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Authors:	Matthew	D.	Rolfe,	Christopher	J.	Rice,	Sacha	Lucchini,	Carmen	Pin,	Arthur	Thompson,	Andrew	D.	S.	Cameron,	Mark	Alston,	Michael	F.	Stringer,	Roy	P.	Betts,	József	Baranyi,	Michael	W.	Peck,	Jay	C.	D.	HintonDOI:	We	develop	an	experimental	system	The	adaptation	began	within	4	minutes	of	inoculation	in	a	cool	LB	medium	with	the	transient
expression	of	genes	involved	in	phosphate	absorption.	The	main	transcriptional	program	of	lag-phase	started	at	20	min	with	the	regulation	of	945	genes	coding	processes	such	as	transcription,	translation,	assembly	of	iron-sulfur	proteins,	nucleotide	metabolism,	LPS	biosynthesis	and	aerobic	breathing.	ChIP-chip	revealed	that	the	RNA	polymerase	was
not	“polyzed”	upstream	of	bacterial	genes	that	are	quickly	induced	at	the	beginning	of	the	lag	phase,	suggesting	a	mechanism	that	involves	the	novo	partition	of	the	RNA	polymerase	to	transcribe	522	bacterial	genes	within	4	minutes	of	leaving	the	stationary	phase.	We	use	inductively	coupled	plasma	mass	spectrometry	(ICP-MS)	to	discover	that	iron,
calcium	and	manganese	are	accumulated	by	S.	Typhimurium	during	the	lace	phase,	while	cobalt,	nickel	and	sodium	levels	showed	specific	growth	patterns	in	the	growth	phase.	The	high	concentration	of	iron	during	the	washing	phase	was	associated	with	transient	sensitivity	to	oxidative	stress.	The	study	of	lag	phase	promises	to	identify	physiological
and	regulatory	processes	responsible	for	adaptation	to	new	environments.	During	the	batch	culture,	a	typical	bacterial	growth	curve	shows	five	different	stages	of	growth:	lag	phase,	delay	before	the	start	of	exponential	growth;	exponential	phase,	where	cell	division	proceeds	to	a	ratestationary	phase,	whenthey	become	unfavourable	for	growth	and
bacteria	cease	to	replicate	(8,	70,	78);	death	phase,	when	cells	lose	viability;	and,	finally,	prolonged	stationary	phase,	which	can	be	extended	for	years	(27).	The	phenomenon	of	the	bacterial	lag	phase	is	first	described	at	the	end	of	the	nineteenth	century,	when	the	"latent	period"	is	described	in	studies	on	the	effects	of	temperature	in	Salmonella
enterica	serovar	Typhi	(75,	86).	Later,	in	1949,	Monod	described	the	lag	phase	as	a	balance	process	controlled	by	an	unknown	regulatory	mechanism	(74).	Surprisingly,	despite	another	60	years	of	research,	this	statement	remains	true.	The	lag	phase	is	the	least	understood	growth	phase,	mainly	due	to	the	lack	of	data	describing	the	underlying
physiological	and	molecular	processes.	It	has	been	assumed	that	the	lag	phase	allows	the	necessary	adaptation	for	bacterial	cells	to	begin	exploiting	new	environmental	conditions	(70).	This	process	could	include	the	repair	of	accumulated	macromolecule	damage	during	the	stationary	phase	(21)	and	the	synthesis	of	cellular	components	required	for
growth.	However,	these	possibilities	remain	hypothetical,	as	the	available	physiological	data	simply	show	that	delayed-phase	bacteria	are	metabolically	active	(71).	Consequently,	there	are	currently	no	physiological	or	biochemical	criteria	to	define	the	lag	phase.The	exponential	and	stationary	phases	have	been	studied	extensively,	representing	the
cell	division	processes	and	the	cessation	of	the	division,	respectively	(78).	Exponential	growth	can	occur	with	a	doubling	time	of	up	to	20	min	for	Salmonella	enterica	serovar	Typhimurium	and	requires	a	number	of	factors	that	are	present	in	excess	in	the	medium	of	growth,	including	carbon	sources,	nitrogen,	phosphate	and	certain	trace	elements,
