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Abstract:	Researchers	often	view	the	multi-signal	quorum	sensing	systems	of	Pseudomonas	

aeruginosa	as	a	hierarchy,	topped	by	the	las	system	which	acts	as	a	master	regulator.	By	

experimentally	controlling	the	concentration	of	auto-inducer	signals	in	a	signal	null	strain	

(PAO1�lasI�rhlI),	we	show	that	the	two	primary	quorum	sensing	systems4las	and	rhl4act	

reciprocally	rather	than	hierarchically.	Just	as	the	las	system's	3-oxo-C12-HSL	can	induce	

increased	expression	of	rhlI,	the	rhl	system's	C4-HSL	increases	the	expression	level	of	lasI.	

We	develop	a	mathematical	model	to	quantify	relationships	both	within	and	between	the	

las	and	rhl	quorum	sensing	systems	and	the	downstream	genes	they	inYluence.	The	results	

show	that	not	only	do	the	systems	interact	reciprocally,	but	they	do	so	cooperatively	and	

nonlinearly,	with	the	combination	of	C4-HSL	and	3-oxo-C12-HSL	increasing	expression	level	

far	more	than	the	sum	of	their	individual	effects.	We	computationally	assess	how	our	

parameterized	model	responds	to	variation	in	social	(population	density)	and	physical	

(mass	transfer)	environment	and	demonstrate	that	a	reciprocal	architecture	is	more	

responsive	to	density	and	more	robust	to	mass	transfer	than	a	strict	hierarchy.	

Introduc6on 

Bacterial	cells	of	many	species	communicate	with	each	other	by	exchanging	diffusible	

signal	molecules.	This	mechanism,	known	as	quorum	sensing	(QS),	has	been	well-studied	at	

the	level	of	speciYic	molecular	interactions.	We	now	understand	how	those	interactions	

shape	the	creation	of	and	response	to	signal	molecules	in	model	organisms	such	as	

Pseudomonas	aeruginosa.	We	have	identiYied	downstream	effector	genes	such	as	virulence	

factors	whose	production	depends	on	QS	signals,	and	we	have	recognized	that	some	species	

possess	multiple	QS	circuits.	Despite	this	knowledge,	we	face	gaps	in	our	understanding	of	

how	quorum	sensing	inYluences	bacterial	behavior.	How	does	QS	guide	bacterial	actions	in	
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response	to	environmental	conditions?	What	beneYits	do	multiple	QS	circuits	provide?	And	

ultimately,	how	does	QS	contribute	to	bacterial	Yitness?	Answering	these	questions	requires	

an	understanding	of	quorum	sensing	at	the	dynamical	systems	level	as	well	as	the	

molecular	level.	

Quorum	sensing	relies	on	several	components	interacting	in	a	dynamical	system.	Individual	

cells	synthesize	small	molecules	called	signals	or	inducers.	These	diffuse	or	are	actively	

transported	between	the	intracellular	and	extracellular	environments.	Within	cells,	signal	

molecules	bind	to	receptor	proteins	forming	transcription	factors.	As	signal	concentration	

grows,	genes	activated	by	these	transcription	factors	trigger	a	change	in	the	cell's	behavior.	

Those	components	related	to	a	particular	signal	molecule4the	signal	synthase,	the	signal	

molecule,	and	the	cognate	receptor4form	a	quorum	sensing	system.	Some	bacterial	

species	have	multiple	QS	systems,	the	opportunistic	pathogen	Pseudomonas	aeruginosa	

among	them.	Its	las	and	rhl	acyl-homoserine	lactone	(AHL)	signaling	systems	have	been	

especially	well	studied.	The	las	system	includes	the	LasI	synthase,	N-(3-oxododecanoyl)-l-

homoserine	lactone	(3-oxo-C12-HSL)	signal,	and	LasR	receptor.	The	corresponding	

components	of	the	rhl	system	are	RhlI,	N-butyryl-homoserine	lactone	(C4-HSL),	and	RhlR.	

Schuster	and	Greenberg	(2007)	estimate	that	these	two	systems	control	expression	of	as	

much	as	10%	of	the	bacterial	genome.	

P.	aeruginosa	provides	a	model	for	understanding	interactions	between	multiple	QS	

systems.	Can	the	behavior	of	one	system,	determined	by	the	concentration	of	signal	it	

produces,	affect	the	behavior	of	a	different	system,	speciYically	by	increasing	or	decreasing	

expression	of	the	second	system's	synthase	or	receptor?	We	classify	possible	multi-system	

architectures	into	three	broad	patterns	shown	in	Figure	1.	Independent	systems	(Figure	1A)	

have	no	inYluence	on	each	other;	hierarchical	systems	(Figure	1B)	have	a	relationship	but	

only	in	one	direction,	and	reciprocal	systems	(Figure	1C)	each	exert	inYluence	on	the	other.	

At	this	level	we	do	not	consider	the	underlying	mechanism(s)	of	the	inter-system	effects.	

For	example,	the	signal	of	one	system	may	bind	directly	to	the	receptor	of	the	other;	

alternatively,	the	signal/receptor	complex	of	one	system	may	act	as	a	transcriptional	

regulator	of	components	in	the	second	system.	In	both	cases	we	simply	denote	the	Yirst	

system	as	inYluencing	the	second.	
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Figure	1.	The	relationship	between	quorum	sensing	systems	may	be	classi;ied	as	

independent,	hierarchical,	or	reciprocal.	The	top	row	shows	two	independent	systems:	

the	signal	of	each	has	no	inYluence	on	the	expression	of	synthase	or	receptor	in	the	other.	In	

the	middle	row,	one	system's	signal	does	inYluence	expression	of	the	other's	components;	

this	system	is	considered	the	top	of	a	hierarchical	relationship.	When	both	systems'	signals	

inYluence	the	others'	components,	as	in	the	bottom	row,	a	reciprocal	relationship	exists.	

