base	hydrolysis	of	the	lactone	ring,	
especially	 under	 alkaline	 conditions;	 and	 converts	 AHLs	 in	 inactive	 γ-hydroxy	 carboxylates.	
However,	 this	 process	 is	 reversible	 under	 acidic	 conditions	 (Yates	 et	 al.,	 2002,	 Delalande	 et	 al.,	
2005,	Tait	et	al.,	2005).	Additionally,	it	is	worth	noting	that	AHLs	that	present	an	oxo-substitution	
on	their	3-carbon	can	be	subjected	to	a	spontaneous	Claisen	condensation,	forming	tetramic	acids,	
which	inhibits	their	capacity	to	transmit	information	(Kaufmann	et	al.,	2005).	The	half-life	of	3-oxo-
C6-HSL	 has	 been	 established	 in	 days	 according	 to	 the	 following	 formula:	 1/(1x107	 *	 [OH-])	
(Schaefer	 et	 al.,	 2000).	 However,	 much	 slower	 degradation	 rates	 of	 3-oxo-C6-HSL	 have	 been	
experimentally	 reported	 in	 artificial	 marine	 waters	 (0.094	 h-1	 versus	 0.26	 h-1	 according	 to	 the	
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formula),	suggesting	that	AHLs	can	diffuse	over	longer	distances	than	initially	hypothesized	(Hmelo	
and	Van	Mooy,	2009).	In	the	same	report,	slower	degradation	rates	than	those	previously	published	
for	unsubstituted	AHLs	were	also	reported.	Additionally,	a	few	reports	have	noted	that	short-chain	
AHLs	 present	 shorter	 half-lives	 than	 those	 of	 long-chain	 AHLs,	 suggesting	 that	 long-chain	 AHLs	
might	diffuse	over	longer	distances	than	do	short-chain	AHLs	(Decho	et	al.,	2011).	

AHL	diffusion	can	be	 limited	not	only	by	 the	effects	of	 abiotic	 factors	but	also	by	 those	of	
biotic	 factors.	 For	 example,	 it	 is	 well	 known	 that	 many	 bacteria	 or	 eukaryotes	 emit	 quorum	
quenching	 enzymes	 or	 chemical	 compounds	 that	 can	 degrade	 affect	 AIs	 diffusion	 and	 reception.	
Hmelo	et	al.	(2009)	reported	that	C6-HSL,	3-oxo-C6-HSL	and	3-oxo-C8-HSL	have	degradation	rates	
that	 are	 respectively	 54,	 23	 and	 57%	higher	 in	 natural	 seawater	 than	 in	 artificial	 seawater,	 and	
these	 authors	 attributed	 this	 increase	 to	 the	 occurrence	 of	 quorum	 quenching	 processes	 in	 the	
marine	waters,	for	which	more	details	are	provided	in	the	last	section	of	this	chapter.		

Overall,	 the	 diffusion	 through	 marine	 environments	 of	 AHLs	 appears	 to	 be	 a	 complex	
phenomenon	 that	 is	 dependent	 of	many	 diverse	 abiotic	 and	 biotic	 variables.	 One	 important	 last	
factor	 to	 consider	 is	 that	 these	 infochemicals	 are	 usually	 released	 in	 complex	 tridimensional	
biofilms,	 made	 of	 complex	 exopolymers	 given	 density	 and	 thickness	 to	 these	 biological	
architectures	 (Harder	 et	 al.,	 2014).	 Thus,	 some	 authors	 tend	 to	 consider	 the	 chromatographic	
movement	rather	than	the	passive	diffusion	movement	as	 the	best	concept	to	model	 the	travel	of	
AHLs	 through	 marine	 microniches	 (Decho	 et	 al.,	 2011).	 The	 architecture	 of	 biofilms	 can	 also	
provoke	the	sequestration	AHLs	in	microniches,	leading	to	locally	important	concentrations	of	AIs	
which	 can	 activate	 quorum	 sensing	 processes,	 even	 with	 few	 cells	 in	 the	 local	 environment	
(Charlton	et	al.,	2000,	Whiteley	et	al.,	2017).		

	
f.	Vibrio	harveyi	,	a	model	for	the	study	of	quorum	sensing	in	marine	bacteria	

V.	 harveyi	 is	 a	 major	 pathogen	 in	 the	 marine	 environment	 and	 is	 responsible	 for	 many	
diseases	observed	 in	 farmed	oysters,	mollusks	and	shrimps,	 leading	 to	 substantial	 economic	 loss	
(Austin	 and	 Zhang,	 2006).	 V.	 harveyi	 possesses	 a	 complex	 quorum	 sensing	 system	 with	 three	
interdependent	channels:	AI-1,	AI-2	and	CAI-1	AI-based	quorum	sensing	(Henke	and	Bassler,	2004).	
In	 all	 cases,	 AIs	 bind	 to	 their	 cognate	 membrane	 receptors	 and	 thus	 activate	 an	 intracellular	
phosphorylation/dephosphorylation	 signal	 transduction	 cascade.	 The	 key	 protein	 in	 this	
transduction	cascade	is	LuxO,	a	response	regulator	which	integrates	the	signals	from	the	3	channels	
presenting	various	levels	of	phosphorylation	(Lilley	and	Bassler,	2000).	At	low	cell	densities,	when	
phosphorylated,	 LuxO	 activates	 through	 five	 quorum	 regulatory	 sRNAs	 (Qrr	 RNAs)	 the	 protein	
AphA	which	 regulates	many	 genes,	 in	 particular	 those	 involved	 in	 the	 expression	of	most	 of	 the	
identified	 virulence	 factors	 as	 well	 as	 biofilm	 formation	 (see	 below	 in	 this	 chapter	 for	 detailed	
discussion).		

At	low	cell	densities,	Qrr	RNAs	inhibit	the	transcription	of	the	master	regulator	LuxR	(Lenz	
et	 al.,	 2004).	However,	when	high	 concentrations	of	quorum	sensing	 signals	are	present,	LuxO	 is	
dephosphorylated	and	the	expression	of	lux	genes	is	induced.	More	precisely,	the	concentration	of	
LuxR	 in	 the	 cytoplasm	 is	 dependent	 on	 the	 concentrations	 of	 these	 5	 different	 types	 of	 small	
regulatory	RNAs,	which	are	correlated	with	the	level	of	phosphorylation	of	LuxO.	At	such	high	cell	
densities,	 the	production	of	AphA	is	 inhibited	and	LuxR	dependent	genes	are	activated,	 like	those	
involved	in	bioluminescence	production.		

In	 the	 section	 4	 of	 this	 chapter,	 we’ll	 review	 the	 diversity	 of	 quorum	 sensing	 dependent	
phenotypes	and	functions	regulated	by	quorum	sensing.	One	important	fact	to	keep	in	mind	is	this	
opposition	 between	 the	 quorum	 sensing	 master	 regulator	 AphA,	 which	 coordinates	 low	 cell	
densities	 behaviors,	 and	 the	 quorum	 sensing	 master	 regulator	 LuxR,	 which	 controls	 high	 cell	
densities	behaviors.	In	this	sense,	the	regulation	V.	harveyi	quorum	sensing	dependent	phenotypes	
is	 complex.	 For	 example,	 among	 the	 virulence	 factors,	 quorum	 sensing	 positively	 regulates	
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metalloproteases	 and	 extracellular	 toxins	 at	 high	 cell	 densities.	 By	 contrast,	 at	 such	 high	 cell	
densities,	quorum	sensing	negatively	regulates	chitinases,	phospholipases,	siderophores,	and	type	
III	 secretion	 system.	 Such	 opposition	 probably	 reflects	 the	 need	 of	 different	 types	 of	 virulence	
factors	at	the	different	stages	of	infection	(Natrah	et	al.,	2011b).	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	 6	 legend:	Quorum	sensing	 signaling	 pathways	 in	 the	model	marine	 strain	V.	harveyi	and	
their	mode	of	functioning	at	low	and	high	cell	densities.	

	
3. Surface biofilms and holobionts: the diversity of microbial habitats enabling quorum sensing in the 
marine environment 

Quorum	sensing	occurs	at	high	bacterial	 cell	 concentrations.	Thus,	 it	 appears	unlikely	 that	
free-living	marine	bacterial	cells	will	perform	quorum	sensing.	However,	there	are	many	(micro)-
niches	 and	 habitats	 in	 the	 marine	 environment	 where	 bacterial	 cells	 are	 organized	 in	 highly	
structured	 biofilms,	 where	 they	 reach	 sufficient	 abundances	 to	 induce	 quorum	 sensing-based	
dialogues.	The	biofilms	are	organized	in	a	gel-like	exo-macropolymeric	matrix,	a	three-dimensional	
architecture	 that	 includes	 a	 micrometer-scale	 spatial	 organization	 and	 efficiently	 concentrates	
chemical	 compounds	 (McLean	et	 al.,	1997,	Decho	et	 al.,	2011).	Also,	prokaryotes	 colonize	marine	
plants,	 vertebrates	 and	 invertebrates,	 and	 the	 recognition	 of	 such	 importance	 of	 the	 bacterial	
microbiota	 for	 other	 organisms	 lead	 to	 the	 concept	 of	 holobiont.	 Again,	 an	 holobiont	 provides	
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possible	bacterial	concentrations	and	the	occurrence	of	prokaryotic	interactions,	including	quorum	
sensing	(Teplitski	et	al.,	2016).	Some	examples	will	be	described	in	this	section.	

	
a.	Phycosphere	of	(micro)-algae	and	phyllosphere	of	marine	plants	

The	 phycosphere	 corresponds	 to	 the	 immediate	 region	 surrounding	 algae.	 It	 describes	 a	
microbial	 habitat	 that	 is	 deeply	 shaped	 by	 algae	 (Bell	 and	 Mitchell,	 1972).	 In	 this	
microenvironment,	bacterial	abundances	can	reach	108-1011	cells	per	ml	(Paerl,	1982,	Sheridan	et	
al.,	2002),	enabling	the	occurrence	of	quorum	sensing.	The	pioneering	study	published	by	Bachofen	
and	Shenk	in	1998	revealed	the	production	of	AHLs	within	a	cyanobacterial	phytoplankton	bloom	
in	concentrations	that	can	reach	10	mg	l-1	(Bachofen	and	Schenk,	1998,	Schaefer	et	al.,	2008).	Since	
then,	many	reports	about	quorum	sensing	processes	in	the	phycosphere	of	(micro)algae	have	been	
published	 (Rolland	et	 al.,	 2016).	A	 recent	experiment	using	 transcriptomics	approaches	noted	an	
increase	in	luxI	and	luxR	gene	expression	within	Ruegeria	pomeroyi	co-cultured	with	the	microalgae	
Alexandrium	tamarense.	This	work	 revealed	putative	 important	 links	between	microalgae	growth	
and	 quorum	 sensing-dependent	 physiological	 regulations	 within	 Rhodobacteraceae	 strains	
associated	to	some	microalgae	(Landa	et	al.,	2017).	