such	as	iron.	The	physiology	ofand	exponential	bacterial	replication	involves	multiple	rounds	of	DNA	synthesis,	along	with	transcription	and	translation,	to	synthesize	the	necessary	macromolecules.	These	crucial	developments	are:	by	a	variety	of	gene	regulatory	processes	that	are	now	beginning	to	be	understood	by	network	inference	approaches
(24).	The	reason	why	salmonella	enters	the	stationary	phase	during	growth	in	the	LB	broth	is	unknown,	but	it	has	been	reported	that	cessation	of	growth	in	a	rich	environment	is	caused	by	acetate	accumulation	(119)	and	carbon	starvation	(102).	The	physiology	of	the	bacterial	retardation	phase	remains	a	mystery,	but	microbiologists	have	put	a	lot	of
effort	into	measuring,	modeling,	and	predicting	the	length	of	bacterial	retardation	time.	To	improve	accuracy,	Baranyi	and	Roberts	developed	a	new	predictive	model	to	explain	the	physiological	state	of	the	bacterial	cell	(7).	This	approach	was	used	to	quantify	the	time	required	for	it	to	be	“made”	during	the	retardation	phase,	which	appears	to	be
consistent	among	different	bacterial	species	grown	under	identical	conditions	(25,	37,	65,	73).	The	experiments	described	here	are	a	first	step	in	establishing	the	nature	of	this	“Works”	in	S.	Typhimurium.	The	relatively	low	concentrations	of	bacteria	in	the	retarded-phase	cultures	made	it	difficult	to	apply	functional	genomic	technologies.	This
technical	difficulty	has	been	overcome	in	this	study	by	the	development	and	use	of	a	simple	and	robust	large-scale	system	for	the	functional	biochemical	and	genomic	analysis	of	bacterial	retardation.	Nothing	was	previously	known	about	the	transcriptural	and	physiological	changes	that	occurred	in	Salmonella	Enterica	Serovar	Typhimurium	cells
during	the	retardation	phase.	This	paper	describes	the	characterization	of	the	program	of	transcriptional	and	physiological	events	that	follow	the	inoculation	of	stationary	phase	bacteria	in	fresh	media	and	represent	the	earliest	stages	of	bacterial	growth.	The	parental	strain	used	in	this	study	was	S.	Typhimurium	SL1344	(46),	and	SL1344	FIS::	Cat
was	obtained	from	CJ	(57).	The	strains	were	cultivated	in	LB	(pH	7.0)	(99)	that	was	sterilized	(size	pore	of	0.22-μm)	using	STERICUP	filter	units	(Millipore,	SCGPU11RE)	to	minimize	minimisingpH	variations	that	may	be	introduced	during	autoclave	(33.)	The	same	batch	of	medium	powdered	components	was	used	throughout	this	work	to	minimize
batch	variation.	Lag	phase	was	studied	in	static	cultures	of	750	ml	grown	at	25Â°C,	as	shown	in	Fig.	1A.	A	standardized	inoculum	was	produced	to	minimize	variation	in	experimental	culture	conditions	and	to	ensure	reproducible	population	lag	times.	The	strangles	were	strangled	from	the	stockpiles	of	dimethyl	sulfoxide	(DMSO)	at	â¢80Â°C	in	the	LB
agar	plates	and	grew	overnight	at	37Â°C.	A	single	colony	was	taken	with	an	inoculated	loop	and	used	to	inoculate	a	primary	10	ml	LB	(pH	7.0)	subculture	that	was	statically	grown	in	a	30	ml	universal	polystyrene	tube	(Fisher	Scientific,	FB55	153)	for	48	h	at	25Â°C.	An	inoculated	loop	(5	Î1⁄4l)	of	the	stationary	phase	primary	subculture	was	used	to
inoculate	a	secondary	subculture	of	10	ml	LB	(pH	7.0)	that	was	statically	grown	in	a	30	ml	universal	polystyrene	cached	tube	for	48	h	at	25Â°C.Fig	1	Growth	in	the	experimental	system	used	to	characterize	the	loading	phase	of	the	120	minutes	of	S.	Typhimurium.	(A)	Overview	of	the	system	for	obtaining	lag	phase	cells.	See	Materials	and	Methods	for