In	the	case	of	las	and	rhl,	independent,	isolated	operation	was	eliminated	as	early	as	1996	

when	LatiYi	et	al.	used	lacZ	transcriptional	fusions	to	show	that	the	combination	of	LasR	

and	3-oxo-C12-HSL	controls	expression	of	rhlR,	demonstrating	that	the	las	system	inYluences	

the	rhl	system.	These	and	other	results	have	led	many	researchers	to	view	las	and	rhl	as	a	
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hierarchy,	with	the	las	system	serving	as	master	QS	system	controlling	both	its	own	

activation	and	that	of	the	rhl	system	(Figure	2).	We	conYirm	this	consensus	view	via	a	

structured	literature	review	(Tables	SI.1	and	SI.2).	The	review	literature	is	silent	on	

whether	the	rhl	signal	C4-HSL,	either	alone	or	when	bound	to	RhlR,	can	inYluence	the	

expression	of	the	las	synthase	or	receptor.	There	are	however,	reports	of	exactly	this	

behavior	in	the	primary	literature	(Wellington	and	Greenberg	2019;	Jayakumar	et	al.	2022).	

If	lasI	or	lasR	also	respond	to	RhlR,	then	the	strict	hierarchical	view	may	be	missing	an	

important	factor	that	determines	the	overall	system	response.	
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Figure	2.	The	P.	aeruginosa	QS	regulatory	network	is	typically	viewed	as	a	hierarchy,	

with	the	las	system	on	top.	Solid	arrows	summarize	the	relationships	depicted	in	17	

review	papers	published	since	1996	(Tables	SI.1	and	SI.2).	All	papers	show	the	las	system	

affecting	the	rhl	system,	but	none	identify	a	las	synthase	or	receptor	gene	as	a	target	of	the	

rhl	system	(dashed	line).	

Our	experiments	seek	to	address	this	omission,	and	the	resulting	data	reveal	three	key	

insights.	First,	the	traditional	hierarchical	view	of	las	and	rhl	is	incomplete.	Our	results	

conYirm	that	las	can	exert	control	over	the	rhl	system.	In	addition,	however,	we	observe	the	

converse:	rhl	inYluences	the	las	system,	speciYically	expression	of	lasI.	Second,	we	show	that	

maximum	expression	of	genes	in	both	QS	systems	requires	both	signals	in	combination.	

Finally,	we	demonstrate	that	this	architecture	can	make	QS-controlled	behavior	more	

sensitive	to	population	density	and	more	robust	to	interfering	physical	environmental	

conditions.	
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Results 

To	uncover	interactions	between	the	las	and	rhl	systems,	we	experimentally	assess	QS	gene	

expression	in	a	signal	null	strain	(PAO1�lasI�rhlI)	exposed	to	deYined,	exogenous	

concentrations	of	the	signal	molecules	C4-HSL	and	3-oxo-C12-HSL.	We	use	bioluminescence	

(lux)	reporters	for	lasI	and	rhlI	to	estimate	expression	levels	of	the	respective	genes.	We	

then	develop	mathematical	models	to	quantify	the	effects	of	each	system	on	the	other	and	

their	consequent	responses	to	environmental	variation.	

The las and rhl Systems Inûuence Each Other 

We	Yirst	evaluate	quorum	sensing	behavior	under	the	inYluence	of	a	single	signal.	We	

establish	a	baseline	expression	level	by	measuring	reporter	luminescence	with	no	signal	

present.	We	then	observe	the	increase	in	luminescence	as	exogenously	controlled	signal	

concentration	increases.	The	ratio	of	luminescence	with	signal	to	luminescence	with	no	

signal	represents	the	fold-change	in	expression	induced	by	the	deYined	signal	

concentration.	Figure	3	shows	the	results	for	3-oxo-C12-HSL.	As	expected,	expression	of	

both	genes	increases	as	signal	concentration	increases.	The	availability	of	the	las	signal	

molecule	inYluences	the	expression	of	rhlI	as	well	as	lasI,	and,	therefore,	the	las	system	

affects	the	rhl	system.	

Figure	3.	The	las	signal	3-oxo-C12-HSL	increases	the	expression	of	lasI	and	rhlI	in	a	

signal	null	PAO1.	Plots	show	fold-change	in	RLU/OD	(relative	light	units	per	optical	

density)	values	compared	to	baseline	with	no	exogenous	signals	in	NPAO1&lasI&rhlI	
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cultures.	Genomic	reporter	fusions	lasI:luxCDABE,	rhlI:luxCDABE,	and	lasB:luxCDABE	were	

used	to	generate	luminescence.	Points	are	individual	observations	within	the	time	window	

of	peak	expression;	dashed	lines	show	a	locally	weighted	regression	of	the	mean	fold-

change	for	each	concentration	value.	

While	we	Yind	no	surprises	with	3-oxo-C12-HSL,	our	experiments	with	C4-HSL	challenge	the	

conventional	hierarchical	view.	Figure	4	shows	those	results:	expression	of	las	and	rhlI	

increases	with	higher	C4-HSL	concentration.	The	response	of	lasI	(Figure	4A)	does	not	

correspond	to	a	simple	hierarchy	with	las	as	the	master.	Here	we	Yind	that	the	rhl	system	

affects	the	las	system.	

Figure	4.	The	rhl	signal	C4-HSL	increases	the	expression	of	lasI	and	rhlI	in	a	signal	

null	PAO1.	Expression	of	both	genes	grows	with	increased	concentration	of	C4-HSL.	Plots	

are	constructed	as	in	Figure	3.	Strains	and	reporters	also	as	in	Figure	3.	Note	that	panel	A	

shows	results	are	not	captured	by	the	consensus	las³rhl	hierarchy,	as	it	clearly	indicates	

that	lasI,	in	the	las	system,	responds	to	the	signal	produced	by	the	rhl	system.	

To	quantify	the	impact	of	each	signal	alone,	we	model	gene	expression	using	Michaelis-

Menten	kinetics	under	quasi-steady	state	assumptions.	The	resulting	dynamics	provide	a	

simple	model	of	transcription	factor	binding	(Santilla�n	2008;	Boluri	2008	chapter	9)	as	well	

as	more	general	processes	such	as	enzyme	activity	and	substrate-receptor	binding.		

