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Novel	pleiotropic	regulators	of	gas	vesicle	biogenesis	in	Serratia	

Alex	Armando	Quintero	Yanes	

Summary	

	

Serratia	 sp.	 ATCC	 39006	 (S39006)	 is	 known	 for	 producing	 carbapenem	 and	 prodiginine	

antibiotics;	 1-carbapen-2-em-3-carboxylic	 acid	 (car)	 and	 prodigiosin.	 It	 displays	 different	

motility	 mechanisms,	 such	 as	 swimming	 and	 swarming	 aided	 by	 flagellar	 rotation	 and	

biosurfactant	 production.	 In	 addition,	 S39006	 produces	 gas	 vesicles	 to	 float	 in	 aqueous	

environments	and	enable	colonization	of	air-liquid	interfaces.	Gas	vesicles	are	thought	to	be	

constructed	solely	from	proteins	expressed	from	a	gene	cluster	composed	of	two	contiguous	

operons,	gvpA1-gvpY	and	gvrA-gvrC.	Prior	to	this	study,	three	cognate	regulators,	GvrA,	GvrB,	

and	GvrC,	 encoded	 by	 the	 right	 hand	 operon	were	 known	 to	 be	 essential	 for	 gas	 vesicle	

synthesis.	Post-transcriptional	regulators	such	as	RsmA-rsmB	were	also	known	to	be	involved	

in	the	inverse	regulation	of	gas	vesicles	and	flagella	based	motility.	Furthermore,	gas	vesicle	

formation,	 antibiotic	 production,	 and	motility	 in	 S39006	were	 affected	 by	 cell	 population	

densities	and	de-repressed	at	high	cellular	densities	through	a	quorum	sensing	(QS)	system.	

The	 aim	 of	 this	 research	 study	 was	 to	 identify	 novel	 regulatory	 inputs	 to	 gas	 vesicle	

production.	 Mutants	 were	 generated	 by	 random	 transposon	 mutagenesis	 followed	 by	

extensive	screening,	then	sequencing	and	bioinformatic	identification	of	the	corresponding	

mutant	genes.	After	screening,	31	mutants	and	seven	novel	regulatory	genes	impacting	on	

cell	buoyancy	were	identified.	Phenotypic	and	genetic	analysis	revealed	that	the	mutations	

were	pleiotropic	and	involved	in	cell	morphology,	ion	transport	and	central	metabolism.	Two	

new	pleiotropic	regulators	were	characterized	in	detail.	Mutations	in	an	ion	transporter	gene	

(trkH)	 and	 a	 putative	 transcriptional	 regulator	 gene	 (floR)	 showed	 opposite	 phenotypic	

impacts	 on	 flotation,	 flagella-based	 motility	 and	 prodigiosin,	 whereas	 production	 of	 the	

carbapenem	antibiotic	was	affected	in	the	transcription	regulator	mutant.	Gene	expression	

assays	with	reporter	fusions,	phenotypic	assays	in	single	and	double	mutants,	and	proteomics	

suggested	that	these	regulatory	genes	couple	different	physiological	inputs	to	QS	and	RsmA-

dependent	and	RsmA-independent	pathways.		
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Chapter	1	
	Introduction	

	
1.1 Serratia	sp.	ATCC	39006	

	

Serratia	 sp.	 strain	ATCC	39006	 (S39006)	 is	 a	 rod-shaped	Gram-negative	bacterium.	 It	was	

initially	 found	as	a	 free-living	organism	and	associated	with	roots	and	stems	of	halophytic	

bushes	 in	 salt	 marshes,	 and	 it	 became	 of	 clinical	 interest	 for	 producing	 antibiotic,	

immunosuppressive,	and	anticancer	compounds	(Parker	et	al.,	1982;	Williamson	et	al.,	2007).	

S39006	 is	 also	 a	 pathogen	 that	 affects	 potato	 tubers	 by	 producing	 cellulases	 and	pectate	

lyases,	 and	 kills	 the	 microscopic	 worm	 Caenorhabditis	 elegans	 through	 yet	 unknown	

mechanisms	 (Coulthurst	 et	 al.,	 2004;	 Fineran	 et	 al.,	 2007).	 S39006	 displays	 different	

mechanisms	for	moving	and	persisting	in	different	environments;	it	swims	and	floats	in	liquid	

cultures,	 and	 swarms	over	 semi-solid	 surfaces.	 S39006	 is	 a	model	 for	 understanding	 how	

bacteria	 use	 multiple	 genetic	 pathways	 to	 respond	 and	 adapt	 to	 the	 environment.	 This	

chapter	describes	some	of	the	most	important	genetic	and	physiological	features	of	S39006	

related	to	the	research	on	cell	buoyancy	and	pleiotropic	regulation	presented	in	this	thesis.		

	

1.2	Cell	buoyancy	and	gas	vesicle	production	

	

S39006	is	the	only	enterobacterium	reported	to	produce	gas	filled	proteinaceous	structures	

(gas	 vesicles),	which	naturally	 allow	bacteria	 and	 archaea	 to	 float	 in	 static	 liquid	 columns	

(Ramsay	et	al.,	2011;	Pfeifer,	2012).	Gas	vesicles	are	intracellular	hollow	chambers	permeable	

to	any	gas	surrounding	the	cytoplasm	but	impermeable	to	water.	Many	aquatic	prokaryotes	

produce	gas	vesicles	to	lower	the	cellular	density,	allowing	them	to	float	and	to	reach	the	air-

liquid	 interface.	 Some	 photosynthetic	 bacteria	 use	 gas	 vesicles	 to	 reach	 the	 upper	 liquid	

column	and	optimize	light	harvesting	(Pfeifer,	2012).	In	addition,	flotation	has	been	suggested	

as	a	cost-effective	strategy	for	cell	and	population	migration,	compared	to	flagellar	motility	

(Walsby	et	al.,	1994).	Although	gas	vesicles	limit	bacterial	movement	to	a	vertical	plane	they	

facilitate	migration	without	the	need	to	invest	high	amounts	of	energy.		
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The	exact	components	of	mature	S39006	gas	vesicles	are	still	unknown.	Nonetheless,	multiple	

genetic	and	structural	analyses	in	other	bacteria	suggest	that	the	small	hydrophobic	protein	

GvpA	is	the	main	constituent	(Walsby	et	al.,	1994;	Pfeifer,	2012).	Other	proteins	also	found	

in	S39006	seem	to	play	important	structural	roles	in	cyanobacterial	gas	vesicles,	such	as	the	

hydrophilic	GvpC,	the	amphipathic	GvpG	and	the	acidic	GvpF	(Englert	et	al.,	1992;	Buchholz	

et	 al.,	 1993;	 Shukla	 &	 DasSarma,	 2004;	 Xu	 et	 al.,	 2014).	 Solid-state	 NMR	 and	 structure	

prediction	algorithms	suggest	that	GvpA	aggregates	in	rib	structures	forming	antiparallel	𝛽-

sheets	to	construct	the	biconical	basal	nanostructure	(Figure	1.1.A-B)	(Sivertsen	et	al.,	2010;	

Pfeifer,	2012).	

	
Figure	 1.1.	 Gas	 vesicle	 phenotype	 and	 gene	 cluster.	 A.	 Structural	 model	 for	 gas	 vesicle	
assembly.	Antiparallel	𝛽-sheets	are	represented	as	purple	and	blue	arrows	(Image	taken	from	
Pfeifer,	2012).	(B)	Transmission	electron	microscopy	(TEM)	images	of	single	gas	vesicle	from	
S39006	showing	the	GvpA	ribs	and	(C)	a	single	WT	cell	with	clustered	gas	vesicles.	D.	Phase	
contrast	microscopy	(PCM)	image	of	WT	cells	with	and	without	phase	bright	structures	(gas	
vesicles).	 Scale	 bar	 in	 the	 PCM	 image	 corresponds	 to	 1	µm.	E.	Patch	morphology	 of	WT,	
prodigiosin	(∆pigC)	and	gas	vesicles	mutant	(GV-)	cells.	F.	Flotation	assay	with	WT	and	GV-	
cells.	G.	Gas	vesicle	gene	cluster.	Left-hand	(grey)	and	right-hand	(white)	operons	are	under	
control	of	the	gvpA1	and	gvrA	promoters,	respectively.		
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In	the	cyanobacterium	Aphanizomenon	flos-aquae	immunodetection	in	cell	lysates	and	with	

purified	gas	vesicles	allowed	the	identification	of	other	structural	components,	such	as	GvpC.	

Amino	acid	sequencing	of	proteolytic	residues	from	gas	vesicles	revealed	that	GvpC	and	GvpA	

are	present	in	a	molar	ratio	of	1:25	(Buchholz	et	al.,	1993).	GvpC	covers	the	outer	layer	and	

strengthens	the	overall	structure	to	resist	external	pressure	inputs	(see	detailed	information	

on	 section	1.3),	while	GvpA	 is	on	 the	 inner	gas-exposed	 surface	probably	 interacting	with	

GvpF,	as	revealed	by	tomography	in	intact	and	fragmented	gas	vesicles	(Xu	et	al.,	2014).	

	

Gas	vesicles	are	found	as	small	bicones	in	early	stages	of	growth,	but	later	develop	into	larger	

spindle-shaped	 or	 cylindrical	 structures	 (Pfeifer,	 2012).	 During	 the	 exponential	 phase	 of	

growth	gas	vesicles	occupy	more	space	and	can	cluster	in	the	cytoplasm	(Figure	1.1.C).	The	

aggregated	gas	vesicles	(gas	“vacuoles”)	give	a	distinctive	phase	brightness	to	individual	cells,	

and	opacity	to	S39006	colonies	(Figure	1.1.D-E)	(Ramsay	et	al.,	2011).	Light	scattering	in	gas	

vacuolated	bacteria	 is	 an	 important	 feature	because	gas	vesicle-defective	 colonies	appear	

transparent	 and	 do	 not	 float	 (Figure	 1.1.E-F);	 this	 morphological	 feature	 facilitates	 their	

isolation	and	identification	in	mutagenesis	screening.			

	

Gas	vesicles	in	S39006	are	synthesized	from	a	16.7	kb	cluster	composed	of	19	genes	that	is	

divided	into	two	operons,	gvpA1-gvpC	and	gvrA-gvrC	(Figure	1.1.G).	The	genetic	arrangement	

of	the	S39006	gas	vesicle	cluster	is	unique	among	gas	vacuolated	microorganisms	(Figure	1.2).	

However,	 all	 its	 open	 reading	 frames	 are	 homologues	 with	 genes	 from	 other	 gas	 vesicle	

clusters	 found	 in	 proteobacteria,	 cyanobacteria,	 firmicutes,	 actinobacteria	 and	 archaea	

(Figure	1.2)	(Tashiro	et	al.,	2016).	The	gvpA1-gvpY	operon	contains	both	genes	that	are	known	

to	 be	 essential	 for	 structural	 assembly	 and	 shape,	 and	 genes	 of	 unknown	 function.	 The	

structural	components	in	this	operon	are	three	gvpA	homologues	(gvpA1,	gvpA2	and	gvpA3),	

gvpC,	a	gvpF	homologue	(gvpF1)	and	gvpG.	Two	more	genes	have	been	found	to	affect	gas	

vesicle	shape:	TEM	images	of	∆gvpN	and	∆gvpV	mutants	show	that	deletions	of	these	genes	

result	 in	 spindle-like	 gas	 vesicles.	 GvpN	 and	 GvpV	 might	 act	 as	 chaperones	 involved	 in	

cylindrical	structure	maturation	in	S39006	(Tashiro	et	al.,	2016).	Among	the	genes	of	unknown	

function,	gvpW,	gvpX	 and	gvpY	when	disrupted	do	not	affect	cell	buoyancy	or	gas	vesicle	

formation,	whereas	gvpK	 is	 essential	 for	 gas	 vesicle	 production.	 Nonetheless,	 there	 is	 no	

evidence	of	GvpK	being	present	in	the	bicones.		
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Figure	1.2	Organization	of	gas	vesicle	genetic	clusters	in	bacteria	and	archaea	(image	taken	
from	Tashiro	et	al.,	2016).	Homologous	genes	are	highlighted	with	the	same	colours.	Solid	
arrows	indicate	genes	predicted	to	encode	structural	proteins,	whilst	hollow	arrows	indicate	
genes	predicted	to	encode	regulatory	proteins.	
	

The	gvrA-gvrC	operon	contains	two	essential	genes	which	are	gvpF	homologues	(gvpF2	and	

gvpF3),	two	genes	with	undetermined	function	(gvpH	and	gvpZ)	and	three	regulatory	genes	

(gvrA,	gvrB	and	gvrC)	(Monson	et	al.,	2016;	Tashiro	et	al.,	2016).	Homologues	of	gvpH	are	

present	in	all	proteobacterial	and	archaeal	gas	vesicle	genetic	clusters,	whilst	gvpZ	is	present	
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only	 in	 proteobacteria	 (Tashiro	 et	 al.,	 2016).	 Cells	 with	 ∆gvpH	 and	 ∆gvpZ	 mutations	 still	

produce	gas	vesicles	and	remain	buoyant	in	liquid	cultures.	Likewise,	∆gvpH	mutants	in	the	

archaeon	Halobacterium	salinarium	PHH1	maintain	gas	vesicle	production,	but	the	structures	

seem	to	be	less	stable	than	in	wild	type	(WT)	samples	(Offner	et	al.,	2000).	A	previous	study	

of	the	genes	essential	for	gas	vesicle	formation	in	the	archaeon	Halobacterium	halobium	NRC-

1	 reported	 that	 gvpH	 mutants	 reduce	 significantly,	 but	 do	 not	 abolish	 completely,	 the	

construction	 of	 gas	 vesicles	 (DasSarma	 et	 al.,	 1994).	 However,	 this	 phenotype	 might	 be	

caused	by	polar	effects	of	the	inserted	cassette	on	downstream	genes.		

	

GvrA,	GvrB	and	GvrC	 regulate	 the	 transcription	of	 the	gvpA1-gvpY	 operon	 (Ramsay	et	al.,	

2011;	Tashiro	et	al.,	2016).	These	regulators	are	not	related	to	genes	studied	previously	in	

other	gas	vesicle	producing	organisms,	but	homologues	are	 found	 in	some	proteobacteria	

(Figure	1.2).	Protein	BLAST	predicts	that	GvrA	belongs	to	the	NtrC	family,	which	is	composed	

of	transcriptional	response	regulators	dependent	on	the	σ54	initiation	factor	(RpoN),	whereas	

GvrB	 is	predicted	 to	be	a	homologue	of	 the	 sensor	histidine	kinase	NtrB.	GvrC	 contains	a	

phosphorylation	receiver	domain	homologue	of	the	chemotaxis	transducer	CheY	that	could	

be	involved	in	gas	vesicle	and	flagella	regulation.	Cells	with	∆gvrA	and	∆gvrB	mutations	fail	to	

make	gas	vesicles	in	liquid	and	solid	cultures.	Intriguingly,	although	∆gvrC	mutants	from	liquid	

cultures	do	not	produce	gas	vesicles,	cells	grown	in	plates	show	some	moderate	production	

(Tashiro	et	 al.,	 2016).	 The	 regulatory	 components	GvrA,	GvrB	 and	GvrC	 in	 the	 gas	 vesicle	

cluster,	along	with	others	detected	in	mutant	screening,	indicate	that	cell	buoyancy	is	tightly	

controlled	by	multiple	environmental	cues	and	genetic	regulatory	pathways.		

	

1.3 Collapse	pressure	and	gas	vesicles	as	molecular	tools	to	measure	turgor	pressure	

	

Gas	 vesicles	 are	 compartments	 that	maintain	 pressure	 inside	 (pg)	 in	 equilibrium	with	 the	

exterior	(Walsby,	1994).	It	has	been	reported	that	the	hydrophobic	protein	GvpC	binds	to	the	

outer	surface	of	the	gas	vesicles	and	strengthens	the	overall	structure.	Nevertheless,	rapid	

changes	in	external	pressure	cause	gas	vesicle	collapse	and,	consequently,	cell	precipitation	

(Walsby,	1994;	Tashiro	et	al.,	2016)	(Figure	1.3).	Gas	pressure	in	the	environment	(pf)	and	cell	

turgor	pressure	(pt)	are	 important	external	factors	contributing	to	the	net	pressure	on	gas	

vesicles	(Figure	1.3.A).		
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Figure	1.3.	Net	pressure	components	on	S39006	gas	vesicles	and	pressure	nephelometry.	
The	collapse	of	S39006	gas	vesicles	and	turgor	pressure	are	analysed	in	cultures	grown	in	5	
ml	 of	 either	 diluted	 or	 turgid	 media	 in	 universal	 tubes,	 which	 lead	 to	 an	 insignificant	
hydrostatic	pressure.	A.	In	these	conditions	the	GvpC	coating,	external	gas	(pf),	turgor(pt)	and	
internal	gas	(pg)	pressures	are	the	main	factors	impacting	on	gas	vesicle	collapse.	B.	Pressure	
nephelometry	measures	changes	in	turbidity	due	to	loss	of	gas	vesicles	by	controlled	injection	
of	compressed	gas.	Before	increasing	the	external	gas	pressure,	the	turbidity	meter	is	set	to	
1	 (100%	gas	vesicles	 intact).	C.	 Thereafter,	 changes	 in	 light	 transmittance	are	 recorded	as	
external	gas	pressure	(pf)	rises	and	gas	vacuoles	collapse.	
	

Since	gas	vesicles	are	light-scattering	structures,	changes	in	sample	turbidity	(nephelometry)	

related	to	injection	of	compressed	gas	(e.g.	N2)	is	used	to	determine	the	external	pressure	

(pc)	required	to	collapse	gas	vesicles	(Walsby,	1971)	(Figure	1.3.B-C).	Hydrostatic	pressure	is	

an	important	factor	in	samples	analysed	in	situ,	such	as	deep	sea	and	lake	columns,	but	it	is	
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insignificant	in	laboratory	conditions	where	up	to	5	ml	cultures	are	analysed.	The	effect	of	

turgor	pressure	on	gas	vesicles	can	be	suppressed	by	adding	sucrose	to	the	medium,	creating	

a	hypertonic	environment	that	allows	quantification	of	the	pressure	needed	to	collapse	gas	

vesicles.		

	

Pressure	nephelometry	also	facilitates	measurement	of	cell	turgor	pressure	(Walsby,	1994;	

Tashiro	 et	 al.,	 2016).	 Turgor	 pressure	 (pt)	 in	 prokaryotes	 can	 be	 defined	 as	 the	 osmotic	

pressure	 from	 the	 cytoplasmic	 contents	 pushing	 out	 the	 inner	 cell	 membrane,	 but	 also	

pushing	on	intracellular	aggregates,	such	as	gas	vesicles	(Figure	1.3.A).	Turgor	pressure	can	

be	calculated	in	gas	vesicle-producing	microorganisms	by	measuring	the	difference	between	

collapse	pressure	in	turgid	(hypotonic)	and	non-turgid	(hypertonic)	conditions,	as	follows:	

pt	=	pc	hypotonic	–	pc	hypertonic		

	

Turgor	pressure	is	the	main	force	driving	cellular	growth,	morphology	and	penetration	into	

hard	 surfaces	 (Money,	 2008;	Osawa	&	 Erickson,	 2018;	 Rojas	&	Huang,	 2018).	 Changes	 in	

membrane	morphology	due	to	turgor	pressure	fluctuations	can	be	sensed	by	the	cell	and	can	

induce	 expression	 of	 osmoregulatory	 genes	 (Csonka,	 1989;	 Walderhaug	 et	 al.,	 1992).	

Controlled	 gas	 vesicle	 collapse	 has	 been	 recognized	 as	 a	 simple,	 robust	 and	 effective	

technique	 to	 measure	 turgor	 pressure	 compared	 to	 other	 methods	 that	 use	 complex	

micromechanical	instruments	or	stop-flow	measurements	on	predried	cell	samples	(Arnoldi	

et	 al.,	 1999;	 Deng	 et	 al.,	 2011;	 Tashiro	 et	 al.,	 2016).	 However,	 use	 of	 this	 technique	 is	

restricted	to	gas	vesicle-producing	bacteria.	

	

1.4 Genetic	regulation	of	gas	vesicles	

	

The	 development	 of	 molecular	 genetic	 techniques	 in	 enterobacteria,	 such	 as	 in	 vivo	

mutagenesis	with	transposable	elements,	phage	transduction,	and	mutant	screening	based	

on	colony	opacity	led	to	the	identification	of	gas	vesicle	genetic	regulators	in	S39006	(Ramsay	

et	al.,	2011;	Lee	et	al.,	2017).	The	genetic	regulation	of	gas	vesicle	production	 involves,	as	

mentioned	above,	three	cognate	regulators	(GvrA,	GvrB	and	GvrC)	encoded	by	the	gas	vesicle	

gene	cluster	(Figure	1.1.G).	Furthermore,	other	regulators	located	at	different	loci	have	been	
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identified	 as	 controlling	 cell	 buoyancy.	 	 These	 non-cognate	 gas	 vesicle	 regulators	 are	

discussed	in	the	following	sections.		

	

1.4.1 SmaI/SmaR:	cell	buoyancy	under	quorum	sensing	control	

	

Many	bacteria	control	gene	expression	through	quorum	sensing	(QS)	(Atkinson	&	Williams,	

2009).	The	QS	mechanism	includes	LuxI-like	proteins	synthesizing	diffusible	acyl-homoserine	

lactones	(AHLs)	and	sensing	the	diffusible	molecules	in	a	cell	density-dependent	manner	via	

LuxR-like	allosteric	transcription	factors	(Whitehead	et	al.,	2001;	Ng	&	Bassler,	2009;	Tsai	&	

Winans,	 2010).	 This	 auto-induction	 system	 permits	 the	 synchronization	 of	 entire	 cell	

populations	and	communities	to	turn	gene	expression	on	or	off.			

	

S39006	has	a	LuxI/LuxR	homologue	system,	SmaI/SmaR,	that	uses	N-butanoyl-L-homoserine	

lactone	(BHL)	as	the	signalling	molecule	(Thomson	et	al.,	2000).	SmaI/SmaR	regulation	does	

not	 work	 like	 most	 AHL-based	 QS	 systems,	 in	 which	 the	 QS	 receptor	 (LuxR-homologue)	

enhances	the	transcription	of	target	genes	after	AHL	binding.	In	contrast,	S39006	QS	circuitry	

works	through	a	derepression	mechanism.	This	means	that	SmaR	binds	to	target	promoters	

and	represses	gene	expression	at	low	cell	densities,	but	at	higher	cellular	densities	BHL	binds	

to	SmaR	to	release	promoters	and	facilitate	transcription	activation	(Slater	et	al.,	2003;	Tsai	

&	Winans,	2010).	

	

Flotation	 assays	 using	 static	 liquid	 cultures	 with	 smaI	 and	 smaR	 mutants,	 and	

complementation	of	cell	buoyancy	in	smaI	mutants	supplemented	with	BHL,	confirmed	that	

QS	 regulates	 gas	 vesicle	 production	 in	 S39006	 (Ramsay	et	 al.,	 2011).	 Transcription	 assays	

using	gvpA1	and	gvrA	reporter	fusion	strains	revealed	that	QS	affects	the	expression	of	both	

gvpA1-gvpY	and	gvrA-gvrC	gas	vesicle	operons.	Moreover,	quantification	of	gvpA1	and	gvrA	

promoter	 activity	 under	 heterologous	 expression	 (in	 E.	 coli)	 of	 SmaR	 suggested	 that	 QS	

regulates	directly	the	gene	expression	of	the	gvpA1-gvpY	operon,	whilst	the	gvrA-gvrC	operon	

indirectly	through	other	regulators	(Figure	1.4)	(Tashiro	et	al.,	2016).		
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Figure	 1.4	Model	 of	 hierarchical	 regulation	 in	 S39006	 for	 gas	 vesicles,	 flagellar	motility,	
carbapenem	and	prodigiosin	production.	Coloured	lines	were	included	to	facilitate	reader	
accessibility	 to	 the	multiple	pathways	shown.	Grey	boxes	 indicate	 regulatory	genes,	white	
boxes	 indicate	 either	 the	 gas	 vesicle,	 bio-surfactant,	 carbapenem	 or	 prodigiosin	 operons.	
Arrows	and	perpendicular	lines	indicate	activation	and	inactivation,	respectively.	Lines	ending	
in	 a	 solid	 circle	 indicate	 regulation	 through	 phosphorylation.	 	 See	 description	 in	 text	 for	
detailed	information.	
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1.4.2 PigQ:	a	GacA-homologue	and	receptor	of	PigW	signalling	

	

PigQ	and	PigW	are	homologues	of	a	two-component	system	conserved	among	Gram-negative	

bacteria:	the	GacS	and	GacA	regulators,	respectively	(Heeb	&	Haas,	2001).	GacS-like	proteins	

contain	two	transmembrane	sensor	domains,	connected	through	a	periplasmic	loop,	in	the	

N-terminal	domain,	and	amphipathic	flexible	residues	(linkers)	that	facilitate	conformational	

changes	 in	 the	 C-terminal	 domain.	 GacS	 folds,	 presumably	 after	 signal	 sensing,	 and	

autophosphorylates	a	histidine	residue.	Phosphotransfer	of	aspartate	and	histidine	residues	

across	the	C-teminal	end	leads	to	phosphorylation	of	an	aspartate	residue	in	the	response	

regulator	 GacA.	 Thereafter,	 the	 activated	 GacA	 undergoes	 a	 conformational	 change	 that	

allows	DNA	binding	and	gene	expression	activation.		

	

GacS/A-like	 two-component	 systems	 regulate	 diverse	 phenotypes	 in	 bacteria,	 such	 as	

antimicrobial	production,	virulence,	and	QS	signals,	among	others	(Heeb	&	Haas,	2001).	The	

impact	of	PigW	on	gas	vesicles	has	not	been	determined.	Nonetheless,	pigQ	mutants	show	

small	but	significant	overexpression	of	the	gas	vesicle	operons	(Ramsay	et	al.,	2011)	(Figure	

1.4).	 This	 suggests	 that	 the	 PigW/Q	 system	 is	 a	 negative	 regulator	 of	 gas	 vesicle	 gene	

expression.		

	

1.4.3 PigX:	a	composite	GGDEF	and	EAL	protein	

	

Another	flotation	regulator	is	the	predicted	inner	membrane	protein	PigX.	In	contrast	to	PigQ,	

pigX	 mutants	 down-regulate	 the	 expression	 of	 the	 gvpA1-gvpY	 and	 gvrA-gvrC	 operons	

(Ramsay	et	al.,	2011)	(Figure	1.4).	PigX	is	a	homologue	of	CsrD	in	E.	coli,	and	contains	GGDEF	

and	EAL	domains	which	are	involved	in	the	synthesis	and	hydrolysis,	respectively,	of	3´,	5´-

cyclic	diguanylic	acid	 (c-di-GMP).	c-di-GMP	has	been	reported	as	an	 intracellular	 signalling	

molecule	 controlling	multiple	 phenotypes	 in	 bacteria,	 including	 flagellar	 motility	 in	 other	

enterobacteria	(Jenal	&	Malone,	2006;	Wolfe	&	Visick,	2008).	Nonetheless,	neither	synthesis	

nor	degradation	of	c-di-GMP	seems	to	be	associated	with	CsrD	gene	regulation	activity	(Leng	

et	al.,	2016).		
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1.4.4 PigQ-PigX-RsmA-rsmB	system:	pleiotropic	post-transcriptional	regulation	

	

GacA	and	CsrD-like	proteins,	such	as	PigQ	and	PigX,	control	the	transcription	of	untranslated	

regulatory	RNAs,	such	as	the	small	RNA	(sRNA)	csrB,	to	govern	multiple	metabolic	pathways	

in	 Pectobacterium	 carotovorum	 (Cui	 et	 al.,	 2001;	 Hyytiäinen	 et	 al.,	 2001).	 In	 E.	 coli,	

phosphorylated	GacA	promotes	the	expression	of	csrB,	which	is	an	antagonist	of	the	mRNA	

chaperone	CsrA	(carbon	storage	regulator	A).	In	contrast,	CsrD	(PigX	homologue)	inhibits	the	

production	of	csrB	to	facilitate	CsrA	activity	(Suzuki	et	al.,	2006;	Potts	et	al.,	2018).	In	Vibrio	

chlorae,	 CsrD	 interacts	 via	 its	 EAL	 domain	with	 an	 unphosphorylated	 glucose-	 dependent	

protein,	EIIAGlc,	to	induce,	through	an	unknown	mechanism,	csrB	decay	via	nucleases	RNase	E	

and	PNPase	 (Leng	et	al.,	2016).	CsrA	has	been	classified	as	an	 important	global	 regulator,	

sequestering	numerous	mRNAs	to	control	central	and	secondary	metabolism,	motility	and	

virulence.	 RsmA	 (repressor	 of	 stationary	 phase	 metabolites	 A)	 is	 the	 CsrA	 homologue	 in	

S39006,	and	it	is	known	to	promote	gas	vesicle	production	through	transcriptional	regulation	

of	both	gvpA1-gvpY	and	gvrA-gvrC	operons	(Ramsay	et	al.,	2011)	(Figure	1.4).	Similar	to	other	

bacteria,	the	csrB	homologue	(rsmB)	is	an	antagonist	of	RsmA	activity	in	S39006.	

	

Experiments	in	E.	coli	revealed	that	CsrA	(RsmA)	is	a	small	protein	that	binds	to	conserved	

GGA	 motifs	 in	 the	 5’UTR	 of	 target	 mRNAs	 to	 promote	 transcription	 termination,	 their	

transition	into	RNA-decay	or	translation	(Liu	&	Romeo,	1997;	Romeo,	1998;	Wei	et	al.,	2001;	

Patterson-Fortin	et	al.,	2013;	Figueroa-Bossi	et	al.,	2014).	One	single	unit	of	the	non-coding	

RNA	csrB	(rsmB)	binds	to	18	units	of	CsrA	to	antagonize	its	activity.	Expression	assays	suggest	

that	the	CsrA-csrB	complex	is	still	active	in	regulating	the	translation	of	CsrA	mRNA	targets.	

Moreover,	the	∆csrA	phenotype	is	reproduced	only	after	overexpression	of	csrB.	This	suggests	

that	CsrA-csrB	complex	stoichiometry	plays	an	important	role	in	regulation.			

	

1.4.5 RbsR:	a	ribose	repressible	transcription	factor	

	

RbsR	 is	 a	 LacI-like	 transcription	 factor	 that	 represses	 the	 ribose	 operon,	 including	 the	

expression	of	the	ribose	mutarotase	and	ribose	kinase	RsbD	and	RbsK.		S39006	rbsR	mutants	

are	impaired	for	flotation	and	down-regulated	for	gvpA1	and	gvrA	transcription	(Lee	et	al.,	

2017).	As	with	other	carbon	metabolism	repressors,	RbsR	activity	 is	 inhibited	by	allosteric	
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binding	of	effectors	related	to	the	pathways	under	their	control	(in	this	case	ribose)	(Mauzy	

&	Hermodson,	1992;	Lee	et	al.,	2017).	Thus,	it	has	been	suggested	that	ribose	is	an	important	

negative	modulator	of	cell	buoyancy	through	inhibition	of	RbsR	transcription.		

	

1.5 Other	phenotypes	affected	by	gas	vesicle	regulators	in	S39006	

	

S39006	is	also	known	to	produce	antimicrobials,	such	as	the	the	𝛽–lactam	antibiotic	Car	(1-

carbapen-2-em-3-carboxylic	acid)	and	the	red	tripyrrole	pigment,	prodigiosin.	In	addition,	it	

is	 motile	 by	means	 of	 flagellar	 rotation.	 The	 QS	 system	 SmaI/SmaR,	 the	 two-component	

system	 PigW/PigQ,	 the	 transcription	 factor	 RbsR,	 and	 the	 post-transcriptional	 regulators	

RsmA/rsmB	regulate	flagella-based	motility	and	antimicrobial	production,	in	addition	to	gas	

vesicle	production,	in	S39006	(Figure	1.4).	Interestingly,	the	overexpression	of	GvrA	and	GvrB	

led	to	increased	production	of	prodigiosin,	suggesting	that	the	cognate	gas	vesicle	regulators	

are	 tightly	 controlled	 in	 S39006.	 Given	 the	 connection,	 through	 common	 regulatory	

pathways,	of	cell	buoyancy,	motility	and	secondary	metabolism	for	antimicrobial	production,	

the	production	of	carbapenem,	prodigiosin	and	flagellar-based	motility	will	be	discussed	in	

the	following	sections.	

	

1.5.1 Carbapenem	production	

	

Car	is	a	𝛽–lactam	antibiotic	and	a	member	of	the	carbapenem	class	(Coulthurst	et	al.,	2005).	

It	is	composed	of	a	pyrroline-carboxylate	moiety	and	the	characteristic	𝛽–lactam	ring	(Figure	

1.5.A).	Carbapenem	antibiotics	have	been	used	for	treatment	against	both	Gram-positive	and	

Gram-negative	pathogenic	bacteria	(Bradley	et	al.	1999).	Their	spectrum	of	activity	includes	

bacteria	with	extended	resistance	due	to	𝛽–lactamase	production	(Livermore.	1998).		

	

The	S39006	car	genetic	cluster	(Figure	1.5.B)	 is	a	homologue	of	the	one	in	Pectobacterium	

carotovorum;	it	contains	five	genes	that	encode	the	biosynthetic	enzymes	CarA,	CarB,	CarC,	

CarD	 and	 CarE.	 Mutations	 in	 genes	 carA,	 carB	 and	 carC	 completely	 abolish	 antibiotic	

synthesis,	 while	 S39006	 carD	 and	 carE	 mutants	 have	 significantly,	 but	 not	 completely,	

reduced	 antibiotic	 production	 (McGowan	 et	 al.,	 1996).	 Metabolic	 engineering	 for	

heterologous	production	of	carbapenem	in	E.	coli	showed	that	expression	of	carD	and	CarE	
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increased	the	antibiotic	production	significantly	(Shomar	et	al.,	2018).	This	suggests	that	CarD	

and	CarE	are	not	essential	but	important	for	carbapenem	synthesis.	

	

	

Figure	 1.5.	 Car	 structure	 and	 genetic	 cluster.	 A.	 1-carbapen-2-em-3-carboxylic	 acid	 (Car)	
structure.	B.	Genetic	cluster	for	regulation,	biosynthesis	and	resistance	of	Car.	It	contains	a	
transcriptional	regulator	(white),	biosynthetic	genes	(grey),	intrinsic	resistance	genes	(yellow)	
and	 a	 gene	 with	 unknown	 function	 (blue).	 Black	 thin	 arrows	 represent	 carR	 and	 carA	
promoters,	and	carD	internal	promoter.	See	description	in	text	for	detailed	information.	
	

The	car	genetic	cluster	also	contains	four	additional	genes	carF,	carG,	carH	and	carR,	which	

do	not	encode	biosynthetic	enzymes	(Figure	1.1.B).	Expression	of	carF,	carG	and	carH	occurs	

via	an	internal	promoter	in	the	carbapenem	operon,	located	within	carD	(McGowan	et	al.,	

2005).	CarF	and	CarG	provide	intrinsic	resistance	to	car	through	as	yet	unknown	mechanisms.	

These	 proteins	 are	 predicted	 to	 be	 located	 in	 the	 periplasm,	 and	 both	 are	 required	 for	

resistance	in	P.	carotovorum	and	S39006	(McGowan	et	al.,	1996;	Tichy	et	al.,	2014;	Tichy	et	

al.,	 2017)	 The	 role	 of	 CarH	 in	 antibiotic	 synthesis,	 resistance	 or	 regulation	 is	 unknown.	

Homologues	 are	 found	 only	 in	 other	 Car	 producing	 bacteria	 such	 as	 P.	 carotovorum	 and	

Photorhabdus	 luminescens	 (Coulthurst	 et	 al.,	 2005).	 CarR	 is	 a	 LuxR-like	 transcriptional	

activator	that	is	regulated	by	the	quorum	sensing	system	SmaI/SmaR	(Figure	1.4)	(Thomson	

et	al.,	2000;	Slater	et	al.,	2003).	In	P.	carotovorum,	CarR	binds	to	its	own	promoter	and	the	

promoter	controlling	the	expression	of	the	car	operon,	upstream	of	CarA,	but	not	the	carD	

internal	promoter	(Coulthurst	et	al.,	2005;	McGowan	et	al.,	2005).	Interestingly,	in	contrast	

to	other	homologues,	CarR	does	not	need	a	signal	inducer	to	activate	expression	of	the	car	

operon	in	S39006	(Cox	et	al.,	1998;	Slater	et	al.,	2003).		
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1.5.2 Prodigiosin	production	

	

Prodigiosin	 (2-methyl-3-pentyl-6-methoxyprodigiosin)	 belongs	 to	 a	 family	 of	 tripyrrole	

pigments	known	as	prodiginines.	These	molecules	have	a	wide	range	of	antimicrobial	activity:	

they	have	been	reported	as	effective	antifungal,	antibacterial	and	antiprotozoal	compounds;	

and	they	have	been	shown	to	act	as	anticancer	agents	and	immunosuppressants	(Berg,	2000;	

Williamson	et	al.,	2007;	Pandey	et	al.,	2009;	Papireddy	et	al.,	2011;	Danevčič	et	al.,	2016;	

Wang	et	al.,	2016;	Numan	et	al.,	2018).	Prodigiosin	confers	a	red	appearance	on	S39006	WT	

cells,	 whilst	 mutants	 appear	 white,	 opaque	 (Figure	 1.6.A).	 Thus,	 prodigiosin	 production	

mutants	can	be	easily	 identified	in	mutagenesis	experiments.	S39006	is	a	useful	model	for	

understanding	the	regulatory	and	biosynthetic	pathways	of	Gram-negative	prodiginines.		