details.	B)	Growth	curve	showing	washing	phase	in	the	experimental	culture	flask.	The	delay	time	was	determined	to	be	2.09	h	(n	=	3.)	The	visible	count	data	for	the	first	5	h	are	shown	at	a	start.	(C)	Cultural	pH	plot	in	experimental	culture.	(D)	Plot	of	dissolved	oxygen	tension	in	experimental	culture.	Oxygen	concentrations	during	the	first	5	h	are
shown	at	the	beginning.	(E)	Cell	length	in	experimental	culture.	Statistically	significant	increases	in	cell	length	compared	to	those	of	the	standardized	inoculum	(t	test;	P	=	0.0001)	are	shown	an	asterisk.	Standardized	inoculum	was	prepared	by	adding	200	Î¼l	of	a	1:100	dilution	of	the	secondary	subculture	in	sterile	LB	to	500	ml	LB	(pH	7.0)	in	a	1-
liter	Stericup	filtration	bottle.	The	standardized	inoculum	in	the	flask	was	grown	statistically	at	25°C	for	exactly	48	h	Give	a	seasonal	phase	cultivation	(see	Fig.	S1	in	the	supplementary	material).	The	experimental	matraz,	which	consists	of	750	ml	lb	(pH	7.0)	in	a	1	litre	stereo	filtration	matrix,	was	inoculated	with	500	μl	of	this	standardized	48	h,	old
inoculum.	Growth	was	carried	out	statically	at	25	°	C.	Because	of	the	inaccurate	detection	of	biomass	using	optical	density	measurements	and	due	to	the	variation	in	the	size	of	the	bacterial	cell	during	growth	(101),	the	calculation	of	delay	times	using	biomass	indicators,	such	as	optical	density	at	600	nm	(OD600),	are	misleading;	viable	counting
measurements	are	the	only	accurate	way	to	determine	population	delay	times	(104).	By	measuring	FIS	growth	::	Cat	Mutant,	parallel	wild	crops	were	grown	simultaneously	to	allow	for	direct	comparison.	Optical	density	measurements	(in	OD600)	were	taken	using	a	SPECTRAMAX	PLUS	spectrophotometer	(molecular	devices).	Achievable	counting
data	growth	curve	function	was	performed	using	DMFIT	(www.ifr.ac.uk/safety/dmfit)	to	measure	growth	parameters	using	the	Baranyi	and	Roberts	(7).	When	DMFIT	is	used	to	estimate	delay	times,	fixed-phase	time	points	were	excluded	from	the	analysis,	as	they	distorted	the	FIT	model.Culture	PH	was	monitored	using	an	electrode	filled	with
autoclavable	gel	(Broadley	James)	and	the	dissolved	oxygen	concentration	(PO2)	was	monitored	using	an	autoclavable	polarographic	electrode	(Ingold).	In	both	cases,	these	were	connected	to	an	online	meter	(LHF,	2000	Series)	that	recorded	the	PH	and	PO2	every	minute	for	48	h.	Published	methods	(85,	108)	were	widely	modified	to	measure	metal
levels	associated	with	cells	in	the	following	way.	The	bacteria	were	cultivated	in	LB	to	25	°	C	in	the	same	static	system	used	elsewhere	in	this(Fig.	1a).	For	the	stationary	phase	(including	the	standardized	inoculum)	and	the	medium-exponential	phase	measurements,	15	ml	of	polypropylene	tubes	were	harvested	from	15	ml	(Greiner	BIO	ONE,	188285)
before	centrifugation	to	6,300	items	for	10	min	to	4.	°	C.	Thesetubes	cause	minimal	metal	contamination	to	samples	and	therefore	do	not	require	acid	washing	(J.	Hoogewerff,	personal	communication).	For	delayed-stage	samples,	750	ml	of	cultivation	was	collected	using	centrifugation	using	450	ml	centrifugal	acid-washed	bottles	(Nalgene,	3140-
0500)	to	minimize	metal	contamination.	All	subsequent	steps	were	made	with	acid-washed	plastic	pipette	tips.	Cell	pellets	of	all	time	points	were	washed	in	5	ml	of	distilled	water	(dH2O)	containing	1	mM	of	EDTA	(pH	8,0)	to	unite	extracellular	metals	associated	with	cell	pellets	(3).	Cells	were	washed	twice	with	5	ml	of	dH2O	and	centrifuged	(6,300	g,
10	min,	4°C)	between	washes.	The	pellets	dried	in	a	heat	block	for	one	night	at	65Â°C.	Dry	cell	pellets	were	digested	in	500	Î1⁄4l	of	Aristar	grade	nitric	acid	at	69%	and	250	Î1⁄4l	of	Ultrapur	hydrogen	perixide	at	31%	(Merck)	and	left	in	daylight	for	3	days	to	reduce	all	orgienic	materials	to	their	constituent	elements.	Once	digested,	each	sample	was