Many	strains	capable	of	quorum	sensing	were	isolated	from	the	phycosphere	of	micro-	and	
macro-algae,	and	the	compounds	that	 they	produce	and	their	 involvement	 in	cell-to-cell	signaling	
were	 elucidated.	 For	 example,	 strains	 affiliated	 with	 different	 species	 isolated	 in	 diverse	
phycospheres	 were	 revealed	 as	 AHL	 producers,	 such	 as	 D.	 shibae,	 Hoeflea	 phototrophica,	 and	
Roseovarius	 mucosus	 producing	 C18:1-HSL	 and	 C14:1-HSL	 (Wagner-Dobler	 et	 al.,	 2005).	 Some	
authors	have	also	 reported	 the	 capacity	of	 cyanobacteria	 to	produce	AHLs,	particularly	 the	 toxin	
producer	Microcystis	 aeruginosa	 (Zhai	 et	 al.,	 2012)	 as	 well	 as	 the	 epilithic	 Gloeothece	 PCC6909	
(Sharif	et	al.,	2008)	that	emits	C8-HSL.		

There	 are	 not	 only	 AHLs	 that	 are	 involved	 in	 quorum	 sensing	 signaling	 within	 the	
phycosphere	but	also	a	large	diversity	of	compounds,	of	which	many	fewer	observations	have	been	
made.	 For	 example,	 few	 AI-2	 producers	 were	 isolated	 from	 the	 phycosphere	 of	 phytoplankton.	
However,	recent	reports	noted	some	Vibrio	that	were	isolated	in	the	phycosphere	of	Trichodesmium	
and	were	able	to	produce	this	AI	(Van	Mooy	et	al.,	2012).	A	potential	role	for	AI-2	in	the	control	of	
the	algaecide	activity	against	the	dinoflagellate	Gymnodinium	catenatum	has	also	been	hypothesized	
(Skerratt	et	al.,	2002).	TDA	has	been	characterized	as	an	AI	in	many	Rhodobacterales	species	(Geng	
and	 Belas,	 2010)	 and	 is	 frequently	 associated	 with	 microalgae,	 similar	 to	 the	 bacterial	 strains	
affiliated	with	the	genera	Phaeobacter,	Silicibacter,	and	Ruegeria	(Brinkhoff	et	al.,	2004,	Bruhn	et	al.,	
2005,	Geng	et	al.,	2008,	Porsby	et	al.,	2008).	
	 In	 a	 recent	 paper,	 our	 group	 investigated	 the	 prevalence	 of	 quorum	 sensing	 in	 the	
microbiota	 associated	 with	 marine	 plants.	 We	 selected	 the	 Mediterranean	 seagrass	 Posidonia	
oceanica,	a	marine	angiosperm	that	plays	a	key	role	in	coastal	ecology.	To	address	this	question,	we	
isolated	 60	 strains	 from	 Posidonia	 oceanica	 leaves	 and	 rhizomes,	 including	 epiphytic	 and	
endophytic	strains.	From	this	collection,	we	were	able	 to	detect	6	strains	able	 to	emit	8	different	
types	 of	 AHLs	 and	 19	 strains	 able	 to	 activate	 the	 AI-2	 biosensors.	 These	 results	 reveal	 the	
importance	 of	 examining	 quorum	 sensing	 relationships	 also	 within	 the	 microbiota	 of	 marine	
angiosperms	 to	 better	 understand	 the	 complex	 relationships	 that	 may	 exist	 between	 these	
microbes	and	their	host	(Blanchet	et	al.,	2017).	
	
b.	Biofilm	around	sinking	marine	snow	particles	

Marine	 snow	 includes	 particles	 that	 are	 larger	 than	 0.5	 mm	 and	 are	 sinking	 in	 the	 deep	
ocean.	 These	 aggregates,	 which	 are	 composed	 of	 organic	 and	 inorganic	 carbon,	 have	 been	
recognized	to	play	a	major	role	in	the	oceanic	and	global	carbon	cycles	(Fowler	and	Knauer,	1986).	
Important	 consortia	 of	 marine	 bacteria	 colonize	 marine	 snow	 (Ploug	 et	 al.,	 1999,	 Simon	 et	 al.,	
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2002),	 and	 their	 metabolic	 activities	 largely	 contribute	 to	 shape	 the	 composition	 of	 these	
aggregates.	 For	 example,	 these	 communities	 express	 large	 sets	 of	 hydrolytic	 enzymes	 that	 are	
involved	 in	 the	 degradation	 of	 particulate	 organic	 carbon	 (Smith	 et	 al.,	 1992).	 These	 bacterial	
consortia	 are	 structured	 in	 a	 biofilm,	 and	 marine	 snow	 constitutes	 hotspots	 of	 high	 bacterial	
concentrations	 in	 the	oceans,	with	108	 to	109	 cells	per	ml,	which	are	2	 to	4	orders	of	magnitude	
compared	with	the	ambient	seawater	(Ploug	et	al.,	1999,	Simon	et	al.,	2002).	

A	first	report	in	2002	by	Gram	et	al.	revealed	the	production	of	AHLs	among	4	of	43	bacterial	
strains	isolated	from	marine	snow.	They	highlighted	in	these	strains	the	production	of	C6-HSL	and	
C8-HSL	 (Gram	 et	 al.,	 2002),	 and	 identified	 them	 as	 affiliated	 with	 the	 genera	 Roseobacter	 and	
Marinobacter.	 This	 pioneering	 study	 revealed	 that	 quorum	 sensing	 regulations	 occur	 in	 particle-
attached	marine	microbial	communities.	This	paper	then	hypothesized	that	quorum	sensing	might	
regulate	bacterial	hydrolytic	enzymes	activities,	biofilm	formation	or	antibiotic	production	in	such	
marine	niches.	Other	interesting	pieces	of	information	were	then	published	by	Hmelo	et	al.	in	2011.	
In	this	study,	the	authors	were	able	to	detect	AHLs	directly	on	aggregates	collected	from	the	Pacific	
Ocean	near	Vancouver	Island.	Additionally,	they	were	able	to	prove	that	the	addition	of	exogenous	
AHLs	 into	 flasks	 containing	 sinking	 marine	 snow	 aggregates	 increased	 the	 activity	 of	 bacterial	
hydrolytic	enzymes	(Hmelo	et	al.,	2011).	In	a	similar	approach,	Jatt	et	al.	in	2015	were	also	able	to	
detect	 in	situ	 the	production	of	 AHLs,	 and	 revealed	 the	 presence	 of	 3-oxo-C6-HSL	 and	C8-HSL	 in	
marine	snow	aggregates	collected	from	China's	marginal	seas.	Among	diverse	isolates	which	were	
detected	 as	AHLs	 producers,	 the	 authors	 also	 reported	 the	 isolation	 of	 a	marine	 strain	 affiliated	
with	the	species	Pantoea	ananatis	able	to	produce	6	different	types	of	AHLs.	In	their	experiments,	
they	revealed	that	the	addition	of	exogenous	AHLs	to	the	culture	media	increased	the	extracellular	
hydrolytic	enzymes	activities.	In	particular,	they	noticed	an	upregulation	of	alkaline	phosphatases	
activities	(Jatt	et	al.,	2015).	Collectively,	these	data	reveal	that	quorum	sensing	might	play	a	crucial	
role	 in	 the	 regulation	 of	 the	 activities	 of	 bacteria	 colonizing	marine	 snow.	 In	 this	 sense,	 quorum	
sensing	might	 be	 a	 crucial	 process	 regulating	 the	 carbon	 cycle	 in	 the	 ocean;	many	more	 studies	
coupled	with	in	situ	measurements	are	required	to	support	this	hypothesis.	
	
c.	Marine	microbial	mats	and	other	types	of	subtidal	biofilms	

Very	 little	work	has	 been	 conducted	 about	 quorum	 sensing	 in	marine	microbial	mats	 and	
diverse	 types	 of	 subtidal	 biofilms.	 These	 biofilms	 are	 one	 of	 the	 earliest	 forms	 of	 life	 known	 on	
Earth	 (3.4-3.5	Gy	bp)	and	have	been	 identified	 in	 fossils	such	as	stromatolites	 (Shen	et	 al.,	 2001,	
Tice	and	Lowe,	2004,	Allwood	et	al.,	2006,	Canfield,	2006).	These	microbial	mats	are	highly	diverse	
in	 terms	 of	 microbial	 community	 composition	 and	 functions	 and	 are	 organized	 in	 very	 well	
structured,	layered	assemblages	(Ley	et	al.,	2006,	Feazel	et	al.,	2008).	Thus,	they	present	important	
cell	abundances	that	are	fully	compatible	with	the	occurrence	of	quorum	sensing	regulations.		

The	 pioneering	 study	 published	 by	McLean	 et	 al.	 in	 1997	was	 the	 first	 report	 of	 AHLs	 in	
natural	environments	and	focused	on	submerged	biofilms.	While	this	study	did	not	focus	on	marine	
biofilms,	it	provided	a	lot	of	interesting	data	for	aquatic	environments.	These	researchers	revealed	
the	absence	of	AHLs	on	rocks	not	coated	with	natural	biofilms	and	their	presence	on	those	covered	
with	biofilms	(McLean	et	al.,	1997).	A	few	years	later,	a	report	published	by	Decho	et	al.	revealed	
very	 interesting	 patterns	of	 AHLs	 regulation	 in	marine	mats.	 First,	 they	were	 able	 to	 collect	 and	
characterize	 AHLs	 directly	 on	marine	mat	 samples	collected	 in	 situ	 and	 detected	 both	 long-	 and	
short-chain	 AHLs	 (C4-	 C6-	 oxo-C6-,	 C7-,	 C8-,	 oxo-C8-,	 C10-,	 C12-	 and	 C14-HSLs).	 Even	 more	
interestingly,	the	authors	revealed	that	short-chain	AHLs	were	significantly	less	present	during	the	
day.	One	possible	interpretation	is	that	diel	variations	in	pH	may	alter	short-chain	AHLs	when	pH	is	
above	8.2	during	the	day,	due	to	photosynthetic	processes	(Decho	et	al.,	2009).	The	development	of	
subtidal	 biofilms	 appears	 to	 be	 very	 dynamic,	 and	 it	 has	 been	 shown	 that	with	 the	 variation	 in	
community	composition,	the	pattern	of	emitted	AHLs	is	also	modified.	Many	AHLs	producers	were	
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isolated	 in	 such	biofilms	 (Huang	et	 al.,	 2008).	 In	particular,	AHL-producing	Vibrio	 spp.	 appear	be	
pioneer	species	in	these	biofilms	(Huang	et	al.,	2009).	