For	a	single	signal,	gene	expression	is	deYined	by	equation	1,	where	S0	is	basal	expression,	S	

is	the	maximum	increase	in	expression	from	auto-induction,	[S	]	is	the	signal	concentration,	

 7

0
2

4
6

8
N
-fo
ld
ch
an
ge

in
R
LU
/O
D

0 1 2 3 4 5
[C43HSL] (¿M)

[33oxo3C123HSL]: 0 ¿M

A lasI Expression

0
2

4
6

8

0 1 2 3 4 5
[C43HSL] (¿M)

[33oxo3C123HSL]: 0 ¿M

B rhlI Expression

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 23, 2023. ; https://doi.org/10.1101/2023.02.23.529764doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.23.529764
http://creativecommons.org/licenses/by-nc-nd/4.0/


and	K	is	the	disassociation	constant	of	the	binding	event	or,	equivalently,	the	signal	

concentration	corresponding	to	half	of	the	maximum	expression	gain.	With	this	model	we	

quantify	two	qualities:	how	strongly	a	signal	can	increase	gene	expression	above	its	basal	

level	(S),	and	how	sensitive	gene	expression	is	to	the	presence	of	the	signal	(K).	

	 	

By	minimizing	the	sum	of	squared	error,	we	estimate	model	parameters	from	our	data,	

using	only	those	observations	in	which	a	single	signal	is	present.	Table	1	presents	the	

results	as	maximum	fold-change	and	half-concentration	values	for	both	signals.	Our	model	

Yits	illustrate	that	while	the	las	and	rhl	systems	have	reciprocal	impacts,	those	impacts	are	

not	symmetrical.	The	las	signal	3-oxo-C12-HSL	has	a	substantially	greater	inYluence	on	gene	

expression	than	C4-HSL.	In	both	cases	the	potential	fold-change	from	3-oxo-C12-HSL	is	

approximately	six	times	greater	than	the	potential	fold-change	from	C4-HSL.	Both	lasI	and	

rhlI	are	also	more	sensitive	to	3-oxo-C12-HSL	than	to	the	C4-HSL	(by	factors	of	4	and	30,	

respectively).	

Table	1.	Single	Signal	Parameter	Estimates.	Estimated	fold-change,	derived	from	raw	

parameters	of	equation	1	as	(S	+	S0)	/	S0	,	and	half-concentration,	K,	values	for	gene	

expression	as	a	function	of	a	single	signal	in	isolation.	Values	shown	with	95%	conYidence	

intervals.	

las and rhl Combine Synergis6cally 

Figures	3	and	4	consider	the	effects	of	each	signal	in	isolation,	but	wildtype	cells	with	

functioning	synthase	genes	can	produce	both	signals.	To	understand	environments	where	

both	signals	are	present,	we	use	controlled	concentrations	of	both	signals	in	combination.	

Figure	5	presents	those	results	in	the	form	of	heat	maps.	The	qualitative	responses	of	both	

genes	are	similar:	raising	the	concentration	of	either	signal	increases	expression	regardless	

of	the	concentration	of	the	other	signal.	As	with	our	observations	of	C4-HSL	alone,	these	

results,	in	particular	the	behavior	of	lasI,	demonstrate	again	that	the	rhl	system	affects	the	

las	system.	

E = ³0 + ³
[S]

[S] + K
!!(1)

Signal Parameter lasI	Estimate rhlI	Estimate

C4-HSL Max	fold-change 6.4	×	(5.8	-	7.0) 6.4	×	(5.3	3	7.4)

½	conc. 1.0	¿M	(0.7	-	1.4) 1.6	¿M	(0.8	-	2.4)

3-oxo-C12-HSL Max	fold-change 38	×	(36	-	40) 35	×	(34	-	36)

½	conc. 0.24	¿M	(0.17	-	0.30) 0.052	¿M	(0.031	-	0.073)
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Figure	5.	Expression	of	lasI	and	rhlI	is	maximal	in	the	presence	of	both	C4-HSL	and	

3-oxo-C12-HSL.	Expression	of	both	genes	grows	with	increased	concentration	of	either	

signal	when	both	signals	are	combined.	Heatmaps	show	fold-change	in	RLU/OD	values	

compared	to	baseline	with	no	exogenous	signals.	

Having	established	a	simple	model	for	each	signal	in	isolation,	we	next	consider	whether	

that	model	is	sufYicient	to	explain	the	effect	of	the	signals	in	combination.	Can	we	estimate	

total	expression	as	the	sum	of	expression	induced	by	each	signal	alone?	Such	a	response	

could	result	from	two	independent	binding	sites	in	the	promoter	regions	(Buchler	et	al.	

2003),	one	site	for	LasR/3-oxo-C12-HSL	and	a	separate	site	for	RhlR/C4-HSL.	Figure	6	

clearly	shows	that	we	cannot.	The	maximum	expression	observed,	shown	as	a	"ceiling"	in	

that	Yigure's	panels,	far	exceeds	the	sum	of	the	signals'	individual	inYluence.	The	presence	of	

both	signals	boosts	expression	by	as	much	as	30-fold	beyond	the	level	of	what	a	simple	sum	

would	predict.	
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Figure	6.	Neither	3-oxo-C12-HSL	nor	C4-HSL	alone	can	effect	maximal	expression	of	

lasI	or	rhlI.	Both	genes	require	non-zero	concentrations	of	both	signals	to	achieve	

maximum	expression.	The	Ylat	surfaces	in	the	plots	indicate	the	maximum	mean	expression	

level	measured	across	all	combinations	of	signal	concentrations.	The	plotted	points	

represent	observed	expression	levels	when	C4-HSL	is	withheld	(red)	and	when	

3-oxo-C12-HSL	is	withheld	(yellow).	Lines	indicate	the	model	predictions	(Equation	1,	

parameters	in	Table	1).	

To	account	for	the	synergy	between	the	signals,	we	incorporate	a	cooperativity	term	in	the	

model.	Note	that	the	cooperativity	term	is	a	multiplication	of	signals,	and	it	alone	cannot	

explain	the	full	response,	as	the	product	is	necessarily	zero	when	any	signal	is	absent.	This	

term	accounts	for	any	non-adaptive	interaction,	for	example	the	ability	of	one	bound	

transcription	factor	to	recruit	the	binding	of	a	second	transcription	factor	(Kaplan	et	al.	

2008).	Equation	2	shows	the	result.	Each	of	the	three	genes	has	a	basal	expression	level,	

ampliYication	from	each	signal	alone,	and	additional	ampliYication	from	each	pair-wise	

combination	of	signals.	The	interaction	from	these	pair-wise	combinations	captures	the	

cooperative	enhancement	from	the	combined	signals.	