diluted	in	6.75	ml	of	nitric	acid	to	2%	containing	1	part	per	billion	(ppb)	of	platinum,	rodio	and	germanium	each	as	internal	standards	for	calibration.	Each	sample	was	triplicated	into	an	inductively	coupled	plasma	mass	spectrometer	(ICP-MS)	Agilent	7500ce.	ICP-MS	data	were	statistically	filtered	by	the	Grubbs	test	to	remove	peripheral	data	(42)	(P
≤	0.05).	The	measurements	of	the	viable	cell	count	taken	at	the	same	time	as	the	ICP-MS	samples	were	used	to	obtain	the	concentration	of	metal	ions	in	atomoles	per	cell.	The	cells	were	taken	from	the	static	growth	system	described	above,	fixed	by	the	addition	of	formaldehyde	to	4%	(vol/vol)	and	placed	on	ice	for	20	minutes.	The	crop	fixed	was
dried	insurface	of	a	glass	portfolio	before	adding	10	Î1⁄4l	of	Aqua-Poly/Mount	(Polysciences)	and	a	coating.	The	cells	were	visualized	by	phase	contrast	microscopy	in	an	Olympus	BX51	microscope	with	a	UPlanApo	Oil	Iris	target	(Olympus)	¥/0.17	to	).100/1.35	(Olympus).	The	size	of	the	cells	was	measured	from	images	using	AnalySIS	Pro	ProSoftware.
To	carry	out	transcriptomic	measurements	of	the	Time	Course,	multiple	flasks	of	750	ml	were	inoculated	at	the	beginning	of	the	experiment	(zero	time).	RNA	isolation	of	stationary	phase	and	exponential	phase	cultures	was	carried	out	as	described	above	(56)	using	the	protocols	available	on	the	Microarray	Institute	of	Microarray	Instruction	Institute
(WWW.IFR.AC)	.uk	/	Safety	/	Microarrays	/).	To	isolate	the	RNA	of	the	delay	phase	samples,	a	complete	flask	was	sacrificed	by	adding	187.5	ml	of	5%	phenol	with	ice	and	95%	ethanol	(vol	/	vol)	and	the	flask	was	placed	on	ice	during	30	Minutes	to	stabilize	the	RNA.	The	937.5	ml	of	stabilized	culture	were	centrifuged	at	5,500	miles	at	4	°	C	for	15	min.
The	supernatant	is	poured,	and	the	pellet	was	resuspended	in	the	small	amount	of	liquid	remaining	in	the	tube.	The	stabilized	cell	suspension	was	then	transferred	to	a	microcentrifugal	tube	of	1.5	ml	in	which	a	final	centrifuge	of	6,000	levees	for	5	minutes	allowed	the	elimination	of	the	remaining	supernatant.	The	RNA	was	isolated	after	these	pellets
in	the	same	way	that	they	are	exponential	and	stationary	phase	crops.	This	procedure	generally	produced	between	5	and	10	î¼g	of	total	RNA	of	the	delay-harvested	phase	cultures	harvested	at	4	and	20	min	after	the	inoculation	and	up	to	50	î¼g	of	crops	harvested	at	the	subsequent	time	points	of	the	delay	phase.	RNA	quality	was	evaluated	in	a
bioanalyzer	of	2100	(Agilent),	and	the	RNA	concentration	was	measured	in	a	ND-1000	(Nanodrop)	spectrophotomer.	The	production	of	marked	cDNA,	hybridization	and	analysis	of	the	transcriptory	data	were	carried	out	with	sauce	microarrays	as	described	above	(17).	A	common	reference	experimental	design	was	used,	which	consists	of	cDNA
marked	with	CY5	and	gemic	DNA	labeled	with	CI3	(GDNA),	was	used	with	each	hybridization	(106).	In	total,	two	rages	were	obtained	and	two	techniques	for	each	of	the	11	points	of	time.	The	medium	coefficient	of	variation	between	biological	replicas	was	8.9%,	while	for	technical	replicas,	it	was	8.2%.	The	transcriptional	data	were	analyzed	with7.3
(Agilent	Technologies).	The	statistical	importance	was	determined	by	the	multiple	proofreading	of	Benjamini	and	Hochberg	(false	discovery	rate	of	0.05),	and	genes	were	identified	that	were	expressed	differently	for	more	than	2	times	(120).	The	cluster	analysis	was	performed	within	GeneSpring	using	a	Pearson	correlation.	To	identify	specific	growth