Many	 studies	 have	 demonstrated	 that	 the	 presence	 of	 a	 bacterial	 biofilm	 favors	 the	
settlement	 on	 surfaces	 of	 invertebrate	 larvae.	 In	 particular,	 a	 series	 of	 interesting	 papers	 have	
highlighted	 that	 the	 AHLs	 produced	 in	 marine	 biofilms	 are	 detected	 by	 diverse	 types	 of	 larger	
organisms	to	guide	their	settlement	(Wieczorek	and	Todd,	1998,	Hadfield	and	Paul,	2001,	Hadfield,	
2011).	 Among	 the	 chemical	 attractants,	 AHLs	 were	 found	 to	 play	 an	 important	 role	 for	 the	
zoospores	of	the	macroalga	Ulva.	The	detection	of	AHLs	by	these	spores	leads	to	a	modification	of	
their	swimming	behavior	and	the	provocation	of	chemokinesis,	which	favor	their	settlement	on	the	
biofilm.	 These	 data	 revealed	 that	 AHLs	 produced	 in	 bacterial	 biofilms	 can	 also	 be	 sensed	 by	
eukaryotes,	 and	 these	 studies	 pointed	 out	 that	 AHLs	 also	 act	 as	 inter-kingdom	 chemical	 signals	
(Joint	 et	 al.,	 2002,	 Tait	 et	 al.,	 2005).	 In	 a	 similar	 vein,	 it	 has	 been	 shown	 that	 AHLs	 favor	 the	
settlement	of	cyprid	larvae	of	Balanus	improvisus	in	bacterial	biofilms	(Tait	and	Havenhand,	2013)	
	
d.	Corals	and	other	cnidarian-associated	communities	

Many	 cnidarians	 species	 harbor	 bacterial-associated	 communities	 in	 which	 members	
communicate	 using	 quorum	 sensing	 signals.	 For	 example,	 Anemonia	 viridis	 and	 the	 Gorgonacea	
Eunicella	 verrucosa	 harbor	 very	 diverse	 associated	 bacterial	 communities	 including	 quorum	
sensing	AIs	producers	(Ransome	et	al.,	2014).	However,	most	of	 the	work	on	cnidarian	species	 in	
the	 field	of	quorum	sensing	has	 focused	on	corals,	 especially	 in	 the	 context	of	pathogenicity	 (i.e.,	
black	band	disease,	white	band	disease,	etc.).	

Coral	 species	harbors	 important	and	dense	associated	microbial	 communities	 that	 are	10-
1000	fold	more	concentrated	compared	to	the	ambient	seawater	(Rosenberg	et	al.,	2007).	A	study	
conducted	in	2011	reports	that	30%	of	bacteria	in	these	consortia	are	capable	of	quorum	sensing.	
These	 include	 a	 Vibrio	 strain	 that	 has	 been	 shown	 to	 emit	 3-OH-C10-HSL	 detected	 using	 TLC	
(Golberg	 et	 al.,	 2011).	 Similarly,	 in	 another	 study	 published	 in	 2010,	 a	 total	of	 29	Vibrio	 isolates	
were	 collected	 in	 different	 healthy	 or	 diseased	 corals	 (samples	 collected	 from	 mucus,	 tissues,	
surrounding	waters)	and	were	tested	for	their	ability	to	produce	quorum	sensing	compounds	(Tait	
et	al.,	2010).	The	authors	found	that	all	isolated	Vibrio	were	able	to	emit	AI-2,	and	17	were	found	
capable	of	AHL	synthesis,	including	strains	isolated	from	both	healthy	and	diseased	animals	(Tait	et	
al.,	2010).	Interestingly,	in	the	same	study,	the	authors	reported	that	temperature	can	inhibit	AHL	
production	 in	 the	 pathogen	 V.	 harveyi	 (Tait	 et	 al.,	 2010).	 Collectively,	 these	 data	 suggest	 that	
quorum	 sensing	 may	 play	 a	 role	 in	 coral	 diseases	 and	 Vibrio	 infections,	 but	 the	 potential	
mechanisms	 behind	 this	 hypothesis	 remain	 to	 be	 elucidated	 (Milton,	 2006,	 Hmelo	 et	 al.,	 2011,	
Kimes	et	al.,	2012).	

More	 pieces	 of	 information	 have	 recently	 come	 from	 researchers	 studying	 the	white	 and	
black	band	diseases,	which	are	polymicrobial	illnesses	threatening	corals.	Some	strains	capable	of	
quorum	 sensing	were	 isolated	within	 the	 bacterial	 consortia	 responsible	 for	 the	 coral	 affections	
(Zimmer	et	al.,	2014).	Interestingly,	it	was	then	shown	that	the	exposure	of	Acropora	cervicornis	to	
C6-HSL	converts	its	healthy	microbiome	into	one	responsible	for	white	band	disease	(Meyer	et	al.,	
2016).	Moreover,	the	addition	of	quorum	sensing-inhibiting	compounds	dramatically	modified	the	
composition	of	the	infected	coral	microbiota,	as	revealed	by	16SrRNA	gene	sequencing	(Certner	and	
Vollmer,	2015).	Also,	the	inoculation	of	Aiptasia	pallida	to	coral	commensals	presenting	a	quorum	
quenching	 activity	 inhibited	 the	 capacity	 of	 Serratia	marescens	 to	 degrade	 polyps	 (Alagely	 et	 al.,	
2011).	Similarly,	Meyer	et	al.	in	2016	studied	the	black	band	disease	and	pointed	the	production	by	
associated	 cyanobacteria	 of	 lyngbic	 acid,	 a	 strong	 anti-quorum	 sensing	 compound	 that	 can	
selectively	 inhibit	 cell-to-cell	 communication	 in	 some	 bacterial	 species	 (Meyer	 et	 al.,	 2016).	
Collectively,	 these	 results	 acquired	 from	 studying	 two	 different	 coral	 diseases	 underline	 the	
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importance	of	quorum	sensing	in	the	regulation	of	coral-associated	microbiota	in	either	healthy	or	
diseased	animals	(Hmelo	et	al.,	2011,	Teplitski	et	al.,	2016).	

	
e.	Sponge-associated	communities	
		 The	sponge	(phylum	Porifera)	microbiome	is	complex	and	diverse	(Reveillaud	et	al.,	2014,	
Webster	and	Thomas,	2016).		It	has	been	found	that	some	sponges	are	poorly	colonized	by	bacteria,	
while	some	other	are	not	(Hentschel	et	al.,	2003).	However,	bacteria	colonizing	sponge	tissues	can	
represent	 up	 to	 35%	of	 the	 sponge	 biomass	 (Vacelet	 and	Donadey,	 1977).	 Again,	 in	 this	 type	 of	
micro-niche,	bacteria	 can	 frequently	 reach	a	 sufficient	abundance	 to	establish	a	quorum	sensing-
based	communication,	and	diverse	sponge	symbionts	able	to	produce	AIs	are	found	(Taylor	et	al.,	
2004,	Mohamed	et	al.,	2008).	Additionally,	some	reports	suggest	 that	 this	 type	of	communication	
between	sponge	bacterial	symbionts	is	frequent,	as	77%	of	studied	Australian	sponges	are	able	to	
activate	 AHL-based	 biosensors	 (Taylor	 et	 al.,	 2004),	 and	 46%	 of	 sponge	 species	 are	 from	 the	
Mediterranean	and	Red	Sea	(Britstein	et	al.,	2017).The	chemical	diversity	of	AHLs	involved	in	these	
microbiota	has	been	elucidated	and	was	found	to	be	very	diverse,	including	short	and	long	acyl	side	
chains	and	between	6	and	18	carbons	(Saurav	et	al.,	2017).	For	example,	C6-HSL,	C7-HSL	and	3-oxo-
C12-HSL	were	detected	in	the	Celtic	sea	sponge	Suberites	domuncula	(Gardères	et	al.,	2012),	and	an	
increasing	number	of	AHLs	from	sponges	are	now	being	characterized	(Britstein	et	al.,	2016,	Bose	
et	al.,	2017).	The	strain	Ruegeria	sp.	KLH11,	isolated	from	Mycale	laxissima,	has	been	developed	as	a	
model	 to	better	understand	 the	 cellular	effects	of	quorum	sensing	and	 to	better	 characterize	 the	
relationship	between	quorum	sensing	expression	and	the	traits	of	the	bacterial	sponge	symbionts.	
These	 studies	revealed	 the	presence	of	 two	pairs	of	quorum	sensing	 luxI/R	 genes	and	an	orphan	
luxI	 gene	 that	 control	 biofilm	 formation	 (negatively	 regulated)	 and	 flagella-based	 motility	
(positively	regulated)	in	this	KLH11	strain	model	(Zan	et	al.,	2011,	Zan	et	al.,	2013,	Zan	et	al.,	2015).	
Such	 regulation	might	 limit	 the	 bacterial	 aggregation	within	 the	 sponge,	 and	 favor	 its	 dispersion	
and	 release	 in	 the	 environment.	 Quorum	 sensing-dependent	 relationships	 between	 sponges	 and	
their	 symbionts	appear	 to	be	very	 complex.	For	example,	bacterial	3-oxo-C12-HSL	modifies	gene	
expression	in	S.	domuncula	and	inhibits	its	innate	immune	system	(Gardères	et	al.,	2014),	and	some	
sponge	compounds	are	able	to	interfere	with	quorum	sensing	signaling	(Costantino	et	al.,	2017).			
	