	

	

Figure	1.6.	Prodigiosin	phenotype,	 structure	and	genetic	cluster.	A.	WT	colonies	are	 red-
pigmented	 while	 prodigiosin	 negative	 mutants	 appear	 white.	 B.	 2-methyl-3-pentyl-6-
methoxyprodigiosin	(prodigiosin)	structure.	C.	Genetic	cluster	for	biosynthesis	of	prodigiosin.	
Genes	encoding	proteins	involved	in	MCB	(light	grey)	and	MAP	(dark	grey)	biosynthesis	and	
MBC-MAP	condensation	(red).	The	pigA	promoter	is	represented	by	a	black	thin	arrow.	See	
description	in	text	for	detailed	information.	
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Most	prodiginines	are	found	as	cyclic	compounds,	but	prodigiosin	and	undecylprodigiosin	are	

composed	 of	 linear	 chains	 of	 three	 pyrrole	 rings	 with	 alkyl	 substituents	 (Figure	 1.6.B)	

(Williamson	et	al.,	2006).	The	prodigiosin	operon	contains	all	genes	necessary	for	its	synthesis	

(Figure	1.6.C).	Prodigiosin	synthesis	 is	 the	 result	of	 two	separate	metabolic	pathways	 that	

converge	in	a	final	condensation	reaction	carried	out	by	PigC	(Williamson	et	al.,	2006).	The	

first	pathway	involves	the	production	of	2-methyl-3-n-amyl-pyrrole	(MAP)	from	2-octenal	(a	

derivative	of	unsaturated	fatty	acid	oxidation)	by	three	enzymes;	PigD,	PigE	and	PigB.	The	

second	pathway	comprises	a	larger	number	of	enzymes,	including	PigI,	PigL,	PigG,	PigA,	PigJ,	

PigH,	PigM,	PigF	and	PigN	in	that	order	for	chemical	reactions,	to	produce	4-methoxy-2-2’-

bipyrrole-5-carbaldehyde	(MBC)	from	proline.	The	functions	of	PigK	and	PigO	are	unknown;	

mutations	in	pigK	and	pigO	do	not	affect	pigment	production	(Williamson	et	al.,	2005).		

	

1.5.3 Flagellar	motility	

	

Flagellar	 rotation	 facilitates	 swimming	 in	 liquid	 cultures	 and,	 aided	 by	 bio-surfactant	

molecules	to	reduce	cell-surface	tension,	swarming	across	semi-solid	surfaces	(Williamson	et	

al.,	2008).	Flagellar	motility	is	a	well-studied	mechanism	for	ecological	adaptation.	In	general,	

it	has	been	suggested	as	a	strategy	for	fast	and	coordinated	colonization	of	new	environments	

and	to	escape	from	predators	(Kearns,	2010).		

	

In	addition	to	movement,	the	secretion	of	bio-surfactants	in	S39006	has	been	reported	to	be	

an	 important	mechanism	of	 defence	 facilitating	 the	 localized	 secretion	of	 prodigiosin	 and	

other	 virulence	 factors	 (Williamson	 et	 al.,	 2008).	 Random	 transposon	 mutagenesis	 and	

screening	for	swarming-defective	strains	allowed	the	identification	and	characterization	of	a	

gene	involved	in	rhamnolipid	surfactant	production	in	S39006	(Williamson	et	al.,	2008).	This	

gene	 (rhlA)	 is	 involved	 in	3-(3-hydroxyalkanoyloxy)	alkanoic	acid	 (HAA)	synthesis.	HAA	 is	a	

precursor	of	rhamnolipids	and	is	essential	for	swarming	motility	in	Pseudomonas	aeruginosa.	

Interestingly,	HAA	is	an	effective	surfactant	on	its	own	and	it	is	commonly	found	in	bacterial	

extracellular	extracts	 (Deziel	et	al.,	 2003).	 It	 is	 likely	 that	HAA	works	as	a	biosurfactant	 in	

S39006.	
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S39006	carries	35	genes	 for	 flagellar	assembly	and	function.	Although	all	of	 them	are	 in	a	

cluster	 in	 the	 genome,	 they	 are	 distributed	 across	 different	 operons.	 Previous	 studies	 in	

Escherichia	 coli	 demonstrated	 that	 multiple	 operons	 involved	 in	 flagellar	 assembly	 and	

chemotaxis	are	under	the	control	of	the	master	transcriptional	regulation	complex	FlhDC	(Liu	

&	Matsumura,	 1994).	 Likewise,	 flhC	 controls	 swimming	 and	 swarming	motility	 in	 S39006	

(Williamson	et	al.,	2008).	FlhDC	and	motility	genes	are	under	the	control	of	RsmA	in	S39006	

(Wilf	et	al.,	2013;	Hampton	et	al.,	2016)	(Figure	1.4).		

	

1.6 Other	genetic	regulators	studied	in	S39006	

	

Over	the	last	two	decades,	environmental	cues	and	proteins	involved	in	signal	reception	and	

transduction,	 transcriptional	 and	 post-transcriptional	 control	 for	 the	 regulation	 of	

carbapenem	production,	prodigiosin	production,	and	swimming	and	swarming	motility,	have	

been	identified	in	S39006.	However,	knowledge	of	gene	regulation	for	cell	buoyancy	is	limited	

due	to	the	fact	that	the	discovery	of	gas	vesicles	in	S39006	is	relatively	recent,	and	due	to	the	

paucity	of	molecular	tools	for	the	study	of	gas	vesicles	in	other	systems,	such	as	cyanobacteria	

and	archaea	(Ramsay	et	al.,	2011).	As	mentioned	above,	the	regulatory	components	reported	

so	far	for	gas	vesicle	production	in	S39006	are	pleiotropic	and	support	the	idea	that	flotation	

is	 a	 dynamic	 process	 connected	 to	 environmental	 sensing	 and	 intracellular	 response	

regulation.	The	following	section	discusses	the	different	pleiotropic	regulatory	components	

and	pathways	 characterized	 in	S39006	 for	 carbapenem,	prodigiosin,	and	 flagellar	motility.	

Such	regulatory	components	are	not	yet	characterized	for	gas	vesicle	production.	

	

1.6.1 Regulator	of	antibiotic	production:	Rap,	a	slyA	homologue	

	

The	first	regulator	studied	in	S39006	was	identified	in	a	screen	of	non-pigmented	mutants	

obtained	 after	 random	mutagenesis	with	 ethyl	methanesulfonate	 (EMS)	 (Thomson	 et	 al.,	

1997).	 A	 mutation	 in	 a	 gene	 predicted	 to	 encode	 a	 SlyA-like	 transcriptional	 regulator	

disrupted	 prodigiosin	 and	 carbapenem	 production.	 Thus,	 the	 gene	 was	 named	 after	

“regulation	of	antibiotic	and	production”	(rap).	SlyA-like	proteins	contain	a	winged	helix	DNA-

binding	 motif,	 and	 positively	 and	 negatively	 regulate	 the	 expression	 of	 multiple	 genes,	

including	virulence	factors,	in	pathogenic	bacteria	of	the	Enterobacteriaceae	family	(Thomson	
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et	al.,	1997;	Spory	et	al.,	2002;	Wu	et	al.,	2003).	Later	studies	 in	S39006	showed	that	Rap	

promotes	 antibiotic	 production	 by	 inducing	 transcription	 of	 the	 prodigiosin	 biosynthetic	

cluster	and	 the	carbapenem	 intrinsic	 regulator	CarR,	while	down-regulating	bio-surfactant	

production	and	swarming	motility	 (Slater	et	al.,	2003;	Fineran	et	al.,	2005(a))	 (Figure	1.4).	

Interestingly,	rap	mutants	swarm	more	than	WT	cells,	but	neither	rhlA	nor	flhC	transcription	

is	affected	(Williamson	et	al.,	2008).	This	suggests	that	Rap	may	affect	the	expression	of	post-

transcriptional	regulators	for	motility	control.	

	

1.6.2 The	stationary	phase-dependent	sigma	factor	RpoS	

	

Sigma	factors	bind	to	RNA	polymerase	(RNAP)	to	facilitate	specific	promoter	recognition	for	

transcription.	 Notably,	 sigma	 factors	 such	 as	 RpoD	 and	 RpoS	 allow	 differential	 gene	

expression	during	population	growth.		RpoD	is	active	during	the	growth	phase,	whilst	RpoS	is	

expressed	during	stationary	phase.	RpoS	competes	with	RpoD	 for	 the	same	RNAP	binding	

core,	 hence	 it	 also	 inhibits	 the	 expression	 of	 RpoD-regulated	 genes	 in	 stationary	 phase	

(Farewell	et	al.,	1998).	RpoS	is	an	important	factor	that	regulates	the	expression	of	stress-

response	 genes	 for	 survival	 under	 starvation,	 high	 temperature	 and	 oxidative	 conditions	

(Battessi	et	al.,	2011).	 In	S39006,	rpoS	 is	essential	for	survival	 in	minimal	media	conditions	

(without	essential	amino	acids)	(Wilf	et	al.,	2012).	In	addition,	rpoS	mutants	are	hyper-motile	

and	are	hyper-producers	of	prodigiosin	and	car,	whilst	attenuated	for	virulence	in	worms.		

	

1.6.3 PigU:	A	HexA	homologue	

	

The	LysR	family	transcriptional	regulator	known	as	LhrA	represses	rpoS	expression	in	E.	coli	

(Peterson	et	al.,	2006).	The	LhrA	homologue	in	P.	carotovorum	(HexA)	down-regulates	QS	and	

rsmB,	in	addition	to	rpoS	(Mukherjee	et	al.,	2000).	S39006	has	a	HexA	homologue,	known	as	

PigU,	 which	 is	 QS	 independent	 and	 stimulates	 prodigiosin,	 carbapenem	 and	 cellulase	

production	(Fineran	et	al.,	2005(a)).	Proteomic	analysis	suggests	that	PigU	also	regulates	rpoS	

in	S39006	(Figure	1.4)	(Wilf	et	al.,	2013).	
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1.6.4 PigT:	a	gluconate	sensor	controlling	motility	and	prodigiosin	production		

	

Besides	PigX	and	RbsR,	another	 transcription	 factor	connects	carbon	metabolism	with	 the	

production	of	antibiotics	and	motility	in	S39006:	the	GntR	family	protein	PigT	(Fineran	et	al.,	

2005(b)).	 GntR-like	 proteins	 control	 the	 expression	 of	 gluconate	 catabolic	 genes	 and	 are	

susceptible	to	gluconate-dependent	inactivation	(Tong	et	al.,	1996).	Experiments	with	S39006	

confirm	 that	 gluconate	 is	 an	 important	 environmental	 signal	 repressing	 prodigiosin	

expression	by	 inactivating	PigT	 (Figure	1.4).	Although	swarming	motility	 is	also	affected	 in	

pigT	mutants,	 the	 role	of	gluconate	 in	 flagellar	 synthesis	was	not	assessed	 (Fineran	et	al.,	

2005(b)).	 Ribose	 and	 gluconate,	 and	 perhaps	 many	 other	 carbon	 sources,	 differentially	

modulate	 secondary	 metabolism,	 motility	 and	 morphology	 in	 S39006	 through	 allosteric	

transcription	factors.	

	

1.6.5 YgfX:	a	pleiotropic	regulator	previously	known	as	PigV	

	

YgfX	is	an	inner	membrane	protein	initially	identified	as	PigV	and	found	in	prodigiosin	mutant	

screens	 (Fineran	 et	 al.,	 2005(a)).	 This	 protein	 is	 highly	 conserved	 among	 different	

enterobacteria	and	 it	has	been	shown	to	 form	a	complex	with	SdhE,	a	protein	 involved	 in	

flavinylation	and	activation	of	enzymes	involved	in	the	TCA	cycle	(McNeil	et	al.,	2012;	McNeil	

et	al.,	 2014).	ygfX	and	sdhE	 are	part	of	 the	 same	operon	and	are	 thought	 to	 form	a	 two-

component	system	(Paterson	et	al.,	2013).	Recently,	it	was	found	that	ygfX	 is	a	pleiotropic	

regulator,	 controlling	 prodigiosin	 and	 flagellar	 motility,	 and	 that	 RsmA	 represses	 ygfX	

transcription	via	inhibition	of	the	flagellar	master	regulator	FlhDC	(Figure	1.4)	(Hampton	et	

al.,	2016).	Given	that	RsmA	is	a	post-transcriptional	regulator	and	is	known	to	repress	flagellar	

motility,	it	is	likely	that	RsmA	inhibits	ygfX	and	shdE	expression	by	sequestering	flhDC	mRNA.		

	

1.7 Master	regulators	

	

Studies	 in	 S39006	 showed	 that	 different	 “master”	 pleiotropic	 regulators	 control	 gene	

expression	indirectly,	through	some	of	the	subordinate	regulators	that	were	discussed	earlier.	

For	 instance,	 the	 transcription	 factor	 PigP,	 the	 phosphate	 uptake	 and	 response	 system	

PstSCAB-PhoU,	and	the	RNA-binding	protein	Hfq	act	as	major	hierarchical	regulators.	These	
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components	 induce	 or	 repress	 the	 transcription	 of	 multiple	 genes	 to	 determine	 the	

conditions	in	which	antibiotic	production,	swimming	and	swarming	motility	occur	in	S39006	

(Thomson	et	al.,	2000;	Williamson	et	al.,	2008;	Ramsay	et	al.,	2011;	Wilf	et	al.,	2012)	(Figure	

1.4).		

	

1.7.1 PigP	

	

PigP	 was	 initially	 discovered	 in	 screens	 for	 Car	 and	 prodigiosin	 mutants	 (Fineran	 et	 al.,	

2005(a)).	Amino	acid	sequence	analysis	showed	that	PigP	contains	a	helix-turn-helix	 (HTH)	

DNA	binding	domain	similar	to	XRE	(xenobiotic	response	element)	transcriptional	regulators.	

Homologues	of	pigP	are	present	in	closely	related	enterobacteria,	such	as	the	carbapenem	

and	prodiogiosin	producers	P.	luminescens	and	Serratia	marcescens.	Further	studies	revealed	

that	PigP	is	a	highly	pleiotropic	regulator,	controlling	not	only	secondary	metabolism,	but	also	

motility	and	virulence.	Ectopic	expression	in	mutants	suggests	that	PigP	is	a	positive	regulator	

of	 carbapenem	and	prodigiosin,	while	 also	 being	 a	 negative	 regulator	 of	 flagellar	motility	

(Fineran	et	al.,	2005(a);	Fineran	et	al.,	2007;	Williamson	et	al.,	2008).	

	

PigP	also	acts	indirectly,	regulating	the	transcription	of	proteins	involved	in	DNA	binding	and	

signal	 synthesis,	 reception,	 transduction,	 and	 degradation	 (Fineran	 et	 al.,	 2005(a)).	 For	

instance,	PigP	controls	the	production	of	plant	cell	wall-degrading	enzymes,	such	as	cellulases	

and	 pectate	 lyases,	 production	 of	 prodigiosin,	 flagellar	motility	 and,	 possibly,	 gas	 vesicles	

through	PigQ	and	PigX	 (Fineran	et	al.,	 2005(a);	 Fineran	et	al.,	2007,	Ramsay	et	al.,	 2011).	

Interestingly,	pigQ	 and	pigX	mutants	 have	opposite	 regulatory	 effects	 on	 the	 phenotypes	

mentioned	above,	suggesting	that	PigP	is	a	dynamic	regulator	sensing	multiple	environmental	

cues	or	depending	on	other	major	regulators.	

	

1.7.2 PstSCAB-PhoU	and	PhoBR:	connecting	phosphate	uptake	and	gene	expression	

	

Phosphate	 depletion	 is	 an	 important	 environmental	 signal	 modulating	 bacterial	 ecology,	

behaviour	and	gene	expression	(Wanner,	1993;	Wanner,	1996;	Fuller	et	al.,	2005;	Martiny	et	

al.,	 2006;	 Chekabab	et	 al.,	 2014).	 Extracellular	 inorganic	 orthophosphate	 (Pi)	 is	 crucial	 for	

bacterial	 systems	 because	 it	 is	 the	 main	 source	 of	 cellular	 phosphate.	 In	 E.	 coli,	 Pi	 is	
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transported,	when	present	in	high	concentrations,	by	the	low	affinity	transporter	Pit	and	by	

the	membrane	 complex	 and	 ABC	 (ATP	binding	 cassette)	 transporter	 PstSCAB,	whilst	 Pi	 is	

exclusively	 sensed	 and	 transported	 at	 low	 concentrations	 by	 PstSCAB.	 At	 high	 Pi	

concentrations,	 PstSCAB	 and	 the	 chaperone	 PhoU	 inhibit	 the	 activation	 of	 the	 sensory	

histidine	kinase	and	integral	membrane	protein	PhoR.	When	activated	(that	is,	at	under	low	

Pi	concentrations),	PhoR	phosphorylates	the	response	regulator	and	transcription	factor	PhoB	

to	 induce	 the	 expression	 of	 multiple	 genes,	 including	 phoB,	 in	 a	 positive	 feedback	 loop	

mechanism	(Hsieh	&	Wanner,	2010).	

	

Likewise,	S39006	uses	the	pstSCAB-phoU	operon	for	high	affinity	phosphate	transport	and	

signal	transduction	via	PhoBR	to	control	antibiotic	production	and	flagellar	motility	(Slater	et	

al.,	2003;	Gristwood	et	al.,	2009).	Furthermore,	at	low	phosphate	concentrations	PstSCAB-

PhoU	 and	 PhoBR	 induce	 overproduction	 of	 BHL.	 This	means	 that	 the	 phosphate	 regulon	

induces	SmaR	derepression	and	the	transcription	of	other	QS-dependent	regulators,	such	as	

rap	(Gristwood	et	al.,	2009)	(Figure	1.4).	Given	that	QS	regulates	gas	vesicle	production	it	is	

likely	that	phosphate	levels	may	also	affect	cell	buoyancy.		

	

1.7.3 Hfq:	A	post-transcriptional	master	regulator	

	

In	addition	to	RsmA,	another	RNA	binding	protein	was	identified	in	the	regulation	of	antibiotic	

production,	motility	and	virulence.	The	Sm-like	protein,	Hfq,	positively	controls	prodigiosin	

and	carbapenem	production,	as	well	as	plant	and	animal	invasion	(Wilf	et	al.,	2011).		Hfq	is	a	

ring-shaped	hexameric	protein	that	binds	to	uracil	rich	sequences	to	promote	sRNA-mRNA	

interactions	and	protect	them	from	RNase	E	cleavage	(Valentin-Hansen	et	al.,	2004).	Hfq	was	

initially	identified	in	E.	coli	as	a	factor	required	for	the	activity	of	the	Q𝛽	RNA	bacteriophage	

replicase	(Franze	de	Fernandez	et	al.,	1968).	Later,	the	hfq	gene	was	identified	and	implicated	

in	the	regulation	of	cell	division	and	morphology	(Tsui	et	al.,	1994).		

	

Transcriptomic	and	proteomic	profiles	in	S39006	hfq	mutants	confirm	that	this	protein	plays	

highly	pleiotropic	physiological	roles	(Wilf	et	al.,	2013).	Binding	to	different	sRNAs	and	mRNA	

targets,	 Hfq	 expands	 its	 activity	 on	 global	 gene	 regulation	 through	 other	 pleiotropic	

transcriptional	regulators.	For	instance,	S39006	Hfq	promotes	the	expression	of	rpoS	aided	
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by	two	sRNAs,	dsrA	and	rprA,	and	through	 inhibition	of	pigU	 (Wilf	et	al.,	2012;	Wilf	et	al.,	

2013)	(Figure	1.4).	Accordingly,	rpoS	Hfq-dependent	control	seems	to	be	conserved	among	

different	enterobacteria	(Brown	and	Eliot,	1996;	Tsui	et	al.,	1997;	Matilla	et	al.,	2015).	

	

Hfq	is	also	a	positive	regulator	of	the	QS	receptors	CarR	and	SmaR	(Wilf	et	al.,	2011)	(Figure	

1.4).	This	implies	that	Hfq	inhibits	indirectly	the	transcription	of	some	of	the	mRNAs	that	it	

later	helps	 to	 translate.	Although	this	process	seems	contradictory,	 it	 is	known	that	SmaR	

represses	 transcription	 at	 low	 cell	 densities,	 prior	 to	 BHL	 titration,	 whilst	 Hfq	 promotes	

protein	synthesis	during	stationary	phase	aided	by	RpoS.	This	suggests	that	Hfq	stimulates	

smaR	expression	to	guarantee	that	antibiotic	production	and	virulence	occur	only	at	high	cell-

densities.			

	

1.8 Aims	of	this	project	

	

The	 transcriptional	 and	 post-transcriptional	 regulatory	 network	 for	 flagellar	 motility,	 and	

antibiotic	and	pigment	production	is	complex	and	has	been	widely	studied	in	S39006	(Figure	

1.4).	Nevertheless,	limited	information	is	available	on	how	environmental	and	physiological	

stimuli,	along	with	biochemical	and	genetic	mechanisms,	are	involved	in	the	control	of	gas	

vesicle	 production.	 This	 project	 aims	 to	 (i)	 identify	 novel	 genetic	 regulators	 of	 gas	 vesicle	

production;	 (ii)	 study	whether	defects	 in	 those	elements	have	pleiotropic	effects;	 and	 (iii)	

investigate	 the	 mechanisms	 by	 which	 these	 new	 regulators	 induce	 or	 inhibit	 gas	 vesicle	

production.	

	

This	 study	 describes	 the	 identification	 of	 seven	 novel	 regulators	 in	 S39006	 after	 a	

comprehensive	 screening	 of	 gas	 vesicle	mutants.	Most	 of	 these	mutants	 display	 different	

phenotypes	in	motility	and	antibiotic	production	when	compared	with	WT	cells	(Chapter	3).	

Most	 of	 the	 research	 performed	 was	 focused	 on	 two	mutants	 with	 opposite	 gas	 vesicle	

phenotypes	 (Chapters	 4	 and	 5).	 The	 first	 mutant	 studied	 had	 an	 insertion	 in	 an	

uncharacterized	transcriptional	regulator	(Chapter	4).	The	second	had	a	mutation	in	a	gene	

encoding	an	ion	transporter	(Chapter	5).	All	regulatory	components	were	previously	unknown	

in	 gas	 vesicle	 regulation	and	 showed	differential	 pleiotropic	effects.	Moreover,	 they	were	
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shown	 to	 act	 through	 different	 regulatory	 pathways	 and	 could	 potentially	 respond	 to	

different	environmental	stimuli.		
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Chapter	2.		
Materials	and	methods.	

	

2.1	Growth	conditions	

	

All	bacterial	strains	are	listed	in	Table	2.1.	S39006	and	Pectobacterium	carotovorum	strains	

were	 grown	 at	 30	 oC	 in	 either	 LB	 for	 16	 h,	 minimal	 media	 with	 different	 potassium	

concentrations	for	24	h,	or	on	solid	medium	for	48h	(See	media	contents	in	Table	2.3).	E.	coli	

strains	 were	 grown	 in	 LB	 at	 37	 oC.	 E.	 coli	 β2163	 cultures	 were	 supplemented	 with	

erythromycin	(Em)	and	diaminopimelic	acid	(DAPA)	(see	Table	2.3	for	concentrations).	Seed	

cultures	 were	 grown	 from	 single	 colonies	 inoculated	 into	 30	 ml	 sealed	 universal	 tubes	

containing	5	ml	of	LB	and	aerated	on	tube	rollers	for	overnight	(O.N.)	growth	(14	h	-	16	h).	

Cells	were	preserved	by	mixing	1	ml	of	fresh	O.N.	cultures	and	0.5	ml	50	%	glycerol	and	stored	

at	-80	oC	until	needed.	

	

Growth	assays	were	done	in	250	ml	flasks	containing	25	ml	of	either	LB	or	minimal	media	with	

different	 potassium	 concentrations.	 Cultures	were	 inoculated	 to	 an	 initial	 density	 of	 0.05	

OD600,	 incubated	 at	 30	 oC,	 and	 aerated	 by	 shaking	 at	 215	 rpm.	 Flotation	 assays	 were	

performed	with	cell	cultures	inoculated	to	an	initial	density	of	0.05	OD600	and	grown	for	24	h	

in	 tube	 rollers.	 Then,	 the	 tubes	were	 set	 upright	 and	 static	 for	 between	 2	 to	 15	 days,	 as	

indicated.	 Complementation	 experiments	 were	 performed	 by	 inducing	 ectopic	 gene	

expression	with	0.2%	arabinose	and	plasmid	selection	with	ampicillin	(Amp).		

	

2.2	Random	Transposon	Mutagenesis	

	

Fresh	 O.N.	 cultures	 of	β2163	 (pKRCPN1)	 (donor)	 and	 ∆pigC	 (recipient)	 were	 mixed	 at	

different	donor	to	recipient	volume	ratios	(1:1,	2:1,	3:1,	1:2)	and	spotted,	using	30	𝜇l	of	co-

culture,	onto	LBA	plates	with	DAPA	(see	Table	2.3	for	concentrations).	The	spots	were	dried	

at	room	temperature	for	30	minutes	and	incubated	at	30	oC	O.N.	The	grown	patches	were	

resuspended	in	1	ml	of	LB	and	serially	diluted	to	10-3,	and	100	𝜇l	of	each	dilution	was	spread	

on	 LBA	 plates	 with	 kanamycin	 (without	 DAPA)	 O.N.	 for	 growth.	 The	 transparent,	 hyper-
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opaque,	 bull’s-eye	 transparent	 and	 bull’s-eye	 opaque	 colonies	 were	 picked	 and	 colony	

purified	by	streaking	onto	LB	plates.		

	

Table	2.1.	Bacterial	Strains	and	phage	used	in	this	study.	
Name,	code	
(name	in	this	
document)	

Genetic	Information	 Reference	

	 Serratia	sp.	ATCC	39006	(S39006)	 	

S39006	 Strain	acquired	from	the	ATCC	 Parker	et	al.,	
1982	

WT	 Lac-	(LacA),	laboratory	strain	referred	to	as	wild	type	 Thomson	et	al.,	
2000	

NWA19	 LacA,	∆pigC	 Ramsay	et	al.,	
2011	

GPA1	
(gvpA1::uidA)	 LacA,	gvpA1::TnDS1028-uidA,	CmR	 Ramsay	et	al.,	

2011	
GRA	

(gvrA::uidA)	
LacA,	gvrA::TnDS1028-uidA,	CmR	 Ramsay	et	al.,	

2011	
LIS	

(smaI::LacZ)	
LacA,	smaI::miniTn5Sm/Sp,	SpR	 Thomson	et	al.,	

2000	

SP19	
	

LacA,	smaI::mini-Tn5Sm/Sp,	pigX::Tn-DS1028,	
pigZ::miniTn5lacZ1,	SpR,	CmR,	KmR	

Poulter	et	al.,	
2010	

MCA54	
(carA)	

LacA,	carA::miniTn5lacZ1,	KmR	 Thomson	et	al.,	
2000	

LC13	
(smaI::lacZ)	

LacA,	smaI::miniTn5lacZ1,	KmR	 Thomson	et	al.,	
2000	

HSPIG17	
(pigQ::lacZ)	 LacA,	pigQ::miniTn5lacZ1,	KmR	

Fineran	et	al.,	
2005(a)	

HSPIG23	
(pigR::lacZ)	 LacA,	pigR::miniTn5lacZ1,	KmR	

Fineran	et	al.,	
2005(a)	

HSPIG26	
(pigS::lacZ)	

LacA,	pigS::miniTn5lacZ1,	KmR	 Fineran	et	al.,	
2005(a)	

HSPIG46*	
(ygfX::lacZ)	 LacA,	ygfX::miniTn5lacZ1,	KmR,		 Fineran	et	al.,	

2005(a)	
HSPIG62	

(pigP::lacZ)	 LacA,	pigQ::miniTn5lacZ1,	KmR	
Fineran	et	al.,	

2005(a)	
HSPIG67	

(pigP::lacZ)	
LacA,	pigP::miniTn5lacZ1,	KmR	 Fineran	et	al.,	

2005(a)	
MAS1	
(rap)	

	
LacA,	rap::miniTn5Sm/Sp,	SpR	

Thomson	et	al.,	
2000	

MCP2L	
(pigA::lacZ)	 LacA	pigA::miniTn5lacZ1,	KmR	

Slater	et	al.,	
2003	

NW64	
(rsmA::uidA)	 LacA,	rsmA::TnDS1028-uidA,	CmR	

Hampton	et	al.,	
2016	

NMW25	
(rpoS::uidA)	

LacA,	rpoS::TnDS1028-uidA,	CmR	 Wilf	et	al.,	2005	

PIG62S	
(pigW)	

LacA,	pigW::mini-Tn5Sm/Sp,	SpR	 Fineran	et	al.,	
2005(a)	

SP21	
(smaR::lacZ)	 LacA,	∆pigC,	smaR::lacZ	 Wilf	et	al.,	2011	
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Table	2.1.	Continued.	

Name,	code	 Genetic	Information	 Reference	

S39006	

rsmB::uidA	 LacA,	rsmB::TnDS1028-uidA,	CmR	
Laboratory	

stock	

AQY44	 LacA,	∆pigC,	gvpF1::TnKRCPN1,	KmR	 This	study	

AQY54	 LacA,	∆pigC,	gvpV::TnKRCPN1,	KmR	 This	study	

AQY74	 LacA,	∆pigC,	gvpA2::TnKRCPN1,	KmR	 This	study	

AQY75	 LacA,	∆pigC,	rbsk::TnKRCPN1,	KmR	 This	study	

AQY102	 LacA,	∆pigC,	Ser39006_1186::TnKRCPN1,	KmR	 This	study	

AQY103	 LacA,	∆pigC,	Ser39006_0591::TnKRCPN1,	KmR	 This	study	

AQY107	 LacA,	∆pigC,	trkH::TnKRCPN1,	KmR	 This	study	

trkH	 LacA,	trkH::TnKRCPN1,	KmR	 This	study	

trkH	pigW	 LacA,	trkH::TnKRCPN1	LacA,	pigW::mini-Tn5Sm/Sp,	KmR,	SpR	 This	study	

gvpA1::uidA,	trkH	 LacA,	gvpA1::TnDS1028-uidA,	trkH::TnKRCPN1,	KmR,CmR	 This	study	

gvrA::uidA,	trkH	 LacA,	gvrA::TnDS1028-uidA,	trkH::TnKRCPN1,	KmR,	CmR	 This	study	

gvpA1::uidA,	trkH,	
pigW	

LacA,	gvpA1::TnDS1028-uidA,	trkH::TnKRCPN1,	pigW::mini-
Tn5Sm/Sp,	CmR,	KmR,	SpR	

This	study	

rsmA::uidA,	trkH	 LacA,	rsmA::TnDS1028-uidA,	trkH::TnKRCPN1,	CmR,	KmR	 This	study	

rsmB::uidA,	trkH	 LacA,	rsmB::TnDS1028-uidA,	trkH::TnKRCPN1,	CmR,	KmR	 This	study	

AQY108	 LacA,	∆pigC,	gvpF1::TnKRCPN1,	KmR	 This	study	

AQY110	 LacA,	∆pigC,	crp::TnKRCPN1,	KmR	 This	study	

AQY112	 LacA,	∆pigC,	gvpN::TnKRCPN1,	KmR	 This	study	

AQY113	 LacA,	∆pigC,	pigP::TnKRCPN1,	KmR	 This	study	

AQY115	 LacA,	∆pigC,	Ser39006_0591::TnKRCPN1,	KmR	 This	study	

AQY117	 LacA,	∆pigC,	gvpN::TnKRCPN1,	KmR	 This	study	

AQY118	 LacA,	∆pigC,	Ser39006_1185::TnKRCPN1,	KmR	 This	study	

AQY119	 LacA,	∆pigC,	gvpZ::TnKRCPN1,	KmR	 This	study	

AQY120	 LacA,	∆pigC,	gvpA::TnKRCPN1,	KmR	 This	study	

AQY121	 LacA,	∆pigC,	Ser39006_3885	(floR)::TnKRCPN1,	KmR	 This	study	

floR	 LacA,	Ser39006_3885	(floR)::TnKRCPN1,	KmR	 This	study	

gvpA1::uidA,	floR	 LacA,	gvpA1::TnDS1028-uidA,	Ser39006_3885	
(floR)::TnKRCPN1,	KmR,	CmR	

This	study	

gvrA::uidA,	floR	 LacA,	gvrA::TnDS1028-uidA,	Ser39006_3885	(floR)::TnKRCPN1,	
KmR,	CmR	 This	study	
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Table	2.1.	Continued.	

Name,	code	 Genetic	Information	 Reference	

S39006	

rsmA::uidA,	floR	 LacA,	rsmA::TnDS1028-uidA,	floR::TnKRCPN1,	CmR,	KmR	 This	study	

rsmB::uidA,	floR	 LacA,	rsmB::TnDS1028-uidA,	floR::TnKRCPN1,	CmR,	KmR	 This	study	

rpoS::uidA,	floR	 LacA,	rpoS::TnDS1028-uidA,	floR::TnKRCPN1,	CmR,	KmR	 This	study	

rap,	floR	 LacA,	rap::miniTn5Sm/Sp,	floR::TnKRCPN1,	SpR,	KmR	 This	study	

AQY122	 LacA,	∆pigC,	gvrA::TnKRCPN1,	KmR	 This	study	

AQY123	 LacA,	∆pigC,	rsbK::TnKRCPN1,	KmR	 This	study	

AQY	124	 LacA,	∆pigC,	tufA::	TnKRCPN1,	KmR	 This	study	

AQY125	 LacA,	∆pigC,	Ser39006_3817::TnKRCPN1,	KmR	 This	study	

AQY126	 LacA,	∆pigC,	Ser39006_1185::TnKRCPN1,	KmR	 This	study	

AQY131	 LacA,	∆pigC,	Ser39006_3885	(floR)::TnKRCPN1,	KmR	 This	study	

AQY136	 LacA,	∆pigC,	pigP::TnKRCPN1,	KmR	 This	study	

AQY138	 LacA,	∆pigC,	gvpV::TnKRCPN1,	KmR	 This	study	

AQY142	 LacA,	∆pigC,	gvpW::TnKRCPN1,	KmR	 This	study	

AQY143	 LacA,	∆pigC,	pigP::TnKRCPN1,	KmR	 This	study	

AQY149	 LacA,	∆pigC,		gvpN::TnKRCPN1,	KmR	 This	study	

AQY150	 LacA,	∆pigC,	rph::TnKRCPN1,	KmR	 This	study	

AQY158	 LacA,	∆pigC,	rph::TnKRCPN1,	KmR	 This	study	

Escherichia	coli	

𝛽2163	 (F-)	RP4-2-Tc::Mu	∆dapA::(erm-pir),	EmR	 Demarre	et	al.,	
2005	

DE3	 E.	coli	BL21	derivative,	pRare2,	CmR	
Tegel	et	al.,	

2010	

DH5𝛼	 F-	∅80lacZ∆M15	∆(lacZYA−argF)	U169	recA1	endA1	hsdR17	
(rK−,	mK+)	phoA	supE44	λ−	thi-1	

Laboratory	
stock	

ESS	 β-lactam	supersensitive	strain	 Bainton		et	al.,	
1992	

	 Pectobacterium	carotovorum	 	

ATTn10	 ATCC39048::Tn10	 McGowan	et	al.,	
1996	

SM10	 ATCC39048::Tn10	∆carRABCDEFGH	 McGowan	et	al.,	
1996	

	 Phage	 	

φOT8	 Transducing	phage	for	S39006,	flagellum-dependent	
Evans	et	al.,	

2010	

*	ygfX	was	initially	annotated	as	pigV	(Fineran	et	al.,	2005	(a)),	but	changed	recently	(Paterson,		2013)	
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Table	2.2.	Plasmids	and	primers	used	in	this	study.	

Name,	code	 Genetic	Information	 Reference	

Plasmids	

pKCPRN1	
Derivative	of	pDS1028.	This	plasmid	contains	a	composite	
transposon,	Tn-KRCPN1,	with	kanR	and	a	promoterless	lacZ,	

KmR,	TcR	

Monson	et	al.,	
2015	

pQE80oriT	 Derivative	of	pEQ80,	AmpR	 Ramsay	et	al.,	
2011	

pBAD30	 Expression	vector	under	control	of	the	araBAD	promoter,	AmpR	 Guzman	et	al.,	
1995	

pRW50	 Promotorless	lacZ	plasmid,	TcR	
Lodge	et	al.,	

1992	

pTA14	 rap	promoter	fusion	in	pRW50,	TcR	
Gristwood	et	al.,	

2009	

pTA17+	 smaR	promoter	fusion	in	pRW50,	TcR	 Salmond	Lab	
stock	

pTA21+	 pigQ	promoter	fusion	in	pRW50,	TcR	 Salmond	lab	
stock	

pTA24+	 pigX	promoter	fusion	in	pRW50,	TcR	
Salmond	lab	

stock	

pET19b	 Derivative	of	pET19m,	AmpR	
Dolan	et	al.,	

2017	

pAQY1	 pBAD30	with	trkH	,	AmpR	 This	study	

pAQY2	 pBAD30	with	floR,	AmpR	 This	study	

pAQY3	 pQE80oriT	with	floR,	AmpR	 This	study	

pAQY4	 pET19b	with	floR,	AmpR	 This	study	

	 Primers	(5’sequence,	description)	 	

MAMV1	 GGAATTGATCCGGTGGATG	
	F	transposon	specific	primer	

Matilla	et	al.,		
2012	

MAMV2	 GCATAAAGCTTGCTCAATCAATCAC	
	F	transposon	specific	primer	

Matilla	et	al.,		
2012	

PF106	
GACCACACGTCGACTAGTGCNNNNNNNNNNAGAG		

	Random	primed	PCR	primer	1	
Fineran	et	al.,		

2005(b)	

PF107	
GACCACACGTCGACTAGTGCNNNNNNNNNNACGCC	

	Random	primed	PCR	primer	2	
Fineran	et	al.,		

2005(b)	

PF108	 GACCACACGTCGACTAGTGCNNNNNNNNNNGATAC	
	Random	primed	PCR	primer	3	

Fineran	et	al.,		
2005(b)	

PF109	
GACCACACGTCGACTAGTGC	

	Random	primed	PCR	primers	PF106,	PF107	and	PF108	aptamer	
specific	primer	

Fineran	et	al.,		
2005(b)	

oAQ1	
ACGGTAACGCCAAAAATCGAA	

F	Ser39006_1186	specific	primer	 This	study.	

oAQ2	 ACCGCGATTCACATCACCAA		
R	Ser39006_1186	specific	primer	

This	study	

oAQ3	 TTCCAGGATGGTTATTCTGCAT	
F	Ser39006_0591	specific	primer	

This	study	

oAQ4	
GCTAAGCATTGTTCACTCCGC	

R	Ser39006_0591	specific	primer	 This	study	
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Table	2.2	continued.	