	 	

For	both	sets	of	observations	we	again	minimize	the	sum	of	squared	errors	to	estimate	

parameters	for	this	multi-signal	model.	The	results	of	Table	2	show	the	inYluence	of	

cooperativity	on	expression	levels.	For	lasI	and	rhlI	the	maximum	expression	induced	by	

Ei  =   ³i,0   +    

NS

3
j=1

³i, j

[Sj]

[Sj] + Ki, j

   +    

NS21

3
j=1

NS

3
j2 =j+1

³i, j, j2 
[Sj][Sj2 ]

([Sj] + KQi, j, j2 )([Sj2 ] + KQi, j2 , j)
!!(2)

 10

5

Maximum

4

Expression

R
LU

/O
D

5

A

43

with Both

32

AHL Signals

2
1 [C43HSL] (¿M)[33oxo3C123HSL] (¿M)

lasI Expression

5

Maximum
Expression

4

R
LU

/O
D

5

with Both

B

43
3

AHL Signals

2 2
1 [C43HSL] (¿M)[33oxo3C123HSL] (¿M)

rhlI Expression

ï 33oxo3C12 3HSL Only

ï C4 3HSL Only
ï 33oxo3C12 3HSL Only

ï C4 3HSL Only

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 23, 2023. ; https://doi.org/10.1101/2023.02.23.529764doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.23.529764
http://creativecommons.org/licenses/by-nc-nd/4.0/


both	signals	nearly	doubles	compared	to	the	maximum	expression	induced	by	

3-oxo-C12-HSL	alone.	

Table	2.	Multi-signal	parameter	estimates.	Model	parameters	for	gene	expression	as	a	

function	of	multiple	signal	concentrations.	Parameters	are	the	same	as	in	Table	1	with	

addition	of	cooperative	fold-change,	again	derived	from	raw	parameters	as	(Si,j,j9	+	S0)	/	S0,	

and	cooperative	half-concentration	KQ,i,j,j9.	Values	shown	with	95%	conYidence	intervals.	

Figure	7	summarizes	these	results	graphically.	It	answers	the	question	posed	in	Figure	24

the	rhl	system	does	inYluence	the	las	system4and	it	shows	the	relative	magnitudes	of	the	

effects.	

Signal Parameter lasI	Estimate rhlI	Estimate

C4-HSL Max	fold-change 6.4	×	(5.8	-	7.0) 6.4	×	(5.3	3	7.4)

½	conc. 1.0	¿M	(0.7	-	1.4) 1.6	¿M	(0.8	-	2.4)

3-oxo-C12-HSL Max	fold-change 38	×	(36	-	40) 35	×	(34	-	36)

½	conc. 0.24	¿M	(0.17	-	0.30) 0.052	¿M	(0.031	-	0.073)

Combined Max	fold-change 30	×	(29	-	31) 27	×	(26	3	28)

KQ	for	C4-HSL 0.003	¿M	(0	3	0.011) <	0.001	¿M

KQ	for	3-oxo-C12-HSL <	0.001	¿M <	0.001	¿M
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Figure	7.	The	las	and	rhl	quorum	sensing	systems	have	a	reciprocal,	but	unequal	

relationship.	Red	arrows	represent	maximum	fold-change	induction	from	las's	

3-oxo-C12-HSL	and	yellow	arrows	maximum	fold-change	induction	from	rhl's	C4-HSL.	The	

orange	component	is	additional	induction	from	the	combination	of	both	signals.	Arrow	

thickness	is	proportional	to	fold-change.	Inset	shows	relative	contribution	of	each	signal	to	

total	maximum	fold-change	for	expression	levels	of	lasI	and	rhlI,	and	half	concentration	

values	for	each.	

Reciprocity Contributes Signiûcantly to the Quorum Sensing Response 

Having	established	that	both	signals	inYluence	the	expression	levels	of	both	synthase	genes,	

we	next	consider	how	that	relationship	affects	the	overall	quorum	sensing	response.	That	

response	may	be	characterized	as	the	extracellular	signal	concentrations	resulting	from	

environmental	conditions	such	as	population	density.	Building	on	previous	models	of	

extracellular	signal	dynamics	(James	et	al.	2000;	Dockery	and	Keener	2001;	Ward	et	al.	

2001;	Brown	2013;	Cornforth	et	al.	2014)	we	assume	that	signal	concentration	(a)	

increases	in	proportion	to	the	corresponding	synthase9s	expression	level,	multiplied	by	the	

number	of	cells	expressing	synthase,	and	(b)	decreases	due	to	a	constant	rate	of	decay.	

Those	assumptions	lead	to	the	differential	equation	model	of	equation	3,	where	Si	is	the	

concentration	of	signal	i,	Ei	(S)	is	the	expression	level	of	the	synthase	for	signal	i	(as	a	
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function	of	both	signal	concentrations,	S)	and	c	the	proportionality	constant,	N	is	the	

population	density,	and	!i	is	the	decay	rate	of	signal	i.	

	 	

To	Yind	solutions	for	the	steady	state	signal	concentrations	Si*	in	this	model,	we	estimate	

expression	levels	Ei	(S)	from	our	experimental	data	(Equation	2,	Table	2),	approximate	the	

proportionality	constant	c	based	on	data	collected	for	Rattray	et	al.	2022	(details	in	

supplementary	information),	and	note	that	the	measurements	of	Cornforth	at	el.	(2014)	

show	the	decay	rate	of	3-oxo-C12-HSL	(i	=	1)	to	be	1.7	times	greater	than	C4-HSL	(i	=	2)	

across	a	range	of	environmental	conditions.	The	resulting	solutions	deYine	the	steady	state	

concentrations	of	both	signals	as	functions	of	population	density	for	the	reciprocal	

relationship	that	our	data	exhibit.	