4. Diversity of prokaryotic functions regulated by quorum sensing in marine environments 
a.	Bioluminescence	and	pigment	production	

Pioneering	 papers	 about	 quorum	 sensing	 described	 the	 details	 of	 bioluminescence	
regulation	in	the	historical	model	V.	fischeri.	These	details	and	references	are	provided	to	the	reader	
in	 the	 first	 section	 of	 this	 chapter,	 and	 here	 is	 a	 reminder	 that	 bioluminescence	 is	 an	 important	
marine	bacterial	trait	regulated	by	quorum	sensing.		

Pigment	 production	 (and	 in	 particular	 the	 purple	 violacein)	 is	 known	 to	 be	 regulated	 by	
quorum	sensing	 (McClean	et	 al.,	1997).	 In	 the	marine	environment,	 a	quorum	sensing	dependent	
production	of	violacein	has	been	reported	in	the	marine	strain	Pseudoalteromonas	ulvae	TC14	(Ayé	
et	 al.,	 2015).	 Interestingly,	 in	planktonic	 conditions,	 the	 strain	do	not	appears	 to	produced	AHLs,	
nevertheless	the	production	of	violacein	is	upregulated	by	the	addition	of	C6-,	C12-,	3-oxo-C8-,	and	
3-oxo-C12-HSL	and	downregulated	by	3-oxo-C6-HSL.	In	sessile	conditions,	the	3-oxo-C8	was	found	
to	upregulate	the	emission	of	the	purple	pigment.	Collectively,	these	results	suggest	that	violacein	
production	in	this	strain	is	regulated	through	an	orphan	LuxR	receptor.	
	
b.	Motility	

In	the	initial	stages	of	colonization,	or	at	low	or	average	cell	densities,	motility	is	frequently	
activated	by	quorum	sensing.	For	example,	motility	has	been	 found	upregulated	 in	 the	V.	fischeri	
colonizing	 the	 squid	 E.	 scolopes	 (Lupp	 et	 al.,	 2003,	 Lupp	 and	 Ruby,	 2005).	 The	 AphA	 quorum	
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sensing	master	regulator	is	involved	in	low	cell	densities	motility	behaviors,	like	in	V.	alginolyticus	
(Gu	et	al.,	2016)	and	V.	parahaemolyticus	(Wang	et	al.,	2013).	Similar	results	were	observed	with	V.	
harveyi	(van	Kessel	et	al.,	2013).	However,	in	V.	cholerae,	the	upregulation	of	motility	is	indirectly	
controlled	by	quorum	sensing	and	depends	on	 the	 intracellular	 c-di-GMP	pool	 (Rutherford	et	 al.,	
2011).	At	high	cell	densities,	the	master	regulators	LuxR/HapR	are	also	able	to	control	motility	in	
some	Vibrio	species,	 like	 in	 the	marine	pathogen	V.	vulnificus	 (Lee	et	al.,	2007).	By	contrast,	OpaR	
negatively	 regulates	 motility	 in	 V.	 parahaemolyticus	 and	 V.	 fischeri	 (Lupp	 and	 Ruby,	 2005).	
Interestingly,	LuxR	also	activates	motility	in	V.	cholerae	at	high	cell	densities,	probably	to	promote	
cell	detachment	and	biofilm	dispersion	(Reidl	and	Klose,	2002).		

	
c.	Initiation	of	biofilm	formation,	maturation	and	dispersion		

Pioneer	studies	in	the	medical	field	revealed	a	positive	relationship	between	quorum	sensing	
expression	and	biofilm	formation	(Davies	et	al.,	1998).	However,	the	relationship	between	biofilm	
formation	 and	 emission	 of	 quorum	 sensing	 compounds	 is	 more	 complex.	 For	 example,	 among	
Rhodobacteraceae,	 Silicibacter	 lacuscaerulensis	 and	 S.	 pomeroyi	 have	 quorum	 sensing	 genes,	 but	
they	 do	 not	 have	 the	 same	 capacities	 for	 surface	 colonization	 (Slightom	 and	Buchan,	 2009).	 One	
possible	explanation	for	such	complexity	is	that	biofilm	formation,	maturation	and	dispersion	rely	
on	 diverse	 and	 multiple	 steps	 that	 are	 under	 the	 control	 of	 multiple	 regulatory	 and	 signaling	
pathways	that	are	frequently	interconnected	and	can	act	differently	before	being	integrated	at	the	
cellular	level.	The	in-depth	genetic	analysis	conducted	on	the	aquatic	pathogens	V.	cholerae	and	V.	
harveyi	sheds	light	on	such	complexity.	In	these	cells,	the	sensory	transduction	pathways	of	quorum	
sensing,	 chemotaxis,	 and	 two-components	 signaling	 are	 connected	 to	 each	 other	 and	 to	 the	 c-di-
GMP	intracellular	pool,	as	well	as	small	RNA-mediating	signaling	pathways.	In	these	strains,	it	has	
been	 experimentally	 demonstrated	 that	 this	 network	 of	 signaling	 pathways	 is	 associated	 with	
biofilm	 formation	 (Tu	 and	 Bassler,	 2007,	 Monds	 and	 O'Toole,	 2009,	 Svenningsen	 et	 al.,	 2009,	
Srivastava	et	al.,	2011,	Srivastava	and	Waters,	2012,	Hunter	and	Keener,	2014).	

Another	 layer	 of	 explanation	 is	 that	 biofilm	 formation,	 surface	 attachment,	 biofilm	
maturation	and	dispersion	 require	different	 types	of	 regulation	according	 to	 the	 life	 strategies	of	
bacteria.	 Quorum	 sensing	 has	 been	 found	 to	 be	 involved	 in	 surface	 attachment	 in	 Serratia	
marcescens	(Labbate	et	al.,	2007),	an	opportunist	pathogen	that	can	sometimes	be	found	in	marine	
environments	(Alagely	et	al.,	2011).	In	some	Vibrios	species,	at	low	cell	densities,	the	AphA	master	
regulator	also	controls	biofilm	formation.	This	has	been	observed	in	V.	cholerae.	(Yang	et	al.,	2010),	
V.	parahaemolyticus	(Wang	et	al.,	2013),	V.	alginolyticus	(Gu	et	al.,	2016).	

At	high	 cell	densities,	quorum	sensing	LuxR-type	proteins	 repress	biofilm	production	 in	V.	
cholerae	 (Waters	 et	 al.,	 2008).	However,	 the	 opposite	 pattern	 is	observed	 in	V.	parahaemolyticus	
and	V.	vulnificus	(Lee	et	al.,	2007,	Yildiz	and	Visick,	2009),	and	V.	anguillarum	(Croxatto	et	al.,	2002).	
Many	 bacteria	 also	 positively	 regulate	 biofilm	 production	 and	maturation	with	 quorum	 sensing.	
This	 is	 the	 case	 in	 the	 genus	 Aeromonas	 (Lynch	 et	 al.,	 2002),	 which	 includes	 fish	 pathogens.	 In	
maturating	 biofilms,	 other	 functions	 are	 activated	 by	 quorum	sensing,	 such	 as	 the	 production	 of	
antimicrobial	compounds	or	the	maintenance	of	cell	shape	heterogeneity	(see	later	in	this	chapter).	

The	 dispersion	 of	 biofilm	 is	 also	 under	 the	 control	 of	 quorum	 sensing	 in	 many	 marine	
bacteria.	In	the	sponge	symbiont	Ruegeria	sp.	KLH11	(Zan	et	al.,	2012),	cell	motility	is	activated	by	
quorum	 sensing	 and	 favors	 dissemination.	 At	 the	 same	 time,	 biofilm	 production	 is	 inhibited	 by	
quorum	 sensing	 at	 high	 cell	 densities,	 which	 probably	 also	 favor	 the	 dispersion	 of	Ruegeria	 sp.	
KLH11	 cells	 from	 its	 host	 (Zan	 et	 al.,	 2012).	 This	 is	 also	 probably	 why	 biofilm	 production	 is	
negatively	regulated	at	high	cell	densities	in	the	pathogen	V.	cholerae	(Zhu	and	Mekalanos,	2003).	
Production	of	hydrolases	may	favors	such	dynamics.	It	has	been	demonstrated	that	the	expression	
of	some	of	these	enzymes	is	positively	regulated	by	quorum	sensing,	like	in	P.	ananatis	(Jatt	et	al.,	
2015).		
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Collectively,	 these	 data	 emphasize	 the	 roles	 of	 quorum	 sensing	 at	 each	 stage	 of	 biofilm	
development,	 regardless	 of	 the	 type	 of	 marine	 surfaces	 on	 which	 they	 grow:	 crucial	 in	 the	
establishment,	 maturation	 and	 dispersion	 of	 marine	 biofilms.	 Additionally,	 similar	 biofilm-
dependent	phenotypes	are	positively	or	negatively	regulated	by	quorum	sensing	in	diverse	strains,	
reflecting	diverse	types	of	life	strategies	and	adaptations	of	bacterial	cells.	

	
d.	Virulence	

Virulence	 factors	are	extracellular	products	 released	by	bacterial	 cells	 and	are	 involved	 in	
pathogenesis	 (Liuxy	 et	 al.,	 1996,	 Austin	 and	 Zhang,	 2006).	 Their	 production	 represents	 an	
important	metabolic	cost	for	the	cell	and	thus	is	strictly	regulated	(Yang	and	Defoirdt,	2015).	The	
relationships	among	virulence	and	expression	of	quorum	sensing	 compounds	are	 complex:	 it	has	
been	 shown	 that	 virulence	 factors	 can	 be	 either	 positively	 or	 negatively	 controlled	 by	 quorum	
sensing,	either	at	low	cell	density	or	high	cell	densities.	Such	complex	regulation	is	interpreted	as	a	
need	 to	 differently	 tune	 the	 production	 factors	 at	 the	 different	 stages	 of	 infection	 (Natrah	 et	 al.,	
2011b).	For	example,	in	V.	harveyi,	both	the	low	cell	density	master	regulator	AphA	and	the	high	cell	
density	 master	 regulator	 LuxR-type	 control	 the	 production	 of	 the	 type	 III	 secretion	 system	 1	
(T3SS1).	Such	tuning	of	T3SS1	allows	a	well	controlled	peak	of	expression	in	between	the	low	cell	
density	state	and	the	high	cell	density	state	(van	Kessel	et	al.,	2013).		