Name,	code	 Genetic	Information	 Reference	

Primers	(5’sequence,	description)	

oAQ5	
AGCTGAGATGAGGTTGCGTG	

F	trkH	specific	primer	 This	study	

oAQ6	 AGAGATGGGCAAACGAGATCG	
R	trkH	specific	primer	

This	study	

oAQ9	 GCGATTGGCGTGAAACTGAG	
F	tufA	specific	primer	

This	study	

oAQ10	
CTGGAAAGAGCACGGGATCA	

R	tufA	specific	primer	 This	study	

oAQ11	
AAAGGTTTGCTCGATGCTGT	

F	Ser39006_3817	specific	primer	 This	study	

oAQ13	 TAAGACAGCATATTGACGGGCTT	
R	Ser39006_3817	specific	primer	

This	study	

oAQ14	 GGGCGAGATGGTGGATGAAT	
F	Ser39006_1185	specific	primer	 This	study	

oAQ15	
TCCAACTTGTCTTTCGCCACT	

R	Ser39006_1185	specific	primer	 This	study	

oAQ16	 CGGCACGGCGTTTGATATTG	
	F	Ser39006_3885	(floR)	specific	primer	

This	study	

oAQ17	 GCAACCGGTGACCATCTACT	
R	Ser39006_3885	(floR)	specific	primer	

This	study	

oAQ32	
GATGAGCTCGGGCAAACATTGAGTGA	

F	Ser39006_3885	(floR)	specific	primer	with	SacI	restriction	
sequence	

This	study	

oAQ33	
CTACTGCAGTCAACGGAAATTAACATC	

R	Ser39006_3885	(floR)	specific	primer	with	PstI	restriction	
sequence	

This	study	

oAQ44	 GATGAGCTCAAGGAAGGCATCTGTAATGCAC	
F	trkH	specific	primer	with	SacI	restriction	sequence	

This	study	

oAQ45	
CTATCTAGATTATTCCCGCCAAAAAG	

R	trkH	specific	primer	with	XbaI	restriction	sequence	 This	study	

oAQ46	
GATGAGCTCTCAGGATAACTGGGTAAACGG	

F	Ser39006_3885	(floR)	specific	primer	with	SacI	restriction	
sequence	

This	study	

oAQ47	
CTATCTAGATCAACGGAAATTAACATCCAC	

R	Ser39006_3885	(floR)	specific	primer	with	XbaI	restriction	
sequence	

This	study	

oAQ52	
AAAAAACATATGGGGCAAACATTGAGTGATG	

F	Ser39006_3885	(floR)	specific	primer	with	NdeI	restriction	
sequence	

This	study	

oAQ53	
ACGCGGATCCTCAACGGAAATTAACATCCACCA	

R	Ser39006_3885	(floR)	specific	primer	with	BamHI	restriction	
sequence	

This	study	

+These	plasmids	were	constructed	by	Pete	Fineran	and	are	part	of	the	Salmond	lab	plasmid	repository.	
*All	primers	were	purchased	from	Sigma.	F:	forward,	R:	reverse.	Underlined	nucleotides	correspond	to	
restriction	sites	for	the	enzymes	specified.	
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Table	2.3.	Media,	buffers,	solutions,	antibiotics	and	supplements.	
Name	 Composition	 Reference	

	 Media	 	

Lysogeny	Broth	(LB)	

• 10	g	l-1	Tryptone	
• 5	g	l-1	Yeast	extract	
• 5	g	l-1	NaCl	

	

Miller,	1972	

Minimal	medium	
(pH	7.0)	

• 5.4	g	l-1	Na2HPO4	
• 3.34	g	l-1	NaH2PO4	
• 0.1	%	NH4SO4*	
• 0.41	mM	MgSO4*	
• 0.2	%	glucose*	

	

This	study	

Minimal	medium	
with	potassium	
phosphate	salts	

(pH	7.0)	

• Minimal	medium	
• 7	g	l-1	K2HPO4		
• 2	g	l-1	KH2PO4	

This	study	

LB	agar	(LBA)	 • Same	as	LB	Broth,	but	with	15	g	l-1	of	Agar	
	

Miller,	1972	

Minimal	medium	agar	
• Same	as	minimal	medium	broth,	but	with	15	g	l-1	

of	agarose	
	

This	study	

Tryptone	swimming	
agar	

• 10	g	l-1	Tryptone	
• 5	g	l-1	NaCl	
• 3	g	l-1	Agar	

	

Williamson	et	al.,	
2008	

Eiken	swarming	sgar	 • Same	as	LB	Broth,	but	with	7.5	g	l-1	of	Eiken	Agar	
	

Williamson	et	al.,	
2008	

LB	top	lawn	agar	
(LB	molten	agar)	

• Same	as	LB	Broth,	but	with	7	g	l-1		of	Agar	
	

Poulter	et	al.,	
2010	

Buffers	and	solutions	

50%	glycerol	
• 50	%	glycerol	
• 50	%	dH2O	

	
	

10%	glycerol	
• 10	%	glycerol	
• 90	%	dH2O	

	
	

50X	TAE	buffer	

• 242	g	l-1	Tris	
• 18.61	g	l-1	ethylenediaminetetraacetic	acid	(EDTA)	
• 0.0571	%	(v/v)	glacial	acetic	acid	

	

Blocking	buffer	 • 5%	dried	skimmed	milk	(Marvel)	in	Wash	buffer	
	

	

CHAPS	lysis	buffer	

• 8	M	Urea	
• 4	 %	 (3-[(3-cholamidopropyl)	 dimethylammonio]-1-propane-sulphonate)	

CHAPS	
• 5	mM	magnesium	acetate	
• 10	mM	Tris-HCl	(pH	8.0)	

	

Electrode	Buffer	
(pH:8.3)	
(10X)	

• 150	g	glycine	in	600	ml	dH2O	
• 30	g	Tris	
• Adjust	pH	with	HCl	
• dH2O	to	1	l	
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Table	2.3	continued.	
Name	 Composition	 Reference	

Buffer	and	solutions	

Lysis	buffer	

• 50	mM	Tris	HCl	(pH	8)	
• 0.2	M	NaCl	
• 10	%	glycerol	
• 1	mM	Imidazole	

	

	PBS	

• 8	g	l-1	NaCl	
• 0.2	g	l-1	KCl	
• 1.15	g	l-1	Na2HPO4	
• 0.2	g	l-1	KH2PO4	

	

PBS	LacZ	buffer	

• 250	𝜇g	ml-1	4’-Methylumbelliferyl-𝛽-D-galactopyranose	(Melford	
laboratories)		

• 20	mg	ml-1	lysozyme	(Sigma)	
• PBS	

	

PBS	UidA	buffer	

• 250	𝜇g	ml-1	4’-Methylumbelliferyl-𝛽-D-glucuronide	(Melford	laboratories)		
• 20	mg	ml-1	lysozyme	(Sigma)	
• PBS	

	

Resolving	gel		
(15%	Acrylamide)	

• 20	ml	30%	Acrylamide	stock	
• 20	ml	stock	running	gel	buffer	
• 0.2	ml	20%	sodium	dodecyl	sulphate	(SDS)	
• 0.4	ml	80	mg	ml-1	ammonium	persulphate	(APS)	(freshly	prepared)	
• 25	𝜇l	TEMED	

	

SDS-PAGE	sample	
buffer	solution	A	

	

• 240	mM	Tris	HCl	(pH:	6.8)	
• 8	%	SDS	
• 40	%	glycerol	
• 50	mM	EDTA	
• 0.4	%	bromophenol	blue	

	

	

SDS-PAGE	sample	
buffer	

(to	5	ml	4X)	

• 4	ml	SDS-PAGE	sample	buffer	solution	A	
• 1ml	1	M	dithiothreithol	(DTT)	

	
	

Stacking	gel	
(6	%)	

• 6	%	(v/v)	acrylamide	stock	
• 10	%	(v/v)	Stock	stacking	gel	buffer	

	
	

Stock	running	gel	
buffer	

(pH:	8.3)	

• 90.86g	Tris	in	0.8	l	dH2O	
• Adjust	pH	with	HCl	
• dH2O	to	1	l	

	

	

Stock	stacking	gel	
buffer	

(pH:	6.8)	

• 151.46	g	Tris	in	0.6	l	
• Adjust	pH	with	HCl	
• dH2O	to	1	l	

	

	

Transfer	buffer	

• 14.4	g	Glycine	
• 3.03	g	Tris	base	
• 150	ml	Methanol	
• dH2O	to	1	l	
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Table	2.3	continued.	
Name	 Composition	 Reference	

Buffer	and	solutions	

Wash	Buffer	
• PBS	
• 0.1	%	(v/v)	Tween	20	

	
	

	
Antibiotics	and	supplements	
(Working	concentrations)+	 	

Ampicillin	(Amp)	 50	𝜇g	ml-1	 	

Arabinose	 0.2%	 	

Chloramphenicol	(Cm)	 50	𝜇g	ml-1	 	

Diaminopimelic	acid	
(DAPA)	 0.3	mM	 	

Erythromycin	(Em)	 200	𝜇g	ml-1	 	

Kanamycin	(Km)	 25	𝜇g	ml-1	 	

IPTG	 0.5	mM	 	

Spectinomycin	(Sp)	 50	𝜇g	ml-1	 	

Streptomycin	(Sm)	 50	𝜇g	ml-1	 	

Tetracycline	(Tc)	 15	𝜇g	ml-1	 	

*Stocks	of	each	of	these	components	were	autoclaved	separately	and	added	to	the	final	solution	concentrations	
indicated.	 +All	antibiotics	and	supplements	were	sterilized	using	0.22	𝜇m	filters.	Also,	 they	were	dissolved	 in	
dH2O,	except	Em	which	was	dissolved	in	99.6	%	ethanol.	

	

2.3	Random	Primed	PCR	

	

The	 transposon	 insertion	 site	 in	 transparent,	 hyper-opaque	 and	 bulls-eye	 mutants	 were	

identified	using	random	primed	PCR	(RP-PCR)	and	DNA	sequencing.		Reagents	and	conditions	

for	RP-PCR	are	listed	in	Table	2.4.	All	reactions	were	performed	in	a	Veriti	Thermal	Cycler.	A	

first	 round	 of	 touchdown	 PCR	 was	 performed	 using	 random	 primers	 (PF106,	 PF107	 and	

PF108)	tagged	with	a	known	sequence	at	the	end	(aptamer),	and	a	transposon-specific	primer	

(MAMV1).	Colonies	of	S39006	mutants	were	used	as	the	source	of	the	DNA	template	in	the	

first	round.	Sequentially,	a	second	round	was	done	to	amplify	sequences	synthesised	from	

the	 first	 round	 using	 a	 transposon-specific	 primer	 (MAMV2)	 and	 PF109.	 PF109	 is	 a	

complementary	oligonucleotide	to	the	known	sequence	at	the	end	of	the	first-round	random	

primers	(aptamer).	The	PCR	products	were	run	in	1X	TAE	with	1	%	agarose	and	against	5	𝜇l	

0.2-1Kb	marker	(Bioline	Hyperladder).	
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Table	2.4.	Random	PCR	conditions	
Reagent	 Round	1	

Volume	(𝝁l)	
Round	2	

Volume	(𝝁l)	
10X	PCR	Buffer	

(Bioline®)	 2.5	

50mM	MgCl2	 0.375	
2mM	dNTPs	 2.5	

10𝜇M	MAMV1	 1.25	 -	
10𝜇M	MAMV2	 -	 1.25	
10𝜇M	PF106	 0.425	 -	
10𝜇M	PF107	 0.425	 -	
10𝜇M	PF108	 0.425	 -	
10𝜇M	PF109	 -	 1.25	

Taq	pol	(Bioline)	 0.5	
Colony	 +	 -	

DNA	from	1st	round	 -	 2.5	
dH2O	 16.85	 14.375	

Total	Volume	per	
reaction	

25	 25	

	 Temperature	and	time	
Cycles	 Round	1	 Round	2	
1X	 94	oC	x	3min	

6X	and	the	annealing	
temperature	was	

increased	*	1oC	each	
cycle.	

94	oC	x	15s	
42	oC*	x	30sec	
72	oC	x	3min	

25	X		 94	oC	x	15sec	
55	oC	x	30sec	
72	oC	x	3min	

94	oC	x	15sec	
60	oC	x	30sec	
72	oC	x	3min	

1X	 72	oC	x	7min	
1X	 12	oC			

	

2.4	DNA	Sequencing	

	

DNA	products	were	resolved	in	1X	TAE	on	1%	agarose	gels	containing	0.5	𝜇g	ml-1	ethidium	

bromide.	 Bands	 showing	 DNA	were	 cut	 and	 purified	 from	 the	 gel	 using	 the	 GeneJet	 Gel	

Extraction	Kit	from	Thermo	Fisher	Scientific	and	DNA	quantified	using	the	NanoDrop.	Samples	

of	 10	𝜇l	 containing	 1	𝜇M	of	 forward	 primer	 (MAMV2	 in	 the	 case	 of	 random	primed	 PCR	

products)	 and	 7.5ng	 𝜇l-1	 either	 PCR	 or	 plasmid	 product	 were	 sequenced	 at	 the	 GATC	

Company.		

	

2.5	Bioinformatic	analysis	

	

The	 quality	 of	 the	 sequencing	 chromatograms	was	 analysed	 using	 SnapGene	Viewer.	 The	

software	 Artemis	 16.0	 (Carver	 et	 al.,	2011)	was	 used	 for	 identification	 of	 the	 transposon	
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insertion	sites.	This	information	was	obtained	through	nucleotide	alignment	with	the	genome	

sequence	 of	 S39006	 (Genome	 provided	 by	 Dr.	 Rita	 Monson)	 (Fineran	 et	 al.	 2013).	 The	

predicted	 amino	 acid	 sequences	 encoded	 by	 the	 genes	 were	 identified	 and	 analysed	 for	

conserved	 domains	 using	 the	 protein-protein	 BLAST	 algorithm	 from	NCBI	 (Boratyn	 et	 al.,	

2012).		

	

2.6	Transduction	with	𝛗𝐎𝐓𝟖	phage	

	

2.6.1	Determination	of	the	phage	titre	

	

	Transduction	 of	 mutations	 into	 different	 S39006	 strains	 was	 performed	 following	 the	

methodology	published	by	Evans	and	co-workers	(2010).	First,	the	phage	titre	necessary	for	

transduction	was	determined	by	spotting	10	𝜇l	of	serial	dilutions	(down	to	10-7)	of	a	φOT8	

phage	stock	on	an	LBA	plate	containing	a	top	lawn	of	S39006.	The	top	lawn	was	prepared	

using	4	ml	of	molten	LB	Top	Lawn	Agar	(Table	2.3)	with	100	𝜇l	of	bacteria	before	pouring	onto	

LBA	plates	and	allowing	to	set	for	20	minutes.	After	16	h	of	incubation	at	30oC,	plates	were	

analysed	 and	 the	 spot	 showing	 semi-confluent	 lysis	 (this	 is	 a	 plate	 with	 phage	 plaques	

overlapping	 each	 other)	 determined	 the	 dilution	 used	 for	 phage	 infection	 in	 subsequent	

steps.		

	

2.6.2	Transduction	of	gas	vesicle	mutants	

	

Phage	 lysates	carrying	the	transposon	mutations	were	obtained	using	a	LB	Top	Lawn	Agar	

containing	100	𝜇l	of	bacteria	(strains	AQY102,	AQY103,	AQY107,	AQY121,	AQY124,	AQY125	

and	AQY126)	and	10	𝜇l	of	φOT8	dilution	determined	as	explained	in	the	previous	section.	

The	mixtures	were	immediately	poured	onto	LBA	plates	and	incubated	at	30	oC	O.N.	The	top-

lawns	showing	semi-confluent	lysis	were	harvested	and	transferred	to	a	20	ml	glass	universal	

with	 500	𝜇l	 of	 NaHCO3-saturated	 chloroform.	 The	 contents	 in	 the	 universals	were	mixed	

vigorously	using	a	vortex	mixer	for	2	min	and	centrifuged	at	4	oC	and	2,219	g	for	20	min.	The	

upper	liquid	phase	obtained	was	transferred	to	a	5	ml	glass	bijoux	and	stored	at	4	oC.		

Fresh	O.N.	cultures	of	recipient	host	(i.e.	strains	NWA19,	LacA,	gvpA1::uidA,	gvrA::uidA)	were	

pelleted	at	4	oC	and	2,219	g	for	10	min.	The	supernatant	was	discarded	and	the	pellet	was	
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resuspended	in	1	ml	with	100	𝜇l	of	phages	lysates	obtained	from	the	transposon	mutants.	

The	 phage-bacteria	mix	was	 incubated	 at	 30	 oC	 for	 20	min,	 then	 transferred	 to	 a	 1.5	ml	

Eppendorf	tube	and	centrifuged	at	2,000	g	for	1	min.	The	supernatant	was	discarded	and	the	

pellet	was	washed	three	times	with	1	ml	of	LB.	The	bacteria	were	incubated	at	30	oC	for	20	

min,	pelleted	at	2,000	g	for	1	min	and	resuspended	in	250	𝜇l	of	LB.	Finally,	up	to	100	𝜇l	were	

spread	on	 LB	 plates	 containing	 either	 Km,	 Cm,	 Sm,	 Sp	 (Table	 2.3)	 or	 in	 combination,	 and	

incubated	at	30	oC	for	48	h.		

	

2.7	Confirmation	of	phenotypes	by	transduction	into	S39006	(clean	backgrounds)	

	

The	transposon	insertion	sites	in	Ser39006_1186,	Ser39006_0591,	trkH,	tufA,	Ser39006_3817,	

Ser39006_1185	 and	 Ser39006_3885	 were	 confirmed,	 after	 transduction,	 by	 PCR	 with	

oligonucleotides	specific	for	their	open	reading	frames	(ORF)	(Table	2.2).	PCR	conditions	are	

listed	in	Table	2.5.	PCR	reactions	were	performed	in	a	Veriti	Thermal	Cycler	as	indicated	in	

Table	2.5	and	purified	DNA	samples	were	used	to	confirm	sequence	as	described	in	section	

2.4.	

	

Table	2.5.	PCR	conditions	
Reagent	 Volume	(𝝁l)	
DNA	source		 colony	 Purified	DNA	(2.5)		

10X	PCR	Buffer	
(Sigma®)	 2.5	

50mM	MgCl2	 0.375	
2mM	dNTPs	 2.5	

Forward	primers	 1.25	
Reverse	primers	 1.25	
Taq	pol	(Sigma)	 0.5	

dH2O	 16.85	 14.375	
Total	Volume	per	

reaction	
25	 25	

Cycles	 Temperature	and	time	
1X	 94	oC	x	3min	 94	oC	x	1min	

35	X	

94	oC	x	15s	
55-63	oC*	x	30sec	
72	oC	x	15sec	

1X	 72	oC	x	3min	
∞	 4	oC			

*Temperature	varied	depending	on	the	Tm	of	primers.	
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2.8	Cell	and	Colonial	morphology,	swarming	and	swimming	motility	assays	

	

S39006	strains	were	spotted	using	10	𝜇l	of	normalized	(OD600	1.0)	cultures,	and	assessed	for	

patch	morphology	on	LB	agar,	and	for	flagellar	motility	in	tryptone	swimming	agar	and	Eiken	

swarming	 agar	 (Table	 2.3).	 The	 effect	 of	 extracellular	 potassium	 on	 cell	morphology	was	

assessed	in	minimum	media	plates	with	different	potassium	concentrations	(Table	2.3)	for	16	

h	at	30	oC	to	observe	the	colonial	morphology.		

	

2.9	Prodigiosin	measurement	

	

1	ml	samples	from	either	fresh	overnight	cultures	normalized	to	OD600	1.0,	or	growth	assays	

samples	taken	at	different	time	points	were	pelleted	at	12,000	g	and	4	oC	for	10	min.	Cell	

pellets	were	kept	at	-80oC	until	assayed.	Later,	samples	were	thawed	at	room	temperature,	

solubilized	 with	 1	 ml	 of	 acidified	 (4	 %	 1	 M	 HCl)	 ethanol	 and	 vortex	 mixed	 until	 fully	

resuspended.	 Cell	 debris	 was	 centrifuged	 at	 12,000	 g	 for	 10	 min.	 Immediately,	 the	

supernatant	was	transferred	to	a	1	ml	cuvette,	absorbance	measured	at	A534	and	expressed	

as	[(A534	ml-1	OD600
-1)	x	50]	(Fineran	et	al.,	2005(a)).		

	

2.10	Quantitative	carbapenem	and	BHL	production	assays	throughout	growth	

	

Samples	 from	 growth	 assays	 were	 centrifuged	 as	 described	 in	 section	 2.9,	 supernatants	

sterilized	using	0.22	𝜇m	syringe	filters	and	kept	on	ice	up	to	6	h.	Meanwhile,	400	ml	LB	agar	

were	poured	into	245x245x25	bioassay	dishes	(Thermo	Fisher	Scientific).	Once	the	agar	was	

set,	100	ml	of	an	LB	top	lawn	agar	containing	indicator	strains	was	poured	into	the	bioassay	

dishes	containing	set	LBA.	100	𝜇l	of	the	𝛽-lactam	supersensitive	strain	E.	coli	ESS	was	used	as	

the	indicator	strain	for	the	carbapenem	assay,	whereas	1	ml	of	S39006	SP19	was	used	as	the	

reporter	 strain	 for	 BHL	 detection	 (Poulter	 et	 al.,	 2010).	 When	 the	 top	 agar	 was	 set,	

symmetrical	holes	were	cut	using	a	sterile	0.5	cm	core	borer.	200	𝜇l	of	samples	for	each	time	

point	were	used	to	fill	the	holes.	Plates	were	incubated	at	30	oC.	After	16	h,	photographs	of	

the	bioassay	plates	were	 taken,	and	 the	disc	halo	areas	of	growth	 inhibition	and	pigment	

production	for	carbapenem	and	BHL,	respectively,	were	measured	using	ImageJ	(Abràmoff	et	

al.,	2004).	The	data	were	expressed	as	[cm2	OD600
-1].	
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2.11	Carbapenem	production	and	resistance	

	

LBA	plates	containing	a	top	lawn	of	E.	coli	ESS	were	spotted	with	10	𝜇l	of	OD600	1.0	cultures	

of	S39006	gas	vesicle	mutants,	WT	and	carA	strains.	Plates	were	incubated	O.N.	to	capture	

images	on	the	changes	of	halo	inhibition	due	to	carbapenem	production.		Bioassay	LBA	plates	

were	covered	with	molten	agar	containing	E.	 coli	 ESS	as	 specified	 in	 the	previous	section,	

whilst	LBA	Petri	dishes	were	inoculated	with	4	ml	molten	agar	and	10	𝜇l	of	bacteria.		

	

The	impact	of	Ser39006_3885	(floR)	on	S39006	carbapenem	intrinsic	resistance	was	assessed	

by	spotting	10	𝜇l	of	OD600	1.0	cultures	of	P.	carotovorum	subsp.	carotovorum	strains	ATTn10	

and	SM10,	and	S39006	WT	on	LBA	plates	covered	with	bacterial	top	lawns	prepared	by	mixing	

4	ml	LB	molten	agar	with	100	𝜇l	of	S39006	floR	or	10	𝜇l	E.	coli	ESS.	

	

2.12	Microscopy	

	

Phase	contrast	microscopy	(PCM)	images	were	obtained	from	cells	grown	in	either	solid	or	

liquid	cultures.	Normalized	(OD600	1.0)	spots	were	grown	on	LB	or	glucose	minimal	media	with	

different	potassium	concentrations.	After	16	h	of	incubation	cells	were	scraped	from	patches	

into	 5	 µl	 LB	 or	 minimal	 medium	 on	 microscope	 glass	 slides.	 Immediately,	 samples	 were	

covered	 with	 a	 glass	 slip	 and	 analysed	 under	 oil	 immersion	 using	 an	 Olympus	 BX-51	

microscope	with	 a	 100X	 lens.	 Samples	 from	 flotation	 assays	were	 analysed	 taking	 1	µl	 of	

samples	into	4	µl	of	either	LB	or	minimal	medium	with	different	potassium	concentrations.	

Images	were	taken	with	a	QICAM	monochrome	camera	adapted	to	QCapture	Pro-6	software.		

	

Transmission	 electron	microscopy	 (TEM)	 images	 were	 obtained	 from	 cells	 in	 static	 liquid	

cultures	after	2	days.	Sample	preparations	were	performed	as	recommended	by	Ramsay	et	

al.,	(2011).	Briefly,	a	carbon-coated	glow-discharged	grid	was	treated	with	0.01%	polylysine	

for	2	min,	then	5	µl	of	undiluted	cell	suspensions	were	attached	for	10	min	and	rinsed	with	

dH2O.	Cells	were	stained	with	2	%	phosphotungstic	acid	(pH	7.0)	neutralized	with	KOH.	Cell	

images	were	obtained	using	a	FEI	Tecnai	G2	TEM	in	the	Cambridge	Advance	Imaging	Centre,	

University	of	Cambridge.	
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2.13	𝛃-	glucuronidase	(UidA)	and	𝛃-	galactosidase	(LacZ)	activity	in	fusion	strains	

				

S39006	strains	containing	uidA	or	lacZ	gene	fusions	were	assessed	for	growth	in	25	ml	of	LB	

as	mentioned	in	section	2.1.	Samples	(100	𝜇L)	were	taken	at	different	time	points	and	kept	in	

96	well	microtitre	plates	at	-80	oC	until	assays	were	performed.	Samples	were	thawed	at	37	

oC	and	10	𝜇l	aliquots	were	diluted	 into	90	𝜇l	LB	and	frozen	again	for	no	 less	than	30	min.	

Thereafter,	diluted	samples	were	thawed	at	room	temperature	and	10	𝜇l	were	mixed	with	

100	𝜇l	of	either	PBS	UidA	buffer	or	PBS	LacZ.	The	UidA	and	LacZ	activity	(reporter	activity),	

was	 quantified	 using	 a	 Gemini	 XPS	 plate	 reader	 fallowing	 the	 parameters	 suggested	 by	

Ramsay	et	al.	(2011).	The	reporter	activity	at	each	time	point	was	normalized	to	culture	OD600,	

and	expressed	as	RFU	min-1	OD600
-1.		

	

2.14	Preparation	of	competent	cells	

			

E.	coli	and	S39006	seed	cultures	were	grown	as	indicated	in	section	2.4.	A	seed	inoculum	(0.5	

ml)	from	a	fresh	O.N	culture	was	transferred	into	a	250	ml	flask	containing	25	ml	LB	with	375	

𝜇l	1	M	MgCl2,	incubated	in	a	water	bath	(at	37	oC	for	E.	coli	and	30	oC	for	S39006),	and	aerated	

at	300	rpm.	E.	coli	cells	were	grown	to	0.6	OD600	and	S39006	cells	to	0.8	OD600.	Cultures	were	

transfer	to	a	pre-chilled	30	ml	universal	tube	and	chilled	on	ice	for	1	h.	Thereafter,	cells	were	

pelleted	at	4,500	rpm	at	4	oC	for	10	min,	and	supernatant	discarded.	Immediately,	cells	were	

washed	in	10	ml	ice-cold	water	and	in	10	%	(v/v)	glycerol	two	more	times.	Cells	were	pelleted	

as	 indicated	previously	and	supernatant	discarded	after	each	wash	step.	E.	 coli	 cells	were	

resuspended	after	 the	 final	wash	step	 into	1	ml	10	%	glycerol,	or	S39006	 into	750	𝜇l	10%	

glycerol.	E.	coli	cells	were	transferred	into	pre-chilled	1.5	ml	Eppendorf	tubes	using	200	𝜇l	

aliquots	and	kept	for	up	to	6	months.	

	

2.15	DNA	transformation	by	electroporation	

				

Competent	 cells	 prepared	 as	 described	 in	 section	 2.14	 were	 used	 for	 transformation	 via	

electroporation.	A	mixture	of	50	ng	of	plasmid	DNA	with	either	50	𝜇l	of	E.	coli	or	100	𝜇l	of	

S39006	was	added	into	0.2	cm	electrode	Bio-Rad	electroporation	cuvettes.	A	Bio-Rad	Gene	

Pulser	was	used	for	electroporation	with	a	pulse	controller	resistance	of	200	Ω,	capacitance	
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25	𝜇Fd	and	voltage	2.5	kV.	Bacteria	were	immediately	recovered	after	pulsing	with	1	ml	LB	

for	1	hour	at	37	oC	for	E.	coli	and	30	oC	for	S39006.	The	recovered	cells	were	pelleted	at	8,000	

g	 for	5	min	and	 resuspended	 in	250	𝜇l	 LB.	Finally,	50-100	𝜇l	of	 cells	were	plated	out	 into	

appropriate	antibiotics	and	incubated	O.N.	for	selection	of	transformed	colonies.	

	

2.16	Cloning	and	transformation	

				

All	 genes	 cloned	 were	 amplified	 using	 colony	 PCR	 with	 S39006	 (WT)	 (See	 Table	 2.4	 for	

conditions).	 Primer	 sequences	 and	 enzyme	 restriction	 sites	 are	 indicated	 in	 Table	 2.2.	

Ser39006_3885	 (floR)	 was	 amplified	 with	 primers	 oAQ32	 and	 oAQ33	 for	 cloning	 into	

pQE80oriT,	oAQ46	and	oAQ47	for	cloning	into	pBAD30,	and	oAQ52	and	oAQ53	for	cloning	

into	pET19b.	Primers	oAQ44	and	oAQ45	trkH	were	used	for	amplification	of	trkH	and	cloning	

into	pBAD30.	PCR	products	were	purified	and	sent	for	DNA	sequencing	as	indicated	previously	

in	 section	 2.4.	 PCR	 and	 plasmid	 DNA	 were	 double-digested	 using	 restriction	 enzymes,	

according	to	the	manufacturer	protocol	(NEB®).	The	total	digestion	reaction	was	run	in	a	1	%	

agarose	electrophoretic	gel	for	length	analysis	and	separation	and	size	estimates.	DNA	bands	

with	the	expected	size	insert	and	vector	were	cut	from	the	agarose	gel	and	purified	using	the	

GeneJet	 Gel	 Extraction	 Kit	 from	 Thermo	 Fisher	 Scientific.	 DNA	 was	 quantified	 using	 a	

NanoDrop	and	a	1:4	vector	to	insert	molar	ratio	was	used	for	16	h	ligation	reactions	at	16	oC	

with	 T4	 DNA	 ligase	 (NEB®).	 Ligation	 reactions	 were	 performed	 following	 manufacturer	

recommendations.	 Reaction	 mixtures	 were	 heat	 inactivated	 at	 80	 oC	 for	 10	 min	 and	

transformed	as	indicated	in	section	2.14.	pAQY1	and	pAQY2	were	used	to	transform	S39006	

cells,	 whilst	 pAQY3	 and	 pAQY4	 were	 transformed	 into	 E.	 coli	 𝛽2163	 and	 E.	 coli	 DE3,	

respectively.		

	

2.17	Protein	extraction	

				

Cultures	for	protein	analysis	were	inoculated	in	500	ml	flasks	with	50	ml	for	TMT-labelling	and	

with	 0.2	 %	 arabinose	 for	 GvpC	 immunoblots.	 Samples	 for	 TMT-labelling	 and	 GvpC	

immunoblots	were	collected	at	16	h,	normalized	to	2.0	OD600,	pelleted	at	8,000	g	and	4	oC,	

and	resuspended	in	1.25	ml	with	CHAPS	lysis	buffer	containing	1X	protease	inhibitor	cocktail	

set	I	(Calbiochem)	(Coulthurst	et	al.,	2006).	The	lysis	solution	was	kept	on	ice	and	sonicated	
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for	10	s	x	6	cycles	(the	sonicator	was	10	s	on	and	60	s	off	per	cycle).	Cell	debris	and	insoluble	

material	were	pelleted	at	13,000	g	and	4	oC.	Supernatants	containing	soluble	protein	extracts	

were	transferred	to	pre-chilled	tubes	kept	at	4	oC.	

				

For	His-tagged	FloR	purification,	cultures	of	E.	coli	DE3	(pAQY4)	were	grown	in	1	l	flasks	with	

100	ml	 LB	 with	 ampicillin	 at	 37	 oC	 and	 shaking	 at	 120	 rpm	 up	 to	 0.6	 OD600.	 Thereafter,	

temperature	was	lowered	to	20	oC	and	heterologous	His-tagged	FloR	expression	was	induced	

by	adding	 IPTG	and	 incubating	cells	 for	an	additional	20	h	 (Dolan	et	al.,	2017).	Cells	were	

collected	at	25,000	g	at	4	oC	for	20	mins.	Cells	were	kept	on	ice	throughout,	resuspended	in	

25	ml	lysis	buffer	and	sonicated	for	20	s	x	5	cycles	(the	sonicator	was	10	s	on	and	60	s	off	per	

cycle).	The	expression	of	His-tagged	FloR	was	assessed	by	Western	Blot	(Section	2.19).	

	

2.18	Protein	quantification	and	precipitation	for	TMT	and	LC-MS/MS	proteomics	

	

Cell	samples	for	whole	intracellular	proteomic	analysis	were	grown	as	described	in	sections	

2.1,	 whilst	 protein	 extracts	 were	 obtained	 as	 described	 in	 section	 2.14.	 The	 amount	 of	

proteins	in	the	samples	was	quantified	with	the	DCTM	(detergent	compatible)	Protein	Assay	

from	Bio-RAD	following	the	manufacturer’s	instructions.	Thereafter,	100	𝜇g	of	proteins	was	

diluted	 with	 6	 times	 (volume)	 of	 ice-cold	 acetone	 and	 kept	 at	 -20oC	 overnight	 for	

precipitation.	 Samples	 were	 sent	 to	 the	 Cambridge	 Centre	 for	 Proteomics	 (CCP)	 for	

procedures	described	in	Appendix,	Sections	7.1-4.		

	

2.19	Western	Blot	

	

Aliquots	of	the	protein	extracts	(Section	2.14)	were	mixed	with	SDS-PAGE	sample	buffer	to	a	

final	volume	of	20	𝜇l	into	1.5	ml	Eppendorf	tubes	and	heated	for	10	min	at	80	oC.	Proteins	

were	separated	using	1D	SDS-PAGE	by	running	samples	in	a	15	%	acrylamide	gel	(resolving	

gel)	(1	mm	thick)	with	10	lanes,	initially	through	the	stacking	gel,	at	80	mV	for	20	min	and,	

later,	 at	 120	mV	 for	 2	 h	 in	 1X	 Electrode	 Buffer.	 The	 gel	with	 the	 separated	 proteins	was	

assembled	for	blotting	in	a	BIO-RAD	Mini-PROTEAN	Tetra	System	with	an	Immobilon-P	PVDF	

membrane	(Millipore)	and	run	at	250	mA	for	90	min.		Then,	the	PVDF	membrane	was	placed	
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in	120x120x17	square	plate	and	washed	three	times	for	5	min	with	Wash	Buffer,	and	blocked	

with	50	mg	ml-1	of	blocking	buffer	for	1	h.	The	antibody	hybridization	was	performed	using	a	

rabbit	GvpC	antibody	(for	S39006	samples)	or	an	Anti-6-His	antibody	(for	E.	coli	DE3	pAQY4	

samples)	in	blocking	solution	(1:30000	antibody	to	blocking	solution	volume	ratio)	by	mixing	

for	 at	 least	 1h.	 Afterwards,	 the	membrane	was	washed	 4	 times	 for	 5min.	 The	 secondary	

antibody	hybridization	was	done	with	goat	IgG	(1:30000	IgG	to	blocking	solution	volume	ratio)	

for	no	longer	than	40	min.	Finally,	the	membrane	was	washed	4	times	for	5	min.	Washing,	

blocking	and	hybridization	steps	were	performed	on	a	rotor	platform	(Red	Rotor,	Hoefer).	

Detection	was	performed	with	500	𝜇l	each	of	Detection	Reagents	(Millipore	Develop	Kit)	at	

room	temperature	in	a	plastic	sealed	membrane.	Bubbles	formed	after	addition	of	Detection	

Reagents	were	removed	over	the	film	by	pressing	the	membrane	area.	The	plastic	protected	

membrane	was	exposed	to	an	X-ray	film	(Konika	Minolta)	for	1	min	in	a	dark	room	using	an	

X-ray	 film	 cassette.	 The	 X-ray	 film	 was	 developed	 with	 fixing	 (Tatenal	 Superfix	 RTU)	 and	

developing	(Tatenal	Roentroll	25	RTU)	solutions	in	dark-room.	

	

2.20	Pressure	Nephelometry	

	

The	collapse	of	GVs	was	monitored	using	a	pressure	nephelometer	(Holland	&	Walsby,	2009;	

Tashiro	et	al.,	2016).	Changes	in	turbidity	(nephelometry)	caused	by	gas	vesicle	collapse	were	

taken	after	gradual	pressure	injections	of	0.05	MPa	using	compressed	N2.	A	blank	of	4	ml	of	

media	without	cells	was	used	to	set	the	millivoltmeter	to	zero.	Afterwards,	0.5	ml	of	cells	from	

a	culture	previously	grown	in	LB	and	left	static	on	the	bench	for	48	h	were	added	to	tubes	

containing	either	LB	(turgid	condition)	or	LB	with	0.35	mM	sucrose	(hypertonic	condition).	

The	tubes	were	hermetically	sealed	and	the	millivoltmeter	set	to	100.	The	proportion	of	gas	

vesicles	 remaining	 after	 pressure	 injections	 and	 the	 turgor	 pressure	 were	 calculated	 as	

described	by	Tashiro	and	co-workers	(2016).	
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Chapter	3		
Screening	of	S39006	gas	vesicle	mutants	

	
3.1	Potential	novel	gas	vesicle	regulators	

	

Gas	 vesicles	 accumulate	 in	 the	 cytoplasm	 and	 provide	 distinctive	 phase	 brightness	 to	

individual	 cells	 and	white	opacity	 to	 colonies.	 S39006	wild	 type	 (WT)	 colonies	 appear	 red	

instead	of	white	opaque	due	to	the	production	of	the	prodigiosin	pigment.	S39006	NWA19	

(NWA19)	has	an	in-frame	mutation	in	one	of	the	genes	essential	for	prodigiosin	biosynthesis	

(pigC).	 Random	 mutagenesis	 of	 the	 non-pigmented	 strain,	 NWA19,	 permitted	 the	

identification	of	mutants	with	variations	 in	colony	opacity	due	to	alterations	 in	gas	vesicle	

production	(Ramsay	et	al.,	2011;	Lee	et	al.,	2017).	The	plasmid	pKRCPN1	(Monson	et	al.,	2015)	

was	delivered	into	NWA19	cells	by	conjugation	with	E.	coli	𝛽2163.	This	plasmid	contained	a	

transposon	 cassette	 composed	 of	 a	 kanamycin	 resistance	 gene,	 KanR,	 for	 selection	 of	

mutants,	and	a	promotorless	lacZ	for	construction	of	reporter	gene	fusions.		