We	then	compare	those	results	to	values	that	would	result	from	other,	hypothetical	

architectures	by	adjusting	the	estimates	of	synthase	expression	levels.	We	do	that	by	setting	

appropriate	interaction	coefYicients	in	equation	2	to	zero,	as	detailed	in	Table	3.	Those	

adjustments	allow	us	to	simulate	independent	and	hierarchical	architectures	using	data	

collected	from	a	reciprocal	architecture.	

dSi

dt
  =   cEi(S) ç N  2   ·i ç Si!!(3)
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Table	3.	Hierarchical	and	independent	architectures	are	special	cases	of	the	

reciprocal	architecture	with	appropriate	parameters	set	to	zero.	Note	that	table	shows	

raw	parameters	from	equation	2,	in	particular,	S	values	in	units	of	RLU/OD	rather	than	fold-

change	(as	in	Table	2).	The	values	for	the	reciprocal	architecture,	however,	are	equivalent	to	

the	fold-change	values	in	Table	2.	The	hierarchical	architecture	parameters	"zero	out"	the	

effect	of	C4-HSL	on	lasI,	and	the	independent	architecture	parameters	eliminate	all	multi-

signal	effects.	

With	these	adjustments	we	can	compare	the	steady	state	concentrations	for	reciprocal	and	

hierarchical	architectures.	Figure	8	shows	the	results.	As	expected,	the	response	of	C4-HSL	

to	density	differs	little	in	both	architectures,	as	in	both	cases	the	inYluence	of	3-oxo-C12-HSL	

on	rhlI	expression	is	the	same.	The	3-oxo-C12-HSL	response,	in	contrast,	varies	signiYicantly.	

Accounting	for	the	effect	of	C4-HSL	on	lasI	expression	(the	reciprocal	architecture)	

increases	the	reactivity	of	3-oxo-C12-HSL	to	increasing	density.	

Parameter	

(RLU/OD)

Reciprocal	

las	µ	rhl

Hierarchical	

las	³	rhl

Independent	

las	|	rhl

lasI	expression E1 multi-signal	Eq	2 single-signal	Eq	1 single-signal	Eq	1

rhlI	expression E2 multi-signal	Eq	2 multi-signal	Eq	2 single-signal	Eq	1

3-oxo-C12-HSL	

³	lasI

S1,1 61,616 61,616 61,616

C4-HSL	³	lasI S1,2 8,997 0 0

3-oxo-C12-HSL	

³	rhlI

S2,1 63,199 63,199 0

C4-HSL	³	rhlI S2,2 9,982 9,982 9,982

3-oxo-C12-HSL	+	

C4-HSL	³	lasI

S1,1,2 48,901 0 0

3-oxo-C12-HSL	+	

C4-HSL	³	rhlI

S2,1,2 47,925 47,925 0
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Figure	8.	Quorum	sensing	response	varies	based	on	architecture.	Plots	show	the	

steady	concentrations	of	C4-HSL	and	3-oxo-C12-HSL	as	a	function	of	population	density	for	

both	reciprocal	and	hierarchical	architectures.	Although	C¤-HSL	values	are	nearly	the	same	

in	both	architectures,	3-oxo-C¡¢-HSL	values	differ	signiYicantly.	Steady	state	values	

calculated	as	equilibrium	solutions	for	equation	3	with	parameters	from	Table	3.	

The Resul6ng Quorum Sensing Response Shapes Popula6on Behavior 

As	our	interest	is	ultimately	in	bacterial	behavior	in	response	to	quorum	sensing,	we	next	

consider	the	expression	level	of	a	representative	effector	gene	under	quorum	sensing	

control.	The	lasB	gene	codes	for	the	elastase	LasB	and	is	widely	used	as	a	model	of	P.	

aeruginosa	virulence	(Casilag	et	al.	2016;	Cigana	et	al.	2021)	and	cooperation	(Diggle	et	al.	

2007;	Sexton	and	Schuster	2017).	SigniYicantly,	lasB	expression	is	known	to	be	inYluenced	
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by	both	3-oxo-C12-HSL	and	C4-HSL	(Pearson	et	al.	1997;	Nouwens	et	al.	2003).	To	quantify	

that	inYluence	we	use	the	same	approach	as	with	lasI	and	rhlI:	measure	luminescence	of	a	

lasB	reporter	in	a	signal	null	strain	exposed	to	deYined,	exogenous	concentrations	of	both	

signals.	Figure	9	shows	the	resulting	measurements.	

Figure	9.	Expression	of	lasB	is	maximal	in	the	presence	of	both	C4-HSL	and	

3-oxo-C12-HSL.	Heatmap	(panel	A)	show	fold-change	in	RLU/OD	values	compared	to	

baseline	with	no	exogenous	signals.	Surface	plot	(panel	B)	shows	raw	RLU/OD	values	and	

compares	maximum	measured	expression	(blue	<ceiling=)	with	observed	expression	levels	

when	C4-HSL	is	withheld	(red)	and	when	3-oxo-C12-HSL	is	withheld	(yellow).	Lines	indicate	

the	model	predictions	(Equation	1,	parameters	in	Table	4).	
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These	measurements	allow	us	to	estimate	parameters	for	a	model	based	on	equation	2;	

Table	4	lists	the	results.	

Table	4.	Multi-signal	parameter	estimates	for	lasB.	Model	parameters	for	lasB	

expression	as	a	function	of	multiple	signal	concentrations.	Parameters	are	the	same	as	in	

Table	2.	Values	shown	with	95%	conYidence	intervals.	Half-concentration	estimates	less	

than	0.001	¿M	are	below	the	limits	of	precision	of	the	experimental	data.	

With	the	parameter	values	from	table	4	we	can	predict	lasB	expression	for	any	combination	

of	signal	concentrations.	In	particular,	we	can	use	the	equilibrium	concentrations	across	the	

range	of	environmental	conditions	as	in	the	example	Figure	8.	Here	we	include	an	

additional	environmental	parameter:	advective	Ylow	characterized	as	mass	transfer,	m.	The	

dynamical	system,	deYined	in	equation	4,	can	then	show	variation	in	response	to	both	social	

(population	density)	and	physical	(mass	transfer)	environmental	variation.	

	 	

The	resulting	predictions	reveal	how	those	environmental	conditions	affect	lasB	

expression.	By	repeating	this	analysis	for	each	of	the	possible	quorum	sensing	architectures	

and	comparing	the	results,	we	show	the	inYluence	of	architecture	on	QS-controlled	

behavior.	