phase	markers	genes,	transcriptional	profiles	were	divided	into	their	respective	growth	phases:	lag	phase	(4	to	120	min),	exponential	phase	(media-exponential	and	late	exponential),	and	stationary	phase	(inoculum,	early	stationary	phase	and	late	seasonal	phase).	Specific	growth	phase	signature	genes	were	defined	as	genes	that	were	highly
regulated	or	deregulated	(t	test;	P	=	0.05,	≥2-fold	cutoff)	in	a	single	phase	of	growth	when	all	profiles	within	that	growth	phase	were	compared	to	all	profiles	in	the	other	two	stages	of	growth.	The	search	for	impartial	reasons	was	carried	out	using	version	4.4.0	(4)	Meme.	Gene	promoter	regions	(between	300	and	+50	bp,	in	relation	to	the	initial
codon)	were	searched	using	the	following	parameters:	the	motives	could	vary	from	10	to	50	bp,	each	DNA	sequence	could	contain	multiple	or	no	motive,	palindromy	and	non-paedromy	models	were	tested	and	included	in	the	searches	both	advanced	DNA	chains	and	reverses.	Because	sigma	(σ)	factors	unite	degenerate	sites	that	can	be	difficult	to
detect	by	seeking	impartial	reasons,	sigma	factor	motives	searched	into	short-promoting	regions	(-50	to	+1	bp,	in	relation	to	transcription	start	sites).	Sigma	factor	binding	sites	are	usually	composed	of	two	discrete	sequence	blocks	(−10	and	−35)	with	variable	space	between	the	blocks;	therefore,	searches	were	performedof	reasons	using
Bioprospector	(67),	which	is	particularly	suitable	for	identifying	2	block	reasons.	Bioprospector	was	used	to	search	for	reasons	from	6	to	12	bp	separated	from	10	to	25	bp,	and	this	identified	ïƒ70	very	strong	(RPOD)	Â'10	Â'10	The	motif	Ã	̄Æ	70	Ã	̄35	is	highly	degenerated,	requiring	a	new	refinement	of	the	motif	search	to	prove	its	presence.	For	this
purpose,	the	promoter	regions	were	further	divided	into	small	segments	ranging	from	5	to	15	bp	(for	the	reason	of	the	ity)	and	from	25	to	45	bp	(for	the	reason	of	the	’35	reason),	in	relation	to	the	starting	sites	of	the	transcription,	and	these	were	searched	for.	using	meme	with	the	following	parameters:	the	motifs	could	range	in	size	from	4	to	10	bp,	it
was	expected	that	each	DNA	sequence	would	contain	a	sequence	that	matches	the	motif,	and	only	the	front	The	DNA	string	was	analyzed.	As	a	positive	control,	DNA	sequences	containing	the	857	annotated	Escherichia	coli	Ã	̄Æ	70	sites	were	recovered	from	Regulondb	7.0	(31)	and	searched	using	these	same	parameters.	Sequence	logos	were
generated	using	Weblogo	(18),	and	statistically	significant	differences	between	logos	were	calculated	and	displayed	using	two	sample	logos	(110).a	1-ml	sample	of	48	h	standardized	inoculum	culture.	And	the	immunoprecipitation	of	chromatin	with	microarrays	The	technology	(chip-chip)	was	carried	out	as	described	above	(68),	with	the	following
adjustments.	The	cross-linking	of	formaldehyde	was	shortened	to	2	min.	Pale	pallor	with	100-Î1⁄4m	crystal	beads	(Sigma,	G4649)	was	used	to	lysse	bacterial	cells	(3	cycles	of	20	s,	maximum	speed;	FastPrep	FP120	[Thermo	Savant]).	During	immunoprecipitation	of	chromatin,	20	Â1	oil	of	anti-RNA	polymerase	was	used.	Monoclonal	antibodies
(neoclonal	antibodies,	“W0002)	were	used.	Phenylmethylsulfonyl	fluoride	(PMSF)	(SIGMA,	P7626)	was	added	to	each	sample	after	sonication	to	prevent	degradation	of	the	protein	at	a	final	concentration	of	1	mm.	Data	from	1	mm	chips	were	analyzed	using	Chipotle	Visual	Basic	for	MACRO	applications	(11).	Chipotle’s	macro	detected	spikes	of	binding
to	RNA	polymerase	By	means	of	a	T	test	(p
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