	

In	total,	21	conjugations	were	set	up	and	32,432	mutants	were	screened.	Two	different	colony	

phenotypes	 were	 initially	 considered	 for	 isolation	 and	 characterization:	 transparent	 and	

hyper-opaque.	Also,	it	was	observed	that	some	colonies	had	a	distinctive	colony	shape	and	

opacity;	these	colonies	were	also	isolated	and	classified	as	bull’s-eye	transparent	and	bull’s-

eye	opaque	mutants	 (Table	3.1).	A	 similar	 colony	phenotype	 to	 the	bull’s-eye	 transparent	

mutants	 was	 observed	 in	 a	 previous	 screening	 for	 prodigiosin	 mutants	 (Paterson,	 2013),	

whilst	the	bull’s-eye	opaque	had	not	been	investigated	before.	The	genomic	insertion	site	of	

the	 TnKRCPN1	 transposon	was	 identified	 in	 31	mutants	 by	 random	primed	 PCR	 (RP	 PCR)	

reactions	and	DNA	sequencing	(Table	3.1).	Strains	identified	as	AQY102,	103,	107,	115,	118,	

121,	124,	125,	126	and	131	contained	transposon	insertions	in	genes	uncharacterized	for	gas	

vesicle	production	(Table	3.1).	The	other	strains	were	not	considered	novel	for	this	project	

because	their	genotypes	have	been	identified	in	previous,	or	currently	ongoing,	investigations	

in	this	laboratory.	

	

Mutants	AQY44,	54,	74,	75,	108,	112,	117,	122,	138,	142,	and	149	had	transparent	colonies	

and	carried	transposon	insertions	in	the	gas	vesicle	gene	cluster.	The	impact	of	these	genes	
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on	gas	vesicle	formation	and	flotation	was	studied	previously	(Ramsay	et	al.,	2011;	Tashiro	et	

al.,	2016).	Insertions	in	the	ribose	kinase	gene	rbsK	were	identified	in	the	transparent	mutants	

AQY72	and	AQY123.	Transposon	 insertions	 in	rbsK	were	reported	to	have	polar	effects	on	

rbsR	transcription,	a	known	regulator	of	gas	vesicle	formation	(Lee	et	al.,	2017).	Insertions	in	

pigP,	 a	 known	 prodigiosin,	 carbapenem	 and	 flagella	 regulator,	 were	 identified	 in	 three	

mutants	(AQY113,	AQY136	and	AQY143).		Also,	mutations	in	the	adenylate	cyclase	cyaA,	the	

transcription	 factor	crp	and	ribonuclease	rph	genes	 (AQY100,	AQY110,	150	and	158)	were	

identified.	Mutations	in	pigP,	cyaA,	crp,	and	rph	were	not	considered	novel	for	this	project	

because	they	have	been	associated	with	gas	vesicle	biogenesis	by	other	researchers	in	this	

laboratory.	

	

Table	3.1	Identification	of	transposon	insertion	sites	in	S39006	ΔpigC	mutants.	

Strain	 Phenotype	 Genotype	 Insertion	orientation	
relative	to	gene	

AQY44	 Transparent	 gvpF1::TnKRCPN1	 Sense	

AQY54	 Transparent	 gvpV::TnKRCPN1	 Sense	

AQY74	 Transparent	 gvpA2::TnKRCPN1	 Antisense	

AQY75	 Transparent	 rbsk::TnKRCPN1	 Same	

AQY100	 Hyper-opaque	 cyaA::	TnKRCPN1	 Same	

AQY102	 Bull’s-eye	
transparent	 Ser39006_1186::TnKRCPN1	 Same	

AQY103	 Bull’s-eye	
opaque	 Ser39006_0591::TnKRCPN1	 Same	

AQY107	 Hyper-opaque	 trkH::TnKRCPN1	 Antisense	

AQY108	 Transparent	 gvpF1::TnKRCPN1	 Sense	

AQY110	 Hyper-opaque	 crp::TnKRCPN1	 Antisense	

AQY112	 Transparent	 gvpN::TnKRCPN1	 Sense	

AQY113	 Transparent	 pigP::TnKRCPN1	 Sense	

AQY115	 Bull’s-eye	
opaque	

Ser39006_0591::TnKRCPN1	
	 Sense	

AQY117	 Transparent	 gvpN::TnKRCPN1	 Sense	

AQY118	 Bull’s-eye	
transparent	 Ser39006_1185::TnKRCPN1	 Antisense	
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Table	3.1	continued	

Strain	 Phenotype	 Genotype	 Insertion	orientation	
relative	to	gene.	

AQY119	 Transparent	 gvpZ::TnKRCPN1	 Antisense	

AQY120	 Transparent	 gvpA::TnKRCPN1	 Antisense	

AQY121	 Transparent	 Ser39006_3835::TnKRCPN1	 Antisense	

AQY122	 Transparent	 gvrA::TnKRCPN1	 Antisense	

AQY123	 Transparent	 rsbK::TnKRCPN1	 Antisense	

AQY	124	 Hyper-opaque	 tufA::	TnKRCPN1	 Antisense	

AQY125	 Bull’s-eye	
opaque	 Ser39006_3817::TnKRCPN1	 Same	

AQY126	 Bull’s-eye	
transparent	 Ser39006_1185::TnKRCPN1	 Antisense	

AQY131	 Transparent	 Ser39006_3835::TnKRCPN1	 Antisense	

AQY136	 Transparent	 pigP::TnKRCPN1	 Sense	

AQY138	 Transparent	 gvpV::TnKRCPN1	 Sense	

AQY142	 Transparent	 gvpW::TnKRCPN1	 Antisense	

AQY0143	 Transparent	 pigP::TnKRCPN1	 Antisense	

AQY149*	 Transparent	 gvpN::TnKRCPN1	 Sense	

AQY150	 Transparent	 rph::TnKRCPN1	 Sense	

AQY158	 Transparent	 rph::TnKRCPN1	 Sense	

*This	mutant	contains	an	insertion	upstream	of	the	open	reading	frame.	
	

3.2	S39006	novel	gas	vesicle	mutants	display	differences	in	colony	and	cell	morphology,	and	

flotation	

	

Six	 isolates	 contained	 transposon	 insertions	 in	genes	previously	uncharacterized	 (AQY102,	

103,	115,	121,	125	and	131);	two	were	highly	conserved	but	have	not	been	reported	before	

to	affect	gas	vesicles	(AQY107	and	124),	and	another	two	(AQY118	and	126)	had	insertions	in	

a	gene	(Ser39006_1185)	previously	identified	as	wzt	 in	a	screening	for	prodigiosin	mutants	
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(Paterson,	 2013).	 Nonetheless,	 Ser39006_1185	 had	 not	 been	 previously	 identified	 in	 gas	

vesicle	mutant	screens	(see	section	3.2.2).	

	

Mutations	 in	all	potential	novel	regulators	were	transduced	back	into	NWA19	using	phage	

φOT8;	this	confirmed	that	the	phenotypes	associated	with	the	transposon	insertions	were	

reproducible	when	moved	into	clean	genetic	backgrounds	(strains	without	pKRCPN1	or	prior	

to	 transposon	mutagenesis).	Thereafter,	 the	mutants	obtained	were	 tested	 for	kanamycin	

resistance	and	tetracycline	sensitivity,	and	the	transposon	 insertion	site	was	confirmed	by	

sequencing	 using	 DNA	 amplified	 with	 specific	 primers	 for	 the	 transposon	 and	 each	 gene	

affected.	 This	 confirmed	 that	 the	 plasmid	was	 no	 longer	 present	 in	 the	mutants	 and	 the	

transposon	was	located	in	the	genes	previously	identified.	

	

3.2.1	AQY121	is	defective	for	gas	vesicle	production,	whilst	AQY107	and	AQY124	are	hyper-

producers	

	

Gas	vesicle	formation	and	cell	buoyancy	were	assessed	in	cultures	of	the	mutants	considered	

to	 have	 transposon	 insertions	 in	 novel	 genes	 (Figure	 3.1).	 Colonies	 of	 AQY121	 were	

transparent	to	the	naked	eye,	whilst	AQY107	and	AQY124	appeared	more	opaque	(hyper-

opaque)	 compared	 to	 the	 parental	 strain,	 NWA19.	 Nonetheless,	 it	was	 difficult	 to	 obtain	

images	showing	the	difference	among	colonies	NWA19	and	opaque	colonies	(Figure	3.1.A).	

To	 capture	 the	morphological	 variations	 associated	 with	 gas	 vesicle	 production,	 spots	 of	

cultures	 normalized	 to	 1.0	OD600	were	 patched	 on	 LBA	 (Figure	 3.1.B).	 Samples	were	 also	

analysed	 for	 cell	 morphology	 using	 phase	 contrast	 microscopy	 (PCM)	 (Figure	 3.1.C).	 The	

colonies,	 cell	 patches	and	PCM	 images	 confirmed	 that	AQY121	was	a	 transparent	mutant	

producing	less	phase	bright	structures	(gas	vesicles).	In	contrast,	patches	and	individual	cells	

of	the	hyper-opaque	mutant	AQY107	were	indeed	more	opaque	and	they	hyper-produced	

gas	vesicles	compared	to	the	NWA19	control	(Figure	3.1.B-C).	Interestingly,	the	patch	from	

AQY124	 did	 not	 appear	 more	 opaque	 than	 NWA19,	 but	 it	 was	 noticeable	 that	 all	 cells	

observed	in	the	PCM	contained	gas	vesicles.		

		

WT	 cells	 remain	 buoyant,	 due	 to	 gas	 vesicles,	 in	 LB	 static	 cultures	 (Ramsay	 et	 al.,	2011).	

Pictures	of	AQY121,	AQY107	and	AQY124	static	 cultures	were	 taken	 (Figure	3.1.D).	 It	was	
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noticed	 that	 AQY121	 started	 to	 sink	more	 compared	 to	 NWA19;	 the	 top	 of	 the	 AQY121	

cultures	looked	more	translucent.	In	contrast,	AQY107	and	AQY124	cells	remained	buoyant	

and,	hence,	the	culture	was	turbid	throughout	the	entire	liquid	column.	Furthermore,	AQY107	

and	 AQY124	 were	 buoyant	 for	 more	 than	 15	 days	 of	 observation.	 These	 observations	

suggested	that	AQY121,	AQY107	and	AQY124	carry	mutations	in	genes	modulating	gas	vesicle	

production	in	S39006.	

	
Figure	3.1.	Morphology	and	flotation	of	S39006	transparent	and	hyper-opaque	mutants.	
Cultures	 of	 NWA19	 (ΔpigC),	 AQY121	 (Ser39006_3835::TnKRCPN1),	 AQY107	
(trkH::TnKRCPN1),	 AQY124	 (tufA::TnKRCPN1)	 were	 used	 for	 colony	 isolation	 and	 colonial	
growth	(patch),	morphology	analysis	by	PCM	and	flotation	assays	in	static	liquid	culture.	(A)	
Colony,	(B)	patch	and	(C)	PCM	images	were	taken	after	16	h	of	culture.	(D)	Flotation	assay	
images	were	taken	after	ten	days	in	static	culture.	The	arrow	highlights	the	zone	of	the	culture	
that	 lost	cell	buoyancy.	Only	one	mutant	of	each	of	those	sharing	the	same	genotype	was	
considered	 for	 this	 assay	 and	 subsequent	 experiments.	 Patch	 and	 flotation	 images	 are	
representative	of	three	biological	replicates.	Bars	in	PCM	images	from	patches	correspond	to	
1	µm.	



	 64	

3.2.2	The	bull’s-eye	mutants	produce	gas	vesicles	but	fail	to	remain	buoyant	

		

Colonies	with	distinctive	 shape	and	opaqueness	distribution	were	 recurrently	observed	 in	

mutant	screens.	Mutants	AQY102,	AQY103,	AQY115,	AQY118,	AQY125	and	AQY126	produced	

rough	 colonies	 with	 a	 bull’s-eye	 shape	 (See	 AQY102	 and	 AQY126	 in	 figure	 3.2.A),	 whilst	

AQY102,	AQY118	and	AQY126	looked	transparent	on	the	edges,	but	opaque	in	the	centre	of	

the	 colony.	 In	 contrast,	 the	 opaqueness	 of	 AQY103,	 AQY115	 and	 AQY125	 mutants	 was	

distributed	on	the	bull’s-eye	colony	(See	AQY103	and	AQY125	in	figure	3.2.A).	Considering	

the	colony	shape	and	opaqueness	distribution,	mutants	AQY102,	AQY118	and	AQY126	were	

classified	as	bull’s-eye	transparent	mutants,	whilst	AQY103,	AQY115,	AQY125	as	bull’s-eye	

opaque	mutants	(Table	3.1).		

	

As	in	the	transparent	and	hyper-opaque	mutants,	to	study	the	colony,	patch	and	individual	

cell	morphology,	one	mutant	for	each	gene	resulting	in	a	bull’s-eye	phenotype	was	assessed	

(Figure	3.2).	The	bull’s-eye	transparent	mutants	had	a	similar	patch	morphology,	but	looked	

less	opaque	compared	to	NWA19	patches	(Figure	3.2.B).	Unexpectedly,	it	was	observed	by	

PCM	 that	 cells	 from	 the	 bull’s-eye	 transparent	 patches	 still	 produced	 gas	 vesicles.	 The	

mutants	 classified	 as	 bull’s-eye	 opaque	 produced	 similar	 patch	morphology	 compared	 to	

NWA19.	Also,	as	expected	from	its	colonial	phenotype,	cells	contained	gas	vesicles.		

	

As	with	the	transparent	and	hyper-opaque	mutants,	flotation	assays	were	also	done	with	the	

bull’s-eye	mutants	(Figure	3.2).	Surprisingly,	after	3	days	of	static	culture	the	bull’s	eye	opaque	

mutants	 sunk	 dramatically,	whilst	 the	 bull’s-eye	 transparent	mutants	 started	 to	 sediment	

moderately	but	more	visible	than	NWA19.	This	result	suggested	that	the	bull’s-eye	mutants	

produce	gas	vesicles,	but	did	not	float,	implying	that,	although	gas	vesicles	are	necessary	for	

flotation,	they	are	not	sufficient	and	other	factors	can	influence	cell	buoyancy.	
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Figure	 3.2.	Morphology	 and	 flotation	 of	 S39006	 bull’s-eye	mutants.	Cultures	 of	 NWA19	
(ΔpigC),	 AQY102	 (Ser39006_1186::TnKRCPN1),	 AQY126	 (Ser39006_1185::TnKRCPN1),	
AQY103	 (Ser39006_0591::TnKRCPN1)	and	AQY125	 (Ser39006_3817::TnKRCPN1)	were	used	
for	colony	isolation	and	colonial	growth	(patch),	morphology	analysis	in	PCM	and	flotation	in	
static	liquid	culture.	(A)	Colony,	(B)	patch	and	(C)	PCM	images	were	taken	after	16	h	of	culture.	
(D)	Flotation	assay	images	were	taken	three	days	after	in	static	incubation.	Only	one	mutant	
of	 each	 of	 those	 sharing	 the	 same	 genotype	 was	 considered	 for	 this	 assay	 and	 further	
experiments.	Patch	and	flotation	images	are	representative	of	three	biological	replicates.	Bars	
in	PCM	images	from	patches	correspond	to	1	µm.	
	

3.3	Bioinformatic	analysis	of	gas	vesicle	novel	mutants	

	

3.3.1	Analysis	of	the	transparent	mutants	

	

The	transparent	mutants	AQY121	and	AQY131	carried	transposons	in	different	sites	within	a	

gene	annotated	as	Ser39006_3835	(Table	3.1;	Figure	3.3.A).	Both	insertions	were	antisense	

relative	to	the	direction	of	transcription	of	the	target	gene.	Therefore,	it	was	not	possible	to	
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study	the	transcription	of	this	gene	using	the	reporter	cassette	in	the	transposon	(Monson	et	

al.,	2015).	The	predicted	protein	coded	by	Ser39006_3835	has	272	amino	acids,	a	helix-turn-

helix	 (HTH)	 DNA	 binding	 domain	 in	 the	N-terminal	 region	 of	 the	 protein	 and	 a	 DeoR-like	

sensor	domain	in	the	C-terminal	region	(Figure	3.3.B).		

	

Analysis	in	the	NCBI	platform	showed	that	this	DeoR	family	protein	has	similarities	with	the	

glycerol	 3-phosphate	 regulon	 repressor	 (GlpR),	 but	 the	 predicted	 protein	 from	

Ser39006_03835	has	only	27%	and	26%	similarity	with	GlpR	from	E.	coli	and	Pseudomonas	

putida	 respectively.	 Moreover,	 despite	 being	 conserved	 in	 closely	 related	 bacteria,	 the	

predicted	Ser39006_3835	product	does	not	show	identity	greater	than	33%	with	any	known	

DeoR-like	protein	previously	characterized	in	enterobacteria	(Table	3.2).	This	suggested	that	

the	S39006	gas	vesicle	regulator	protein	may	represent	a	new	member	of	the	DeoR	family.			

	

Comparisons	 of	 the	 Ser39006_3835	 operon	 with	 homologues	 revealed	 that	 the	 genomic	

organization	in	upstream	genes	is	conserved	to	some	extent	(Figure	3.3.A).	None	of	the	genes	

in	 the	 vicinity	 of	 Ser39006_3835	 have	 been	 characterized	 in	 S39006,	 but	 similar	 protein	

products	in	E.	coli	are	important	enzymes	in	central	metabolism.	For	instance,	Ser39006_3836	

contains	a	4-hydroxythreonine-4-phosphate	dehydrogenase	(PdxA)-like	domain.	PdxA	is	an	

enzyme	of	the	pyridoxine	(Vitamin	B6)	biosynthetic	pathway	(Laber	et	al.,	1999).	Other	genes	

around	 Ser39006_3835	 are	 predicted	 to	 encode	 an	 alcohol	 dehydrogenase,	 a	 sugar	

epimerase	 and	 a	 glyoxylate	 reductase,	which	 are	 proteins	 involved	 in	 carbon	metabolism	

(Table	 3.3).	 Because	 AQY121	 is	 defective	 for	 gas	 vesicle	 production	 and	 flotation,	 and	

Ser39006_03835	has	not	been	characterized	in	S39006,	or	its	homologues	in	other	bacteria,	

this	novel	mutant	represented	a	good	candidate	for	further	study	in	this	project	(See	Chapter	

4).		
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3.3.2	Analysis	of	the	hyper-opaque	mutants	

	

Two	 mutants	 classified	 as	 hyper-opaque	 contained	 antisense	 (non-fusion)	 transposon	

insertions	in	genes	that	were	found	to	be	highly	conserved.	The	genes	truncated	in	AQY107	

and	 AQY124	 encode	 the	 predicted	 potassium	 transporter,	 TrkH,	 and	 the	 translation	
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elongation	 factor	 Tu,	 EF-Tu,	 respectively	 (Table	 3.1)	 (Figure	 3.4)	 (Tables	 3.4	 and	 3.5).		

Interestingly,	 these	genes	have	been	widely	studied	 in	bacteria	but	never	 reported	as	cell	

buoyancy	regulators	(Levin	&	Zhou,	2014;	Widjaja	et	al.,	2017).	The	genomic	locus	flanking	

the	transposon	in	AQY107	was	also	conserved	in	E.	coli	(Figure	3.4.A).	Nonetheless,	it	seemed	

that	trkH	 is	bordered	by	genes	that	are	unrelated	to	 its	function.	Downstream	of	trkH	 is	a	

gene	(hemG)	predicted	to	code	for	a	flavodoxin	involved	in	the	synthesis	of	the	iron	complex	

heme.	Also,	an	operon	containing	the	16S	rRNA	(rrsA),	the	isoleucine	(ileT)	and	alanine	(alaT)	

tRNAs	genes	was	found	downstream	of	the	trkH	operon.	Upstream	of	trkH	were	identified	

genes	 predicted	 to	 encode	 proteins	 for	 fatty	 acid	 oxidation	 (FadA	 and	 FadB),	 peptide	

hydrolysis	(PepQ)	and	unknown	functions	(YigZ).	

	

	

	
Figure	3.4.	Bioinformatic	analysis	of	the	transposon	insertion	site	in	hyper-opaque	mutants	
AQY107	(A)	and	AQY124	(B).	A-B.	Genomic	context	of	the	insertion	sites	and	comparison	with	
bacteria	 containing	 homologues	 for	 the	 disrupted	 genes.	 The	 orange	 arrows	 indicate	 the	
insertion	sites	of	the	transposons	in	each	mutant.	The	disrupted	gene	and	its	homologues	are	
highlighted	in	yellow	and	light	purple	for	AQY107	and	AQY124	respectively.	Homologues	are	
represented	 by	 grey	 filled	 arrows.	 The	 percentage	 of	 identity	 of	 the	 encoded	 proteins	 is	
indicated	above	each	homologue.	The	gene	highlighted	in	blue	indicates	that	it	does	not	have	
homology	with	any	genes	in	S39006;	this	gene	encodes	an	endochitinase.	Genes	from	S39006	
are	represented	with	the	prefix	S39006_	and	a	suffix	number	indicated	for	each	gene,	whilst	
the	genes	from	E.	coli	K12	MG155	(MG155)	are	identified	with	letters.		
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		EF-Tu	is	encoded	by	tfuA	and	in	S39006	this	gene	was	found	downstream	of	conserved	genes	

predicted	to	be	involved	in	RNA	translation,	such	as	S12	and	S7	30S	ribosomal	proteins	and	

the	elongation	factor	G	genes,	rspL,	rspG	and	fusA.	Immediately	downstream	is	a	gene	not	

obviously	 related	 to	 mRNA	 processing,	 but	 encoding	 a	 predicted	 bacterioferritin	

(Ser39006_0074)	(Figure	3.4.B).	Given	that	the	transposon	in	pKRCPN1	is	composed	of	a	large	

sequence	 containing	 the	 lacZ	 reporter	 and	 kanamycin	 resistance	 genes,	 initially,	 it	 was	

considered	that	the	hyper-opaque	phenotypes	in	AQY107	and	AQY124	were	caused	by	polar	

effects	on	hemG	and	the	predicted	bacterioferritin	gene	Ser39006_0074,	respectively.	Both	

genes	are	predicted	to	produce	iron	sequestering	proteins.	It	therefore	seemed	possible	that	

AQY107	 and	 AQY124	 connected	 gas	 vesicle	 regulation	 and	 iron	 storage.	 However,	 data	

discussed	in	chapter	5	suggested	that	this	was	not	the	case	for	AQY107.	
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3.3.3	Analysis	of	the	bull’s-eye	transparent	mutants	

	

Bioinformatic	analysis	of	AQY102,	AQY118	and	AQY126	revealed	that	the	mutants	classified	

as	 bull’s-eye	 transparent	mutants	 had	 insertions	 in	 the	 same	 operon	 (Figure	 3.5.A).	 Two	

independent	 insertions	 in	 mutants	 AQY118	 and	 AQY126	 were	 located	 in	 a	 gene	

(Ser39006_1185)	predicted	to	encode	a	protein	containing	two	domains	related	to	Wzt-like	

proteins.	Wzt	is	an	ATP-dependent	O-antigen	polysaccharide	(O-PS)	binding	and	transporter	

protein	 in	E.	 coli	O9a	 (Cuthberston	 et	al.,	2010).	The	 transposon	 in	AQY102	disrupted	 the	

Ser39006_1185	 downstream	 gene	 (Ser39006_1186).	 This	 gene	 is	 predicted	 to	 encode	 a	

protein	 with	 a	 class	 I	 S-adenosylmethionine	 (SAM)-dependant	 methyltransferase	 domain	

(Figure	3.5.C).	Proteins	with	SAM-methyltransferase	domains	modify	a	variety	of	molecules,	

such	 as	 proteins,	 DNA,	 RNA,	 lipids	 and	 lipopolysaccharide	 (LPS),	 among	 others	 (Martin	&	

McMillan,	2002;	Schubert	et	al.,	2003;	Steiner	et	al.,	2008).	BLAST		analysis	revealed	that	the	

proteins	are	conserved	in	different	bacteria	from	different	phyla,	such	as	proteobacteria	and	

firmicutes	 (Tables	 3.6	 and	 3.7).	 Interestingly,	 upstream	 genes	 are	 predicted	 to	 encode	

proteins	 involved	 in	LPS	synthesis,	whilst	 the	 last	gene	of	 the	operon	Ser39006_1187	was	

predicted	to	encode	a	protein	with	no	well	known	domains.		

	

	
Figure	3.5.	Bioinformatic	analysis	of	the	transposon	insertion	site	in	bull’s-eye	transparent	
mutants	AQY102,	AQY118	and	AQY126.	A.	Genomic	context	of	the	insertion	sites.	The	orange	
arrow	 indicates	 the	 transposon	 insertion	 site	 in	 each	 mutant.	 The	 disrupted	 genes	 are	
highlighted	in	light	blue	for	AQY102	and	dark	blue	for	AQY118	and	AQY126.	Upstream	and	
downstream	genes	are	represented	as	grey	filled	arrows.	Genes	are	annotated	with	the	prefix	
S39006_	 and	 a	 suffix	 number	 indicated	 for	 each	 gene.	 The	 number	 of	 amino	 acids	 and	
Identification	of	conserved	domains	in	the	predicted	protein	encoded	by	(B)	Ser39006_1185	
and	(C)	Ser39006_1186.	
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3.3.4	Analysis	of	the	bull’s-eye	opaque	mutants	

	

In	 contrast	 to	 the	 bull’s-eye	 transparent	 isolates,	 not	 all	 the	 transposon	 insertions	 in	 the	

bull’s-eye	opaque	mutants	were	 located	 in	genes	from	the	same	operon	(Figure	3.6.A	and	

3.7).	Nonetheless,	BLAST	analysis	revealed	that	these	genes	and	other	genes	in	their	operons	

might	 also	 code	 for	 proteins	 related	 to	 LPS	 synthesis	 and	 transport	 (Table	 3.8	 and	 3.9).	

AQY103	 and	 AQY115	were	 disrupted	 for	 the	 same	 gene	 (Ser39006_0591).	 This	 gene	was	

predicted	to	code	for	a	conserved	protein	with	a	Wzy-like	C-terminal	domain	(Figure	3.6.B).	

Wzy	is	an	inner	membrane	protein	that	catalyses	the	addition	of	glycans	into	the	LPS	chain	

(Cuthberston	 et	 al.,	 2010).	 The	 gene	 disrupted	 (Ser39006_3817)	 in	 mutant	 AQY125	 was	

annotated	as	a	“polysaccharide	biosynthesis	protein”.	Nevertheless,	some	homology	with	a	

putative	O-PS	flippase	from	Dickeya	chrysanthemi	was	also	detected	in	the	BLASTP	analysis	
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(Table	3.9).	It	seemed	that	the	bull’s-eye	mutants	had	insertions	in	genes	involved	in	outer	

membrane	architecture.			

	
Figure	 3.6.	 Bioinformatic	 analysis	 of	 the	 transposon	 insertion	 site	 in	 bull’s-eye	 opaque	
mutants	AQY103	and	AQY115.	A.	Genomic	context	of	the	transposon	insertions.	The	orange	
arrow	 indicates	 the	 transposon	 insertion	 site	 in	 each	 mutant.	 The	 disrupted	 gene	 is	
highlighted	 in	 purple.	 Upstream	 genes	 are	 represented	 as	 grey	 filled	 arrows.	 Genes	 are	
annotated	with	the	prefix	S39006_	and	a	suffix	number	indicated	for	each	gene.	B.	Amino	
acid	 length	 and	 Identification	 of	 conserved	 domains	 in	 the	 predicted	 protein	 encoded	 by	
Ser39006_0591.	

	

	
	

	

	
Figure	 3.7.	 Bioinformatic	 analysis	 of	 the	 transposon	 insertion	 site	 in	 bull’s-eye	 opaque	
mutant	AQY125.	Genomic	context	of	the	transposon	insertion.	The	orange	arrow	indicates	
the	transposon	insertion	site	in	AQY125.	The	disrupted	gene	is	highlighted	in	red.	Upstream	
and	downstream	genes	are	represented	as	grey	filled	arrows.	Genes	are	annotated	with	the	
prefix	S39006_	and	a	suffix	number	indicated	for	each	gene.		
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3.4	Bull’s-eye	mutants	exhibit	cellular	aggregation	

	

			PCM	analysis	of	single	cells	showed	a	distinctive	conglomeration	of	cells	in	some	mutants	

(Figure	3.8).	Samples	from	NWA19,	transparent	(AQY121)	and	hyper-opaque	(AQY107	and	

AQY124)	 mutants	 showed	 that	 cells	 remained	 dispersed	 after	 slide	 preparation	 for	

microscopy	 imaging.	 In	 contrast,	 the	 bull’s-eye	 transparent	 (AQY102	 and	 AQY126)	 and	

opaque	(AQY103	and	AQY	125)	mutants	produced	large	clusters	of	cells.		

	

	
Figure	3.8.	 Cell	 aggregation	 in	 S39006	mutants.	PCM	 images	of	NWA19	 (ΔpigC),	 AQY121	
(Ser39006_3835::TnKRCPN1),	AQY107	(trkH::TnKRCPN1),	AQY124	(tufA::TnKRCPN1),	AQY102	
(Ser39006_1186::TnKRCPN1),	 AQY126	 (Ser39006_1185::TnKRCPN1),	 AQY103	
(Ser39006_0591::TnKRCPN1)	 and	 AQY125	 (Ser39006_3817::TnKRCPN1)	 samples	 from	
patches.	Bars	correspond	to	1	µm.	



	 75	

3.5	Mutations	in	novel	gas	vesicle	regulators	might	be	pleiotropic	

	

Gas	vesicle	production	 involves	pleiotropic	regulators	also	affecting	secondary	metabolism	

and	motility	(Ramsay	et	al.,	2011;	Lee	et	al.,	2017).	As	NWA19	is	prodigiosin	negative,	the	gas	

vesicle	 mutants	 derived	 from	 this	 strain	 were	 not	 assessed	 for	 pigment	 production.	

Nevertheless,	NWA19	still	produced	a	carbapenem	and	flagella.	Therefore,	antibiotic	activity	

and	motility	of	the	gas	vesicle	mutants	were	assessed	(Figures	3.9	and	10).	The	production	of	

the	carbapenem	was	completely	abolished	in	the	transparent	mutant	AQY121,	whilst	hyper-

opaque	mutants	AQY107	and	AQY124	seemed	to	produce	less	antibiotic	than	NWA19.	The	

bull’s-eye	transparent	mutants	AQY102	and	AQY126	had	similar	antibiotic	activity	compared	

to	NWA19.	 Interestingly,	 although	 the	bull’s-eye	opaque	mutants	produced	 less	antibiotic	

than	NW19,	the	deficiency	was	more	pronounced	in	mutant	AQY125.	

	

The	 swimming	 motility	 assay	 confirmed	 that	 the	 mutants	 found	 in	 this	 project	 were	

pleiotropic	(Figure	3.10).	The	transparent	mutant	AQY121	produced	a	bigger	swimming	halo	

whilst	the	bull’s-eye	mutants	were	non-motile.	The	hyper-opaque	mutants	showed	reduced	

flagellar	motility	compared	to	NWA19.	Observations	after	48	h	of	incubation	showed	that	the	

“bull’s-eye”	 transparent	 mutants	 produced	 minor	 swimming	 halos,	 whilst	 the	 bull’s-eye	

opaque	were	non-motile.		

	

Overall,	 the	 results	 in	 this	 chapter	 indicate	 that	 the	 deoR-like	 gene	 disrupted	 in	 AQY121	

encodes	a	highly	pleiotropic	 regulator	 that	might	be	 involved	 in	positive	 regulation	of	gas	

vesicles	and	carbapenem	production,	while	repressing	flagellar	motility	in	the	WT	strain.	The	

potassium	transporter,	trkH,	and	the	elongation	factor	Tu	genes	disrupted	in	hyper-opaque	

mutants	 AQY107	 and	 AQY124,	 respectively,	 might	 be	 important	 negative	 gas	 vesicle	

regulators,	but	with	moderate	positive	impacts	on	antibiotic	production	and	flagellar	motility.	

The	genes	disrupted	 in	bull’s-eye	mutants	might	regulate	the	production	of	LPS	molecules	

that	 affect	 cell	 organization	 and	 colony	 morphology,	 but	 also	 cell	 buoyancy,	 antibiotic	

production	and	flagellar	motility.		
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Figure	3.9.	Carbapenem	production	in	S39006	mutants.	The	halo	of	inhibition	corresponds	
to	 the	 carbapenem	 activity	 of	 normalized	 (OD600	 1.0)	 NWA19	 (ΔpigC),	 AQY121	
(Ser39006_3835::TnKRCPN1),	AQY107	(trkH::TnKRCPN1),	AQY124	(tufA::TnKRCPN1),	AQY102	
(Ser39006_1186::TnKRCPN1),	 AQY126	 (Ser39006_1185::TnKRCPN1),	 AQY103	
(Ser39006_0591::TnKRCPN1)	 and	 AQY125	 (Ser39006_3817::TnKRCPN1)	 patches	 on	 a	 top	
lawn	of	E.	coli	SS	(ESS).	MC54	(carA	mutant)	was	used	as	a	negative	control.	R1,	R2	and	R3	
correspond	to	independent	replicates	for	the	strains	assessed.		
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Figure	3.10.	Swimming	motility	in	S39006	mutants.	Swimming	halo	of	normalized	(OD600	1.0)	
NWA19	 (ΔpigC),	 AQY21	 (Ser39006_3835::TnKRCPN1),	 AQY107	 (trkH::TnKRCPN1),	 AQY124	
(tufA::TnKRCPN1),	 AQY102	 (Ser39006_1186::TnKRCPN1),	 AQY126	
(Ser39006_1185::TnKRCPN1),	 AQY103	 (Ser39006_0591::TnKRCPN1)	 and	 AQY125	
(Ser39006_3817::TnKRCPN1)	spots	after	16	h	of	culture.	The	image	is	representative	of	three	
biological	replicates.		
	
	
	
3.6	Discussion	

	

Random	mutagenesis	with	plasmid-transposon	hybrids	is	an	effective	tool	for	rapid	genetic	

screening	in	Gram-negative	bacteria	(Dennis	&	Zyltra.	1998).	Mutagenesis	experiments	with	

the	plasmid	PKRCPN1	allowed	the	identification	of	gas	vesicle	structural	and	regulatory	genes	

by	random	insertion	in	the	S39006	genome	(Ramsay	et	al.,	2011;	Monson	et	al.,	2015;	Lee	et	

al.,	 2017).	 Analysis	 of	 mutants	 in	 this	 project	 revealed	 defects	 in	 some	 genes	 previously	

studied	and	confirmed	a	proof	of	principle	of	random	mutagenesis.	More	importantly,	novel	

regulatory	genes	were	also	identified.	
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The	 phenotypic	 characterization	 of	 the	 different	 gas	 vesicle	 mutants	 showed	 that	 the	

mutations	were	pleiotropic.	Notably,	Ser39006_3885,	a	deoR-like	gene	characterized	in	this	

study,	might	be	an	important	regulator	of	cell	buoyancy,	motility	and	secondary	metabolism.	

Members	from	the	DeoR	family	are	transcription	repressors	known	for	regulating	multiple	

phenotypes	 in	 bacteria	 by	 releasing	 promoter	 regions	 after	 allosteric	 binding	 with	

phosphorylated	sugars	in	their	sensor	domain	(Mortensen	et	al.,	1989;	Garcés	et	al.,	2008).	

Studies	 in	 different	 bacteria	 confirm	 that	 regulators	 of	 the	 DeoR	 family	 control	 multiple	

phenotypes,	 including	 motility,	 antibiotic	 production	 and	 resistance,	 LPS	 synthesis,	 cell	

differentiation,	osmotic	and	temperature	stress	response,	in	addition	to	carbon,	fatty-acid,	

nucleotide,	deoxynucleotide	and	peptide	metabolism	(Saxild	et	al.,1996;	Ramos-Aires	et	al.,	

2004;	Elgrably-Weiss	et	al.,	2006;	Ulanova	et	al.,	2013;	Wang	et	al.,	2014).	However,	this	work	

is	 the	 first	 report	 of	 a	 DeoR	 regulator	 involved	 in	 gas	 vesicle	 and	 𝛽–lactam	 antibiotic	

production.	The	demonstrated	impact	and	phenotypic	versatility	of	Ser39006_3885	suggest	

that	it	is	a	global	transcriptional	regulator,	similar	to	PigP	and	PhoB	in	S39006.	Therefore,	a	

detailed	analysis	of	this	mutant	was	conducted	(see	Chapter	4).		

	

The	mutant	 AQY107	 was	 identified	 as	 carrying	 a	 transposon	 insertion	 in	 the	 low	 affinity	

potassium	transporter	gene,	trkH.	The	Trk	potassium	uptake	system	is	highly	conserved	 in	

bacteria	and	works	in	a	multiunit	complex	comprising	the	transmembrane	protein	TrkH	(an	

extra	copy	known	as	TrkG	is	found	in	E.	coli),	the	NAD+	and	NADH	binding	peripheral	protein	

TrkA	and	the	ATP-binding	protein	TrkE	(Bossemeyer	et	al.,	1989;	Dosch	et	al.,	1991;	Harms	et	

al.,	2001).	Trk	is	involved	in	transporting	extracellular	potassium	when	high	concentrations	

are	available;	it	facilitates	osmoregulation	but	has	also	been	reported	to	influence	virulence	

factor	production	and	antibiotic	resistance	in	Gram	negative	pathogens	(Epstein	et	al.,	1986;	

Parra-Lopez	et	al.,	1994;	Su	et	al.,	2009;	Alkhuder	et	al.,	2010;	Valente	&	Xavier,	2015).		

	

The	transposon	insertion	in	the	trkH	homologue	in	S39006	caused	hyper-production	of	gas	

vesicles,	 long-lasting	 floatation,	 reduced	 flagellar	 motility	 and,	 apparently,	 antibiotic	

production.	Regulation	of	gas	vesicle	and	antibiotic	production	via	trkH	had	not	been	reported	

before.		Recently,	the	role	of	TrkA-gated	potassium	efflux	pumps	in	Bacillus	subtilis	biofilms	

involving	potassium-dependent	attraction	of	free	motile	cells	was	reported	(Humphries	et	al.,	



	 79	

2017).	 Nonetheless,	 how	 extracellular	 potassium	 controls	 flagellar	 motility	 has	 not	 been	

established.		

