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1 Summary	

1.1 Summary	English	
Bacteria	encounter	a	multitude	of	stresses	in	the	environment	and	have	evolved	to	react	

to	 these	 appropriately.	 The	 bacterial	 SOS	 response,	 whose	 key	 players	 are	 the	

transcriptional	 repressor	 LexA	 and	 the	 single-strand	 binding	 protein	 RecA,	 is	 a	 global	

response	to	DNA	damage	which	is	present	in	close	to	all	bacterial	phyla	and	leads	to	the	

arrest	of	the	cell	cycle	and	induction	of	DNA	repair	mechanisms	and	mutagenesis.	

Advances	 in	 bioprocess	 engineering	 have	 led	 to	 the	 advent	 of	 microfluidic	

cultivation	of	bacterial	strains.	Microcolonies	of	bacteria	are	cultivated	and	monitored	in	

µm-chambers.	 To	 assess	 the	 stress	 bacteria	 might	 encounter	 during	 microfluidic	

cultivation,	a	reporter	for	recA	transcriptional	activity	was	constructed	and	tested.	

Application	 of	 the	 sensor	 in	 the	 Gram-positive	 soil	 bacterium	 Corynebacterium	

glutamicum	revealed	that	a	small	subset	of	cells	have	a	high	transcriptional	activity	of	recA	

under	 standard	 cultivation	 conditions.	 The	main	 focus	 of	 this	work	 lay	 in	 analyzing	 the	

spontaneous	SOS	response	in	C.	glutamicum	and	its	link	to	the	spontaneous	induction	of	

the	lysogenic	prophage	CGP3.		

Viability	assays	 revealed	a	 reduced	capacity	 to	survive	when	the	SOS	response	 is	

induced	 spontaneously.	 Time-lapse	 microscopy	 of	 microcolonies	 revealed	 cell-to-cell	

variabilities	 in	 the	 output	 of	 the	 SOS	 response.	 We	 could	 show	 a	 correlation	 between	

spontaneous	SOS	response	and	spontaneous	prophage	induction	by	utilizing	reporters	for	

SOS	and	CGP3	gene	activity.	Key	players	of	the	SOS	response	were	deleted	and	the	effects	

on	 CGP3	 induction	 were	 assessed.	 Whereas	 constitutive	 SOS	 induction	 led	 to	 a	 high	

induction	 of	 CGP3	 genes,	 a	 reduction	 of	 SOS	 response	 led	 to	 a	 decrease	 in	 CGP3	 gene	

activity.	 Furthermore,	 a	 gain-of-function	mutation	 of	 the	 transcriptional	 repressor	 LexA	

surprisingly	led	to	a	high	increase	in	CGP3	gene	activity.	

Taken	 together	 the	 results	 emphasize	 the	 interplay	 between	 the	 bacterial	 SOS	

response	and	CGP3	induction	in	C.	glutamicum.	
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1.2 Summary	German	

Bakterien	sind	in	ihrer	Umgebung	einer	Vielzahl	von	Stressfaktoren	ausgesetzt	und	haben	

Mechanismen	entwickelt,	um	mit	diesen	umzugehen.	Die	bakterielle	SOS	Antwort,	deren	

Hauptkomponenten	 der	 transkriptionelle	 Repressor	 LexA	 und	 das	 einzelstrangbindende	

Protein	 RecA	 sind,	 ist	 eine	 universelle	 Antwort	 auf	 DNA	 Schäden,	 welche	 in	 fast	 allen	

bakteriellen	 Phyla	 vorkommt.	 Sie	 führt	 zum	 Zellzyklusarrest	 und	 zur	 Induktion	 von	DNA	

Reparaturmechanismen	und	Mutagenese.	

Fortschritte	 in	 der	 Bioprozessverfahrenstechnik	 haben	 zur	 Entwicklung	 von	

mikrofluidischen	 Kultivationsmöglichkeiten	 für	 bakterielle	 Stämme	 geführt.	 Bakterielle	

Mikrokolonien	werden	in	Kammern	von	wenigen	µM	Größe	kultiviert	und	observiert.	Ein	

Reporter	 für	 die	 transkriptionelle	 Aktivität	 von	 recA	 wurde	 konstruiert	 und	 in	 den	

Kammern	 getestet,	 um	 Aufschluss	 darüber	 zu	 erhalten,	 inwiefern	 die	 Bakterien	 in	 der	

Mikrokultivierung	gestresst	werden.	