Figure	10	plots	lasB	expression	as	reaction	norms	(Stearns	1989;	Rattray	et	al.	2022)	

against	population	density	(A,	B)	and	mass	transfer	rate	(C,	D)	for	the	three	different	

architectures.	As	expected,	there	is	a	quantitative	difference	in	the	behavior	of	the	

architectures:	in	the	reciprocal	architecture	C4-HSL	increases	the	expression	level	of	lasI	

and	without	its	inYluence	the	lasB	fold-change	is	reduced.	That	overall	reduction	is	evident	

Signal Parameter lasB	Estimate

C4-HSL Max	fold-change 1.1	×	(1.1	3	1.1)

½	conc. <	0.001	¿M

3-oxo-C12-HSL Max	fold-change 6.1	×	(5.6	3	6.7)

½	conc. 2.5	¿M	(1.0	3	3.0)

Combined Max	fold-change 23	×	(22	3	24)

KQ	for	C4-HSL 0.22	¿M	(0.18	3	025)

KQ	for	3-oxo-C12-HSL 0.42	¿M	(0.35	3	0.48)

dSi

dt
  =   cEi(S) ç N  2   ·i ç Si  2   m ç Si!!(4)
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in	the	left	column	(panels	A	and	C).	There	are	also,	however,	a	qualitative	differences	in	the	

architectures.	To	show	those	differences,	the	right	column	(panels	B	and	D)	artiYicially	

scales	the	hierarchical	and	independent	architectures	so	that	the	maximum	lasB	expression	

matches	that	of	the	reciprocal	architecture.	

Figure	10.	The	reciprocal	QS	architecture	is	more	sensitive	to	population	density	and	

more	robust	to	environmental	interference.	The	graphs	show	expression	of	a	effector	

gene	under	quorum	sensing	control	(lasB).	All	graphs	include	the	results	for	three	QS	

architectures:	independent	las	and	rhl	systems,	a	hierarchy	with	the	las	system	controlling	

the	rhl	system,	and	a	reciprocal	architecture	in	which	both	systems	inYluence	each	other.	

Top	panels	(A	and	B)	show	estimated	fold-change	in	expression	as	a	function	of	population	

density	approximately	equivalent	to	OD600.	The	range	of	OD600	values	is	consistent	with	

Rattray	et	al.	(2022),	data	from	which	was	used	to	calibrate	parameters.	Bottom	panels	(C	

and	D)	show	percentage	decline	from	maximum	expression	as	a	function	of	mass	transfer	

rate	normalized	to	C4-HSL	decay	rate.	Left	panels	(A	and	C)	calculated	from	equation	2	

model	with	parameters	from	Table	3.	Right	panels	(B	and	D)	emphasize	qualitative	rather	

than	quantitative	differences	by	scaling	the	parameters	of	Table	3	to	effect	the	same	

maximum	lasI	and	rhlI	expression	in	all	architectures.	
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The	native	reciprocal	architecture	(blue	line)	in	panels	A	and	B	broadly	captures	the	

wildtype	NPAO1	behavior	reported	in	Rattray	et	al.	(2022).	Compared	to	this	baseline,	the	

Yigure	predicts	that	removing	the	inYluence	of	rhl	on	las	(hierarchical	architecture,	dark	

green	and	red	lines)	results	in	a	delayed	response	to	increasing	density.	Removing	all	las/

rhl	interactions	(independent	architecture,	light	green	and	orange	lines)	signiYicantly	

attenuates	and	delays	the	response	to	density.	The	reciprocal	architecture	is	the	most	

sensitive	to	changes	in	population	density	as	its	lasB	expression	fold-change	increases	the	

most	for	a	given	density	value.	

Figures	10C	and	10D	examine	the	impact	of	different	architectures	on	the	bacteria's	

response	to	the	physical	environment.	In	this	case	we	show	expression	level	as	a	function	of	

processes	affecting	mass	transfer	such	as	advective	Ylow	or	diffusive	loss	of	signal.	Here,	the	

reciprocal	architecture	is	the	least	sensitive	to	changes	as	its	lasB	expression	has	the	

smallest	decline	for	a	given	mass	transfer	rate.	

Discussion 

In	this	study	we	consider	different	architectures	for	multi-signal	quorum	sensing	systems	

(Figure	1)	and	show	that	the	conventional	las-rhl	hierarchical	view	of	QS	in	P.	aeruginosa	

(Figure	2)	is	incomplete.	SpeciYically,	we	Yind	that	both	the	las	and	rhl	systems	regulate	each	

other.	Figure	3	corroborates	the	inYluence	of	las	on	rhl,	but,	contrary	to	the	hierarchical	

view,	we	also	show	in	Figure	4	that	the	rhl	signal	C4-HSL	can	inYluence	the	las	synthase	lasI.	

This	effect	is	signiYicant,	as	C4-HSL	alone	induces	more	than	a	six-fold	increase	in	lasI	

expression	compared	to	basal	levels.	We	conYirm	these	results	when	both	signals	are	

present	simultaneously	(Figure	5),	and	further	show	that	both	las	and	rhl	synthase	genes	

require	both	signals	for	maximal	expression.	By	Yitting	a	mathematical	model,	we	

demonstrate	that	simple	additive	effects	are	insufYicient	to	explain	our	data	(Figure	6).	

Closing	the	gap	apparent	in	Figure	6	requires	that	the	signals	interact	cooperatively	to	

augment	their	additive	effects.	By	modeling	both	the	reciprocal	relationship	and	the	effect	

of	cooperativity,	we	provide	a	quantitative	model	for	QS	in	a	model	system,	and	conclude	

that	the	las-rhl	relationship	forms	a	biased	reciprocal	network	(Figure	7).	We	then	model	

the	effect	of	this	architecture	on	a	representative	QS-controlled	gene	(lasB)	and	compare	

the	results	with	other	architectures.	By	extending	existing	dynamical	system	models	we	

estimate	the	different	steady	state	signal	concentrations	(Figure	8)	and	use	those	estimates	

to	predict	lasB	expression.	We	Yind	that	the	reciprocal	architecture	is	more	sensitive	to	

population	density	and	more	robust	in	the	presence	of	environmental	interference	(Figure	

10).	