	

The	 hyper-opaque	mutant	 AQY124	 contained	 an	 insertion	 in	 one	 of	 the	 two	 gene	 copies	

coding	 for	 the	 elongation	 factor	 Tu.	 Although	 this	mutant	was	 hyper-buoyant,	 it	 showed	

reduced	swimming	motility	and	carbapenem	production	(Figure	3.1,	3.9	and	3.10).		EF-Tu	has	

been	mainly	studied	for	 its	role	 in	delivering	amino	acyl-tRNAs	 into	the	ribosome	A	site,	a	

crucial	process	in	protein	synthesis.	Enterobacteria,	such	as	E.	coli	and	Salmonella,	carrying	

defects	in	EF-Tu	are	viable,	but	slow	growers	(Hughes,	1990;	Zuurmond	et	al.,	1999).	This	may	

also	be	the	case	in	AQY124	and	could	explain	why	patches	did	not	look	as	hyper-opaque	as	

the	 AQY107	 patches	 (Figure	 3.1.B).	 Besides	 its	 crucial	 role	 in	 protein	 synthesis,	 in	 vitro	

experiments	suggested	that	EF-Tu	acts	as	a	chaperone	protecting	unfolded	and	denatured	

proteins	 (Caldas	et	 al.,	1998)	Moreover,	 curiously	 it	 has	been	 reported	 that	 EF-Tu	 can	be	

bound	 to	 the	 outer	 surface,	 outer	 membrane	 vesicles	 and	 fibronectin	 in	 Acinetobacter	

baumanii,	and	toxins	that	are	essential	in	Type	VI	secretion-based	defence	in	P.	aeruginosa	

(Dallo	 et	 al.,	 2012;	Whitney	 et	 al.,	 2015).	 It	 seems	 that	 EF-Tu	may	 play	multiple	 roles	 in	

bacteria;	nonetheless,	its	role	in	motility,	cell	buoyancy	and	secondary	metabolism	regulation	

have	 not	 been	 studied.	 EF-Tu	 may	 be	 an	 important	 chaperone	 interacting	 with	 other	

regulators	involved	in	gas	vesicle,	flagella	and	antibiotic	production.	

	

Six	of	the	32	transposon	mutants	identified	in	this	project	showed	a	distinctive	colony	shape,	

here	classified	as	bull’s-eye,	due	to	insertions	in	genes	predicted	to	be	important	for	outer	

membrane	 LPS	 architecture	 (Table	 3.1).	 Mutants	 AQY103,	 AQY115	 and	 AQY125	 may	 be	

impaired	 for	 LPS	 biosynthesis,	 AQY118	 and	 AQY126	 for	 transport,	 and	 AQY102	 for	

methylation.	Alterations	in	the	outer	LPS	layer	in	other	proteobacteria,	such	as	Vibrio	cholerae	

O1	and	Myxococcus	 xanthus,	 also	 result	 in	 distinctive	 colony	morphologies	 (Morris	et	 al.,	

1996;	 Bowden	 &	 Kaplan,	 1998).	 Nonetheless,	 little	 is	 known	 about	 how	 LPS	 determines	

colonial	growth	and	morphology	in	bacteria.		

	

In	addition	to	the	distinctive	colony	shape	(compared	to	WT),	the	bull’s-eye	mutants	showed	

cell	buoyancy	and	motility	limitations,	whilst	the	bull’s-eye	opaque	mutants	also	appeared	to	

be	defective	 for	 carbapenem	production.	The	bull’s-eye	 transparent	mutants	 in	 this	 study	
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have	 similar	 colony	 shape	 to	 three	 S39006	 mutants	 (TPP31,	 TPP38	 and	 TPL531)	 studied	

previously	for	prodigiosin	production	(Paterson,	2013).	Double	mutants	TPP31	and	TPP38	had	

insertions	in	the	same	gene	affected	for	mutants	AQY118	and	AQY126	(Ser39006_1185)	 in	

addition	 to	 insertions	 in	 ygfX	 (Previously	 annotated	 as	 pigV).	 Paterson	 (2013)	 refers	 to	

Ser39006_1185	as	wzt;	however,	BLASTP	analysis	of	the	predicted	amino	acid	sequence	from	

Ser39006_1185	 showed	 only	 40%	 and	 54%	 identity	 and	 similarity,	 respectively	 with	 the	

characterized	Wzt	from	E.	coli	N24c	serotype	O9.		Given	the	phenotypic	impact	and	moderate	

homology	of	its	protein	product	with	Wzt,	Ser39006_1185	was	not	referenced	in	this	work	as	

wzt.	 More	 important	 is	 that	 the	 TPP31	 and	 TPP38	 mutants	 showed	 reduced	 prodigiosin	

production	 compared	 to	 a	 single	 ygfX	 mutant,	 suggesting	 that	 the	 protein	 encoded	 by	

Ser39006_1185	bypasses	YgfX	regulation	(Paterson,	2013).	This	supports	the	idea	that	the	LPS	

genes	found	in	this	study	are	pleiotropic,	not	only	affecting	cell	shape	but	also	cell	buoyancy,	

motility	and	antibiotic	production.	

	

Mutant	TPL531	had	transposon	 insertions	 in	ygfX	and	the	anti-	𝜎E	 (sigma	factor	E)	protein	

gene	rseA	instead	of	Ser39006_1185	(Paterson,	2013).		The	mutation	in	rseA	increased	the	

reporter	activity	 in	a	ygfX::lacZ	fusion	strain.	RseA	is	a	sequestering	protein	controlling	𝜎E,	

which	 is	 an	 outer	 membrane	 stress	 response	 regulator	 that	 facilitates	 the	 expression	 of	

multiple	genes	coding	for	outer	membrane	proteins	(OMPs),	and	LPS	synthesis	and	transport	

proteins	 (Rhodius	et	al.,	 2005).	Therefore,	 it	may	be	possible	 that	 rseA-	𝜎E	dependent	 LPS	

production	controls	prodigiosin	through	YgfX.	It	is	also	possible	that	YfgX-dependent	pathway	

affects	other	phenotypes	in	S39006.	Recently,	a	study	revealed	that	the	YgfX	has	an	impact	

on	S39006	motility,	and	that	it	is	also	regulated	by	the	post-transcriptional	regulator	RsmA	

and	the	flagella	master	regulator	FlhDC	(Hampton	et	al.,	2016).	Further	investigations	on	the	

impact	of	LPS	genes,	ygfX,	rseA	and	𝜎E	on	gas	vesicle,	flagella	and	antibiotic	production	would	

help	 to	 understand	 the	 connection	 between	 outer	 cell	 membrane	 assembly	 and	 genetic	

regulation	in	S39006.		

	

Flotation	 assays	 showed	 that	 LPS	 mutants	 precipitated	 after	 3	 days	 (Figure	 3.2.D).	

Interestingly	however,	PCM	 images	of	 individual	 cells	 showed	 that	bull’s-eye	mutants	 still	

produce	phase	bright	structures	(gas	vesicles).	This	suggested	that,	although	gas	vesicles	are	

essential,	other	components	 (LPS)	are	also	necessary	 for	cell	buoyancy.	Also,	PCM	 images	
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revealed	 that	 bull’s-eye	 mutant	 cells	 stuck	 to	 each	 other	 forming	 abnormal	 cell	 clusters	

(Figure	 3.8).	 Mutations	 in	 different	 LPS	 genes	 may	 result	 in	 altered	 outer	 membrane	

architectures	that	affect	cell	buoyancy	in	S39006.	This	rare	conglomeration	of	cells	may	have	

increased	their	density	and,	therefore,	led	to	precipitation.	Bacteria	can	modify	their	outer	

membrane	architecture,	 through	O-PS	modification,	 to	adapt	and	shape	 their	 interactions	

with	the	environment	(Lerouge	&	Vanderleyden,	2002).	Cell	aggregation	has	been	reported	

as	 a	 distinctive	 strategy	 facilitating	 loss	 of	 buoyancy	 after	 sulphide	 depletion	 in	 the	

photosynthetic,	 purple	 gas	 vacuolated	 bacterium	 Lamprocystis	 purpurea	 comb.	 nov.	

(previously	classified	as	Amoebobacter	purpureus)	(Overmann	&	Pfenning,	1992).	Moreover,	

enteropathogenic	E.	coli	mutants	defective	for	secretion	of	polysaccharides	comprising	an	O-

antigen	rich	capsule	fail	to	float,	compared	to	a	WT	strain,	in	artificial	buoyancy	conditions	

(Peleg	et	al.,	2005).	Therefore	it	appears	that	the	regulation	of	LPS	assembly	on	the	bacterial	

surface	may	be	an	important	control	mechanism	for	cell	buoyancy	in	S39006.	

	

Transduction	with	φOT8	permitted	the	mobilization	of	each	transposon	insertion	from	the	

mutants	 into	 the	 NWA19	 parental	 strain.	φOT8	 is	 an	 effective	 broad-host	 range	 phage	

depending	on	flagella	for	infection	(Evans	et	al.,	2010);	φOT8	resistant	mutants	cannot	swim.	

Furthermore,	experiments	 in	a	“paralysed”	S39006	mutant,	motA,	which	produces	 flagella	

but	remains	non-motile	suggested	that	φOT8	requires	functional	flagella	rather	than	just	the	

flagellar	 structure	 itself.	Here,	 it	was	shown	that	 flagellar	motility	was	altered	 to	different	

degrees	 in	 the	 transparent,	 hyper-opaque,	 bull’s-eye	 transparent	 and	 bull’s-eye	 opaque	

mutants	(Section	3.5	and	Figure	3.10).		

	

The	hyper-motility	of	AQ121	explains	its	sensitivity	to	φOT8	infection.	Also,	although	AQY107	

and	AQY124	showed	reduced	swimming	motility,	residual	flagellar	activity	was	sufficient	for	

transduction.	 In	 contrast,	 the	bull’s-eye	mutants	 had	more	dramatic	 defects	 in	 swimming	

motility	 than	 the	 other	 mutants.	 The	 bull’s-eye	 transparent	 mutants	 showed	 moderate	

swimming	 halos	 after	 48	 h	 of	 incubation,	 whilst	 the	 bull’s-eye	 opaque	 mutants	 did	 not	

(Section	3.5).	Because	it	was	possible	to	transduce	the	mutations	from	the	bull’s-eye	opaque	

mutants,	 their	 motility	 deficiency	 is	 not	 caused	 by	 an	 absolute	 impairment	 in	 flagellar	

assembly	 or	 rotation.	 Previous	 reports	 in	 Salmonella	 enterica	 serovar	 Typhimurium	 and	

Proteus	mirabilis	 showed	 that	mutations	 in	genes	 (such	as	waaL	and	wzx)	 involved	 in	 LPS	
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synthesis	and	transport	affect	swarming	motility	 (Toguchi	et	al.,	2000;	Morgenstein	et	al.,	

2010).	 Another	 study	 in	 E.	 coli	 showed	 that	mutations	 in	 different	 genes	 involved	 in	 LPS	

synthesis	have	different	impacts	on	flhDC	expression	and	in	both	swimming	and	swarming	

motilities	 (Girgis	et	al.,	2007).	 It	 is	possible	 that	 the	LPS	mutants	have	 impacts	on	motility	

through	YgfX	and	FlhDC,	as	discussed	previously.	Nonetheless,	given	 that	 flhC	 and	 flagella	

rotation	are	essential	for	φOT8	infection	in	S39006	(Evans	et	al.,	2010),	the	flagellar	activity	

may	be	significantly	active	in	the	bull’s-eye	mutants	for	phage	infection	but	nor	for	effective	

swimming	motility.	Possibly,	similar	to	the	early	sedimentation	seen	in	the	flotation	assays	

(Figure	3.2.D),	the	impaired	swimming	motility	was	caused	by	the	cellular	aggregation.	This	

abnormal	cell	aggregation	may	impede	free-living	buoyant	and	motile	phases	in	the	bull’s-

eye	mutants.	
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Chapter	4	
FloR:	a	novel	DeoR	family	regulator	controlling	flotation,	

secondary	metabolism	and	motility	
	

Random	 transposon	 mutagenesis	 of	 the	 prodigiosin	 defective	 strain,	 S39006	 LacA	 ∆pigC	

(NWA19),	enabled	identification	of	potential	regulators	of	gas	vesicle	production	(Chapter	3).	

Mutant	 AQY121	 carried	 a	 transposon	 insertion	 in	 a	 previously	 uncharacterized	 gene	

annotated	 as	 Ser39006_3835	 predicted	 to	 encode	 a	 DeoR-like	 transcriptional	 factor.	 The	

mutation	in	this	gene	disrupted	the	formation	of	phase	bright	structures	(gas	vesicles)	and	

flotation,	 but	 also	 carbapenem	 production	 and	 swimming	 motility.	 Ser39006_3835	 was	

referred	to	as	floR	(flotation	regulator).		

	

4.1	floR	controls	gas	vesicle	production		

	

To	continue	studying	the	effect	of	floR	on	gas	vesicle	formation,	the	mutation	from	AQY121	

was	transduced	into	S39006	LacA	(WT).	TEM	Images	of	WT	and	floR	mutant	cells	confirmed	

that	 the	 mutation	 in	 floR	 caused	 reduction	 in	 gas	 vesicle	 production	 leading	 to	 reduced	

buoyancy	 and	 lack	 of	 phase	 bright	 structures	 observed	 in	 AQY121	 (S39006	 LacA	 ∆pigC	

floR::TnKRCPN1)	in	previous	assays	(Figure	4.1,	see	also	Figure	3.1,	Chapter	3).	Gas	vesicles	

confer	 opacity	 on	 S39006	 colonies,	 and	 so	 the	 absence	 of	 gas	 vesicles	 observed	 in	 TEM	

analysis	explained	the	translucent	phenotype	observed	in	colonies	and	patches	of	the	floR	

mutant.	 To	 confirm	 the	 role	 of	 floR	 on	 gas	 vesicle	 formation,	 floR	was	 cloned	 into	 the	

arabinose	inducible	expression	vector,	pBAD30,	to	construct	the	plasmid	pAQY2	and	used	for	

complementation	of	the	floR	mutant.	Ectopic	expression	of	floR	in	LB	with	0.2	%	arabinose	

restored	production	of	gas	vesicles	in	the	mutants	(Figure	4.2).		
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Figure	4.1.	TEM	images	of	WT	and	the	floR	mutant.	TEM	image	of	a	WT	single	cell	showing	
gas	vesicles	clustered	in	the	cytoplasm	and	a	floR	mutant	single	cell	mutant	showing	loss	of	
gas	vesicles.	Scale	bars	correspond	to	500	nm.	
	
	
	
	
	

	
Figure	4.2	Complementation	of	the	floR	mutant	gas	vesicle	formation.	PCM	Images	of	floR	
mutant	cells	carrying	an	empty	vector	(pBAD30)	and	pAQY2	(pBAD30	+	floR),	and	grown	in	LB	
plates	 +/-	 arabinose.	 	 Images	 are	 representative	 of	 three	 biological	 replicates.	 Scale	 bars	
correspond	to	1	µm.	
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4.2	FloR	regulates	the	expression	of	the	gas	vesicle	gene	cluster		

	

The	synthesis	of	gas	vesicles	depends	on	the	expression	of	several	genes	from	the	contiguous	

gvpA1-gvpY	and	gvrA-gvrC	operons	(Ramsay	et	al.,	2011;	Tashiro	et	al.,	2016).	Therefore,	the	

mutation	in	floR	was	transduced	into	reporter	strains	with	fusions	to	promoters	of	the	gvpA1-

gvpY	and	gvrA-gvrC	operons;	gvpA1::uidA	and	gvrA::uidA	(Ramsay	et	al.,	2011;	Monson	et	al.,	

2016;	 Lee	 et	 al.,	 2017).	 The	 𝛽-glucuronidase	 (UidA)	 reporter	 activity	 throughout	 growth	

showed	 that	 the	 transcription	 of	 gvpA1-gvpY	 and	 gvrA-gvrC	 operons	 was	 significantly	

reduced	in	the	floR	mutant	(see	ANOVA	analysis	in	Figure	4.3	and	4.4).	Complementation	of	

the	floR	mutant	with	pAQY2	significantly	stimulated	the	expression	of	the	gas	vesicle	gene	

operons	above	the	 levels	observed	 in	the	mutant	carrying	an	empty	vector	(pBAD30),	and	

similar	to	the	controls	(gvpA1::uidA	and	gvrA::uidA)	(Figures	4.3	and	4.4).	Given	the	impacts	

on	gas	vesicle	production	and	gene	expression,	floR	was	considered	a	positive	regulator	of	

gas	vesicle	formation	and	flotation	operating	through	the	expression	of	gvpA1-gvpY	and	gvrA-

gvrC	operons.		
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Figure	4.3.	Complementation	of	gvpA1	expression	in	the	floR	mutant.	Cell	density	(OD600,	
dotted	 lines)	 and	 gene	 expression	 (RFU	 min-1	 OD600

-1,	 continuous	 lines)	 were	 measured	
throughout	growth	in	LB	with	0.2	%	arabinose.	Complementation	for	gvpA1::uidA	reporter	
activity	 in	the	floR	mutant	was	assessed	by	ectopic	expression	with	pAQY2	(grey	box).	The	
reporter	strain	and	floR	mutant	containing	the	empty	vector	were	used	as	controls,	black	and	
green	respectively.	 	The	data	represent	the	average	and	standard	deviation	(error	bars)	of	
three	 biological	 replicates.	 ANOVA	 two-factor	 analysis	 of	 the	 𝜷-glucuronidase	 reporter	
activity	from	6	to	14	h	of	growth	in	gvpA1::uidA	(pBAD30)	and	gvpA1::uidA,	floR	(pBAD30)	
found	F=45.75	>	Fcrit	=	4.35,	p=	1.40*10-6;	in	gvpA1::uidA,	floR	(pBAD30)	and	gvpA1::uidA,	floR	
(pAQY2)	F=55.15	>	Fcrit	=	4.35,	p=	3.60*10-7;	and	in	gvpA1::uidA	(pBAD30)	and	gvpA1::uidA,	
floR	(pAQY2)	F=4.60	>	Fcrit	=	4.35,	p=	0.044.	
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Figure	4.4.	 Complementation	of	gvrA	 expression	 in	 the	 floR	mutant.	Cell	 density	 (OD600,	
dotted	 lines)	 and	 gene	 expression	 (RFU	 min-1	 OD600

-1,	 continuous	 lines)	 were	 measured	
throughout	 growth	 in	 LB	with	 0.2	%	 arabinose.	 Complementation	 for	gvrA::uidA	 reporter	
activity	 in	the	floR	mutant	was	assessed	by	ectopic	expression	with	pAQY2	(grey	box).	The	
reporter	strain	and	floR	mutant	containing	the	empty	vector	were	used	as	controls,	white	and	
green	 respectively.	The	data	 represent	 the	average	and	standard	deviation	 (error	bars)	of	
three	 biological	 replicates.	 ANOVA	 two-factor	 analysis	 of	 the	 𝜷-glucuronidase	 reporter	
activity	from	6	to	14	h	of	growth	in	gvrA::uidA	(pBAD30)	and	gvrA::uidA,	floR	(pBAD30)	found	
F	=	92.74	>	Fcrit		=	4.35,	p	=	5.94*10-9;	in	gvrA::uidA,	floR	(pBAD30)	and	gvrA::uidA,	floR	(pAQY2)	
F	=	0.41	<	Fcrit	=	4.35,	p	=	0.53	;	and	in	gvrA::uidA	(pBAD30)	and	gvrA::uidA,	floR	(pAQY2)	F	=	
24.35	>	Fcrit	=	4.35,	p	=	7.97*10-6.	
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4.3	floR	is	a	pleiotropic	regulatory	gene	controlling	secondary	metabolism	and	motility	

	

Colonies	and	patches	of	WT	and	gas	vesicle	reporter	strains	were	red	on	LB	plates	due	to	the	

production	 of	 prodigiosin.	 The	 transduction	 of	 the	mutation	 in	 floR	 from	 the	 prodigiosin-

defective	strain	AQY121	into	the	WT,	gvpA1::uidA	and	gvrA::uidA	strains	enabled	assessment	

of	the	impact	of	floR	on	pigment	production.	In	addition	to	the	gene	reporter	activity	in	the	

gvpA1::uidA	strains,	samples	for	quantitation	of	prodigiosin	production	throughout	growth	

were	 taken	 (Figure	 4.5).	 The	 floR	 mutant	 carrying	 an	 empty	 vector	 showed	 significantly	

reduced	levels	of	prodigiosin	production	from	mid	exponential	to	stationary	growth	phase,	

whilst	the	complemented	mutant	recovered	production	observed	in	the	gvpA1::uidA	strain	

carrying	an	empty	vector	 (See	ANOVA	analysis	 in	Figure	4.5	 legend).	This	result	confirmed	

that	 floR	 is	 also	 an	 important	 regulator	 for	 the	 production	 of	 the	 antimicrobial	 pigment,	

prodigiosin.		

	

In	Chapter	3	(Figures	3.9	and	3.10,	section	3.5)	it	was	shown	that	the	transposon	insertion	in	

AQY121	 impaired	 carbapenem	 production,	 while	 increasing	 swimming	 motility.	 These	

phenotypes	 were	 reproduced	 in	 the	 floR	 mutants	 obtained	 after	 transduction	 of	 the	

transposon	 insertion	 into	 the	 WT	 background	 strain	 (Figures	 4.6	 and	 4.7).	 WT	 S39006	

produced	 a	 clear	 halo	 of	 inhibition	 on	 the	 𝛽-lactam	 supersensitive	 strain	 E.	 coli	 ESS.	 In	

contrast,	 patches	 of	 the	 floR	 mutant	 did	 not	 show	 antibiotic	 activity;	 similar	 to	 the	

carbapenem	 negative	 control	 strain	 MC54	 (Figure	 4.6).	 Ectopic	 expression	 of	 floR	 in	 the	

mutant	confirmed	that	this	regulator	also	controls	swimming	motility	(Figure	4.7).	The	mutant	

with	an	empty	vector	produced	greater	swimming	halos,	whilst	the	complemented	mutant	

displayed	 a	 similar	 swimming	 phenotype	 to	 that	 of	WT.	 Given	 the	 impact	 of	 floR	 on	 gas	

vesicles,	 carbapenem	 and	 prodigiosin	 production	 and	 swimming	 motility,	 and	 the	

confirmation	by	complementation,	it	was	clear	that	floR	is	an	important	pleiotropic	regulator	

connecting	cell	buoyancy,	motility	and	secondary	metabolism.	
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Figure	4.5.	Prodigiosin	production	in	the	floR	mutant.	Cell	density	(OD600,	dotted	lines)	and	
prodigiosin	production	((A534	ml-1	OD600

-1
	)X50,	bars)	were	measured	throughout	growth	in	

LB	with	0.2	%	arabinose.	Complementation	for	pigment	production	in	the	floR	mutant	was	
obtained	by	ectopic	expression	with	pAQY2	(grey	bar).	The	reporter	strain	and	floR	mutant	
containing	the	empty	vector	were	used	as	controls,	black	and	green	respectively.	The	data	
represent	 the	 average	 and	 standard	 deviation	 (error	 bars)	 of	 three	 biological	 replicates.	
ANOVA	 two-factor	 analysis	 of	 the	 prodigiosin	 production	 from	 6	 to	 14	 h	 of	 growth	 in	
gvpA1::uidA	 (pBAD30)	 and	gvpA1::uidA,	 floR	 (pBAD30)	 found	 F	 =	 769.25	 >	 Fcrit	 =	 4.35,	 p=	
1.95*10-17;	in	gvpA1::uidA,	floR	(pBAD30)	and	gvpA1::uidA,	floR	(pAQY2)	F=1.94	<	Fcrit	=	4.35,	
p=	0.19	;	and	in	gvpA1::uidA	(pBAD30)	and	gvpA1::uidA,	floR	(pAQY2)	F=592.85	>	Fcrit	=	4.35,	
p=	2.45*10-16.	
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Figure	 4.6.	 Carbapenem	production	 after	 transduction	 of	 the	mutation	 in	 floR	 into	WT.	
Cultures	were	spotted	on	a	top	lawn	containing	the	𝛽-lactam	supersensitive	strain	E.	coli	ESS.	
The	carA	mutant,	MC54,	was	used	as	negative	control.	 Images	are	representative	of	three	
biological	replicates.	
	
	

	
Figure	 4.7.	 Swimming	motility	 assay	 of	 the	 floR	mutant.	Complementation	 of	 swimming	
motility	in	the	floR	mutant	was	assessed	by	ectopic	expression	in	the	pAQY2	containing	strain.	
The	WT	and	mutant	strains	containing	the	empty	vector	were	used	as	controls.		The	Image	is	
representative	of	three	biological	replicates	

floR
(pBAD30)

WT	pBAD30

floR
(pAQY2)
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4.4	Gas	vesicle	gene	expression	in	microaerophilic	conditions	is	floR-dependent	

	

A	previous	 study	 showed	 that	 S39006	 cells	 grown	 in	microaerophilic	 conditions	 exhibited	

increased	transcription	of	the	gvpA1-gvpY	operon,	compared	to	aerated	cultures	(Ramsay	et	

al.,	 2011).	 Therefore,	 oxygen	 depletion	 is	 considered	 an	 important	 input	 stimulating	 the	

production	of	gas	vesicles.	Strains	carrying	the	mutation	in	floR	were	assessed	for	oxygen-

dependent	 gas	 vesicle	 gene	 expression.	 The	𝛽-glucuronidase	 reporter	 activity	 in	 the	 floR	

mutant	background	under	 reduced	aeration	 showed	 that	both	gvpA1-gvpY	and	gvrA-gvrC	

operons	 were	 significantly	 down-regulated	 (Figures	 4.8	 and	 4.9).	 This	 suggested	 that	 the	

genetic	pathway	depending	on	growth	in	aerated	conditions	requires	floR	to	stimulate	the	

gas	vesicle	production.		

	
	

	
Figure	4.8.	gvpA1	promoter	activity	in	the	floR	mutant	under	microaerophilic	conditions.	
Cell	density	(OD600,	dotted	lines)	and	gene	expression	(RFU	min-1	OD600

-1,	continuous	lines)	
were	 measured	 throughout	 growth	 in	 LB	 and	 reduced	 aeration.	 The	 data	 represent	 the	
average	and	standard	deviation	(error	bars)	of	three	biological	replicates.	ANOVA	two-factor	
analysis	of	the	𝛽-glucuronidase	reporter	activity	from	6	to	14h	of	growth	in	gvpA1::uidA	and	
gvpA1::uidA,	floR	found	F	=	1419.89	>	Fcrit	=	4.15,	p=	4.38*10-28.	
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Figure	4.9.	gvrA	promoter	activity	in	the	floR	mutant	under	microaerophilic	conditions.	Cell	
density	(OD600,	dotted	lines)	and	gene	expression	(RFU	min-1	OD600

-1,	continuous	lines)	were	
measured	throughout	growth	 in	LB	and	reduced	aeration.	The	data	represent	the	average	
and	standard	deviation	(error	bars)	of	three	biological	replicates.	ANOVA	two-factor	analysis	
of	the	𝛽-glucuronidase	reporter	activity	from	6	to	14	h	of	growth	in	gvrA::uidA	and	gvrA::uidA,	
floR	found	F	=	112.70		>	Fcrit		=	4.15,	p	=	5.20*10-12.	
	

4.5	 TMT	 labelling	 and	 LC-MS/MS	 quantitation	 and	 sequencing	 of	 intracellular	 proteins	

confirms	that	floR	is	a	pleiotropic	regulator	

	

The	 identification	 of	 the	 transposon	 insertion	 in	 AQY121	 and	 subsequent	 bioinformatic	

analysis	showed	that	floR	 is	the	last	gene	in	an	operon	(See	figure	3.3,	chapter	3),	and	the	

genes	 3’	 of	 floR	 were	 transcribed	 convergently.	 Therefore,	 it	 was	 not	 expected	 that	 the	

transposon	 insertion	 in	 floR	 could	 cause	 any	 polar	 effects	 on	 downstream	 genes.	

Complementation	 of	gvpA1	 and	gvrA	 promoter	 activity,	 phase	 bright	 structures,	 pigment	

production,	 and	 swimming	motility	under	ectopic	 expression	of	 floR	 suggested	 that	other	

genes	are	not	involved	in	the	phenotypes	affected	in	the	floR	mutant.	FloR	was	predicted	to	
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be	part	of	a	family	of	transcriptional	repressors	controlling	the	expression	of	genes	involved	

in	central	metabolic	pathways	 (See	chapter	3,	 section	3.2.1).	Therefore,	 it	was	considered	

important	to	study	the	global	impact	of	the	floR	mutation	by	identifying	and	quantifying	the	

intracellular	proteome	of	the	floR	mutant,	because	this	would	allow	the	identification	of	any	

other	regulatory	components	under	floR	control.	

	

Differences	in	gene	expression	for	gas	vesicle	formation	and	antibiotic	production	between	

the	 WT	 and	 different	 mutants	 (including	 the	 floR	 strains)	 were	 observed	 between	 mid-

exponential	and	stationary	growth	phase	in	cells	incubated	for	14-20	hours	(Ramsay	et	al.,	

2011;	Lee	et	al.,	2017).	Therefore,	cell	samples	from	WT	and	the	floR	mutant	cultures	were	

taken	 at	 stationary	 growth	 phase	 and	 normalized	 for	 optical	 density	 prior	 to	 protein	

extraction.	 This	 procedure	 was	 done	 in	 collaboration	 with	 Chin	Mei	 Lee,	 a	 Ph.D	 student	

working	on	 the	characterization	of	 	S39006	 rbsR::TnKRCPN1.	The	purified	protein	samples	

were	sent	for	tandem	mass	tagging	(TMT)	of	peptides	with	10	isobaric	reporters	(TMT-10plex)	

in	the	Cambridge	Centre	for	Proteomics	(CCP)	for	separation,	sequencing	and	quantitation	via	

liquid	 chromatography	 and	 mass	 spectrophotometry	 (LC-MS/MS)	 of	 the	 intracellular	

proteomes.	Four	WT	replicates,	three	from	the	floR	mutant	and	the	other	three	from	S39006	

rbsR::TnKRCPN1	were	sent	for	analysis	to	allow	complete	usage	of	the	10	reporters	provided	

in	the	TMT-10plex	analysis.		

	

Previous	bioinformatic	analysis	of	the	whole	genome	sequence	revealed	that	4,413	protein-

encoding	genes	are	present	in	S39006	(Fineran	et	al.,	2013).	The	sequence	of	S39006	ORFs	

were	 uploaded	 for	 public	 access	 in	 www.ecogene.org	 and	

https://www.ncbi.nlm.nih.gov/gene.	Moreover,	the	amino	acid	sequences	for	the	predicted	

proteins	 are	 accessible	 through	 different	 databases	 websites,	 such	 as	

https://www.ncbi.nlm.nih.gov/protein/	 ,	 and	 http://www.uniprot.org,	 among	 others.	 The	

databases	 allowed	 comparative	 analyses	 of	 the	 peptides	 labelled	 with	 TMT	 reagents	 to	

determine	the	abundance	of	the	labelled	proteins	in	the	floR	and	WT	strains.		

	

The	TMT	labelling	efficiency	in	the	experiment	was	82%	and	2410	proteins	were	identified	in	

the	floR	mutant,	this	corresponds	to	approximately	55%	of	the	predicted	proteins	encoded	
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by	genomic	ORFs.	 	Differential	expression	analysis	(DEA)	with	linear	models	for	microarray	

data	(LIMMA)	showed	that	the	expression	of	802	proteins	was	significantly	altered	in	the	floR	

mutant,	P-value	<0.05	(Figure	4.10).	395	of	the	802	differentially	expressed	proteins	were	up-

regulated,	whilst	407	were	down-regulated	in	the	floR	mutant.	Figure	4.11	showed	that	most	

of	 the	proteins	produced	with	significant	differences	 in	 the	 floR	mutant	had	 low	P-values.	

Pearson	coefficient	correlations	(PCC)	between	replicates	show	that	samples	from	bacteria	

with	the	same	genotype	had	linear	associations	with	R-values	close	to	1,	whilst	comparisons	

between	replicates	from	different	strains	present	lower	R-values	(Figure	4.12).	This	indicated	

that	samples	(WT	and	the	floR	mutant)	had	differential	proteome	profiles.	 	Also,	DEA	with	

LIMMA	permitted	a	principal	component	analysis	(PCA)	between	samples	and	visualisation	of	

protein	abundance	variation.	Samples	of	 the	 floR	mutant	 in	PCA	were	separated	from	WT	

samples,	whilst	replicates	for	each	samples	were	located	close	to	each	other	(Figure	4.13).	In	

summary,	 a	 high	 frequency	 of	 identified	 proteins	 with	 significant	 low	 P-values,	 a	 linear	

correlation	between	replicates	and	a	clear	separation	of	samples	in	PCA	confirmed	that	the	

mutation	in	floR	caused	many	changes	in	the	S39006	proteome.		
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Figure	4.10.	Volcano	plot	of	the	floR	mutant	proteome.	Relation	between	the	fold	change	
and	adjusted	P-values	of	2410	protein	identified	and	quantified	(blue	dots)	by	TMT	and	LC-
MS/MS.	The	position	of	proteins	involved	in	gas	vesicle	production	(GvpA1,	GvpG,	GvpH,	GvrA	
and	GvrC),	carbapenem	(CarA)	and	prodigiosin	production	(PigA,	PigB,	PigC	and	PigH),	and	
flagellar	 motility	 (FilfC,	 FilF,	 FlgD	 and	 FlgE)	 are	 highlighted	 in	 red	 dots.	 	 The	 proteins	
significantly	up	and	down-regulated	are	located	to	the	right	and	left	of	the	Y-axis,	respectively,	
and	above	the	dashed	line	(P=0.05).	The	fold	change	of	the	proteins	below	the	dashed	line	
was	not	considered	statistically	significant.		
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Figure	 4.11.	P-value	 distribution	 of	 the	 proteome	 quantitation	 in	 the	 floR	mutant.	Bars	
represent	the	frequency	of	P-values	in	protein	fold	change	between	WT	and	the	floR	mutant.		
	

	
Figure	4.12.	Pearson	correlation	coefficients	between	replicates	of	WT	and	the	floR	mutant.	
Four	WT	and	three	floR	mutant	replicates	were	included	in	the	TMT	and	LC-MS/MS	analysis.		
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Figure	4.13.	Principal	component	analysis	(PCA)	of	replicates	of	WT	and	the	floR	mutant.	
Black	 dots	 represent	 WT	 samples	 and	 green	 dots	 floR.	 Four	 WT	 and	 three	 floR	 mutant	
replicates	were	included	in	the	TMT	and	LC-MS/MS	analysis.	
	

The	quantitation	and	sequencing	of	the	 intracellular	proteome	in	the	WT	and	 floR	mutant	

confirmed	that	the	mutation	in	floR	had	negative	impacts	on	the	expression	of	the	gas	vesicle	

gene	cluster	(Figure	4.14).	11	of	the	19	proteins	encoded	by	the	gas	vesicle	gene	cluster	were	

produced	 in	 significantly	 lower	 amounts	 in	 the	 floR	mutant.	 The	 affected	 proteins	 were:	

structural	proteins	GvpA1,	GvpC,	GvpF1,	GvpG	and	GvpN	(necessary	for	gas	vesicles	shape),	

regulatory	 proteins	 GvrA	 and	 GvrB,	 and	 proteins	 with	 unknown	 function	 that	 are	 not	

considered	essential	for	gas	vesicle	formation,	such	as	GvpW,	GvpY,	GvpH	and	GvpZ.	Although	

three	other	proteins	were	detected,	they	did	not	have	significant	changes	when	compared	to	

WT	 samples.	 These	were:	 the	 structural	protein	GvpF2	and	proteins	of	unknown	 function	

GvpK	 and	GvpX.	 5	 proteins	were	 not	 detected	 in	 the	DEA	 LIMMA	analysis:	 the	 structural	

proteins	GvpA2,	GvpA3	GvpF3,	and	GvpV	(necessary	for	gas	vesicle	shape)	and	the	regulatory	

protein,	 GvrC	 (Figure	 4.14).	 Overall,	 the	 quantitation	 and	 identification	 of	 the	 proteins	

encoded	by	the	gvpA-gvpY	and	gvrA-gvrC	operons	confirmed	previous	results	showing	the	

impact	 of	 floR	 on	 gas	 vesicle	 gene	 expression	 (Section	 4.2).	 Moreover,	 this	 experiment	
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supported	the	idea	that	FloR	regulates	gas	vesicle	production	through	control	of	the	cognate	

regulators	GvrA,	GvrB	and	GvrC.		

	

	
Figure	 4.14.	 Fold	 change	 production	 of	 gas	 vesicle	 proteins	 in	 the	 floR	 mutant.	 Bars	
represent	 the	 difference	 in	 production	 of	 gas	 vesicles	 between	WT	 and	 the	 floR	 mutant	
samples.	Stars	represent	adjusted	P-	values:	**	(p<0.01),	*	(p<0.05)	and	NS	(not	significant	
change).	Gas	vesicles	proteins	undetected	in	the	TMT	and	LC-MS/MS	analysis	are	represented	
as	empty	spaces	(without	bars).	
	

In	 section	 4.3,	 it	was	 shown	 that	 the	mutation	 in	 floR	 affected	 antibiotic	 production	 and	

swimming	motility	(Figures	4.5,	4.6	and	4.7).	As	with	the	proteins	encoded	by	the	gas	vesicle	

gene	 cluster,	 the	 proteins	 from	 the	 prodigiosin	 and	 carbapenem	 operons	 were	 down-

regulated	in	the	floR	mutant	(Table	4.1).	Proteins	from	both	the	4-methoxy-2-2’-bipyrrole-5-

carbaldehyde	(MBC)	and	2-methyl-3-n-amyl-pyrrole	(MAP)	parallel	pathways	for	prodigiosin	

production	were	produced	in	significantly	lower	amounts	compared	to	those	in	WT.		