	At	 high	 cell	 densities,	 a	 positive	 regulation	 of	 caseinase,	 gelatinase,	 and	 other	 types	 of	
proteases	 has	 been	 reported	 in	 V.	 harveyi	 (Mok	 et	 al.,	 2003,	 Natrah	 et	 al.,	 2011b),	 Vibrio	
alginolyticus	(Rui	et	al.,	2008,	Rui	et	al.,	2009),	and	V.	vulnificus	(Shao	and	Hor,	2001).	Similarly,	the	
production	of	metalloproteases	(Mok	et	al.,	2003)	and	extracellular	toxins	(Manefield	et	al.,	2000)	
appears	positively	 regulated	by	quorum	sensing,	 as	well	 as	 flagellar	motility,	which	 is	 frequently	
considered	an	important	virulence	factor	(Yang	and	Defoirdt,	2015).	By	contrast,	downregulation	of	
chitinase	A	 (Defoirdt	 et	 al.,	 2010),	 siderophore	 production	 (Lilley	 and	Bassler,	 2000)	 by	 quorum	
sensing	 has	 been	 evidenced	 in	 V.	 harveyi.	 Lipases	 and	 hemolysin	 are	 virulence	 factors	 whose	
production	appears	independent	of	quorum	sensing	expression	(Natrah	et	al.,	2011b).		

	
e.	Emission	of	colonization	factors	

In	 marine	 bacteria,	 quorum	 sensing	 regulates	 many	 colonization	 factors	 in	 V.	 fischeri	
colonizing	 Hawaiian	 bobtail	 squid	 E.	 scolopes.	 The	 production	 of	 quorum	 sensing	 mutants,	
combined	 with	 the	 examination	 of	 microarray	 data	 collected	 from	 both	 mutant	 and	 wild-type	
cultures,	provided	interesting	data.	Thus,	it	has	been	demonstrated	that	ain	gene	expression	favors	
the	 initiation	 of	 squid	 colonization	 and,	 among	 others,	 positively	 regulates	 cell	 motility	 and	
exopolysaccharide	 production.	 At	 this	 step	 of	 colonization,	 lux	 genes	 are	 not	 fully	 expressed.	 By	
contrast,	 lux	gene	expression	 is	 involved	 in	 the	production	of	 late	 colonization	 factors	and	 in	 the	
persistence	of	strains	 in	 the	crypts	of	 the	squid’s	 light	organ.	Collectively,	 these	data	suggest	 that	
the	 ain-dependent	 quorum	 sensing	 system	 operates	 at	 moderate	 cell	 densities,	 while	 the	 lux-
dependent	system	activity	peaks	at	very	high	cells	densities,	such	as	those	observed	in	the	crypts	of	
the	light	organ.	
	
f.	Horizontal	gene	transfer	

The	 existence	 of	 quorum	 sensing-dependent	 horizontal	 gene	 transfer	 has	 been	
demonstrated	in	V.	cholerae	cultured	in	biofilm	composed	of	mixed	Vibrio	species.	These	processes	
are	 under	 the	 control	 of	 the	 gene	 comEA,	 whose	 transcription	 was	 found	 to	 be	 induced	 in	 the	
presence	of	AI-1	and	AI-2.	As	the	experimental	set-up	was	based	on	mixed	biofilms,	it	is	probable	
that	 such	 horizontal	 transfer	 in	 V.	 cholerae	 occurs	 through	 AIs	 emitted	 by	 other	 Vibrio	 species	
(Antonova	 and	Hammer,	 2011).	 It	 has	 also	 been	 shown	 in	V.	 cholerae	 that	 the	 type	 IV	 secretion	
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system,	which	permits	 cell	 lysis	 and	extracellular	DNA	acquisition,	 is	 also	positively	 regulated	by	
quorum	sensing	(Papenfort	and	Bassler,	2016).	

The	 importance	 of	 quorum	 sensing	 in	 gene	 transfer	 has	 also	 been	 demonstrated	 in	
Rhodobacter	 capsulatus,	 a	 model	 bacterium	 in	 microbiology	 whose	 close	 relatives	 have	 been	
detected	 in	marine	 environments	 (Zehr	 et	 al.,	 1995,	Oz	 et	 al.,	 2005).	 Interestingly,	when	 the	AIs	
synthase	 gene	 gtaI	 was	 muted	 with	 a	 Spr	 cassette,	 researchers	 observed	 a	 reduction	 in	 gene	
transfer	agent	production,	which	was	restored	by	the	addition	of	C16-HSL	(Schaefer	et	al.,	2002).	
	
g.	Nutrient	acquisition	

One	of	the	earliest	hypotheses	to	explain	the	role	of	quorum	sensing	in	bacterial	cells	is	that	
cooperation	 may	 favor	 the	 acquisition	 of	 nutrients	 (Rosenberg	 et	 al.	 1977).	 In	 this	 sense,	 the	
extracellular	hydrolytic	enzymes	emitted	by	diverse	bacteria	are	public	goods	that	will	benefit	the	
whole	 community.	This	hypothesis	 is	not	specifically	adapted	 to	 the	marine	 environment,	with	a	
population-level	benefit	from	the	secretion	of	proteases	shown	in	P.	aeruginosa	cultures	(Darch	et	
al.,	2012).		

In	 the	 marine	 environment,	 this	 hypothesis	 has	 been	 explored	 mostly	 with	 bacteria	
colonizing	the	phycosphere	of	microalgae	or	marine	snow.	In	a	paper	published	in	2012,	it	has	been	
shown	that	the	epibionts	of	Trichodesmium	rely	on	quorum	sensing	to	up-regulate	their	phosphate	
acquisition	by	the	production	of	alkaline	phosphatases.	It	appeared	that	AHLs	are	involved	in	this	
process,	while	AI-2	production	led	to	a	decrease	in	phosphate	uptake	(Van	Mooy	et	al.,	2012).	In	a	
similar	 vein,	 R.	 pomeroyi	 overproduces	 3-oxo-C14-HSL	 when	 cultured	 in	 the	 presence	 of	
dimethylsulfoniopropionate	(DMSP)	as	an	energy	source.	Interestingly,	this	observation	combined	
with	the	record	of	a	drastic	modification	of	the	cell	metabolome	suggests	that	Ruegeria	switches	to	
a	cooperative	lifestyle	when	cultured	with	algal	DMSP	provided	as	a	source	of	sulfur	(Johnson	et	al.,	
2016).		

Another	 series	 of	 papers	 revealed	 interesting	 links	 between	 the	 production	 of	 chemical	
compounds	 by	 decaying	 algae	 and	 the	 expression	 of	 quorum	sensing.	 Indeed,	 it	 has	 been	 shown	
that	 p-coumaric	 acid,	 a	 product	 of	 algal	 lignin	 degradation	 released	 by	 decaying	 phytoplankton	
cells,	 is	 also	 the	 precursor	 of	 p-coumaroyl-HSL	 involved	 in	Rhodopseudomonas	 palustris	quorum	
sensing,	as	well	as	 in	 the	marine	S. pomeroyi DSS-3 strain	 (Schaefer	et	al.,	2008).	 In	 this	sense,	 the	
production	 of	 semiochemicals	 associated	 with	 the	 release	 of	 phytoplanktonic	 compounds	might	
convey	some	information	about	nutrients	and	exogenously	supplied	substrates	availability	within	
the	 phycosphere	 (Schaefer	 et	 al.,	 2008,	 Buchan	 et	 al.,	 2014).	 Interestingly,	 the	 algae	 symbiont	D.	
shibae	controls	flagellar	biosynthesis	with	quorum	sensing	(Patzelt	et	al.,	2013),	which	potentially	
enables	chemotaxis	to	microalgae	and	thus	favors	the	acquisition	of	nutrients.	
	 The	 coordination	 of	 marine	 bacteria	 for	 nutrient	 acquisition	 probably	 has	 broader	
consequences	at	a	global	scale,	although	this	hypothesis	remains	poorly	explored.	Nonetheless,	the	
reports	of	Hmelo	et	al	(2011)	and	Jatt	et	al.	(2015)	support	similar	conclusions.	Hmelo	et	al.	(2011)	
collected	 and	 incubated	 marine	 sinking	 particles	 sampled	 near	 Vancouver	 Island,	 noticing	 an	
increase	 in	 hydrolytic	 enzyme	 activity	 when	 adding	 commercially	 available	 AHLs	 (Hmelo	 et	 al.,	
2011).	Similarly,	Jatt	et	al.	(2015)	observed	an	enhancement	of	alkaline	phosphatase	activity	when	
adding	 C10-AHL	 to	 a	 P.	 ananatis	 culture	 initially	 isolated	 from	marine	 snow	 (Jatt	 et	 al.,	 2015).	
Collectively,	 these	 data	 suggest	 that	 quorum	 sensing	 may	 regulate	 marine	 snow	 mineralization	
kinetics,	 yet	 many	more	 observations	 are	 required	 to	 better	 characterize	 and	 conceptualize	 the	
biogeochemical	implications	of	quorum	sensing	expression	in	seawater	(Moran	et	al.,	2016).	
	
h.	Production	of	antimicrobial	compounds	

Quorum	sensing	is	involved	in	the	regulation	of	many	compounds	that	act	on	cell	density	and	
on	community	dynamics,	such	as	antimicrobial	molecules	(Bainton	et	al.,	1992,	Wood	and	Pierson,	
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1996).	In	the	marine	environment,	such	observations	have	been	made	on	many	strains	producing	
algacidal	 compounds.	Among	 those,	TDA	 is	 an	antimicrobial	 compound	 that	also	 induces	 its	own	
synthesis	 and	 thus	 also	 acts	 as	 an	 AI	 (Bruhn	 et	 al.,	 2005,	 Geng	 et	 al.,	 2008,	 Porsby	 et	 al.,	 2008,	
Berger	 et	 al.,	 2011).	 Interestingly,	 the	 production	 of	 TDA	 is	 also	 dependent	 on	 AHLs	 in	 diverse	
Roseobacter	species	(Rao	et	al.,	2007,	Berger	et	al.,	2011,	Thole	et	al.,	2012).	This	production	of	TDA	
regulates	interesting	community	traits	in	the	association	between	Phaeobacter	gallaeciensis	BS107	
and	 the	microalgae	Emiliana	huxleyi.	The	 bacteria	 provides	 growth	 inducers	 to	 the	 alga,	 such	 as	
auxins	 during	 bloom	 conditions,	 and	 produce	 antibiotics	 including	 TDA	 probably	 to	 target	 algal	
pathogens	 (Geng	 et	 al.,	 2008,	 Thiel	 et	 al.,	 2010).	 In	 this	 symbiotic	 relationship,	 P.	 gallaeciensis	
receives	DMSP	produced	by	the	microalgae	as	a	sulfur	source	(González	et	al.,	1999,	Newton	et	al.,	
2010).		