By	focusing	on	signal	concentration	as	the	factor	determining	behavior,	our	approach	

accommodates	multiple	possible	molecular	mechanisms.	It	does	mean,	however,	that	we	

cannot	easily	distinguish	between	them.	For	example,	C4-HSL	could	be	causing	an	increase	
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in	lasI	expression	by	enabling	the	formation	of	LasR	dimers,	albeit	less	efYiciently	than	

3-oxo-C12-HSL.	Alternatively,	it	could	be	the	case	that	the	RhlR/C4-HSL	complex	serves	as	an	

activating	transcription	factor	for	rhlI.	Additional	experiments	would	be	required	to	

distinguish	between	these	two	cases.	

It	should	be	noted	that	our	use	of	�lasI�rhlI	cells	might	cause	differences	between	our	

observations	and	wild	type	responses.	In	particular,	we	make	two	assumptions	about	the	

mutant	strain.	First,	we	assume	that	the	only	effect	of	the	lasI	and	rhlI	deletions	is	an	

inability	to	successfully	produce	LasI	and	RhlI	proteins.	Secondly,	we	assume	that	the	only	

relevant	phenotypic	function	of	those	proteins	is	the	synthesis	of	the	corresponding	signal	

molecules.	Although	we	cannot	rule	out	pleiotropic	effects	from	the	strain	construction	or	

lack	of	synthase	proteins,	we	do	not	expect	that	any	such	effects	would	alter	our	

conclusions.	

Our	Yirst	key	result	demonstrates	that	the	las	and	rhl	systems	form	a	reciprocal	

architecture,	extending	existing	research	into	the	relationship	between	those	systems.	

Many	researchers,	including	Pesci	et	al.	(1997),	de	Kievit	et	al.	(2002),	and	Medina	et	al.	

(2003),	have	shown	that	the	las	system	is	essential	for	maximal	expression	of	genes	in	the	

rhl	system.	Our	data	substantiates	those	results,	but	we	also	show	the	converse:	the	rhl	

system,	in	particular	its	signal	C4-HSL,	is	essential	for	maximum	expression	of	a	gene	in	the	

las	system.	We	further	extend	prior	results	by	considering	the	combination	of	both	signals	

and	by	quantifying	the	relationship	between	the	systems.	Most	previous	attempts	at	this	

quantiYication	have	assumed	a	hierarchical	architecture.	For	example,	de	Kievit	et	al.	(2002)	

demonstrate	that	LasR/3-oxo-C12-HSL	alone	inYluences	rhlI	expression	more	than	RhlR/

C4-HSL	alone,	a	result	consistent	with	our	data.	Their	analysis,	however,	is	limited	to	

measuring	the	response	of	the	rhl	system.	Analyses	of	the	effect	of	C4-HSL	on	the	las	system	

are	much	less	common,	though	Wargo	and	Hogan	(2007)	do	report	that	a	rhlI	mutant	

produced	the	same	3-oxo-C12-HSL	concentrations	as	wild	type.	Those	experiments	were	

conducted	in	Escherichia	coli,	however,	and	the	authors	acknowledge	that	E.	coli	may	

include	its	own	regulators	that	mimic	the	behavior	of	C4-HSL.	As	with	other	published	

reports,	the	focus	is	on	single	signals	in	isolation,	which	necessarily	neglects	the	effect	of	

both	signals	combined.	

In	shifting	from	the	molecular	to	the	population	level,	we	adopt	the	single	signal	QS	models	

of	Dockery	and	Keener	(2001)	and	Brown	(2013).	This	approach	has	produced	both	

theoretical	conjectures	(Pai	and	You	2009)	and	experimental	interpretations	(Fekete	2010).	

Our	analysis	extends	the	models	to	account	for	multiple	QS	signals	and	interactions	

between	them.	In	this	way	we	can	study	not	only	isolated	quorum	sensing	systems,	but	also	

networks	of	interrelated	systems.	We	can	both	characterize	the	architectures	of	those	

systems	and	quantify	the	intra-system	and	inter-system	effects.	
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Consideration	of	multi-system	architects	can	lead	to	insights	in	bacterial	population-level	

behavior.	Combinatorial	quorum	sensing	(Cornforth	et	al.	2014),	for	example,	postulates	

that	having	two	different	QS	systems	allows	populations	to	discriminate	between	social	

(high	density)	and	physical	(high	containment)	environments.	In	particular,	if	the	two	

signals	have	different	decay	rates,	then	their	concentrations	will	respond	differently	to	

variation	in	population	density,	while	other	environmental	conditions	such	as	mass	transfer	

will	effect	each	signal	equivalently.	Downstream	genes	whose	expression	depends	on	a	

combination	of	both	signals	can	then	differentiate	between	changes	in	the	two	

environmental	dimensions.	The	authors	measure	a	signiYicant	difference	in	the	decay	rates	

of	C4-HSL	and	3-oxo-C12-HSL,	and	they	identify	sets	of	downstream	genes	whose	activation	

are	controlled	by	different	combinations	of	multi-signal	inputs	(e.g.	Boolean	and,	or,	logic).	

Their	analysis,	however,	only	considers	an	architecture	in	which	the	las	and	rhl	QS	systems	

are	independent.	

The	model	developed	from	equation	3	allows	us	to	return	to	combinatorial	quorum	sensing	

and	evaluate	it	using	deYined	and	parameterized	QS	architectures.	Following	Cornforth	et	al.	

we	plot	isoclines	of	the	C4-HSL	and	3-oxo-C12-HSL	signal	concentrations	as	functions	of	the	

same	environmental	dimensions,	population	density,	N,	and	mass	transfer	rate,	m.	Figure	

11	shows	the	results	for	the	independent	architecture	Cornforth	et	al.	assume	(Figure	11A)	

and	for	the	reciprocal	architecture	we	have	established	(Figure	11B).	The	parameter	values	

from	Tables	2	and	3	were	again	used	to	construct	both	plots.	As	expected	from	Figure	7,	the	

reciprocal	architecture	has	a	larger	region	in	which	either	QS	system	is	active	(Boolean	or);	

however,	the	fraction	of	that	region	in	which	both	QS	systems	are	active	(Boolean	and)	is	

lower	with	a	reciprocal	architecture.	In	this	example	a	reciprocal	architecture	provides	

greater	discrimination	between	the	two	environmental	dimensions.	
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Figure	11.	A	reciprocal	QS	architecture	can	increase	the	discriminatory	power	of	

combinatorial	quorum	sensing.	Each	panel	shows	the	environmental	and	social	regions	

in	which	Boolean	combinations	of	individual	QS	systems	are	active.	A	QS	system	is	

considered	active	if	its	associated	signal	concentration	exceeds	50%	of	its	maximum	value.	