	

The	 reduced	 production	 of	 the	 carbapenem	 biosynthetic	 enzymes	 CarA,	 CarB	 and	 CarC	

explains	the	impaired	antibiotic	activity	of	the	floR	mutant	(Table	4.1).	The	proteins	providing	

intrinsic	resistance	to	carbapenem,	CarF	and	CarG,	were	also	detected	in	lower	amounts	in	

the	 mutant.	 These	 proteins	 are	 essential	 in	 P.	 carotovorum	 to	 avoid	 suicide	 during	

carbapenem	 production	 (McGowan	 et	 al.,	 1996).	 The	 resistance	 of	 the	 floR	 mutant	 to	
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exogenous	 carbapenem	production	 from	 the	 carbapenem	producer	 strain	P.	 carotovorum	

ATTn10	was	tested	(Figure	4.15.	A	negative	control	for	carbapenem	sensitivity	with	a	WT	top	

lawn	 confirmed	 that	 S39006	 is	 resistant	 to	 exogenous	 antibiotic	 (Figure	 4.15.A),	 whilst	 a	

positive	control	showed	that	P.	carotovorum	ATTn10	produced	the	antibiotic	(Figure	4.15.C).	

Unexpectedly,	given	the	reduced	production	of	CarF	and	CarG	(Table	4.1),	the	floR	mutant	

still	retained	intrinsic	resistance	to	exogenous	carbapenem	(Figure	4.15.B).	This	implies	that	

although	CarF	and	CarG	production	was	low,	there	is	still	sufficient	to	provide	carbapenem	

resistance.		

	

Table	4.1.	Fold	change	of	proteins	from	the	carbapenem	and	prodigiosin	genetic	cluster	in	
the	floR	mutant.	

	
**	(p<0.01),	*	(p<0.05).		
	

In	 contrast	 to	 proteins	 involved	 in	 gas	 vesicle,	 carbapenem	 and	 prodigiosin	 production,	

several	proteins	involved	in	flagellar	motility	were	overexpressed	in	the	floR	mutant	(Table	

4.2).	Specifically,	proteins	involved	in	flagellum	structure	(FlgH,	FlgK,	FlgL,	FlhA,	FliC,	FliD	and	

FliP),	in	assembly	(FlgA,	FlgD	and	FliH),	and	rotation	(FliG	FliN	and	YcgR)	were	detected.	Also,	

others	 proteins	 predicted	 as	 chemotactic	 response	 regulators	 were	 identified	 as	 up-

regulated.	 This	 result	 supported	 previous	 observations	 on	 the	 hyper-motility	 of	 the	 floR	

mutant	(Figure	4.7).	The	surfactant	synthesis	protein	RhlA	was	also	detected	in	high	amounts	
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in	 the	 floR	 mutant	 (Table	 4.2).	 Both	 flagella	 and	 surfactant	 production	 are	 essential	 for	

swarming	motility	in	S39006	(Williamson	et	al.,	2008).	To	investigate	further	the	role	of	floR	

on	swarming	motilty,	samples	of	WT	and	floR	mutants	were	spotted	into	semisolid	LBA.	Figure	

4.16	confirms	that	the	floR	mutant	is	a	hyper-active	swarmer.		

	

	

Figure	 4.15.	 Carbapenem	 sensitivity	 in	 the	 floR	 mutant.	 The	 carbapenem	 producer	 P.	
carotovorum	ATTn10	and	the	carbapenem	mutant	P.	carotovorum	SM10	were	spotted	on	top	
lawns	containing	(A)	WT,	(B)	the	floR	mutant	and	(C)	the	𝛽-lactam	supersensitive	strain	E.	coli	
ESS.	All	images	are	representative	of	three	biological	replicates.	
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Figure	4.16.	Swarming	motility	assay	 in	the	floR	mutant.	All	 images	are	representative	of	
three	biological	replicates.	
	

4.6	FloR	is	a	master	regulator	

	

Previous	 studies	 identified	 the	 transcription	 factor	 PigP	 as	 a	 master	 regulator	 affecting	

multiple	 genes	 involved	 in	 antibiotic	 production	 and	 motility	 (Fineran	 et	 al.,	 2005(a);	

Williamson	 et	 al.,	2008).	 Similar	 to	 floR,	pigP	mutants	 are	 defective	 for	 carbapenem	 and	

prodigiosin	 production,	 but	 hyper-active	 for	 flagellar	 motility.	 Thus,	 it	 was	 reasonable	 to	

hypothesize	that	floR	dependent	regulation	was	connected	to	other	regulators	affecting	the	

phenotypes	studied	before.	Searches	were	done	 for	 regulators	previously	characterized	 in	

S39006	 among	 the	 2410	 proteins	 identified	 from	 the	 TMT	 LC-MS/MS	 experiment	 (See	

Chapter	1,	 sections	1.4,	1.6	and	1.4,	and	Figure	1.5).	Table	4.3	summarizes	 the	 regulatory	

proteins	 identified	 in	 the	 floR	mutant	 and	 their	 phenotypes	 in	 S39006,	 and	 Figure	 4.17	

represents	the	previously	known	regulatory	network	of	the	proteins	significantly	altered.	The	

HexA	and	GntR	E.	coli	homologues,	PigU	and	PigT	respectively,	were	up-regulated,	whilst	the	

mRNA	binding	protein	RsmA,	the	sigma	factor	(𝜎38)	RpoS,	the	periplasmic	phosphate	binding	

protein	PstS	and	SylA-like	transcription	regulator	Rap	were	all	down-regulated	in	the	mutant.	

Other	regulatory	proteins	detected,	such	as	PstA,	SdhE,	PigZ,	Hfq,	PigP	and	PigS	did	not	show	

significant	changes	in	the	floR	mutants.		
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Figure	 4.17.	 Network	 of	 known	 regulators	 of	 gas	 vesicles,	 flagellum,	 carbapenem	 and	
prodigiosin	production	affected	in	the	floR	mutant.	A.	The	rsmA-rsmB	dependent	regulatory	
pathway	is	highlighted	in	black	lines,	pigU-rpoS	in	cyan	and	gluconate-pigT	in	orange.	B.	The	
orthophosphate-pstSCAB-phoU-phoBR	regulatory	pathway	is	highlighted	in	dark	blue,	QS	in	
red	and	 rap	 in	 light	blue.	Continuous	 lines	 indicate	direct	 regulation,	whilst	discontinuous	
indirect.	 Arrows	 and	 perpendicular	 lines	 indicate	 activation	 and	 inactivation	 respectively,	
whilst	 the	 lines	 ending	 in	 a	 solid	 circle	 indicate	 regulation	 thought	 to	 be	 through	
phosphorylation.		See	description	in	text	for	detailed	information.	
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4.6.1	FloR	regulates	gas	vesicles	via	RsmA-rsmB	and	PigU-RpoS		

	

RsmA	is	a	positive	regulator	of	the	gvpA1-gvpY	and	gvrA-gvrC	operons	(Ramsay	et	al.,	2011)	

(Table	4.3,	figure	4.15.A	and	section	1.4.3).	It,	therefore,	seemed	possible	that	FloR	controlled	

gas	vesicle	production	through	RsmA	positive	regulation.	To	test	this	hypothesis,	the	mutation	

in	floR	was	transduced	into	a	rsmA::uidA	fusion	strain,	and	the	𝛽-glucuronidase	activity	and	

cell	morphology	assessed	(Figures	4.18.A	and	4.19).	The	reporter	activities	in	the	rsmA::uidA	

and	rsmA::uidA,	floR	strains	did	not	show	significant	differences	(Figure	4.18.A).	It	was	also	

observed	that,	similar	to	the	rsmA::uidA	and	floR	single	mutants,	the	rsmA::uidA,	floR	strain	

lost	the	ability	to	produce	phase	bright	structures	(gas	vesicles)	(Figure	4.19).	Therefore,	 it	

was	still	plausible	that	the	gas	vesicle	loss	in	the	floR	mutants	was	caused	by	down-regulation	

of	 RsmA,	 and	 FloR	 controlled	 the	 RsmA	 levels	 through	 post-transcriptional	 regulatory	

pathways.		

	

The	 small	 RNA	 csrB	 (a	 rsmB	homologue)	 binds	 to	 CsrA	 (a	 RsmA	 homologue)	 in	 E.	 coli	 to	

antagonize	 its	mRNA	binding	activity	 (Romeo,	1998).	Furthermore,	experiments	 in	S39006	

showed	that	disruption	of	rsmB	causes	overexpression	of	the	gas	vesicle	operons	(Ramsay	et	

al.,	2011)	(Figure	4.17.A	and	Section	1.4.3).	This	suggested	that	FloR	could	be	affecting	RsmA-

dependent	control	of	gas	vesicles	through	rsmB.	The	mutation	in	floR	was	transduced	into	an	

rsmB::uidA	strain	and	 the	 reporter	activity	and	morphology	assessed.	Figure	4.18.B	shows	

that	the	mutation	in	floR	up-regulated	the	𝛽-glucuronidase	activity.	This	suggested	that	FloR	

inhibits	rsmB	expression	and,	thus,	affected	rsmB-post-transcriptional	repression	of	RsmA	to	

enable	the	production	of	gas	vesicles.	In	contrast,	PCM	analysis	of	rsmB::uidA	and	rsmB::uidA,	

floR	strains	showed	that,	whilst	most	rsmB	mutants	produced	phase	bright	structures,	the	

mutation	 in	 floR	 bypassed	 the	 rsmB	 mutant	 phenotype.	 If	 floR-dependent	 gas	 vesicle	

production	 were	 solely	 controlled	 through	 the	 RsmA-rsmB	 pathway,	 some	 gas	 vesicle	

production	would	be	expected	in	the	rsmB,	floR	double	mutant.	The	absence	of	phase	bright	

structures	 in	 the	 rsmB::uidA,	 floR	 strains	 suggested	 that	FloR-dependent	 regulation	of	gas	

vesicles	was	not	exclusively	under	rsmB	or	RsmA	control.		

	

Previous	studies	in	S39006	showed	that	rpoS	was	a	negative	regulator	of	flagella,	prodigiosin	

and	 carbapenem	 production	 (Wilf	 &	 Salmond,	 2012;	 Wilf	 et	 al.,	 2013)	 (Figure	 4.17.A).	
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Moreover,	gene	expression	assays	and	proteomic	analysis	in	S39006	confirmed	that	the	RNA	

binding	protein,	Hfq,	aided	by	sRNAs,	promotes	directly	the	translation	of	rpoS	mRNA,	and	

rpoS	 transcription	 indirectly	 through	 inhibition	of	PigU	(Wilf	et	al.,	2011;	Wilf	et	al.,	2013)	

(Figure	 4.17.A	 and	 sections	 1.6.2,	 1.6.3	 and	 1.7.3).	 Interestingly,	 the	 floR	mutant	 showed	

overexpression	 of	 PigU	 and	 reduction	 of	 RpoS	 levels,	 whilst	 Hfq	 production	 did	 not	 vary	

significantly	 (Table	 4.3).	 This	 result	 suggested	 that	 floR	 regulates	 PigU	 and	 RpoS	 without	

affecting	 Hfq	 expression.	 To	 assess	 the	 impact	 of	 floR	 on	 the	 PigU-RpoS	 pathway,	 the	

mutation	 in	 floR	was	 transduced	 into	a	rpoS::uidA	strain	and	the	reporter	activity	and	cell	

morphology	measured	(Figures	4.18.C	and	4.19).	The	𝛽-glucuronidase	activity	in	the	rpoS,	floR	

double	mutant	was	lower	than	in	the	rpoS	single	mutant;	this	supported	the	idea	that	FloR	

regulates	 the	 expression	 of	 the	 sigma	 factor.	 Surprisingly,	 the	 rpoS::uidA	 mutant	 did	 not	

produce	phase	bright	structures	(Figure	4.19).	The	rpoS-dependent	regulation	of	gas	vesicles	

has	not	been	reported	in	S39006.	Taking	together	the	proteomics	data,	plus	the	transcription	

reporter	 assay	 and	 cell	morphology	 observations	 in	 PCM,	 these	 results	 suggest	 that	 FloR	

controls	gas	vesicles	via	inhibition	of	PigU	for	RpoS	expression,	in	addition	to	the	rsmB-RsmA	

pathway.		
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Figure	4.18.	Effect	of	floR	mutation	on	rsmA,	rsmB	and	rpoS	expression.	Black	bars	represent	
the	𝛽-galactosidase	activity	(UidA)	in	(A)	rsmA::uidA,	(B)	rsmB::uidA,		and	(C)	rpoS::uidA	single	
mutants,	and	green	bars	the	UidA	activity	 in	fusion	strain	with	the	floR	mutation.	Samples	
were	taken	after	12h	of	growth.	The	data	represent	the	average	and	standard	deviation	(error	
bars)	of	three	biological	replicates.	*p<0.05	and	**	p<0.01	
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Figure	 4.19.	 PCM	 analysis	 of	 floR-	 (rsmA,	 rsmB,	 rpoS,	 rap)	 double	 mutants.	 Scale	 bars	
correspond	to	1	µm.	
	

4.6.2	FloR	stimulates	antibiotic	production	through	rap	regulation	

	

The	mutation	in	floR	caused	overexpression	of	PigU,	PigT	(positive	regulators	of	carbapenem	

and	 prodigiosin)	 and	 reduced	 production	 of	 RsmA,	 RpoS	 and	 PstS,	 which	 are	 negative	

regulators	(Table	4.3).	This	implied	that	the	overexpression	of	PigU,	PigT	and	the	inhibition	of	

RsmA,	RpoS,	PstS	should	lead	to	carbapenem	and	prodigiosin	production	above	WT	levels.	

However,	 this	 was	 not	 observed	 in	 the	 phenotypic	 characterization	 of	 the	 floR	mutant	

(Figures	 4.5	 and	 4.6,	 Table	 4.1).	 The	 prodigiosin	 and	 carbapenem	 production,	 and	 the	

WT floR

rsmA::uidA rsmA::uidA,	
floR rsmB rsmB::uidA,

floR

rpoS::uidA,		
floR

rpoS::uidA rap rap,	floR
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intracellular	 proteome	 quantitation	 and	 sequencing	 suggested	 that	 FloR	 was	 a	 positive	

regulator	of	antibiotic	production	(Figures	4.5	and	4.6,	Table	4.1).		

	

The	reduction	in	antibiotic	production	in	the	floR	mutant	could	be	explained	by	the	down-

regulation	(-2.1	protein	log	fold	change)	of	Rap,	a	positive	antibiotic	regulator	(Table	4.3).	It	

seemed	that	Rap	regulation	of	prodigiosin	and	carbapenem	was	dominant	over	PigU,	PigT,	

RsmA,	Rpos	and	PstS	in	the	floR	mutant.	To	test	this	hypothesis,	prodigiosin	was	extracted	

from	rap,	rsmA	and	rpoS	single	mutants	and	double	(rap,	floR;	rsmA,	floR;	rpoS,	floR)	mutants	

(Figure	4.20).	Prodigiosin	production	in	the	rap	and	rap,	floR	mutant	strains	was	significantly	

reduced	(10	times)	compared	to	the	WT	and	the	single	floR	mutant.	Furthermore,	there	was	

no	significant	difference	between	the	rap	and	rap,	floR	mutants.	This	implied	that	neither	the	

PigU	and	PigT	overexpression	nor	the	down-regulation	of	RsmA,	RpoS	and	PstS	 in	the	floR	

mutant	could	bypass	the	prodigiosin	phenotype	caused	by	the	mutation	in	rap.			

	

Interestingly,	prodigiosin	production	in	the	rsmA::uidA	and	rpoS::uidA,	and	rsmA::uidA,	floR	

and	rpoS::uidA,	 floR	 strains	was	up-regulated	compared	to	WT	and	the	single	 floR	mutant	

(Figure	4.20).	Contrary	to	prodigiosin	production	in	rap	and	rap,	floR	mutants,	the	rsmA::uidA,	

floR	and	 rpoS::uidA,	 floR	mutants	show	significantly	 reduced	prodigiosin	production	when	

compared	 to	 rsmA::uidA	 and	 rpoS::uidA	 single	 mutants.	 As	 the	 mutation	 in	 rap	 was	 not	

bypassed	 by	 the	 mutation	 in	 floR,	 contrary	 to	 the	 rsmA	 and	 rpoS	 mutants,	 it	 may	 be	

reasonable	 to	 conclude	 that	 rap-dependent	 antibiotic	 regulation	 is	 dominant	 in	 the	 floR	

regulatory	network.			
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Figure	4.20.	Prodigiosin	production	in	floR-	(rsmA,	rsmB,	rpoS,	rap)	double	mutants.	Bars	
represent	 the	 average	production	of	 prodigiosin	 and	error	 bars	 the	 standard	deviation	of	
three	biological	replicates.	*p<0.05	and	**	p<0.01.	Black	stars	represent	statistical	differences	
when	compared	to	WT,	green	stars	when	compared	to	floR	and	red	stars	between	samples	
indicated	in	brackets.		
	

4.6.3	FloR	affects	BHL	production	

	

In	 high	 extracellular	 Pi	 concentrations,	 the	 orthophosphate	 (Pi)	 transport	 and	 response	

complex	PstSCAB-PhoU	inhibits	activation	of	the	PhoBR	two-component	system,	whilst	at	low	

Pi	concentrations	PhoR	autophosphorylates	and	activates	PhoB	(Hsieh	&	Wanner,	2010).	The	

phosphorylated	transcription	factor,	PhoB,	enhances	expression	of	the	QS	autoinducer	(BHL)	

synthase	gene,	smaI,	and	the	carbapenem	and	prodigiosin	biosynthetic	operons	(Slater	et	al.,	

2003	and	Gristwood	et	al.,	2009)	(Figure	4.17.B	and	section	1.7.2).	Therefore,	mutations	in	

pstSCAB-phoU	essentially	mimic	low	Pi	conditions	and	result	in	elevated	BHL	and	antibiotic	

production.	The	proteomic	analysis	showed	that	the	floR	mutant	had	reduced	production	of	

PstS,	 the	 phosphate	 binding	 component	 of	 the	 PstSCAB-PhoU	 system	 (Table	 4.3).	 	 To	

corroborate	the	negative	impact	on	PstS	levels	in	the	floR	mutant,	the	production	of	the	QS	

autoinducer	was	assessed	throughout	growth	with	a	BHL	sensor	strain	(SP19)	(Figure	4.21).	

The	 floR	mutant	significantly	overproduced	BHL	at	 late	exponential	and	stationary	growth	

phase	(See	ANOVA	analysis	in	Figure	4.21	legend).	
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Figure	4.21.	BHL	production	in	the	floR	mutant.	Cell	growth	is	represented	in	dashed	lines	
and	 BHL	 production	 in	 continuous	 lines.	 The	 data	 represent	 the	 average	 and	 standard	
deviation	 (error	 bars)	 of	 three	 biological	 replicates.	 ANOVA	 two-factor	 analysis	 of	 BHL	
detection	in	WT	and	the	floR	mutant	supernatants	taken	from	6	to	14	h	of	growth:	F	=	79.43	
>	Fcrit		=	4.35,	p	=	2.11*10-8.	
	

4.7	FloR	regulates	its	own	operon	and	the	expression	of	proteins	involved	in	carbon	

metabolism	

	

floR	was	a	gene	initially	annotated	as	Ser39006_3835	and	predicted	to	encode	a	DeoR-like	

transcriptional	regulator	(Figure	3.3,	section	3.2.1).	Previously	studied	members	of	the	DeoR	

family	commonly	repress	the	expression	of	operons	involved	in	central	metabolism	(Chapter	

3,	Section	3.6).	Moreover,	genes	upstream	of	floR	were	predicted	to	encode	proteins	related	

to	carbon	metabolism	(Table	3.3,	Section	3.2.1).	The	abundance	of	proteins	encoded	in	the	

floR	operon	was	assessed	in	the	TMT	and	LC-MS/MS	quantitation	and	sequencing	data.	First,	

it	 was	 clear	 that	 the	 proteins	 encoded	 by	 genes	 upstream	 of	 floR	 (Ser39006_3836	 and	

Ser39006_3837)	were	overexpressed	and	among	 those	most	highly	expressed	 (Table	4.4).	

Also,	the	proteins	from	the	upstream	operon	were	found	to	be	among	the	most	abundant	in	

the	floR	mutant	(Figure	4.22.A,	Table	4.4).		In	contrast,	the	levels	of	proteins	encoded	by	genes	

downstream	of	floR	were	not	altered.	This	suggested	that	FloR	may	repress	its	own	operon	
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by	 a	 negative	 feedback	 loop	 mechanism	 and	 upstream	 genes	 probably	 by	 divergent	

transcription	repression	(Figure	4.22.B).		

	

Other	proteins	among	those	most	up-regulated	in	the	floR	mutant	supported	the	idea	that	

this	regulator	is	involved	in	carbon	metabolism	control.	For	instance,	a	glucose	1-phosphatase	

homologue	 (V3T1I6),	 the	 ribose	 dehydrogenase	 RbsD	 (V3TQM9),	 the	 aerobic	 C4-

dicarboxylate	transporter	DctA	(V3TU23)	and	other	uncharacterised	proteins	with	conserved	

domains	related	to	carbohydrates	hydrolysis,	 recognition	and	transport	were	 found	highly	

expressed	 (Table	 4.4).	 Other	 proteins	 with	 conserved	 domains	 apparently	 unrelated	 to	

carbohydrate	utilisation	were	also	overexpressed.	This	includes	proteins	involved	in	flagellar	

motility	 and	 chemotaxis;	 an	 uncharacterised	 XRE-like	 transcriptional	 regulator	 (V3TP78),	

proteins	containing	domains	for	protein	modification	(V3TN35),	and	amidohydrolase	activity	

(V3TWN8).		

	

Bioinformatic	 analysis	 of	 proteins	 down-regulated	 by	 the	mutation	 in	 floR	 was	 also	 done	

(Table	4.5).	As	expected,	proteins	from	the	carbapenem,	prodigiosin	and	gas	vesicle	clusters	

were	 identified	 among	 the	 most	 affected	 proteins.	 Other	 proteins	 related	 to	 central	

metabolism	were	 also	 noted,	 such	 as	 a	 3-dehydro-L-gulonate-6-phosphate	 decarboxylase	

(V3V772)	homologue	and	an	acyl-coA	dehydrogenase	(V3T1L7).	 In	addition,	other	proteins	

such	as	an	uncharacterized	IclR-like	transcription	factor	(V3TWM7)	and	a	predicted	protein	

chaperone	of	the	small	heat	shock	(HSP20)	family	(V3VBC1)	were	identified	(Table	4.5).	
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Figure	4.22.	Effect	of	floR	on	the	expression	of	upstream	genes.	A.	Abundance	of	proteins	
encoded	 by	 genes	 Ser39006_3841	 (V3TKK5),	 Ser39006_3840	 (V3TPE5),	 Ser39006_3839	
(V3THV3),	 Ser39006_3838	 (V3SY19),	 Ser39006_3837	 (V3UZX5),	 Ser39006_3836	 (V3SYI3),	
Ser39006_3834	 (V3TDP9),	Ser39006_3833	 (V3TKK0),	Ser39006_3832	 (V3UZW9)	 in	WT	and	
the	 floR	 mutant.	 Stars	 represent	 adjusted	 P-	 values:	 **	 (p<0.01),	 *	 (p<0.05)	 and	 NS	 (not	
significant	change)	B.	Model	representing	negative	feedback	loop	and	divergent	regulation	
by	FloR.	
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4.8	Bioinformatic	analysis	of	the	upstream	intergenic	sequence	of	the	floR	operon	

	

floR	 is	 predicted	 to	 encode	 a	 transcriptional	 repressor	 and	 its	 mutation	 caused	 the	

overexpression	of	proteins	encoded	from	upstream	genes	and	from	different	operons.	This	

prompted	analysis	of	intergenic	sequence	upstream	of	the	floR	operon	using	BPROM,	a	tool	

for	prediction	of	bacterial	promoters,	to	identify	potential	transcription	initiation	sites	and	-

10	and	-35	boxes	for	the	transcription	of	the	divergent	operons	(Figure	4.23.A).	MEME	was	

also	used	to	search	for	shared	motifs	in	four	regulatory	sequences	of	the	operons	encoding	

the	ten	most	overexpressed	proteins	in	the	floR	mutant	(See	Table	4.4).	The	sequence	logo	

illustrating	the	consensus	motif	with	the	highest	score	and	the	occurrence	of	each	nucleotide	

in	 it	 is	 shown	 in	 Figure	 4.23.B.	 The	 MEME	 analysis	 identified	 a	 potential	 22bp	 binding	

sequence	overlapping	the	transcription	initiation	site	and	the	-10	box	next	to	the	floR	operon	

(Figure	4.23.A).	However,	the	motif	found	could	not	be	considered	significant	because	error	

values	 (E-values)	 for	 the	 motifs	 were	 above	 0.05.	 A	 motif	 comparison	 (Tomtom)	 with	

databases	of	binding	sequences	of	bacterial	transcription	factors	suggested	similarities	with	

the	binding	sequences	of	RsbR,	CRP	and	PhoB	transcription	factors.	Nonetheless,	the	E-values	

of	the	motif-motif	comparisons	were	above	0.05.	Experimental	simulations	for	motif	de	novo	

findings	 and	motif-motif	 comparisons	 consider	 a	 search	 significant	with	 E-values	 equal	 or	

lower	than	0.05	and	0.01,	respectively	(Bailey	&	Elkan,	1994,	Gupta	et	al.,	2007).	
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Figure	4.23.	Analysis	of	floR	operon	upstream	intergenic	sequence.	A.	The	intergenic	region	
(red	dotted	box)	contains	two	predicted	transcription	sites	(+1),	-10	and	-35	boxes	(underlined	
sequences),	presumably,	for	divergent	expression	of	upstream	and	downstream	operons.	A	
conserved	binding	motif	among	the	promoter	regions	of	the	genes	encoding	proteins	highly	
expressed	 in	 the	 TMT	 and	 LC-MS/MS	 experiment	 was	 detected	 (green	 nucleotides).	 B.		
Sequence	 logo	 illustrating	 the	 degree	 (bits)	 of	 conservation	 of	 each	 nucleotide	 in	 the	
predicted	binding	motif.		
	

4.9	Discussion	

	

4.9.1	Gas	vesicle	and	pleiotropic	gene	regulation	by	FloR	

	

The	results	 in	 this	chapter	suggested	that	FloR	acts	 through	rsmB-RsmA	and	PigU-RpoS	to	

regulate	gas	vesicle	production	(Figure	4.18	and	4.24,	Table	4.3).	RsmA-dependent	regulation	

of	gas	vesicles,	but	also	flagellar	motility,	has	been	reported	previously	in	S39006	(Williamson	

et	al.,	2008;	Ramsay	et	al.,	2011;	Wilf	et	al.,	2013).	Experiments	 in	E.	coli	showed	that	the	

rsmB	homologue	(csrB)	 forms	a	 large	monomeric	complex	which	sequesters	multiple	CsrA	

(RsmA)	 proteins	 to	 inhibit	 its	 post-transcriptional	 regulatory	 functions	 (Liu	 et	 al.,	 1997;	

Babitzke	&	Romeo.	2007).	The	transcription	assays	using	rsmB::uidA	reporter	fusions	suggest	

that	rsmB	is	overexpressed	in	the	floR	mutant	(Figure	4.18.B).	Therefore,	it	is	likely	that	loss	
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of	 gas	 vesicles	 and	 flagellar	 hyper-motility	 are	 caused	by	 rsmB-mediated	 inhibition	of	 the	

RsmA	 activity.	Nonetheless,	 the	 post-translational	modulation	 of	 RsmA	by	 rsmB	 does	 not	

explain	the	reduced	RsmA	levels	in	the	proteomic	experiments	(Table	4.3).	Although	it	was	

reported	that	rsmB	degradation	increases	in	P.	carotovorum	rsmA	mutants	(Chaterjjee	et	al.,	

2007),	 it	 is	unknown	whether	rsmB	overexpression	stimulates	RsmA	degradation.	Possibly,	

FloR	 regulates	 RsmA	 levels	 through	 alternative	 pathways	 to	 rsmB	 involving	 protein	

degradation.		

	

The	regulation	of	gas	vesicle	formation	by	the	stationary	phase	sigma	factor,	RpoS,	represents	

a	new	finding	 in	S39006	(Section	4.6.1).	A	previous	report	showed	that	RpoS	 is	a	negative	

regulator	of	flagellar	motility	in	S39006	(Wilf	&	Salmond,	2012).	Therefore,	it	is	likely	that	FloR	

acts	 through	 RpoS	 to	 regulate	 both	 flagellar	 motility	 and	 cell	 buoyancy	 (Figure	 4.24.A).	

Interestingly,	rpoS	and	rsmA	mutants	present	similar	gas	vesicle,	flagellar,	carbapenem	and	

prodigiosin	phenotypes	(Figure	4.24.A).	The	connection	between	RpoS	and	RsmA	pathways	

has	not	been	studied	in	S39006.	Nonetheless,	previous	investigations	in	E.	coli	showed	that	

RpoS	 facilitates	 the	 transcription	 of	 the	 rsmA-homologue,	 csrA,	 whilst	 CsrA	 induces	 RpoS	

proteolysis	 (Yakhnin	et	al.,	2011;	Park	et	al.,	2017).	Given	that	rsmA	 transcription	was	not	

altered	 in	the	 floR	mutant	 (Figure	4.16.A),	 the	RpoS	negative	 feedback	regulation	via	CsrA	

observed	in	E.	coli	may	not	occur	in	S39006.	

				

Other	regulators,	such	as	LrhA	and	PigU	(HexA-like	regulators),	inhibit	the	expression	of	RpoS	

to	control	multiple	phenotypes	in	E.	coli	and	S39006	(Peterson	et	al.,	2006;	Wilf	et	al.,	2012)	

(Figure	4.17.A).	Proteomic	analysis,	qPCR	and	EMSA	assays	in	previous	investigations	suggest	

that	the	RNA-chaperone	Hfq	induces	rpoS	expression	indirectly	through	pigU	inhibition	and	

directly	by	binding	to	the	rpoS	mRNA	ladder	(Wilf	et	al.,	2013;	Figure	4.17).	Although	the	Hfq	

levels	were	similar	to	the	WT	strains	in	the	floR	mutant,	PigU	was	found	to	be	up-regulated	

(Table	 4.3).	 FloR	may	 inhibit	pigU	 expression	 to	 promote	 rpoS	 transcription	 through	Hfq-

independent	pathways.	 	 It	 is	 also	possible	 that	 FloR	 controls	Hfq-dependent	 regulation	of	

RpoS	by	impacting	the	transcription	of	small	RNAs,	such	as	dsrA	and	rprA.	Small	RNAs	help	

Hfq	to	stabilise	and	protect	transcripts	from	degradation,	and	increase	translation	(McCullen	

et	al.,	2010;	Soper	et	al.,	2010).		
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Figure	 4.24.	 Model	 of	 floR-dependent	 regulation	 in	 the	 network.	 A.	 FloR	 regulation	 of	
rsmA/rsmB,	pigU/rpoS	and	pigT-dependent	pathways.	B.	FloR	regulation	of	pstS,	QS	and	rap	
dependent	 pathways.	 Lines	 ending	 in	 arrows	 indicate	 positive	 regulation,	 whilst	
perpendicular	lines	indicate	negative	regulation.	See	text	for	detailed	information.		
	

Ramsay	 and	 co-workers	 (2011)	 showed	 that	 gas	 vesicles	 were	 mostly	 produced	 at	 late-

exponential	 and	 stationary	phase	 via	QS	 regulation.	Given	 the	 loss	of	 gas	 vesicles	 in	 rpoS	

mutants	 and	 its	 role	 in	 stationary	 phase	 gene	 regulation,	 it	 is	 possible	 that	 RpoS	 is	 also	

essential	 for	 gas	 vesicle	 formation	 at	 high-cell	 densities.	 Both	QS	 and	 RpoS	 are	 positively	
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regulated	by	Hfq	in	S39006	(Wilf	et	al.,	2011;	Wilf	et	al.,	2013)	(See	Chapter	1,	section	1.7.3	

and	 Figure	 1.4).	 Moreover,	 other	 investigations	 in	 Pseudomonas	 aeruginosa	 and	

Pseudomonas	fluorescens	suggested	that	RpoS	controls	QS	regulation	by	helping	their	LuxR-

homologues	to	recognize	multiple	promoter	regions	(Schuster	et	al.,	2004;	Liu	et	al.,	2018)	

Interestingly,	 proteomics	 and	 BHL	 detection	 assays	 in	 the	 floR	mutant	 suggests	 that	 FloR	

inhibits	BHL	production	through	up-regulation	of	the	phosphate	binding	protein	PstS	(Section	

4.6.3,	Table	4.3,	Figures	4.21	and	4.24).	Therefore,	it	is	possible	that	FloR	is	connected	through	

multiple	regulators	to	tightly	control	(positively	and	negatively)	gene	expression	in	stationary	

phase.		

	

In	 addition	 to	 proteomics,	 phenotypic	 assays	 suggested	 that	 FloR	 positive	 regulation	 of	

antibiotic	production	is	caused	mostly	through	Rap	instead	of	RsmA-rsmB,	PigU-RpoS,	PigT	

and	PstS-SmaI-dependent	pathways	(Sections	4.3,	4.6.1	and	4.6.2,	and	Figures	4.20	and	4.24).	

In	contrast,	FloR	 inhibition	of	 flagellar	motility	may	be	 the	 result	of	positive	 regulation	on	

RsmA,	RpoS	and	Rap,	and	negative	on	PigT,	instead	of	PstS-SmaI	(Figure	4.24).	Overall,	the	

results	presented	here	suggests	that	FloR	is	major	regulator	modulating	multiple	networks	in	

S39006	for	cell	buoyancy,	motility	and	secondary	metabolism.	

	

4.9.2	Carbon	metabolism	and	pleitropic	regulation	by	FloR	

	

The	 proteomic	 data	 suggested	 that	 FloR	 represses	 its	 own	 operon	 to	 control	 its	 own	

expression	along	with	genes	encoding	an	uncharacterized	four-carbon	kinase	and	a	PdxA-like	

protein	(Figure	4.22A	and	Table	4.4).	PdxA	(4-hydroxythreonine-4-phosphate	dehydrogenase)	

is	 part	 of	 the	 pyridoxal-5-phosphate	 (Vitamin	 B6)	 pathway,	 which	 utilises	 D-erythose-4-

phosphate	as	precursor	(Laber	et	al.,	1999).	D-erythose-4-phosphate	is	also	an	intermediate	

of	the	pentose	phosphate	pathway	(PPP).	Thus,	 it	 is	possible	that	the	FloR-regulated	four-

carbon	 kinase	 encoded	 by	 Ser39006_3837	 and	 the	 PdxA-like	 protein	 encoded	 by	

Ser39006_3836	 are	 involved	 in	 the	 utilisation	 of	 four	 carbon-metabolites	 to	 control	

biosynthetic	pathways,	such	as	PPP	and	Vitamin	B6.		

				

The	synthesis	of	other	proteins	involved	in	central	metabolism	was	also	altered	in	the	floR	

mutant	 (Section	4.7).	The	 ribose	operon	regulator	RbsR	and	 the	CsrD	homologue,	PigX,	 in	
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S39006	also	regulate	the	expression	of	enzymes	involved	in	carbon	utilisation,	such	as	ribose	

dehydrogenase,	 RbsD	 and	 glycerol	 kinase,	 GlpK	 (Lee	 et	 al.,	 2017;	 Fineran	 et	 al.,	 2007).	

Furthermore,	the	RsmA/rsmB	homologues	CsrA/csrB	and	the	sigma	factor	RpoS	are	involved	

in	glycolysis,	glycogen	biosynthesis,	gluconeogenesis	and	acetate	metabolism	control	in	E.	coli	

(Romeo	et	al.,	1993;	Sabnis	et	al.,	1995;	Romeo,	1998;	Wei	et	al.,	2000,	Potts	et	al.,	2017).	

This	 study	 and	 others	 on	 rbsR,	 rsmA/rsmB	 and	 pigX	 mutants	 indicate	 that	 S39006	 is	 a	

potential	model	organism	for	understanding	how	bacteria	connect	carbon	metabolism	and	

cell	buoyancy,	motility	and	secondary	metabolism	regulation.			

			

The	connection	between	the	catabolism	of	high	energy	carbohydrates,	such	as	glucose,	and	

pleiotropic	 regulation	 has	 been	 studied	 in	 different	 Gram-negative	 bacteria	 (Saier,	 1998;	

Nanchen	et	al.,	2008;	Stella	et	al.,	2008;	Kalivoda	et	al.,	2010;	Shimada	et	al.,	2011).	In	Serratia	

marcescens,	glucose-depleted	conditions	induce	the	production	of	the	secondary	messenger	

cAMP	 to	 activate	 CRP-dependent	 gene	 expression	 of	 catabolic	 genes,	 and	 stimulate	

swimming	motility	(Botsford	&	Harman,	1992;	Stella	et	al.,	2008).	In	contrast,	glucose	down-

regulates	flagellar	motility	by	inhibiting	the	expression	of	the	adenylate	cyclase	gene,	cyaA,	

involved	in	cAMP	synthesis	(Stella	et	al.,	2008).	Glucose	inhibition	of	swimming	motility	may	

be	 important	 in	 bacteria	 to	 remain	 in	 environments	 with	 high	 quality	 carbon	 substrates,	

whilst	cAMP-CRP-dependent	activation	of	motility	might	help	to	migrate	from	environments	

limited	 in	 energy	 resources	 (Zhao	 et	 al.,	 2007;	 Stella	 et	 al.,	 2008).	 Interestingly,	mutants	

defective	in	genes	involved	in	carbon	metabolism	regulation,	such	as	rsmA,	rpoS,	rbsR	and	

floR	 showed	 contrasting	 flagella	 and	 gas	 vesicle	 phenotypes.	 Furthermore,	 although	 cell	

movement	 via	 gas	 vesicles	 is	 limited	 to	 a	 vertical	 plane,	 it	 has	 been	 proposed	 as	 a	

cost/effective	 (“cheap”)	mechanism	 for	migration	 compared	 to	 flagellar	motility	 (Walsby,	

1994).	Therefore,	S39006	may	repress	motility	and	stimulate	gas	vesicle	production	by	FloR	

in	environments	with	low	energy	carbon	sources	to	float	and	rise	up	without	investing	energy	

in	flagellar	rotation.	