Different	 types	 of	 algaecides	 whose	 production	 could	 be	 under	 the	 control	 of	 quorum	
sensing	compounds	have	been	identified	from	marine	bacteria	(Skerratt	et	al.,	2002,	Nakashima	et	
al.,	2006,	Paul	and	Pohnert,	2011).	For	example,	Kordia	algicida	displays	algaecide	activity	due	to	
the	 emission	 of	 proteases,	 and	 some	 experimental	 data	 suggest	 that	 this	 expression	 is	 quorum	
sensing	regulated	(Paul	and	Pohnert,	2011).	Additionally,	Skerrat	et	al.	suggested	a	potential	role	of	
AI-2	 in	 the	 algaecide	 activity	 against	 the	 dinoflagellate	G.	catenatum	 (Skerratt	 et	 al.,	 2002).	More	
recently,	 it	has	been	shown	that	 the	strain	Ponticoccus	sp.	PD-2	 isolated	 from	the	phycosphere	of	
the	microalga	Prorocentrum	donghaiense	regulates	its	algicidal	activity	using	quorum	sensing.	This	
strain	produces	3-oxo-C8-HSL	and	3-oxo-C10-HSL	using	two	quorum	sensing	networks	(zlaI/R	and	
zlbI/R).	The	inhibition	of	quorum	sensing	activity	using	β-cyclodextrin	reduced	the	algicical	activity	
of	more	than	50%	(Chi	et	al.,	2017).	

	
i.	Induction	and	maintenance	of	phenotypic	heterogeneity	within	a	cell	population 

Interestingly,	 a	 few	 reports	 have	 suggested	 that	 quorum	 sensing	 could	 be	 involved	 in	 the	
maintenance	 of	 population	 heterogeneity,	 which	 is	 hypothesized	 to	 be	 a	 survival	 strategy	 under	
fluctuating	 environmental	 conditions.	 It	 has	 been	 suggested	 that	 such	 phenotypic	 heterogeneity	
might	increase	the	fitness	of	the	whole	population	by	enhancing	survival	in	a	sub-population	when	
facing	changing	conditions	(Grote	et	al.,	2015).	Such	observations	were	made	initially	on	V.	harveyi	
(now	reclassified	as	Vibrio	campbellii).	The	authors	of	this	study	revealed	that	in	a	bioluminescent	
population	 of	 cells,	 only	 69%	 were	 effectively	 emitting	 light,	 and	 that	 the	 strength	 of	 the	
bioluminescence	was	different	between	cells	(Anetzberger	et	al.,	2009).	The	key	LuxO	protein	in	the	
quorum	sensing	signaling	pathway	(see	earlier	in	this	chapter	for	more	details)	seems	to	also	play	a	
role	 in	 these	 mechanisms,	 as	 the	 culture	 of	 a	 luxO	 mutant	 is	 composed	 of	 only	 glowing	 cells	
(Anetzberger	et	al.,	2009).	

Interesting	data	 linking	quorum	sensing	and	phenotypic	heterogeneity	were	also	collected,	
coupling	genetic	and	transcriptomic	studies	conducted	on	the	marine	D.	shibae	(Patzelt	et	al.,	2013).	
In	these	experiments,	the	authors	revealed	that	the	lack	of	AHL	production	in	a	luxI	mutant	strain	
modified	the	transcription	of	344	genes	involved	in	the	regulation	of	many	different	physiological	
activities,	including	cell	division,	flagellar	biosynthesis	and	sigma	factor	synthesis.	Interestingly,	this	
luxI	mutant	 culture	presented	a	 single	ovoid	phenotype	of	Dinoroseobacter	cells.	By	 contrast,	 the	
wild-type	phenotype,	as	well	as	the	mutant	culture	amended	with	addition	of	C18-AHL	at	saturating	
concentrations,	included	more	cell	morphologies	with	ovoid,	rod-shaped	and	very	elongated	cells.	
In	marine	bacterial	populations,	 the	existence	of	such	a	morphological	heterogeneity	might	be	an	
ecological	advantage.	During	phytoplankton	blooms,	grazing	is	intense	and	has	been	demonstrated	
to	 be	 cell	 shape	 dependent.	 Thus,	 a	 bacterial	 population	might	 enhance	 its	 fitness	 by	 allowing	 a	
proportion	of	 the	 population	 to	 stochastically	vary	 its	 phenotype	 and	 ensuring	 the	 survival	of	 at	
least	a	fraction	of	the	population	during	environmental	fluctuations	(Acar	et	al.,	2008),	such	as	over	
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a	seasonal	marine	plankton	bloom.	Such	observations	are	not	specific	 to	 the	marine	environment	
and	remain	a	subject	of	interrogation	in	diverse	fields	of	microbiology	(Grote	et	al.,	2015).	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	7	legend:	A	synthetic	picture	that	attempts	to	synthesize	and	order	the	diversity	of	quorum	
sensing-regulated	 functions	 in	 marine	 environments	 and	 biofilms.	 V.	 =	 Vibrio;	 S.	 =	 Serratia;	 R.	
pomeroyi		=	Ruegeria	pomeroyi;	R.	sphaeroides	=	Rhodobacter	sphaeroides.	
	
	
5. Sourcing and applying quorum sensing inhibitors in the marine environment: aquaculture 
protection and innovation in green antifouling  
	
a.	A	model	story:	the	discovery	of	antifouling	compounds	in	the	red	marine	alga	Delisea	pulchra	
	 The	first	quorum	sensing-inhibiting	compound	was	discovered	in	seawater.	This	pioneering	
research	 is	 frequently	 cited	as	a	model	process	 to	 identify	anti-quorum	sensing	 compounds	with	
potential	 economic	 applications.	 This	 research	 story	 begins	 with	 a	 naturalist	 observation	 of	 D.	
pulchra,	 a	 small	 red	 benthic	 macroalgae	 whose	 fronds	 measure	 a	 few	 centimeters.	 First,	 these	
fronds	have	the	particularity	of	being	poorly	colonized	by	different	types	of	organisms.	Unlike	most	
other	 types	of	marine	plants	and	algae,	bacterial	 abundances	on	 fronds	surfaces	are	 significantly	
lower	than	those	on	other	seaweed	surfaces	(Maximilien	et	al.,	1998).	Then,	it	is	important	to	notice	
that	on	the	east	coast	of	Australia,	these	algae	are	subjected	to	seasonal	bleachings	(Campbell	et	al.,	
2011)	that	appear	in	summer	when	temperature	rises.	Interestingly,	D.	pulchra	 is	able	to	produce	
halogenated	 furanones,	 whose	 concentrations	 are	 reduced	 during	 these	 episodes	 of	 bleaching	
(Campbell	et	al.,	2011).		

Interestingly,	 it	has	been	observed	that	halogenated	 furanones	share	structural	similarities	
with	AHLs	and	 it	has	been	hypothesized	that	 they	 could	 interfere	with	quorum	sensing	signaling	
pathways	 (Givskov	 et	 al.,	 1996).	These	halogenated	 furanones	 are	 able	 to	modify	many	 different	
bacterial	 properties,	 such	 as	 swarming	 in	Serratia	 liquefaciens	(Givskov	 et	 al.,	 1996)	 and	Proteus	
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mirabilis	(Gram	et	al.,	1996),	exoenzyme	production	in	diverse	bacteria	(Kjelleberg	et	al.,	1997)	as	
well	as	bioluminescence	and	pigment	production	(Givskov	et	al.,	1996,	Kjelleberg	et	al.,	1997).	The	
molecular	 and	 genetic	 mechanisms	 underlying	 the	 furanones’	 mode	 of	 action	 were	 then	
investigated,	 and	 it	 was	 demonstrated	 that	 these	 compounds	 bind	 to	 the	 LuxR	 receptors	 and	
increased	their	degradation	rates	turnover	(Manefield	et	al.,	2000,	Manefield	et	al.,	2002).		

Then	 the	 relationships	 between	 Delisea’s	 bleaching	 events,	 temperature	 increase	 and	
bacterial	quorum	sensing	were	also	investigated.	The	incubation	of	D.	pulchra	sporelings	in	water	
containing	 natural	 bacterioplankton	 increased	 their	 susceptibility	 to	 be	 subjected	 to	 bleaching	
compared	 to	 algae	 immerged	 in	 sterile	 seawater,	 leading	 the	 authors	 to	 involve	 some	 role	 for	
bacteria	 in	 bleachings	 events.	 Also,	 the	 absence	 of	 halogenated	 furanones	 increased	 the	
susceptibility	of	D.	pulcha	to	bleachings	(Campbell	et	al.,	2011)	revealing	the	importance	of	quorum	
quenching	to	limit	the	effects	of	this	disease.		One	of	the	responsible	bacteria	has	been	isolated	and	
identified	as	a	Nautella	sp.,	which	penetrates	algae’s	tissues	(Case	et	al.,	2011).	Either	the	virulence	
mechanisms	 remain	 to	 be	 elucidated	 (Harder	 et	 al.,	 2014),	 it	 appears	 that	 these	 bacteria	 could	
provoke	at	 least	part	of	 the	observed	summer	bleachings	and	that	 the	production	of	halogenated	
furanones	allows	D.	pulchra	to	control	pathogens.		