In	both	panels	density	ranges	from	approximately	0.5	OD	to	1.0	OD,	while	normalized	mass	

transfer	rate	ranges	from	0	to	the	decay	rate	of	C4-HSL.	With	the	independent	architecture,	

the	Boolean	and	condition	comprises	80%	of	all	QS	activation;	with	the	reciprocal	

architecture,	that	percentage	is	reduced	to	75%.	

By	choosing	the	las	and	rhl	quorum	sensing	systems	for	this	study,	we	focus	on	a	relatively	

straightforward	QS	architecture.	It	consists	of	only	two	systems,	and	the	two	systems	

reinforce	each	other.	Our	approach	is	not	limited	to	this	case,	however.	Equations	2	and	3	

can	accommodate	more	than	two	systems	and	account	for	systems	that	repress	expression	

as	well	as	enhance	it.	Both	enhancements	are	relevant	for	our	model	organism,	as	

Pseudomonas	aeruginosa	includes	additional	QS	systems	beyond	las	and	rhl;	there	is	also	

the	pqs	system	(Pesci	et	al.	1999).	And	P.	aeruginosa	is	not	unique	in	having	multiple	QS	

systems	(Papenfort	and	Bassler	2016).	Two	frequently	studied	species	(P.	aeruginosa	and	V.	

harveyi)	each	have	at	least	three	parallel	systems	(Ng	and	Bassler	2009),	and	some	may	

have	as	many	as	eight	(Brachmann	et	al.	2013).	Furthermore,	different	systems	do	not	

always	reinforce	each	other.	In	some	cases	one	system	can	repress	another	(McGrath	et	al.	

2004).	We	hope	to	address	both	considerations	in	future	work,	as	even	a	simple	model	

shows	potential	for	providing	important	insights.	Consider	the	case	where	one	QS	system,	

on	activation,	represses	expression	in	another.	That	repression	can	limit	expression	of	the	

other	system,	or	it	can	stop	expression	entirely.	Those	possibilities,	illustrated	in	Figure	12,	
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may	have	vastly	different	effects	on	the	population-level	behavior	in	response	to	changes	in	

stationary	phase	density.	

Figure	12.	Repressive	quorum	sensing	systems	can	have	various	effects	on	the	overall	

response.	The	plot	shows	the	overall	response	(e.g.	expression	level	of	a	downstream	

gene)	to	population	density	for	two	types	of	repressive	systems.	It	also	shows	the	response	

of	an	unconstrained	single	system	for	comparison.	

Finally,	although	we	are	able	to	model	QS	architectures	at	the	cellular	and	population	level,	

it	is	not	clear	how	traditional	gene	regulatory	networks	can	achieve	the	responses	we	

observe.	Long	et	al.	(2009)	suggest	that	multiple	activating	transcription	factors	combine	

additively,	but	that	can	only	be	true	if	the	effects	of	each	are	independent.	In	contrast,	

Kaplan	et	al.	(2008)	claim	that	multiple	inputs	controlling	gene	expression	usually	combine	

multiplicatively.	This	relationship	holds	when	the	binding	of	one	factor	to	the	promoter	

depends	on	the	presence	of	the	second	at	that	promoter.	As	Figure	6	makes	clear,	neither	

approach	can	adequately	explain	our	data.	

Sauer	et	al.	(1995)	make	related	observations	for	a	protein	complex	in	Drosophila	

melanogaster;	both	of	the	developmental	regulators	BCD	and	HB	alone	induce	a	6-fold	

increase	by	themselves	but	combine	to	induce	a	greater	than	65-fold	increase.	Their	results	

offer	a	tantalizing	possibility	that	further	investigations	into	the	mechanisms	of	P.	

aeruginosa	quorum	sensing	interactions	can	provide	insights	into	more	general	gene	

regulatory	networks.	
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Methods 

Data Collec6on 

We	used	three	strains	for	the	experimental	observations:	lasB:luxCDABE	genomic	reporter	

fusion	in	NPAO1&lasI&rhlI,	lasI:luxCDABE	genomic	reporter	fusion	in	NPAO1&lasI&rhlI,	and	

rhlI:luxCDABE	genomic	reporter	fusion	in	NPAO1&lasI&rhlI.	We	streaked	out	all	strains	in	

Luria-Bertani	(LB)	agar	at	37°C	for	24	hours	and	then	subcultured	a	single	colony	in	10	mL	

LB,	incubated	at	37°C	under	shaking	conditions	(180	rpm)	for	24	hours.	

We	prepared	3-oxo-C12-HSL	and	C4-HSL	in	methanol	at	7	different	concentrations:	0.1,	0.5,	

1,	2,	3,	4	and	5	µM,	each	diluted	from	100	mM	stock.	We	centrifuged	all	cultures	and	washed	

each	three	times	using	PBS.	We	then	re-suspended	in	LB	and	diluted	to	an	OD	(600)	of	0.05.	

We	then	transferred	200	µl	of	each	culture	to	a	black	96-well	plate	with	a	clear	bottom	and	

inoculated	with	signals	at	the	indicated	concentrations.	We	repeated	each	experiment	to	

generate	Yive	replicates.	Methanol	with	no	signal	was	used	as	a	control.	The	plates	were	

incubated	in	BioSpa	at	37°c	for	18	h.	Measurements	of	OD	(600)	and	RLU	(Relative	

Luminescence	Units)	were	collected	every	hour.	

Mathema6cal Models 

Parameters	for	the	kinetic	models	of	equations	1	and	2	were	estimated	by	minimizing	sum	

of	squared	errors.	Observations	were	limited	to	time	ranges	with	peak	expression	values.	

(See	Supplementary	Information	for	detailed	time	course	analysis.)	Figure	SI.4	compares	

the	predictions	from	equation	1	model	with	experimental	observations.	Figure	SI.5	

compares	the	predicted	expression	levels	from	equation	2	model	and	observed	values.	

More	detailed	comparisons	are	available	in	Supplementary	Information.	
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