				

Contrary	to	motility	regulation,	both	glucose	and	cAMP	have	negative	impacts	on	prodigiosin	

production	 in	 S.	 marcescens.	 Moreover,	 glucose	 inhibits	 prodigiosin	 production	 in	 crp	

mutants.	This	suggests	that	glucose	also	controls	pigment	production	through	CyaA-cAMP-

CRP	 independent	 pathways	 (Kalivoda	 et	 al.,	 2010).	 Prodigiosin	 has	 been	 proposed	 as	 a	
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metabolic	sink	for	“energy-spilling”	when	ATP	concentrations	are	high	(Haddix	et	al.,	2008).	

Given	that	cAMP	is	high	during	glucose-depletion,	cAMP-dependent	repression	of	prodigiosin	

production	 has	 been	 suggested	 as	 a	 strategy	 to	 avoid	 “energy-spilling”	 during	 starvation	

(Kalivoda	 et	 al.,	 2010).	 Possibly,	 catabolic	 regulators,	 such	 as	 FloR,	 stimulate	 prodigiosin	

production	 in	 environments	with	 alternative	 carbon	 substrates	 (i.e	 four-carbon	 sugars)	 to	

bypass	the	cAMP-CRP	pathway.		

	

4.9.3	FloR-dependent	regulation	of	gas	vesicles	in	a	low	aerated	environment	

				

Experiments	 investigating	 microaerophilic	 conditions	 suggested	 that	 FloR	 regulation	 is	

essential	 for	 cell	 buoyancy	 in	 low	 oxygen	 concentrations	 (Section	 4.4).	 Probably,	 oxygen	

depletion	in	cultures	of	the	floR	mutant	did	not	stimulate	the	activity	of	the	gvpA1	promoter	

because	 the	 intrinsic	 gas	 vesicle	 regulators	GvrA,	GvrB,	GvrC	were	 down-regulated.	More	

importantly,	 FloR	 may	 facilitate	 migration,	 aided	 by	 gas	 vesicles,	 to	 environments	 with	

optimal	oxygen	concentrations	and	energy	resources.	Exposure	to	oxygen-rich	environments	

in	 facultative	 bacteria,	 such	 as	 S39006,	 results	 in	 a	 higher	 energetic	 yield	 from	 catabolic	

pathways	(Tran	&	Unden,	1998).		

	

4.9.4	Intracellular	proteomic	profile	of	the	floR	mutant	

				

TMT	 10-plex	 and	 LC-MS/MS	 sequencing	 and	 quantitation	 of	 the	 Intracellular	 proteome	

identified	 802	 proteins	 differentially	 expressed	 (P	 value	 <0.05)	 in	 the	 floR	mutant.	 The	

proteomic	 data	 confirmed	 the	 results	 on	 gas	 vesicle	 formation,	 antibiotic	 production	 and	

motility.	 Furthermore,	 the	 proteomic	 analysis	 permitted	 targeting	 the	 regulatory	 and	

catabolic	pathways	affected	by	the	mutation	in	floR.	Previous	experiments	 in	pigX	and	hfq	

mutants	 using	 2D-DiGE	 (difference	 in	 gel)	 analysis	 and	 iTRAQ	 4-plex	 with	 LC-MS/MS,	

respectively,	also	identified	proteins	involved	in	carbon	utilization	(Fineran	et	al.,	2007;	Wilf	

et	al.,	2013).	Nonetheless,	more	proteins	were	identified	in	this	research	using	TMT	and	LC-

MS/MS;	530	proteins	in	the	floR	mutant	with	a	cut-off	of	P	value<0.01	compared	to	33	and	

486	in	S39006	pigX::mini-Tn5Sm/Sp	and	S39006	∆hfq	mutants,	respectively.	The	total	protein	

match	was	also	higher	in	the	floR	mutant	proteome	analysis;	2410	compared	to	1369	in	the	

hfq	mutant.	Interestingly,	previous	comparative	studies	with	shotgun	proteomics	suggested	
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that	iTRAQ	4-plex	peptide-labelling	resulted	in	a	larger	peptide-spectrum	match,	compared	

to	TMT	6-plex	and	iTRAQ	8-plex	(Pichler	et	al.,	2010).	This	suggest	that	the	number	of	isobaric	

reporters	that	determines	the	number	of	channels	(samples	or	replicates)	for	multiplexing	is	

important;	 the	 higher	 the	 plex,	 the	 total	 number	 of	 proteins	 identified	 decreases.	

Nonetheless,	the	sampling	time	could	explain	the	difference	in	proteins	identified	between	

the	 floR	 and	 S39006	∆hfq	mutants.	Wilf	 and	 co-workers	 (2013)	 took	 samples	 for	 protein	

extraction	after	10	h	of	growth,	whilst	samples	in	this	project	where	taken	at	16	h.		

				

Bioinformatic	analysis	from	the	proteomic	experiment	presented	in	this	project	revealed	that	

45%	of	the	proteins	predicted	from	whole	genome	sequencing	were	not	identified.	Several	

factors	 could	 explain	 this	 result:	 (i)	 detection	 limitations	 from	 the	 TMT	 and	 LC-MS/MS	

analysis,	 (ii)	 the	 protein	 extraction	 analysed	 in	 the	 experiment	 corresponded	 only	 to	

intracellular	proteins;	 the	secreted	proteome	was	excluded,	and	(iii)	gene-silencing	effects	

dependent	on	growth	conditions.	For	instance,	significant	variations	in	the	global	proteome	

profile	of	E.	coli	occur	when	grown	in	complex	media	(i.e.	LB),	with	an	excess	of	glucose,	under	

stress	conditions	or	in	different	growth	phases	(Schimdt	et	al.,	2016)		

	

It	 is	 also	 possible	 that	 some	 proteins	 were	 not	 detected	 due	 to	 ineffective	 peptide	

quantitation.	Although	the	LC-MS/MS	analysis	revealed	that	the	peptide	tagging	efficiency	

was	high,	15%	of	the	peptides	could	not	be	identified	in	all	the	replicates	of	the	experiment;	

this	may	be	the	case	with	gas	vesicle	proteins	GvpV	and	GvrC	(Figures	4.14).	Also,	it	is	likely	

that	 peptides	 from	proteins	 such	 as	GvpA2,	GvpA3	 and	GvpF3	were	missing	 because	 the	

peptide	match	was	assigned	to	homologous	proteins	GvpA1,	GvpF1	and	GvpF2.		

				

Some	proteins	from	the	carbapenem	and	prodigiosin	operons	could	not	be	detected	in	the	

TMT	and	LC-MS/MS	experiment.	For	instance,	CarD,	CarE,	CarH	and	PigO,	which	are	proteins	

that	are	not	essential	for	antibiotic	production.	In	contrast,	all	the	essential	proteins	detected	

were	down-regulated	 in	the	 floR	mutant.	This	confirmed	the	observations	on	carbapenem	

and	prodigiosin	production	(Figures	4.5	and	4.6).	The	proteins	involved	in	intrinsic	resistance	

to	carbapenem	(CarF	and	CarG)	were	also	negatively	affected	in	the	floR	mutant	(Table	4.1).	

The	protein	quantitation	revealed	that	the	carbapenem	biosynthetic	proteins	are	2.5	to	4.5	

(log)	 fold	 down-regulated,	 whilst	 CarF	 and	 CarG	 0.3	 and	 1.3	 (log)	 fold.	 The	 resistance	 to	
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exogenous	carbapenem	in	the	floR	mutant	(Figure	4.15)	suggests,	that,	despite	the	reduction	

of	CarF	and	CarG	levels,	the	proteins	are	still	functional.	Perhaps,	the	down-regulation	of	Rap	

in	 the	 floR	 mutant	 does	 not	 affect	 the	 biosynthetic	 and	 resistance	 proteins	 similarily.	

Moreover,	carF	and	carG	expression	is	under	control	of	an	internal	promoter	within	carD,	in	

addition	to	the	carA	promoter	(Coulthurst	et	al.,	2005).	Thus,	 it	 is	possible	that	 in	the	floR	

mutant	carF	and	carG	expression	is	still	active	due	to	other	transcriptional	regulators	acting	

through	the	internal	promoter	in	carD.	
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Chapter	5	
TrkH	regulates	potassium-dependent	control	of	gas	

vesicles,	prodigiosin	production,	and	turgor	pressure	in	
Serratia	

	

The	gas	vesicle	mutant	AQY107	had	a	transposon	in	the	low	affinity	potassium	transporter	

gene,	trkH,	(Chapter	3).	This	mutant	was	classified	as	a	gas	vesicle	hyper-producer	because	

colonies	and	patches	appeared	more	opaque	than	the	parental	strain	(NWA19)	(Chapter	3,	

Section	3.2.1	and	Figure	3.1.B).	 	Also,	PCM	images	showed	that	all	AQY107	cells	contained	

phase-bright	structures	and	cells	in	static	liquid	cultures	remained	buoyant	over	time,	whilst	

some	NWA19	cells	did	not	produce	gas	vesicles	and	would	sink	to	the	bottom	of	the	liquid	

culture	 (Figure	 3.1.C	 and	 D).	 Phenotypic	 assays	 suggested	 that	 the	mutation	 in	 trkH	 also	

affected	flagellar	motility	and	carbapenem	antibiotic	production	(Figures	3.9	and	3.10).	This	

chapter	presents	further	details	on	the	role	of	trkH	in	cell	buoyancy,	motility	and	secondary	

metabolism.	

	

5.1	Expression	of	trkH	down-regulates	gene	expression	for	gas	vesicle	formation	

	

To	 confirm	 that	 trkH	 regulates	 gas	 vesicle	 production,	 phage	 transduction	 was	 used	 to	

transfer	the	trkH	mutation	into	WT	cells	and	reporter	fusion	strains	for	the	gvpA1-gvpY	and	

gvrA-gvrC	 operons.	 Thereafter,	 the	 cell	morphology	 of	 the	WT	 and	 the	 trkH	 mutant	was	

assessed	in	TEM.	The	trkH	mutants	contained	densely	packed	gas	vesicles,	compared	to	WT	

cells	(Figure	5.1).	This	supported	previous	observations	in	the	AQY107	mutant	for	gas	vesicle	

formation	under	PCM.		

	

To	assess	the	impact	of	trkH	on	the	expression	of	the	gas	vesicle	operons,	gvpA1-gvpY	and	

gvrA-gvrC,	the	reporter	activity	in	gvpA1::uidA	and	gvrA::uidA	reporter	fusion	strains	carrying	

the	trkH	mutation	was	assessed.	The	UidA	activity	in	the	gvpA1::uidA,	trkH	strain	was	higher	

at	late-exponential	and	stationary	phase	compared	to	the	control	strain	(gvpA1::uidA)	(Figure	

5.2).	In	contrast,	the	trkH	mutation	did	not	alter	the	expression	of	gvrA	(Figure	5.3).	These	

results	 indicated	 that	 the	 potassium	 transporter	was	 important	 for	 control	 of	 gas	 vesicle	
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formation	in	S39006	through	down-regulation	of	gvpA1-gvpY	operon	expression,	but	not	the	

gvrA-gvrC	operon.		

	

	
Figure	5.1.	Gas	vesicle	formation	in	the	trkH	mutant.	TEM	images	of	a	WT	single	cell	(left)	
and	a	group	of	trkH	mutants	(right).	Scale	bars	correspond	to	500	nm.	
	

	

	

Figure	5.2.	gvpA1	expression	in	the	trkH	mutant.	Cell	density	(OD600,	dotted	lines)	and	gene	
expression	(RFU	min-1	OD600

-1,	continuous	lines)	were	measured	throughout	growth	in	LB.	The	
data	represent	the	average	and	standard	deviation	(error	bars)	of	three	biological	replicates.	
ANOVA	two-factor	analysis	of	the	𝜷-glucuronidase	reporter	activity	from	6	to	14	h	of	growth	
in	gvpA1::uidA	and	gvpA1::uidA,	trkH	found	F	=	86.86	>	Fcrit	=	4.35;	p-value	1.02*10-8.	
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Figure	5.3.	gvrA	expression	in	the	trkH	mutant.	Cell	density	(OD600,	dotted	lines)	and	gene	
expression	(RFU	min-1	OD600

-1,	continuous	lines)	were	measured	throughout	growth	in	LB.	The	
data	represent	the	average	and	standard	deviation	(error	bars)	of	three	biological	replicates.	
ANOVA	two-factor	analysis	of	the	𝜷-glucuronidase	reporter	activity	from	6	to	14	h	of	growth	
in	gvrA::uidA	and	gvrA::uidA,	trkH	found	F	=	3.17	>	Fcrit	=	4.35;	p-value	0.09.	
	

Mutations	 in	 some	genes	 in	 the	gvrA-gvrC	operon	 result	 in	 loss	 of	 gas	 vesicle	 production	

(Tashiro	 et	 al.,	 2016),	 whilst	 the	 trkH	mutation	 leads	 to	 hyper-production	 of	 gas	 vesicles	

through	up-regulation	of	 the	gvpA1-gvpY	operon.	 Thus,	whether	 the	 trkH	mutation	could	

bypass	 the	mutation	 in	essential	genes	 for	gas	vesicle	 formation	 in	gvrA-gvrC	operon	was	

assessed.	Figure	5.4	shows	the	patch	and	cell	morphology	for	double	gvrA,trkH;	gvpF2,	trkH;		

gvpF3,trkH;	gvrB,	trkH;	and	gvrC,	trkH	mutants.	This	showed	that	the	mutation	in	trkH	did	not	

bypass	 the	phenotype	caused	by	 the	 loss	of	genes	 from	the	gvrA-gvrC	operon.	Moreover,	

although	trkH	did	not	affect	promoter	activity	of	the	gvrA-gvrC	operon,	the	hyper-production	

of	gas	vesicles	in	the	trkH	background	required	the	expression	of	the	structural	and	regulatory	

genes	in	this	operon.	
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Figure	 5.4.	 Gas	 vesicle	 production	 in	 trkH,	 (gvrA;	 gvpF2;	 gvpF3;	 gvrB	 and	 gvrC)	 double	
mutants.	Patch	and	cell	morphology	in	PCM	of	double	mutants	for	trkH	and	genes	essential	
for	 gas	 vesicle	 formation	 from	 the	gvrA-gvrC	operon.	 Images	 are	 representative	 of	 three	
biological	replicates.	Scale	bars	correspond	to	1	µm	
	

To	confirm	the	impact	of	trkH	on	gas	vesicle	production,	the	mutant	gene	was	complemented	

in	 trans.	 Ectopic	 expression	under	 control	 of	 an	 arabinose-inducible	promoter	 in	 the	 trkH	

mutant	 resulted	 in	 significantly	 reduced	 gvpA1	 transcription	 compared	 with	 the	 mutant	

carrying	 an	 empty	 vector	 (Figure	 5.5.A).	 Furthermore,	 the	 transcription	 of	 gvpA1	 in	 the	

complemented	mutant	was	similar	to	that	in	the	control	strain	(gvpA1::uidA).	The	production	

of	 GvpC,	 a	 protein	 encoded	 from	 the	gvpA1-gvpAY	 operon	 and	 important	 for	 gas	 vesicle	

structure	strengthening,	was	also	assessed	in	a	Western	Blot.	As	expected,	the	trkH	mutant	

carrying	an	empty	vector	showed	hyper-production	of	GvpC,	whilst	this	was	reduced	in	the	

complemented	 mutant	 (Figure	 5.5.B).	 These	 results	 were	 corroborated	 by	 analyzing	 the	

formation	of	phase-bright	structures.	Cells	complemented	for	trkH	lost	gas	vesicle	production	

(Figure	 5.6).	 Taking	 all	 these	 results	 together,	 it	 can	 be	 concluded	 that	 trkH	 is	 a	 negative	

regulator	of	gas	vesicle	production	and	expression	of	genes	in	the	gvpA1-gvpY	operon.		

WT

trkH

gvrA gvpF2 gvpF3 gvrB gvrC
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Figure	5.5.	Impact	of	trkH	on	gene	expression.	A.		Complementation	of	gvpA1	expression	in	
the	trkH	mutant.	The	expression	in	the	reporter	strains	gvpA1::uidA	and	gvpA1::uidA,	trkH	
containing	the	empty	vector	(pBAD30)	are	represented	in	black	and	red	bars,	respectively.	
The	trkH	mutant	was	tested	for	complementation	with	pAQY1	in	the	gvpA1::uidA,	trkH	strains	
(grey	 bar).	 The	 data	 represent	 the	 average	 and	 standard	 deviation	 (error	 bars)	 of	 three	
biological	replicates.	B.	Immunodetection	of	GvpC	(See	Chapter	2,	section	2.19).	The	image	is	
representative	of	three	biological	replicates.	
	

	

Figure	 5.6.	 Complementation	 of	 the	 trkH	 mutant	 gas	 vesicle	 production.	 Scale	 bars	
correspond	to	1	μm.	Images	are	representative	of	three	biological	replicates.	
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5.2	 Environmental	 potassium	 controls	 gas	 vesicle	 gene	 expression	 and	 morphogenesis	

through	TrkH	

	

TrkH	 is	 a	 low-affinity	 potassium	 uptake	 protein	 active	 at	 relatively	 high	 concentrations	

compared	to	other	systems	in	E.	coli	(Rhoads	et	al.,	1976;	Schlösser	et	al.,	1995).	Hence,	gene	

expression,	 flotation	and	gas	vesicle	 formation	was	measured	 in	 the	WT	and	 trkH	mutant	

strains	grown	 in	minimal	media	with	different	potassium	concentrations	 (0.25,	2.5	and	25	

mM	KCl).	Mid-to-high	concentrations	of	KCl	(2.5	and	25	mM)	had	similar	negative	impacts	on	

the	𝛽-glucuronidase	reporter	activity	throughout	growth	in	the	gvpA1::uidA	strain,	whilst	in	

lower	(0.25	mM)	KCl	concentrations	the	reporter	activity	was	significantly	higher	at	stationary	

phase	(Figure	5.7.A).	This	suggested	that	high	extracellular	potassium	is	an	environmental	cue	

for	negative	regulation	of	the	gvpA1-gvpY	operon.	

	

To	assess	the	role	of	trkH	on	potassium-dependent	regulation	of	gene	expression,	the	gvpA1	

transcription	 activity	 was	 measured	 in	 the	 trkH	 background	 under	 different	 extracellular	

potassium	concentrations.	The	reporter	activity	in	gvpA1::uidA	and	gvpA1::uidA,	trkH	strains	

remained	 the	 same	 throughout	 growth	 in	 0.25	 mM	 KCl	 (Fig.	 5.6..B).	 In	 contrast,	 the	 𝛽-

glucuronidase	activity	increased	significantly	in	the	trkH	mutant	in	2.5	and	25	mM	KCl	from	

mid-exponential	phase	(Figure	5.7.C	and	D).	The	effect	of	potassium	and	the	trkH	mutation	

on	 gas	 vesicle	 gene	 expression	was	 confirmed	 by	measuring	 the	UidA	 activity	 in	minimal	

media	supplemented	with	potassium	phosphate	buffer	as	an	alternative	K+	source	to	KCl	(Fig.	

5.8).	Similar	to	gvpA1	expression	assays	in	minimal	media	with	KCl,	the	reporter	activity	did	

not	vary	in	mutant	cells	grown	in	a	low	potassium	concentration,	whilst	the	transcription	of	

gvpA1	 increased	in	trkH	mutants	grown	in	relatively	high	potassium	concentrations.	These	

results	 suggested	 that	 the	 mutation	 in	 trkH	 mimics	 the	 effect	 of	 depleted	 potassium	

conditions	in	S39006.	Furthermore,	they	indicate	that	trkH	facilitates	potassium-dependent	

down-regulation	of	gas	vesicle	formation	in	mid-to-high	potassium	concentrations.		
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Figure	5.7.	Effect	of	potassium	on	gvpA1	expression	throughout	growth.	Growth	(dotted	
lines)	was	measured	as	OD600	and	gene	reporter	activity	(bars)	as	RFU	min-1	OD600

-1.	A.	Growth	
and	reporter	activity	in	the	gvpA1::uidA	strain	grown	in	minimal	media	supplemented	with	
0.25	mM,	2.5	mM	and	25	mM	KCl.	ANOVA	analysis	of	the	𝛽-glucuronidase	reporter	activity	
from	2	to	20	h	in	cells	grown	in	0.25	and	2.5	mM	KCl	found	F	=	73.30	>	Fcrit	=	4.08;	p-value	
1.39*10-10;	in	0.25	and	25	mM	KCl	F	=	69.38	>	Fcrit	=	4.08;	p-value	2.84*10-10;	and	in	2.5	and	
25	mM	KCl	F	=	0.59	<	Fcrit	=	4.08;	p-value	0.45.	B-D.	Growth	and	reporter	activity	in	gvpA1::uidA	
(black)	and	gvpA1::uidA	trkH	(red)	strains	in	minimal	media	supplemented	with	(B)	0.25	mM,	
(C)	2.5	mM	and	(D)	25	mM	KCl.		ANOVA	analysis	of	the	𝛽-glucuronidase	reporter	activity	from	
2	to	20	h	of	growth	with	(B)	0.25	mM:	F	=	0.12	<	Fcrit	=	4.08;	p-value	0.73,	(C)	2.5	mM:	F	=	
518.89	>	Fcrit	=	4.08;	p-value	1.61*10-24	and	(D)	25	mM	KCl:	F	=	521.89	>	Fcrit	=	4.08;	p-value	
1.45*10-24.	 The	 data	 represent	 the	 average	 and	 standard	 deviation	 (error	 bars)	 of	 three	
biological	replicates	
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Figure	5.8.	gvpA1	expression	in	minimal	media	with	an	alternate	potassium	source	to	KCl.	
Cells	were	grown	in	minimal	media	at	final	concentrations	of	(A),	0.14	mM,	(B)	1.4	mM	and	
(C)	14	mM	K+	using	minimal	medium	with	potassium	phosphate	salts	instead	of	KCl	as	a	source	
of	K+.	ANOVA	analysis	of	the	𝛽-glucuronidase	reporter	activity	from	12	to	16	h	of	growth	with	
(A)	0.14	mM	found	F	=	4.08	<	Fcrit	=	4.74;	p-value	0.066;	(B)	in	1.4	mM	F	=	70.87		>	Fcrit	=	4.74;	
p-value	2.22*10-6,	and	(C)	in	14	mM	KCl:	F	=	42.57		>	Fcrit	=	4.74;	p-value	2.83*10-5.	The	data	
represent	the	average	and	standard	deviation	(error	bars)	of	three	biological	replicates.	
	

PCM	 analysis	 in	 cells	 grown	 in	 minimal	 media	 with	 different	 potassium	 concentrations	

corroborated	 the	observations	on	 the	effect	of	extracellular	potassium	and	 trkH	 in	gvpA1	

expression.	Figure	5.9	shows	that	gas	vesicle	formation	was	absent	throughout	growth	in	WT	

cells	at	2.5	mM	KCl.	In	contrast,	trkH	mutants	grown	under	the	same	conditions	formed	gas	

vesicles	at	exponential	phase	(10	h).	In	low	KCl	concentrations	these	structures	were	detected	

at	stationary	phase	in	both	WT	and	mutant	cells.	Flotation	assays	using	minimal	media	and	

cell	 morphology	 analysis	 in	 PCM,	 supported	 previous	 results	 (Figure	 5.10).	 WT	 and	 trkH	

mutant	 cells	 remained	buoyant	 and	produced	phase-bright	 structures	 in	 a	 low	potassium	

concentration.	 As	 expected,	 the	 trkH	 mutant	 grown	 in	 relatively	 high	 potassium	

concentrations	mimicked	the	phenotypes	observed	in	potassium-depleted	conditions,	whilst	

the	WT	cells	did	not	produce	gas	vesicles,	or	float.		
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Figure	5.9.	Effect	of	potassium	on	gas	vesicle	formation	in	WT	and	trkH	strains.	(A)	Growth	
and	 (B)	 gas	 vesicle	 formation	 throughout	 time	 in	WT	 and	 trkH	mutant	 cells	 grown	 in	 the	
presence	of	0.25	mM	and	2.5	mM	KCl.	Images	of	cells	with	phase-bright	structures	are	framed	
with	black	lines.	PCM	images	were	taken	immediately	after	OD600	measurements.		The	data	
in	growth	assays	represent	the	average	and	standard	deviation	(error	bars)	of	three	biological	
replicates.	
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Figure	5.10.	Effect	of	potassium	on	flotation	and	gas	vesicle	formation.	WT	and	trkH	mutant	
cells	grown	in	minimal	media	with	0.25	mM	or	2.5	mM	KCl.	A.	Flotation	assay.	B.	PCM	of	cells	
grown	in	solid	medium.	Scale	bars	correspond	to	1	μm.	Images	are	representative	of	three	
biological	replicates.	
	

5.3	The	trkH	mutation	bypasses	microaerophilic	regulation	of	gas	vesicles	

	

Similar	 to	 the	 impact	 of	 the	 trkH	 mutation,	 microaerophilic	 conditions	 up-regulate	 the	

transcription	of	the	gvpA1-gvpY	operon,	but	not	gvrA-gvrC,	in	S39006	(Ramsay	et	al.,	2011).	

Therefore,	it	was	considered	possible	that	oxygen	and	potassium	availability	affect	the	same	

regulatory	pathway	for	gas	vesicle	regulation.	If	so,	it	would	not	be	expected	that	the	trkH	
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mutation	would	bypass	 the	gvpA1	 expression	affects	 in	microaerophilic	 conditions.	 Figure	

5.11	shows	that	the	𝛽-glucuronidase	activity	in	cultures	under	microaerophilic	conditions	was	

higher	in	the	trkH	mutant	than	in	WT	cells.	This	result	suggested	that	potassium	repression	of	

gas	vesicles	via	TrkH	is	active	in	microaerophilic	conditions	and	independent	of	the	regulatory	

pathways	controlling	the	oxygen	response	for	cell	buoyancy.	

	

	

Figure	5.11.	gvpA1	expression	in	the	trkH	mutant	under	microaerophilic	conditions.	Growth	
(dotted	lines)	was	measured	as	OD600	and	reporter	activity	(continuous	lines)	as	RFU	min-1	
OD600

-1.	Black	boxes	correspond	to	the	gvpA1::uidA	strain	whereas	red	boxes	to	the	reporter	
fusion	strain	carrying	the	mutation	in	trkH.	ANOVA	analysis	of	the	𝛽-glucuronidase	reporter	
activity	from	6	to	20	h	of	growth	found	F	=	86.86	>	Fcrit	=	4.35;	p-value	1.02*10-8.	The	data	
represent	the	average	and	standard	deviation	(error	bars)	of	three	biological	replicates.	
	

5.4	The	mutation	in	trkH	is	pleiotropic	

	

Previous	experiments	 in	 the	prodigiosin	negative	 trkH	mutant	AQY107	suggested	 that	 the	

mutation	 in	 trkH	 is	 pleiotropic	 (Chapter	 3,	 section	 3.5).	 Therefore,	 swimming	 motility,	

prodigiosin	and	carbapenem	production	was	assessed	 in	 the	mutant	 strain	obtained	after	

transduction	of	the	trkH	mutation	into	a	WT	strain.	The	trkH	mutant	showed	reduced	flagellar	

motility	when	compared	to	WT,	while	ectopic	expression	of	trkH	restored	swimming	motility	
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(Figure	5.12.A).	This	result	suggested	that	TrkH	is	an	important	element	enabling	potassium-

dependent	positive	regulation	of	motility	in	S39006.		

	

	

Figure	5.12	Motility	and	pigment	production	in	the	trkH	mutant.		Complementation	of	(A)	
swimming	motility	and	(B)	prodigiosin	production	(A534	ml-1	OD600

-1)	in	the	trkH	mutant.	The	
WT	 (black)	 and	 trkH	 (red)	 mutant	 carrying	 an	 empty	 vector	 were	 used	 as	 controls.	 trkH	
mutants	were	complemented	with	pAQY1	in	trkH	cells	(grey).	(A)	The	image	is	representative	
of	 three	 biological	 replicates.	 (B)	 The	 data	 represent	 the	 average	 and	 standard	 deviation	
(error	bars)	of	three	biological	replicates.	
	

The	 extraction	 of	 prodigiosin	 from	 WT	 and	 mutant	 samples	 in	 stationary	 growth	 phase	

showed	that	pigment	production	was	up-regulated	in	the	trkH	background	(Figure	5.12.B).	

More	 importantly,	 complementation	 experiments	 in	 the	 mutant	 demonstrated	 that	 the	

expression	of	trkH	restored	prodigiosin	production.	The	effect	of	extracellular	potassium	on	

prodigiosin	 production	 was	 also	 assessed.	 Pigment	 production	 in	 a	 low	 potassium	

concentration	was	similar	in	the	WT	and	mutant	strains.	In	contrast,	it	was	reduced	at	higher	

potassium	concentrations	in	WT	samples	and	up-regulated	in	the	trkH	mutant	(Fig.	5.13.A).	

Furthermore,	the	reporter	activity	in	a	strain	with	a	gene	fusion	in	the	prodigiosin	biosynthetic	

operon	(pigA::lacZ)	indicated	that	high	extracellular	potassium	concentrations	down-regulate	

gene	 expression	 (Fig.	 5.13.A).	 These	 results	 suggest	 that	 potassium	 uptake	 through	 TrkH	

inhibits	the	pigA	promoter	activity	in	the	control	of	prodigiosin	biosynthesis.	
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Figure	 5.13.	 Potassium-dependent	 regulation	 of	 prodigiosin	 production	 and	 pigA	
expression.	 A.	 Pigment	 production	 of	 WT	 and	 trkH	 cells	 cultured	 at	 different	 potassium	
concentrations.	 B.	 Activity	 of	 pigA::lacZ	 reporter	 fusion	 was	 measured	 in	 cells	 grown	 in	
different	potassium	concentrations.	The	data	in	A	and	B	represent	the	average	and	standard	
deviation	(error	bars)	of	three	biological	replicates.	
	

Carbapenem	antibiotic	production	was	measured	previously	in	cell	patches	of	the	prodigiosin	

defective	and	trkH	mutant	strain,	AQY107	(Chapter	3,	Figure	3.9).	Although	antibiotic	activity	

was	not	abolished,	it	appeared	to	be	reduced	compared	to	the	parental	strain	(NWA19).	In	

contrast,	a	semiquantitative	assay	for	carbapenem	production	using	culture	supernatants	did	

not	 show	significant	 changes	between	 the	WT	and	 trkH	mutant	 (Figure	5.14.A-B).	Neither	

antibiotic	production	in	supernatants	nor	the	transcription	activity	from	the	promoter	of	the	

carbapenem	biosynthetic	 operon	were	 affected	 significantly	 in	 cultures	 grown	 in	minimal	

medium	with	different	potassium	concentration	 (Figure	5.15.C	and	D).	These	experiments	

confirmed	that	the	mutation	in	trkH	did	not	affect	carbapenem	production.	
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Figure	 5.14.	 Potassium	 effect	 on	 carbapenem	 production	 and	 carA	 expression.	 A.	
Carbapenem	production	in	mid	exponential	and	stationary	phase	(6	to	14	h)	of	gvpA1::uidA	
and	gvpA1::uidA,	trkH	strains	grown	in	LB.	B.	Halos	of	inhibition	of	E.	coli	ESS	from	gvpA1::uidA	
(black)	 and	 gvpA1::uidA,	 trkH	 (red)	 supernatants	 taken	 from	 6	 to	 14	 h.	 	 Images	 are	
representative	of	three	biological	replicates.	C.	Carbapenem	production	from	WT	and	trkH	
mutant	 cultures	 grown	 at	 different	 potassium	 concentrations.	 D.	 Activity	 of	 carA::lacZ	
reporter	in	cells	grown	at	different	potassium	concentrations.	The	data	in	A,	C	and	D	represent	
the	average	and	standard	deviation	(error	bars)	of	three	biological	replicates.	
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5.5.	TrkH	does	not	control	gas	vesicle	production	through	known	pathways	

	

To	 identify	 other	 components	 involved	 in	 the	 potassium-dependent	 response,	 the	

transcription	of	different	gas	vesicle,	motility	and	prodigiosin	regulator	genes	was	measured.	

First,	the	reporter	activity	was	assessed	in	smaI,	smaR,	pigP,	pigQ,	pigR,	pigS,	pigX	and	ygfX	

fusion	strains	grown	in	minimal	media	with	different	KCl	concentrations	(Figure	5.15.).	Then	

in	rsmA	and	rsmB	fusion	strains	carrying	the	trkH	mutation	grown	in	LB	(Figure	5.16).	Also,	

the	 production	 of	 the	 QS	 autoinducer	 (BHL)	 in	 both	 complex	 and	 minimal	 media	 was	

measured	 (Figure	 5.17).	 QS	 molecule	 production	 and	 all	 transcriptional	 reporter	 fusions	

evaluated	appeared	unaffected.		

	

	

	
Figure	 5.15.	 Expression	 of	 prodigiosin	 regulators	 under	 different	 concentrations	 of	
potassium.	Gene	 reporter	 activity	was	measured	 in	 cultures	 of	 LIS	 (smaI::lacZ),	 	HSPIG67	
(pigP::lacZ),	 HSPIG17	 (pigQ::lacZ),	 HSPIG23	 (pigR::lacZ),	 HSPIG26	 (pigS::lacZ),	 HSPIG46	
(ygfX::lacZ),	and	ROP4	(pigX::lacZ)	grown	in	minimal	media	supplemented	with	0.25	mM	and	
2.5	mM	KCl.	 The	data	 represent	 the	average	and	 standard	deviation	 (error	bars)	of	 three	
biological	replicates.		
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Figure	5.16.	Effect	of	trkH	on	rsmA	and	rsmB	transcription.	Growth	(dotted	lines)	and	gene	
reporter	acctivity	(bars)	in	(A)	rsmA::uidA	and	(B)	rsmB::uidA	fusion	strains	carrying	the	trkH	
mutation.	 Cells	 were	 grown	 in	 LB	 media.	 The	 data	 represent	 the	 average	 and	 standard	
deviation	(error	bars)	of	three	biological	replicates.	
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Figure	5.17.	Effect	of	trkH	and	potassium	on	QS	autoinducer	production.	A.	BHL	production	
throughout	 mid,	 late-exponential	 and	 stationary	 phase	 in	 LB	 media.	 B.	 Induction	 of	
prodigiosin	 production	 in	 the	 BHL	 reporter	 strain	 SP19	 using	gvpA1::uidA	 (black	 box)	 and	
gvpA1::uidA,	trkH	(red	box)	mutant	supernatants	taken	from	samples	throughout	growth	(A).	
Images	are	representative	of	three	biological	replicates.	C.	BHL	production	at	stationary	phase	
in	minimal	media	with	either	0.25	mM	KCl	or	2.5	mM	KCl.	The	data	in	A	and	C	represent	the	
average	and	standard	deviation	(error	bars)	of	three	biological	replicates.		
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Since	the	trkH	mutation	and	variations	in	extracellular	potassium	did	not	alter	carbapenem	

production,	 nor	 the	 transcription	 of	 known	 pleiotropic	 regulators,	 the	 TrkH-dependent	

pathway	was	considered	to	play	a	comparatively	minor	role	in	the	hierarchy	of	S39006	gene	

regulation.	To	test	this	hypothesis,	the	trkH	mutation	was	transduced	into	a	mutant	defective	

for	the	PigW/PigQ	two-component	system.	A	previous	study	showed	that	mutations	in	pigW	

and	pigQ	were	bypassed	by	mutations	in	other	regulators,	such	as	rsmA	and	rpoS	(Williamson	

et	al.,	2008;	Wilf	et	al.,	2012).	Similar	to	the	trkH	mutant,	gene	expression	assays	in	a	pigQ	

mutant	 suggested	 that	 the	 PigW/PigQ	 two-component	 system	down-regulates	 gas	 vesicle	

production	 in	 S39006	 (Ramsay	 et	 al.,	 2011).	 Moreover,	 PigW/PigQ	 affects	 motility	 and	

prodigiosin	production,	but	not	carbapenem	production	(Fineran	et	al.,	2005(a);	Williamson	

et	al.,	2008).	Thus,	the	expression	of	gvpA1,	prodigiosin	production	and	swimming	motility	in	

trkH-pigW	 double	mutants	 could	 allow	 assessment	 of	 how	 representative	 the	 potassium-

dependent	regulation	is	in	S39006.	Figure	5.18.A	shows	that	single	and	double	mutants	up-

regulated	gvpA1	expression	to	similar	levels.	In	contrast,	the	prodigiosin	production	in	double	

mutants	bypassed	both	trkH	and	pigW	single	mutations,	and	restored	the	WT	levels	(Figure	

5.18.B).	Interestingly,	the	pigW	mutation	bypassed	the	flagellar	phenotype	observed	in	the	

trkH	 background	 to	 completely	 abolish	 swimming	 motility	 (Fig.	 5.18.C).	 These	 results	

suggested	 that	 the	 two-component	 system	 is	 espistatic	 over	 TrkH-dependent	 flagellar	

motility	regulation,	but	not	on	the	other	phenotypes.	It	is	possible	that	TrkH	is	under	control	

of	other	major	pleiotropic	regulators,	but	also	involved	in	controlling	other	minor	regulators	

specific	for	cell	buoyancy	and	prodigiosin	production	in	S39006.	
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Figure	 5.18.	 Characterization	 of	 pigW-trkH	 double	 mutants.	 A.	 Expression	 of	 gvpA1.	 B.	
Prodigosin	production.	The	data	represent	the	average	and	standard	deviation	(error	bars)	of	
three	biological	replicates,	*	p	<	0.05,	**	p	<	0.01,	NS:	Not	significant.	C.	Swimming	motility.	
Images	are	representative	of	three	biological	replicates.	
	