Natural	 or	 synthetic	 halogenated	 furanones	 were	 then	 tested	 with	 some	 success	 against	
common	pathogens.	It	has	been	shown	that	these	compounds	inhibit	quorum	sensing	processes	in	
P.	 aeruginosa	 biofilms	 (Hentzer	 et	 al.,	 2002),	 as	 well	 as	 carbapenem	 antibiotic	 synthesis	 and	
exoenzyme	 virulence	 factor	 production	 in	Erwinia	carotovora,	 a	 plant	 pathogen	(Manefield	 et	 al.,	
2001).	 Quorum	 sensing	 inhibiting	 compounds	 are	 usually	 suspected	 to	 avoid	 any	 apparition	 of	
resistance	 in	 targeted	 bacteria.	 However	 this	 paradigm	has	 to	 be	 revisited	with	 recent	 data	 and	
observations.	 Some	 P.	 aeruginosa	 strains	 were	 found	 to	 be	 resistant	 to	 some	 of	 the	 synthetic	
halogenated	 furanones	 intensively	 used	 in	 laboratories	 (García-Contreras	 et	 al.,	 2013).	 The	
resistance	mechanism	appears	to	be	linked	to	the	capacity	of	the	strains	to	increase	the	efflux	of	the	
furanones	out	of	cells	(Maeda	et	al.,	2012).	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	8	 legend:	Some	of	the	halogenated	furanones	produced	by	Delisea	pulchra.	Redrawn	from	
Manefield	et	al.	1999.	Compound	(8)	is	synthetic.	
	
b.	Diversity	of	quorum	quenching	compounds	isolated	from	marine	organisms	

A	 large	 panel	 of	 quorum	 quenching	 compounds	 has	 been	 isolated	 from	 a	 wide	 range	 of	
marine	 organisms.	 These	 include	 bacteria,	 cyanobacteria,	 fungi,	 marine	 sponges,	 marine	 algae,	
cnidarians	and	Bryozoa.	A	recent	review	published	by	Saurav	et	al.	fully	details	the	current	catalog	
of	quorum	sensing-inhibiting	compounds	isolated	from	seawater	(Saurav	et	al.,	2017)	and	reports	
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the	existence	of	70	marine-derived	molecules	presenting	such	activity.	This	review	reveals	the	wide	
spectrum	 of	 marine	 organisms	 and	 chemical	 compounds	 capable	 of	 such	 biological	 activity.	 In	
bacteria,	compounds	as	diverse	as	phenethylamides,	cyclic	dipeptides,	 tyrosol	and	tyrosol	acetate	
have	been	found	to	present	quorum	quenching	activity	(Teasdale	et	al.,	2009,	Teasdale	et	al.,	2011,	
Abed	 et	 al.,	 2013,	Martínez-Matamoros	 et	 al.,	 2016).	 In	marine	 fungi,	 aculenes	 C,	D,	 E;	 penicitor;	
aspergillumarins	A,	B;	meleagrin;	and	kojic	acid	were	found	to	be	quorum	sensing	inhibitors	(Li	et	
al.,	 2003,	 Dobretsov	 et	 al.,	 2011,	 Kong	 et	 al.,	 2017).	 In	 cyanobacteria,	 malyngamide	 C,	 8-epi-
malyngamide	C,	malyngolide	and	lyngbyic	acid	showed	anti-quorum	sensing	properties,	as	well	as	
tumonoic	acids;	honaucins	A,	B,	C;	pitinoic	acid;	and	microcolins	A,	B	(Clark	et	al.,	2008,	Kwan	et	al.,	
2010,	 Dobretsov	 et	 al.,	 2011,	 Kwan	 et	 al.,	 2011,	 Choi	 et	 al.,	 2012,	 Montaser	 et	 al.,	 2013).	 Such	
biological	activity	was	also	reported	 in	manoalides	 isolated	 from	sponges	(Montaser	et	al.,	2013),	
cembranoids	 isolated	 from	 cnidarians	 (Tello	 et	 al.,	 2009,	 Tello	 et	 al.,	 2012)	 and	 brominated	
alkaloids	from	Bryozoa	(Peters	et	al.,	2003).	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	9	legend:	A	snapshot	of	the	diversity	of	quorum	sensing-inhibiting	compounds.		
	
c.	Diversity	of	marine	quorum	quenching	enzymes	
	 A	large	diversity	of	bacteria	are	able	to	produce	quorum	quenching	enzymes,	and	the	use	of	
these	 enzymes	 to	 fight	 quorum	 sensing-dependent	 traits	 in	 bacteria	 is	 very	 promising.	 These	
enzymes	act	extracellularly	to	degrade	AIs	and	can	be	used	in	catalytic	quantities	(Bzdrenga	et	al.,	
2017).	They	are	able	to	disrupt	the	quorum	sensing	signal	in	the	nearby	environment	of	bacterial	
cells	and	thus	do	not	have	to	penetrate	bacterial	cells,	facilitating	their	mode	of	action	and	effects.	
Although	various	types	of	enzymes	present	a	such	activity	(Romero	et	al.,	2015),	two	major	types	of	
quorum	quenching	enzymes	have	been	described:	lactonases	(which	hydrolyze	the	lactone	ring	of	
AHLs)	and	acylases	(which	cleave	the	amide	bond	linking	the	lactone	cycles	to	the	acyl	side	chains	
in	AHLs)	(Grandclement	et	al.,	2016).	Many	studies	have	tried	to	use	quorum	quenching	enzymes	to	
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disrupt	 the	virulence	of	pathogens	or	biofilm	 formation.	 Specifically,	quorum	quenching	enzymes	
have	been	tested	against	plant	pathogens	and	against	biofilm	formation	on	membrane	bioreactors	
and	medical	devices	(Grandclement	et	al.,	2016).	
	 Marine	bacteria	are	an	important	resource	for	prospecting	new	quorum	quenching	enzymes.	
In	 a	 report	 published	 in	 2011,	 Romero	 et	 al.	 screened	 166	marine	 strains	 and	 identified	 24	 that	
were	 able	 to	 significantly	 degrade	AHLs	 (Romero	 et	 al.,	 2011a).	 It	 has	 recently	 been	 shown	 that	
Alteromonas	stellipolaris,	a	bacterium	selected	among	450	strains	isolated	from	a	bivalve	hatchery,	
has	a	very	efficient	lactonase	activity	(Torres	et	al.,	2016).	Similarly,	enzymatic	quorum	quenching	
activities	were	also	detected	in	corals	(Tait	et	al.,	2010,	Golberg	et	al.,	2013),	and	sponges	(Saurav	et	
al.,	 2016a).	 In	 the	 same	 perspective,	 metagenomic	 studies	 revealed	 a	 large	 diversity	 of	 quorum	
quenching	genes	in	marine	microbial	communities	(Romero	et	al.,	2012,	Muras	et	al.,	2018a).		

Unsurprisingly,	 a	 few	 research	 groups	 attempted	 to	 express,	 characterize	 and	 test	 the	
potential	of	quorum	quenching	enzymes	issued	from	the	marine	environment.	For	example,	MomL	
is	a	lactonase	 isolated	 from	the	Flavobacteria	Muricauda	olearia	Th120,	a	 flounder	mucus-derived	
strain.	Interestingly,	this	enzyme	was	shown	able	to	significantly	reduce	the	virulence	and	biofilm	
formation	of	P.	aeruginosa	(Tang	et	al.,	2015).	Similarly,	a	Bacillus	licheniformis	strain	was	isolated	
from	dissected	guts	collected	from	Indian	white	shrimps.	This	enzyme	presents	a	high	resistance	to	
acid	conditions	(likely	as	a	consequence	of	the	native	conditions	experienced	in	the	gut),	has	a	large	
spectrum	of	AHLs	that	 it	can	degrades,	and	appears	to	reduce	Vibrio	biofilms	(Vinoj	et	al.,	2014).	
Similarly,	 a	 wide-spectrum	 thermostable	 lactonase	 has	 been	 isolated	 from	 the	 marine	 bacteria	
Tenacibaculum	sp.	20J	(Mayer	et	al.,	2015)	which	present	antbiofilm	activity	against	Streptococcus	
mutans	(Muras	et	al.,	2018b)	and	against	the	fish	pathogen	Edwarsiella	tarda	(Romero	et	al.,	2014).	
	
d.	Applications	for	biofouling	on	marine	underwater	surfaces	

The	term	“biofouling”	refers	 to	 the	biological	colonization	by	organisms	on	 living	and	non-
living	materials.	Such	colonization	of	underwater	surfaces	by	marine	organisms	causes	significant	
problems,	such	as	biocorrosion,	increased	frictional	forces	on	boat	hulls,	obstruction	of	submerged	
instruments	 and	 devices	 such	 as	 propellers	 or	 scientific	 instruments,	 and	 problems	 in	 marine	
aquaculture	 (Dobretsov	 et	 al.,	 2011,	 Bloecher	 et	 al.,	 2013).	 This	 colonization	 starts	 with	 the	
development	of	a	bacterial	biofilm	(microfoulers),	which	serves	as	a	substrate	for	the	settlement	of	
larger	organisms	(algae,	metazoans	:	macrofoulers).	Thus,	fighting	biofilm	development	constitutes	
a	 current	 major	 challenge	 in	 many	 industries,	 such	 as	 underwater	 electricity	 production,	 boat	
construction,	and	naval	transportation	(Sommerset	et	al.,	2005).	Most	of	the	antifouling	compounds	
used	are	toxic	biocides	(Dafforn	et	al.,	2011),	which	deeply	 impact	 the	natural	environment	since	
they	are	released	in	the	seawater.	For	example,	they	accumulate	along	the	food	chain,	leading	to	a	
high	 concentration	 of	 toxic	 substances	 in	 marine	 mammals.	 They	 can	 also	 directly	 affect	 filter-
feeding	organisms	such	as	oysters	(Champ,	2003,	Thomas	and	Brooks,	2010,	Gittens	et	al.,	2013).	
One	 possible	 strategy	 to	 overcome	 these	 difficulties	 is	 to	 target	 key	mechanisms	 responsible	 for	
biofilm	 formation	 without	 affecting	 cell	 viability	 to	 select	 compounds	 with	 low	 toxicity.	 In	 this	
sense,	the	application	of	quorum	quenching	compounds	appears	to	meet	these	criteria	and	seems	to	
be	 a	 promising	 strategy	 against	 biofouling.	 Thus,	 quorum	 sensing-inhibiting	 compounds	 have	
received	 growing	 interest	 in	 recent	 years,	 especially	 when	 considering	 the	 interesting	 results	
collected	on	the	model	macro-algae	D.	pulchra	described	above	(Rasmussen	et	al.,	2000).	
	 While	natural	quorum	sensing-inhibiting	compounds	have	been	widely	isolated	from	a	large	
diversity	of	living	organisms,	their	effects	on	marine	biofilms	remain	poorly	explored.	One	reason	is	
that	 these	 compounds	 are	 produced	 at	 low	 concentrations,	 which	 limits	 their	 application	 in	 the	
environment	 (Yang	 et	 al.,	 2016).	 However,	 synthetic	 quorum	 sensing-inhibiting	 compounds	 can	
now	be	used.	In	a	pioneering	study	published	in	2011	focusing	on	natural	compounds,	Dobretsov	et	
al.	screened	78	natural	products	isolated	from	marine	organisms	and	terrestrial	plants	(Dobretsov	
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et	al.,	2011).	Among	them,	24%	were	able	to	inhibit	quorum	sensing	on	the	classical	reporter	strain	
C.	 violaceum	 CV017	 without	 causing	 toxicity.	 The	 authors	 demonstrated	 that	 hymenialdisine,	
demethoxy	encecalin,	microcolins	A	and	B	and	kojic	acid	(an	oxo-pyrone)	were	 involved	 in	these	
processes,	and	kojic	acid	was	able	to	inhibit	the	formation	of	biofilms	on	glass	slides.	Since	then,	a	
few	 studies	 have	 used	 similar	 approaches	 to	 evaluate	 the	 effect	 of	 quorum	 sensing-inhibiting	
compounds	on	marine	biofilms.	In	2016,	Yang	et	al.	evaluated	the	potential	antifouling	effects	of	3	
quorum	 sensing	 inhibitors	 (3,4-dibromo-2(5)H-furanone,	 4-nitropyridine-N-oxide	 and	 indole)	 on	
the	 growth	of	 two	diatoms	 that	 can	 be	 found	 in	marine	 biofilms,	Cylindrotheca	 sp.	 and	Nitzschia	
closterium.	The	authors	revealed	a	significant	effect	on	the	biofilm	formation	of	 these	compounds	
and	 reported	 that	 the	 production	 of	 the	 polymeric	 substance	 was	 significantly	 reduced.	 4-
Nitropyridine-N-oxide	appeared	to	be	the	most	effective	compound	(Yang	et	al.,	2016).	Additionally,	
AI-2	based	quorum	sensing	has	also	been	targeted	 in	recent	studies	 to	 limit	biofilm	formation.	 In	
2014,	Liaqat	et	al.	reported	that	the	penicillic	acid	is	able	to	inhibit	AI-2	production	in	Halomonas	
pacifica	 as	 well	 as	 biofilm	 formation	 without	 affecting	 bacterial	 growth	 and	 at	 up	 to	 10	 μM	 in	
concentration	(Liaqat	et	al.,	2014).	
	 	