	

5.6	The	mutation	in	trkH	affects	cell	turgor	pressure	

	

Pressure	 nephelometry	 experiments	 in	 the	 cyanobacterium	Anabaena	 flos-aquae	 showed	

that	 potassium	 uptake	 increased	 turgor	 pressure	 and,	 hence,	 caused	 gas	 vesicle	 collapse	

(Allison	&	Walsby,	1981).	Given	that	TrkH	facilitates	potassium	uptake	in	S39006,	cell	turgor	

was	expected	to	be	reduced	in	the	trkH	mutant.	Therefore,	the	collapse	of	gas	vesicles	was	

assessed	 in	 LB	 (turgid	medium)	 and	 LB	with	 sucrose	 (hypertonic	medium)	 in	 the	mutant	
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(Chapter	1,	Section	1.3).	The	difference	between	the	mean	critical	collapse	pressure	(when	

50%	of	the	gas	vesicles	collapse)	in	turgid	and	hypertonic	cultures	of	WT	and	trkH	cells	showed	

that	 turgor	pressure	 in	WT	samples	was	similar	 to	previous	measurements	 (Tashiro	et	al.,	

2016),	whilst	significantly	reduced	in	the	trkH	mutant	(Fig.	5.19.A	and	B).	This	is	an	interesting	

result	and	the	first	report	demonstrating	and	quantifying	in	vivo	the	impact	of	trkH	on	turgor	

pressure	

	

To	confirm	that	the	reduction	on	turgor	pressure	was	caused	by	the	mutation	in	trkH,	the	

nephelometry	 experiment	 was	 also	 done	 with	 the	 pigW	 single	 and	 trkH-pigW	 double	

mutants,	 which	 also	 up-regulated	 gas	 vesicle	 production.	 Turgor	 pressure	 in	 the	 pigW	

background	did	not	change	compared	to	WT,	whilst	in	the	double	mutant	it	was	reduced	as	

in	the	trkH	single	mutant	(Figure	5.19.C	and	D).	This	implied	that	gas	vesicle	hyper-production	

does	 not	 affect	 the	 turgor	 pressure	measurement.	Moreover,	 the	 pressure	 nephelometry	

experiment	suggested	that	potassium	uptake	through	TrkH	controls	gas	vesicle	via	cell	turgor	

regulation,	and	by	transcriptional	control	of	the	gvpA1-gvpY	operon.		
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Figure	5.19.	Turgor	pressure	measurements	in	the	trkH	mutant.	Pressure	nephelometry	of	
(A)	WT;	(B)	trkH;	(C)	pigW	and	(D)	trkH,	pigW	mutant	cultures	was	performed	in	turgid	(LB)	
and	hypertonic	(LB	+	sucrose)	conditions.	Turgor	pressure	(pt)	is	indicated	for	each	strain.	The	
data	 represent	 the	 average	 and	 standard	 deviation	 (error	 bars,	 ±)	 of	 three	 biological	
replicates.	
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5.7	Discussion	

	

The	experiments	in	this	study	led	to	the	discovery	that	extracellular	potassium	uptake	via	the	

TrkH	 transporter	 is	 an	 environmental	 input	 for	 cell	 buoyancy,	 motility	 and	 secondary	

metabolism	regulation	in	S39006.	Potassium	is	known	as	an	important	abiotic	factor	affecting	

cell	 turgor,	 membrane	 potential,	 intracellular	 pH	 and	 metabolism	 (Tokuda	 et	 al.,	 1981;	

Epstein,	2003;	Gundlach	et	al.,	2017).	Also,	some	reports	showing	how	potassium	modulates	

bacterial	behavior	have	been	published.	For	instance,	potassium	flux	through	the	Trk	system	

influences	 protein	 secretion,	 virulence,	 and	 resistance	 to	 antimicrobial	 peptides	 and	

aminoglycoside	antibiotics	in	bacterial	pathogens	of	man	and	plants	(Groisman	et	al.,	1992;	

Laasik	et	al.,	2005;	Su	et	al.,	2009;	Castañeda-García	et	al.,	2011;	Lázár	et	al.,	2013;	Valente	&	

Xavier	et	al.,	2016).		

	

In	 S39006	 extracellular	 potassium	 and	 TrKH	 down-regulate	 the	 production	 of	 the	 linear	

trypirrole	pigment,	prodigiosin.	Two	gene	copies	of	trkA,	one	of	the	components	of	the	Trk	

system	which	works	as	a	 cytoplasmic	gate	 for	potassium	uptake,	are	 located	 immediately	

upstream	from	a	large	operon	involved	in	the	synthesis	of	both	linear	and	cyclic	prodiginines	

in	Streptomyces	coelicolor	(Cerdeño	et	al.,	2001).	Interestingly,	the	authors	reported	that	trkA	

is	 not	 essential	 for	 prodiginine	production	but	 “affected	 the	 titre	 in	 liquid	media”.	 In	 this	

study,	it	was	demonstrated	that	ectopic	expression	of	trkH	in	the	mutant	restored	prodigiosin	

production	 to	 WT	 levels.	 Moreover,	 high	 extracellular	 potassium	 concentrations	 inhibit	

prodigiosin	 production	 and	 the	 expression	 from	 the	 pigA	 promoter,	 which	 regulates	 the	

prodigiosin	biosynthetic	operon	in	S39006.	

	

Gas	vesicle	formation	and	cell	buoyancy	in	S39006	were	stimulated	in	potassium	depleted	

conditions	 but	 inhibited	 in	 high	 extracellular	 potassium	 concentrations.	 In	Anabaena	 flos-

aquae,	potassium	uptake	is	a	light-dependent	regulatory	mechanism	for	gas	vesicle	collapse	

(Allison	 &	 Walsby,	 1981).	 Light	 exposure	 increased	 intracellular	 K+	 and	 turgor	 pressure	

sufficiently	 to	 extinguish	 cell	 buoyancy.	 S39006	 is	 a	 heterotrophic	 bacterium,	 rather	 than	

photosynthetic.	Furthermore,	the	experiments	in	this	investigation	showed	that	extracellular	

potassium	on	its	own	down-regulates	gas	vesicle	production.	Nonetheless,	TrkH	expression	
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and	function	may	be	under	control	of	other	regulatory	components	to	connect	the	potassium-

dependent	response	to	other	inputs,	such	as	metabolic	states	and	carbon	source	availability.		

	

TrkA	 and	 TrkE,	 the	 intracellular	 components	 of	 the	 Trk	 system,	 drive	 TrkH-dependent	

potassium	uptake	 by	 binding	 to	NAD+/NADH	 and	ATP,	 respectively	 (Schlosser	et	 al.,1993;	

Deller	et	al.,	2015).	Therefore,	 it	 is	 likely	 that	 the	metabolic	status	of	 the	cell	affects	TrkH	

functionality.	This	potential	connection	between	potassium	transport	and	central	metabolism	

may	explain	why	prodigiosin	production	is	affected	in	trkH	mutants.	As	discussed	in	Chapter	

4,	although	the	natural	physiological	role	of	prodigiosin	is	not	completely	clear,	it	has	been	

considered	an	“energy	spilling”	molecule	involved	in	reduction	of	ATP	levels	in	the	cell	(Haddix	

et	 al.,	 2008).	 Therefore,	 potassium	 uptake	 though	 TrkH	 may	 down-regulate	 prodigiosin	

production	to	maintain	ATP	available.	

	

TrkH	also	affected	flagellar	motility	in	S39006.	The	role	of	potassium	in	motility	was	reported	

previously	 in	a	Gram-positive	bacterium.	A	 recent	publication	 showed	 that	TrkA	 regulates	

potassium-dependent	communication	between	Bacillus	subtillis	biofilm	and	free	motile	cells	

(Humphries	et	al.,	2017).	Non	motile	cells	produce	electrical	waves	by	pumping	out	potassium	

to	 “call”	 free	 cells,	 but	 also	 to	 communicate	 within	 the	 biofilm	 (Prindle	 et	 al.,	 2015).	

Humphries	and	collaborators	(2017)	proposed	a	mechanism	for	flagellar	motility	regulation	

in	 which	 high	 extracellular	 potassium	 concentrations	 in	 the	 vicinity	 of	 the	 biofilm	 cause	

membrane	depolarization	in	motile	cells	to	increase	potassium	influx.	The	osmotic	shift	leads	

to	cell	hyperpolarization	and,	hence,	the	proton	motive	force	increases	and	powers	flagellar	

rotation.	Considering	that	trkH	expression	up-regulates	flagellar	motility,	 it	 is	possible	that	

potassium-dependent	electrical	communication	for	motility	control	also	occurs	in	S39006.	

	

Flagellar	 motility	 is	 ecologically	 versatile	 compared	 to	 migration	 driven	 by	 gas	 vesicles.	

Swimming	 cells	 can	 twitch	 and	 move	 around	 in	 different	 directions,	 whilst	 gas	 vesicle	

producing	bacteria	are	limited	to	upwards	movement.	Some	prokaryotes	produce	both	gas	

vesicles	and	flagella	(Pfeifer,	2012).	Nonetheless,	most	of	them,	including	S39006,	seem	to	

regulate	their	production	to	be	mutually	exclusive.	Potassium	rich	environments	may	favor	

swimming	 behavior	 due	 to	 their	 capacity	 to	 generate	 the	 proton	 motive	 force,	 whilst	

potassium	depleted	environments	stimulate	gas	vesicle	formation	to	provide	an	alternative	
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mechanism	of	migration	in	low	energy	status.	Despite	the	limitations	of	buoyant	migration,	

gas	vesicles	facilitate	longstanding	and	sustainable	vertical	movement	that	may	be	useful	for	

reaching	potassium	rich	environments	(Walsby,	1994).	

	

Interestingly,	flagellar	motility	and	gas	vesicles	oppositely	regulated	in	S39006	through	RsmA,	

rsmB,	 pigQ	 and	 pigX	 (Ramsay	 et	 al.,	 2011).	 Valente	 and	 Xavier	 (2016)	 showed	 that	 Trk-

dependent	 control	 of	 virulence	 occurs	 under	 transcriptional	 regulation	 of	 rsmB	 in	

Pectobacterium	 wasabiae.	 Nonetheless,	 the	 transcription	 activity	 throughout	 growth	 of	

reporter	 strains	with	chromosomal	 fusions	 showed	 that	TrkH	does	not	affect	 rsmA,	 rsmB,	

pigQ	 or	 pigX	 transcription	 in	 S39006.	 Gene	 expression	 assays	 with	 reporter	 strains	 and	

phenotypic	assays	also	suggested	that	the	potassium-dependent	regulation	of	gas	vesicles,	

motility	and	prodigiosin	does	not	occur	through	transcription	control	of	other	known	major	

regulators,	such	as	PigP	or	QS.		

	

Other	investigations	in	the	Gram-positive	pathogen,	Streptococcus	pneumoniae	showed	that	

the	trkH	mutant	down-regulates	the	production	of	the	secondary	messenger,	cyclic-di-AMP	

(c-di-AMP)	 (Zarrella	 et	 al.,	 2018).	 	 Interestingly,	 previous	 reports	 demonstrated	 that	 high	

affinity	potassium	transport	systems	are	 inhibited	by	c-di-AMP	binding	to	cytoplasmic	and	

membrane	associated	proteins,	such	as	the	sensor	kinase	KdpD	(Bai	et	al.,	2014;	Moscoso	et	

al.,	2016).	 This	 suggests	 that	 TrkH	may	 stimulate	 c-di-AMP	 production	 to	 block	 transport	

systems	that	are	active	at	low	potassium	concentrations	(i.e.	the	Kdp	system).		

	

In	low	extracellular	potassium	concentrations,	the	Trk	system	is	not	active	and	E.	coli	survives	

using	 uptake	 systems	 with	 relative	 high	 and	 moderate	 affinity	 (Kdp	 and	 Kup	 (TrkD)	

respectively)	compared	to	TrkH	(Rhoads	et	al.,	1976;	Bossemeyer	et	al.,	1989)	Bioinformatic	

analysis	using	whole	genome	sequence	revealed	that	S39006	contains	both	kdp	and	kup,	in	

addition	to	trkH.	It	is	likely	that	S39006	survives	at	low	potassium	concentrations	using	higher	

potassium	 affinity	 systems.	 Expression	 of	 the	 kdpFABC	 operon	 encoding	 the	 transporter	

subunits	is	under	osmolarity	regulation	in	E.	coli	(Laimins	et	al.,	1981).	The	sensor	kinase	KdpD	

phosphorylates	 the	 effector	 protein	 KdpE	 to	 activate	 kdpFABC	 transcription	 when	 turgor	

pressure	is	reduced	after	environmental	potassium	depletion	(Epstein,	1992;	Epstein,	2003).	

Previous	 investigations	 showed	 that	mutants	 defective	 in	 components	 of	 the	 Trk	 system	
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expressed	 actively	 the	 kdpFACB	 operon	 at	 high	 extracellular	 potassium	 concentrations	

(Rhoads	et	al.,	1976;	Siarot	et	al.,	2017).	Here,	it	was	demonstrated	that	a	mutation	in	trkH	

mimics	low	extracellular	potassium	conditions	for	gas	vesicle	gene	expression	and	prodigiosin	

production,	but	pressure	nephelometry	experiments	 also	 indicated	 that	 TrkH	 is	 a	positive	

regulator	 of	 turgor	 pressure.	 It	 is	 possible	 that	 Trk	 system	 activity	 at	 high	 extracellular	

potassium	concentrations	increases	potassium	flux,	c-di-AMP	and	turgor	pressure	to	repress	

the	KdpD/KdpE	two-component	system	in	S39006.	Potassium	dependent	modulation	of	the	

sensor	 kinase,	 KdpD,	 and	 the	 transcription	 factor,	 KdpE,	 may	 be	 involved	 in	 pleiotropic	

regulation	 in	 S39006.	 A	 similar	 mechanism	 of	 regulation	 was	 reported	 for	 phosphate-

dependent	regulation	in	S39006.	Mutants	defective	for	expression	of	the	phosphate	transport	

system	 pstSCAB,	 mimic	 low	 phosphate	 conditions.	 This	 resulted	 in	 activation	 of	 the	 two	

component	 system	 PhoB/PhoR	 for	 up-regulation	 of	 QS,	 carbapenem	 and	 prodigiosin	

production	(Slater	et	al.,	2003;	Gristwood	et	al.,	2009).	
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Chapter	6	
Final	Discussion	

	
	

Random	transposon	mutagenesis	of	the	prodigiosin-negative	strain,	NWA19,	followed	by	a	

comprehensive	screening	of	gas	vesicle	mutants,	random	primed	PCR	and	DNA	sequencing,	

led	to	discovery	of	novel	regulators	for	cell	buoyancy	in	S39006	(See	Chapter	3).		Mutations	

in	 seven	 genes	were	 found	 to	 affect	 colony	opacity.	 The	mutant	 classified	 as	 transparent	

contained	a	transposon	insertion	in	a	gene	encoding	a	DeoR	family	transcription	regulator,	

and	lost	production	of	phase	bright	structures	(gas	vesicles)	and	buoyancy.	Two	hyper-opaque	

mutants	produced	more	gas	vesicles,	as	seen	in	PCM,	and	remained	buoyant	longer	that	the	

WT.	These	mutants	contained	an	insertion	in	genes	predicted	to	encode	either	the	low	affinity	

potassium	transporter	TrkH	or	the	elongation	factor	EF-Tu.	A	third	group	of	mutants	classified	

in	this	investigation	as	bull’s-eye	mutants	had	mutations	in	operons	related	to	LPS	synthesis	

or	transport.	Surprisingly,	although	these	mutants	produced	gas	vesicles,	they	sank	after	a	

few	 days	 of	 static	 culture.	 This	 indicated	 that	 gas	 vesicle	 formation	 is	 necessary,	 but	 not	

sufficient,	for	cell	buoyancy.	

	

The	experiments	 in	Chapter	4	showed	that	FloR	(the	Deor	family	transcriptional	regulator)	

controls	cell	buoyancy,	flagellar	motility,	carbapenem	and	prodigiosin	production	in	S39006.	

Proteomic	 analysis	 suggested	 that	 FloR	 is	 a	 master	 regulator	 involved	 also	 in	 central	

metabolism	 and	 acting	 through	 different	 regulatory	 components.	 These	 include	 the	

phosphate	uptake	regulon	PstSCAB-PhoU,	the	QS	system	SmaI/SmaR,	the	SylA-like	regulator	

Rap,	the	gluconate	sensor	PigT,	the	post-transcriptional	regulators	RsmA	and	rsmB,	the	HexA-

like	 regulator	 PigU,	 and	 the	 stationary	 phase	 and	 stress	 response	 sigma	 factor	 RpoS.	

Phenotypic	and	gene	expression	assays	in	floR	mutants	showed	that	the	loss	of	gas	vesicles	is	

caused	by	up-regulation	of	rsmB	and	PigU,	which	inhibit	RsmA	activity	and	rpoS	expression,	

respectively	(Figure	6).	Furthermore,	proteomics	and	gene	expression	assays	suggested	that	

FloR	controls	gas	vesicle	formation	via	transcription	regulation	of	the	gvrA-gvrC	operon.	Given	

than	RsmA	and	RpoS	inhibit	flagellar	motility,	their	down-regulation	in	the	floR	mutant	also	

explains	 the	 hyper-motility	 observed	 in	 swimming	 and	 swarming	 assays.	 The	 reduced	

production	of	Rap,	and	overproduction	of	PigT	and	the	QS	autoinducer	(caused	presumably	
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by	down-regulation	of	PstS)	also	explained	the	increased	motility	in	the	mutant.	In	contrast,	

Rap	 appeared	 to	 be	 a	 dominant	 regulator	 for	 carbapenem	 and	 prodigiosin	 production,	

compared	to	negative	regulators	such	as	RsmA	and	RpoS.	Figure	6	shows	a	model	for	the	FloR	

regulatory	pathway	described	in	this	research.	

	

	
Figure	 6.	Model	 of	 FloR	 and	potassium-dependent	 genetic	 regulation	 for	 cell	 buoyancy,	
flagellar	 motility,	 carbapenem	 and	 prodigiosin	 production.	 The	 FloR	 and	 potassium-
dependent	regulatory	pathways	are	highlighted	in	green	and	red,	respectively.	Lines	ending	
in	arrows	indicate	induction,	whilst	lines	ending	in	circles	and	perpendicular	lines	represent	
phosphorylation	and	negative	regulation,	respectively.		
	

The	characterization	of	the	mutation	in	trkH	led	to	the	to	discovery	that	potassium	uptake	via	

the	transporter	TrkH	is	a	negative	regulatory	input	for	gas	vesicle	and	prodigiosin	production	

(Figure	6).	In	contrast,	complementation	of	trkH	mutants	in	swimming	assays	suggested	that	

potassium	 influx	 stimulates	 flagellar	motility.	Gene	expression	assays	with	 reporter	 fusion	

strains	showed	that	extracellular	potassium	down-regulates	gas	vesicles	by	impacting	gvpA1-
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gvpY	operon	expression,	rather	than	gvrA-gvrC.	Also,	the	promoter	activity	of	the	prodigiosin	

biosynthetic	operon,	pigA-pigO,	was	affected	negatively	in	high	potassium	concentrations.	In	

addition,	pressure	nephelometry	assays	confirmed	that	TrkH	regulates	turgor	pressure.	This	

technique	 allowed	 in	 vivo	 quantification	 of	 the	 effects	 of	 TrkH	 on	 turgor	 pressure.	

Interestingly,	the	mutation	in	trkH	did	not	affect	the	expression	of	the	small	RNA,	rsmB,	which	

was	 reported	 in	another	bacterium	 to	be	 involved	 in	 the	potassium-dependent	 control	of	

virulence	via	TrkH.	Other	regulators	involved	in	pleiotropy	and	in	prodigiosin	production	were	

unaltered	 in	 different	 potassium	 concentrations.	 The	 transduction	 mechanism	 for	 the	

extracellular	potassium	response	in	S39006	remains	unknown.		

	

Considering	that	the	mutation	in	trkH	mimicked	extracellular	low	potassium	concentrations,	

transcriptomics	and	proteomics	with	mutants	for	the	Trk	system	would	allow	comprehensive	

observations	 on	 the	 metabolic	 and	 genetic	 state	 of	 the	 cell	 under	 potassium-depleted	

conditions.	More	 importantly,	multi-omics	would	permit	 the	 identification	and	analysis	of	

transcriptional	 and	 post-transcriptional	 regulatory	 components	 that	 may	 be	 under	 TrkH	

regulation.	As	discussed	in	Chapter	5,	other	systems	and	intracellular	regulators	reported	in	

other	 bacteria	 as	 controlling	 the	 potassium-dependent	 response	 could	 be	 involved	 in	 the	

TrkH-dependent	 regulon	 in	 S39006.	 Therefore,	 future	 experiments	 using	 site	 directed	

mutagenesis	 should	 target	 higher	 affinity	 potassium	 uptake	 systems	 such	 as	 trkD	 and	

kdpFABC,	 and	 the	 two-component	 system	 genes	 kdpD/kdpE.	 In	 the	 future,	 random	

transposon	mutagenesis	of	NWA19	and	WT	strains	experiments,	followed	by	screening	for	

gas	 vesicle	 and	 prodigiosin	 mutants,	 respectively,	 grown	 on	 minimal	 media	 plates	

supplemented	with	low	concentrations	of	potassium	(i.e.	0.25mM	KCl)	may	uncover	cryptic	

regulators	 for	 gas	 vesicle	 and	 prodigiosin	 production	 repressed	 under	 high	 potassium	

conditions.		

	

Further	experiments	to	study	FloR-dependent	regulation	would	be	interesting.	Site	directed	

mutagenesis	using	homologous	recombination	to	construct	floR::lacZ	reporter	fusions	could	

be	used	to	assess	floR	transcription	in	cells	grown	in	different	carbon	sources	and	carrying	

mutations	 in	 other	 major	 pleiotropic	 regulators,	 such	 as	 pigP	 and	 hfq.	 Given	 that	 the	

proteomic	data	 suggest	 that	 FloR	 controls	 its	own	operon,	 complementation	experiments	

using	ectopic	expression	of	 floR	 in	 a	 floR::lacZ	 fusion	 strain	would	 confirm	 if	 the	negative	
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feedback	 loop	 regulation	 occurs.	Also,	 other	 factors	 affecting	 floR	 could	 be	 identified	 by	

random	transposon	mutagenesis	 in	 the	 floR::lacZ	 strain,	using	blue/white	 screening	on	LB	

plates	supplemented	with	Xgal.	The	loss	or	enhancement	of	𝛽-galactosidase	activity	in	these	

colonies	would	suggest	that	a	floR	regulator	was	disrupted.				

	

DeoR-like	 transcription	 factors	 such	 as	 DeoR,	 GlpR,	 SugR,	 UlaR	 among	 others,	 are	 also	

susceptible	to	allosteric	modulation	by	phosphorylated	metabolites,	such	as	deoxyribose-5-

phosphate,	 glycerol-3-phosphate,	 fructose-1-6	 bisphosphate,	 fructose-6-phosphate	 and	

glucose-6-phosphate,	and	L-ascorbate-6-phosphate	(Mortensen	et	al.,	1989;	Gaigalat	et	al.,	

2007;	Garces	et	al.,	2008).	These	effectors	affect	the	DNA	binding	affinity	of	the	regulators	

and,	hence,	their	transcription	activity.	Moreover,	these	ligands	are	metabolic	intermediates	

related	to	the	operons	and	pathways	controlled	by	the	DeoR-like	regulators.	Chip-seq	using	

purified	 protein	 samples	 may	 help	 to	 identify	 the	 effectors,	 promoters	 and	 DNA	 motifs	

interacting	with	FloR.	This	would	allow	identification	of	operons	and	regulators	are	directly	

controlled	 by	 FloR,	 but	 also	 enable	 targeting	 of	 metabolic	 pathways	 and	 effectors	 that	

modulate	its	activity.	Thereafter,	electrophoretic	mobility	shift	assays	(EMSA)	with	purified	

FloR,	DNA	probes	and	potential	effectors	could	be	performed.		

	

In	this	work	an	attempt	to	purify	FloR	was	made.	Immunoblotting	with	a	His-tag	antibody	in	

whole	cell	protein	samples	corroborated	FloR	expression	after	heterologous	expression	in	E.	

coli	 (Figure	7.1,	Appendix).	Previous	analysis	of	the	predicted	amino	acid	sequence	of	FloR	

suggested	that	this	protein	has	a	molecular	weight	30KDa.	The	western	blot	corroborated	this	

prediction	 (Figure	 7.1,	 Appendix).	 Unfortunately,	 due	 to	 time	 limitation,	 the	 protein	

purification	process	could	not	be	followed	further.		

	

Other	strategies	were	considered	in	parallel	to	experiments	with	FloR	purified	samples.	Gene	

expression	 assays	 and	 proteomics	 suggested	 that	 FloR	 regulates	 gas	 vesicles	 and	motility	

through	rsmB,	and	antibiotic	production	through	Rap.	The	transcriptional	activity	of	rap,	pigQ,	

and	pigX	 regulators	was	assessed	using	promoter	fusions	after	heterologous	expression	of	

floR	 (Figure	 7.2,	 Appendix).	 Interestingly,	 the	 reporter	 activity	 remained	 unaltered	 in	 the	

strains	supplemented	with	arabinose	and	carrying	a	vector	with	floR	(pAQY2).	In	the	future,	

if	 changes	were	 observed	 in	 the	 reporter	 activity	 of	 the	 promoter	 fusion	 DNA	 pull-down	
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assays	with	cell	extracts	(such	as	promoter	trapping	and	reverse	ChIP)	could	be	performed	in	

samples	from	the	WT	and	floR	mutant.	This	would	allow	examination	of	the	regulatory	protein	

complexes	bound	to	the	promoter	regions	and	amino	acid	sequencing	could	confirm	if	FloR	

was	present	in	these	complexes.	

	

Unfortunately,	the	role	of	EF-Tu	and	LPS-related	genes	in	gas	vesicle	production	could	not	be	

studied	in	detail	due	to	time	limitation.	However,	as	discussed	in	Chapter	3,	EF-Tu	and	LPS	

biogenesis	proteins	have	been	associated	with	several	physiological	effects	in	other	bacteria,	

in	addition	to	mRNA	processing	and	outer	membrane	architecture,	respectively.	For	instance,	

EF-Tu	is	known	to	interact	with	toxins	involved	in	the	Type	VI	secretion	system	(Whitney	et	

al.,	2015).	Give	the	preliminary	data	showing	links	between	EF-Tu,	LPS	biosynthesis	and	gas	

vesicle	production,	complementation	assays	should	be	performed	to	confirm	the	regulatory	

and	 physiological	 roles	 of	 these	 genes	 in	 the	 gas	 vesicle	 phenotype.	 In	 addition	 to	 the	

phenotypic	 analysis,	 gene	 expression	 and	 proteomics	 experiments	 should	 be	 with	 these	

mutants	and	LPS	electrophoretic	profiles	assays	would	help	determine	if	the	outer	membrane	

changes	dramatically	in	the	bull’s-eye	mutants.	Also,	co-immunoprecipitation	(Co-IP)	with	an	

EF-Tu	antibody	would	be	useful	to	determine	if	this	elongation	factor	interacts	with	any	other	

proteins	involved	in	gas	vesicle	regulation.		

	

Overall,	 this	 study	 discovered	 new	 regulatory	 components	 involved	 in	 production	 of	 gas	

vesicles,	 flagella,	 and	 the	 carbapenem	 and	 prodigiosin	 antibiotics.	 In	 principle,	 this	 new	

information	 may	 be	 exploitable	 in	 the	 biotechnological	 applications	 of	 gas	 vesicles,	 or	

carbapenem	and	prodiginine	bioactive	molecules	as	proposed	previously	(Coulthurst	et	al.,	

2005;	Williamson	et	al.,	2006;	Farhadi	et	al.,	2018).	This	investigation	has	expanded	previous	

studies	on	S39006	showing	that	cell	buoyancy	is	under	tight	regulation	of	biotic	and	abiotic	

factors,	including	carbon	metabolism,	population	density	and	oxygen	availability	(Ramsay	et	

al.,	 2011;	 Tashiro	et	 al.,	2016;	 Lee	et	 al.,	2017).	 This	work	 also	 supports	 previous	 reports	

discussing	the	physiological	and	ecological	importance	of	gas	vesicles	and	flagella	in	various	

bacterial	systems	(Walsby,	1994;	Wiliamson	et	al.,	2008,	Pfeifer,	2012).	The	regulation	of	gas	

vesicles,	flagella,	carbapenem	and	prodigiosin	by	multiple	environmental	inputs	(potassium	

in	particular),	surface	components	(LPS	in	particular),	plus	intracellular	response	regulators	

(transcriptional	 regulators;	 FloR	 and	 RpoS))	 and	 housekeeping	 components	 (i.e	 EF-Tu)	
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indicates	 the	 physiological	 complexity	 and	 adaptive	 capacity	 of	 39006.	 The	 first	 study	 of	

S39006	 described	 its	 isolation	 from	 roots	 and	 stems	 of	 halophytic	 plants	 and	 salt	 marsh	

channel	waters,	 in	which	brackish	water	would	flood	the	surface	periodically	and	alter	the	

water	column	depth	continuously	 (Parker	et	al.,	1982).	The	strain	was	 first	 studied	by	 the	

Squibb	Chemical	Company	in	New	Jersey,	USA,	for	its	ability	to	make	carbapenem	antibiotic.	

Fortunately,	from	our	perspective,	this	environmental	strain	adapted	readily	to	domestic	life	

in	UK	laboratories	and,	still,	36	years	later,	continues	to	reveal	new	fascinating	information	

on	 the	 genetics	 and	 molecular	 biology	 of	 diverse	 physiological	 processes	 in	 a	 simple	

enterobacterium.		
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Appendix	

	
7.	TMT	labelling,	LC-MS/MS	and	Bioinformatics	analysis	of	S39006	floR	mutant	proteome	

	

This	 protocol	 was	 kindly	 provided	 by	 Dr.	 Mike	 Deery	 from	 the	 Cambridge	 Centre	 for	

Proteomics.		

	

7.1	TMT	labelling		

	

TMT	10plex	 labelling	was	performed	 following	manufacturer’s	 instructions	 (Thermo	Fisher	

Scientific).	Four	independent	replicates	of	WT	protein	samples	were	labelled	with	TMT	tags	

126,	127N,	127C,	128N,	whilst	 three	replicates	of	S39006	 floR	protein	samples	with	128C,	

129N	 and	 129C.	 All	 protein	 samples	 were	 combined	 and	 cleaned	 using	 a	 Sep-Pak	 C18	

cartridge.	

	

7.2	High-pH	first	dimension	reverse-phase	fractionation	

	

The	following	LC	conditions	were	used	 for	 the	 fractionation	of	 the	TMT	samples:	desalted	

peptides	 were	 resuspended	 in	 0.1	ml	 20	mM	 ammonium	 formate	 (pH	 10.0)	 +	 4	 %	 (v/v)	

acetonitrile.	Peptides	were	 loaded	onto	an	Acquity	bridged	ethyl	hybrid	C18	UPLC	column	

(Waters;	2.1	mm	i.d.	x	150	mm,	1.7	µm	particle	size),	and	profiled	with	a	linear	gradient	of	5-

60	%	acetonitrile	+	20	mM	ammonium	formate	(pH10.0)	over	60	min,	at	a	flow-rate	of	0.25	

ml	min-1.	Chromatographic	performance	was	monitored	by	sampling	eluate	with	a	diode	array	

detector	(Acquity	UPLC,	Waters)	scanning	between	wavelengths	of	200	and	400	nm.	Samples	

were	collected	in	1	min	increments	and	reduced	to	dryness	by	vacuum	centrifugation.	

	

7.3	LC-MS/MS	

	

Dried	fractions	from	the	high	pH	reverse-phase	separations	were	resuspended	in	30	𝜇l	of	0.1	

%	 formic	acid	and	placed	 into	a	glass	 vial.	 1	𝜇l	 of	each	 fraction	was	 injected	by	 the	HPLC	
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autosampler	 and	 separated	 by	 the	 LC	 method	 detailed	 below.	 A	 total	 of	 10	 combined	

fractions	were	analysed	by	LC-MS/MS.	

	

LC-MS/MS	 experiments	 were	 performed	 using	 a	 Dionex	 Ultimate	 3000	 RSLC	 nanoUPLC	

(Thermo	 Fisher	 Scientific	 Inc,	 Waltham,	 MA,	 USA)	 system	 and	 a	 Lumos	 Orbitrap	 mass	

spectrometer	(Thermo	Fisher	Scientific	Inc,	Waltham,	MA,	USA).	Peptides	were	loaded	onto	a	

pre-column	(Thermo	Scientific	PepMap	100	C18,	5mm	particle	size,	100A	pore	size,	300	mm	

i.d.	x	5mm	length)	from	the	Ultimate	3000	auto-sampler	with	0.1	%	formic	acid	for	3	min	at	a	

flow	rate	of	10	𝜇l	min-1.	After	this	period,	the	column	valve	was	switched	to	allow	elution	of	

peptides	 from	 the	 pre-column	 onto	 the	 analytical	 column.	 Separation	 of	 peptides	 was	

performed	by	C18	reverse-phase	chromatography	at	a	flow	rate	of	300	nl	min-1	using	a	Thermo	

Scientific	 reverse-phase	 nano	 Easy-spray	 column	 (Thermo	 Scientific	 PepMap	 C18,	 2mm	

particle	size,	100A	pore	size,	75	mm	i.d.	x	50cm	length).	Solvent	A	was	water	+	0.1	%	formic	

acid	and	solvent	B	was	80	%	acetonitrile,	20	%	water	+	0.1	%	formic	acid.	The	linear	gradient	

employed	was	2-40	%	B	in	93	min.		(Total	LC	run	time	was	120	min	including	a	high	organic	

wash	step	and	column	re-equilibration).	

	

The	eluted	peptides	from	the	C18	column	LC	eluant	were	sprayed	into	the	mass	spectrometer	

by	means	of	an	Easy-Spray	source	 (Thermo	Fisher	Scientific	 Inc.).	All	m/z	 values	of	eluting	

peptide	ions	were	measured	in	an	Orbitrap	mass	analyzer,	set	at	a	resolution	of	120,000	and	

were	scanned	between	m/z	380-1500	Da.	Data	dependent	MS/MS	scans	(Top	Speed)	were	

employed	 to	 automatically	 isolate	 and	 fragment	 precursor	 ions	 by	 collision-induced	

dissociation	(CID,	Normalised	Collision	Energy	(NCE):	35	%)	which	were	analysed	in	the	linear	

ion	 trap.	 Singly	 charged	 ions	 and	 ions	with	 unassigned	 charge	 states	were	 excluded	 from	

being	selected	for	MS/MS	and	a	dynamic	exclusion	window	of	70	seconds	was	employed.	The	

top	10	most	abundant	fragment	ions	from	each	MS/MS	event	were	then	selected	for	a	further	

stage	of	fragmentation	by	Synchronous	Precursor	Selection	(SPS)	MS3	(McAlister	et	al.,	2014)	

in	the	HCD	high	energy	collision	cell	using	HCD	(High	energy	Collisional	Dissociation,	(NCE:	65	

%).	The	m/z	 values	and	 relative	abundances	of	each	 reporter	 ion	and	all	 fragments	 (mass	

range	from	100-500	Da)	in	each	MS3	step	were	measured	in	the	Orbitrap	analyser,	which	was	

set	at	a	resolution	of	60,000.		This	was	performed	in	cycles	of	10	MS3	events	before	the	Lumos	



	 182	

instrument	 reverted	 to	 scanning	 the	m/z	 ratios	 of	 the	 intact	 peptide	 ions	 and	 the	 cycle	

continued.	

	

7.4	Bionformatic	Analysis	

	

Proteome	Discoverer	v2.1	(Thermo	Fisher	Scientific)	and	Mascot	(Matrix	Science)	v2.6	were	

used	to	process	raw	data	files.	Data	were	aligned	with	the	UniProt	Serratia	sp.	ATCC	39006	

database,	in	addition	to	using	the	common	repository	of	adventitious	proteins	(cRAP)	v1.0.	

Protein	 identification	allowed	an	MS	tolerance	of	±	10	ppm	and	an	MS/MS	tolerance	of	±	

0.8Da	ppm	along	with	permission	of	 up	 to	2	missed	 tryptic	 cleavages.	Quantification	was	

achieved	by	calculating	the	sum	of	centroided	reporter	ions	within	a	±	2	millimass	unit	(mmu)	

window	around	the	expected	m/z	for	each	of	the	four	TMT	reporter	ions.	

	

All	comparative	analyses	were	performed	with	the	R	statistical	language	(R	Core	Team,	2012).	

The	 R	 package	MSnbase	 (Gatto	&	 Lilley,	 2012)	was	 used	 for	 processing	 proteomics	 data.	

Briefly,	this	entailed	missing	value	removal	(instances	where	a	protein	was	identified	but	not	

quantified	in	all	channels	were	rejected	from	further	analysis),	log2-transformation	of	the	raw	

data,	followed	by	sample	normalization;	utilizing	the	'diff.median'	method	in	MSnbase	(this	

translates		all		sample		columns		so		that		they		all	match	the	grand	median).	Protein	differential	

abundance	was	evaluated	using	 the	 Limma	package	 (Smyth,	 2005).	Differences	 in	protein	

abundances	 were	 statistically	 determined	 using	 the	 Student's	 t-test	 with	 variances	

moderated	by	Limma's	empirical	Bayes	method.	P-values	were	adjusted	for	multiple	testing	

by	the	Benjamini	Hochberg	method	(Benjamini	&	Hochberg,	1995).	
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Figure	7.1.	SDS	gel	and	western	blots	from	E.	coli	expressing	His-tagged	Orf1187	and	FloR.	
Samples	in	wells	1	to	3	were	treated	with	50mM	sodium	phosphate	buffer	(pH:	7.8),	0.3	M	
NaCl	and	1X	protease	inhibitor,	grown	for	8h	and	protein	expression	was	induced	after	4h	
with	2mM	IPTG.	Samples	in	wells	4	to	9	were	grown	similarly,	treated	with	an	alternative	Lysis	
Buffer	(50	mM	Tris	HCl	pH:	8,	200	mM	NaCl,	10	%	glycerol,	1	mM	imidazole	and	1X	protease	
inhibitor)	and	induced	with	different	IPTG	concentrations	(see	image).	A.	SDS	page	showing	
whole-cell	soluble	protein	pattern,	zones	corresponding	to	the	proteins	detected	in	western	
blots	(B	and	C)	are	continuous	lines	(for	Orf1187)	and	dashed	lines	(FloR).	Western	blots	with	
(B)	5	𝜇l	and	(C)	20	𝜇l	of	samples	previously	described.	

	
	

	
	
	
	
	



	 184	

	
	
	
	
	
	
	

	
	

	

	
Figure	7.2.	Activity	of	 the	pigX,	pigQ,	smaR	and	rap	promoters	under	FloR	heterologous	
expression.	The	β	Galactosidase	activity	was	measured	in	E.	coli	DH5𝛼	carrying	plasmids	with	
a	lacZ	reporter	fusion	under	control	of	the	pigX,	pigQ,	smaR	and	rap	promoters	(pTA24,	pTA21	
and	pTA17	and	pTA14,	respectively)	from	S39006	with	either	pBAD30	or	pAQY2	(pBAD30	+	
floR).	The	data	represent	the	average	and	standard	deviation	(error	bars)	of	three	biological	
replicates.	
	

	
	

	