e.	Applications	in	aquaculture	

Aquaculture	is	another	industry	in	which	quorum	quenching-based	strategies	have	potential	
important	applications	(Grandclement	et	al.,	2016).	The	dense	breeding	conditions	along	with	the	
growth	of	this	economic	sector	mean	that	fish	diseases	are	becoming	more	prevalent.	Prophylactic	
measures	have	 limited	efficacy,	while	vaccination	 is	effective	against	some	aquatic	pathogens	but	
also	 presents	 many	 side	 effects	 (Sommerset	 et	 al.,	 2005).	 The	 use	 of	 antibiotics	 restrains	
commercialization	 of	 fish	 culture,	 as	 their	 overuse	 leads	many	 pathogens	 to	 become	 resistant	 to	
these	compounds	(Akinbowale	et	al.,	2006,	Agersø	et	al.,	2007).	Thus,	there	is	an	important	need	to	
renew	our	panel	of	methods	to	fight	fish	pathogens	if	sustained	growth	of	the	aquaculture	economy	
is	to	continue.	Again,	quorum	sensing	is	a	key	mechanism	in	the	activation	of	virulence	in	many	fish	
pathogens;	thus,	quorum	quenching	strategies	appear	to	be	a	very	promising	research	direction	in	
controlling	fish	diseases	(Defoirdt	et	al.,	2011).			

One	 of	 the	 first	 strategies	 was	 based	 on	 the	 use	 of	 chemical	 compounds	 derived	 from	
(micro)algae	 in	aquaculture,	 to	protect	 fishes,	shellfishes	and	crustaceans.	 It	has	been	shown	that	
natural	 and	 synthetic	 furanones	 were	 able	 to	 protect	 the	 shrimp	 Artemia	 franciscana	 from	 V.	
harveyi,	V.	campbellii	and	V.	parahaemolyticus	infections	(Givskov	et	al.,	1996,	Defoirdt	et	al.,	2006).	
These	 compounds	 have	 also	 been	 reported	 to	 protect	 rainbow	 trout	 from	vibriosis	 (Rasch	et	 al.,	
2004).	However,	these	compounds	present	toxicity	for	some	fishes,	such	as	the	rainbow	trout.	The	
use	of	 synthetic	 compounds	 like	brominated	 thiophenones,	which	present	a	much	 lower	 toxicity,	
appears	 promising	 (Rasch	 et	 al.,	 2004,	 Defoirdt	 et	 al.,	 2012).	 In	 the	 same	 vein,	 the	 potential	 of	
diverse	microalgae	 to	 produce	 quorum	 quenching	 compounds	 has	 been	 evaluated,	 and	Chlorella	
saccharophila	has	been	revealed	to	present	an	important	potential	for	use	in	aquaculture	(Natrah	et	
al.,	2011a).													

Another	strategy	is	the	use	of	quorum	quenching	enzymes	or	the	provision	of	probiotics	able	
to	 deliver	 such	 enzymes.	 The	 application	 of	 these	 ideas	 has	 already	 achieved	 some	 success.	 For	
example,	carps	that	were	fed	quorum	quenching	AiiA	recombinant	protein	were	more	resistant	to	
Aeromonas	hydrophila	(Cao	et	al.,	2012).	Additionally,	the	microbial	communities	from	the	guts	of	
the	shrimp	Penaeus	vannamei	present	AI-1-degrading	activity	that	improved	the	growth	of	rotifers	
in	the	presence	of	V.	harveyi.	Similarly,	bacterial	consortia	from	the	guts	of	Dicentrarchus	labrax	and	
Lates	calcarifer	were	evaluated	to	protect	prawn	(Macrobrachium	rosenbergii)	larviculture	(Nhan	et	
al.,	 2010),	 and	 AHL-degrading	 communities	 improved	 the	 survival	 of	 first-feeding	 turbot	 larvae	
(Scophthalmus	 maximus	 L.)	 (Tinh	 et	 al.,	 2008).	 Such	 selection	 of	 quorum	 quenching-producing	
strains	 also	 gave	 interesting	 preliminary	 data	 for	 biocontrol	 in	 coral	 aquaculture.	 The	 strain	 A.	
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stellipolaris	 significantly	 reduced	 the	 pathogenicity	 of	Vibrio	mediterranei	 upon	 the	 coral	Oculina	
patagonica	 (Torres	 et	 al.,	 2016).	 A	 few	 research	 teams	 have	 also	 tried	 to	 deliver	 to	 fishes	 as	
probiotics	 Bacillus	 strains	 able	 to	 produce	 quorum	 quenching	 enzymes.	 For	 example,	 Bacillus-
related	strains	isolated	from	the	gut	of	the	fish	Carassius	auratus	and	emitting	quorum	quenching	
enzymes	were	able	to	protect	zebrafish	from	infections	(Chu	et	al.,	2014).	This	field	of	research	had	
led	 some	 companies	 to	 develop	 commercial	 products,	 such	 as	 Biomin	 (Inzersdorf-Getzersdorf,	
Austria),	which	markets	the	probiotic	Aquastar.	This	product	is	a	Bacillus	strain	encapsulated	with	
food	and	producing	quorum	quenching	enzymes	to	be	delivered	in	shrimp	cultures	(Grandclement	
et	al.,	2016).		
	
Concluding remarks 

Since	its	discovery	in	the	70s	in	the	marine	environment,	quorum	sensing	has	been	mostly	
studied	 in	strains	of	medical	or	agronomic	 interest.	The	roles	and	 importance	of	quorum	sensing	
among	marine	strains	remain	poorly	studied,	with	the	notable	exception	of	Vibrio	strains,	as	many	
are	 important	pathogens.	Thus,	 a	 lot	of	work	remains	 to	be	done	 to	 characterize	 the	diversity	of	
quorum	 sensing	 genes,	 the	 diversity	 of	 quorum	 sensing	 compounds	 and	 their	 biological	 roles	 in	
strains	of	interest	in	the	field	of	environmental	sciences.	Additionally,	the	consequences	of	quorum	
sensing	expression	in	biogeochemical	cycles	have	been	poorly	explored.	Another	important	field	of	
future	investigations	is	the	elucidation	of	quorum	sensing	roles	in	the	holobionts’	microbial	balance,	
as	 a	 growing	 number	 of	 studies	 are	 revealing	 the	 importance	 of	 bacteria-eukaryotes	
(inter)relationships	 based	 on	 quorum	 sensing	 compounds	 emission,	 perception	 and	 inhibition,	
including	in	marine	models	(Pietschke	et	al.,	2017).	

Knowledge	 of	 quorum	 sensing	 can	 lead	 to	 important	 biotechnological	 applications,	
especially	 in	 the	 marine	 environment,	 where	 aquaculture	 and	 antifouling	 industries	 can	 benefit	
from	 these	 technologies.	 While	 many	 interesting	 results	 have	 been	 published,	 data	 concerning	
larger	experiments	or	applications	 tested	 in	realistic	 conditions	 remain	scarce.	There	are	diverse	
possible	explanations	 for	 such	observations:	 (i)	 studies	are	underway	 in	 industrial	 labs	and	have	
not	 been	 yet	 published,	 (ii)	 negative	 results	 were	 obtained	 or	 difficulties	 were	 raised	 when	
experimenting	on	larger	scales	than	in	research	labs,	and	(iii)	the	output	of	these	works	is	protected	
by	 industrial	 secrets	 and	 cannot	 be	 released	 to	 the	 scientific	 community.	 Also,	 few	 quorum	
quenching	agents	were	yet	tested	for	industrial	applications,	and	the	catalogue	of	available	natural	
and	 synthetic	 compounds	 has	 to	 be	 expanded.	Whatever	 the	 case(s),	much	more	 information	 is	
required	to	better	evaluate	whether	quorum	quenching	strategies	can	be	applied	at	large	scales	to	
solve	industrial	problems.	
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