Die	Anwendung	des	Sensors	im	Gram-positiven	Bodenbakterium	Corynebacterium	

glutamicum	 zeigte,	 dass	 ein	 Anteil	 an	 Zellen	 unter	 normalen	 Kultivierungsbedingungen	

eine	hohe	transkriptionelle	recA	Aktivität	aufweist.	Der	Hauptfokus	dieser	Arbeit	lag	darin,	

die	 spontane	 SOS	 Antwort	 in	 C.	 glutamicum	 zu	 analysieren	 und	 die	 Verbindung	 zur	

spontanen	Induktion	des	lysogenen	Prophagen	CGP3	zu	erforschen.	

Experimente	 zur	 Überlebensfähigkeit	 von	 SOS-gestressten	 Zellen	 ergaben,	 dass	

diese	 eine	 verringerte	 Überlebensfähigkeit	 haben.	 Mikroskopische	 Zeitrafferaufnahmen	

von	 Mikrokolonien	 zeigten	 Unterschiede	 einzelner	 Zellen	 in	 der	 Intensität	 ihrer	 SOS	

Antwort.	Wir	 konnten	eine	Korrelation	 zwischen	 spontaner	 SOS	Antwort	und	 spontaner	

Prophageninduktion	zeigen,	indem	wir	Reporter	für	SOS	und	CGP3	Genaktivität	verwendet	

haben.	 Zentrale	 Gene	 der	 SOS	 Antwort	 wurden	 deletiert	 und	 die	 Auswirkung	 auf	 die	

Induktion	 von	 CGP3	 analysiert.	Während	 eine	 konstitutive	 SOS	 Antwort	 zu	 einer	 hohen	

Induktion	 von	 CGP3	 Genen	 führte,	 führte	 eine	 verringerte	 SOS	 Antwort	 zu	 einer	

verringerten	Aktivität	von	CGP3	Genen.	Weiterhin	zeigte	eine	hypermorphe	Mutation	des	

Repressors	LexA	überraschenderweise	eine	hohe	Aktivität	der	CGP3	Gene.	

Zusammenfassend	 betonen	 die	 Ergebnisse	 das	 Zusammenspiel	 zwischen	 der	

bakteriellen	SOS	Antwort	und	der	Induktion	des	Prophagen	CGP3	in	C.	glutamicum.	
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2 Introduction	

2.1 Bacteriophages	

Bacteriophages,	 viruses	 that	 infect	 bacteria,	 are	 assumed	 to	 be	 the	 most	 abundant	

biological	agents	on	the	planet	with	an	estimated	total	of	1	x	1031	(Rohwer	and	Edwards,	

2002)	in	comparison	to	2-6	x	1030	bacteria	(Whitman	et	al.,	1998),	outnumbering	them	by	

a	factor	of	about	1:10.	This	large	amount	of	phages	constitutes	a	highly	diverse	gene	pool,	

which	 can	 significantly	 influence	 the	 bacterial	 host.	 They	 are	 thought	 to	 be	 involved	 in	

nutrient	cycling	through	the	lysis	of	bacterial	cells	(Wilhelm	and	Suttle,	1999),	and	play	an	

active	 role	 in	 the	 transfer	 of	 genetic	 material	 between	 bacteria,	 thus	 contributing	 to	

bacterial	evolution	(Hatfull	and	Hendrix,	2011).	

	 Genome	 sequencing	 has	 revealed	 that	 bacterial	 genomes	 are	 heavily	 laced	with	

DNA	of	viral	origin	(Casjens,	2003),	which	can	amount	to	a	staggering	20%	of	the	bacterial	

genome	 (Casjens	 et	 al.,	 2000a).	While	 some	 of	 this	 DNA	 is	made	 up	 of	 fully	 functional	

prophages,	which	are	able	to	undergo	a	fully	replicative	life	cycle,	the	better	part	of	 it	 is	

made	 up	 of	 prophage-like	 entities	 (Casjens	 et	 al.,	 2000a),	 phage	 remnants	 left	 after	

incomplete	excision	events,	cryptic	prophages	or	genetic	material	acquired	by	horizontal	

gene	transfer	(HGT)	such	as	genomic	islands	(Dobrindt	et	al.,	2004).	

	 The	history	of	phage	research	in	bacteria,	from	their	discovery	up	to	the	renewed	

interest	 in	using	phages	as	therapeutical	agents,	 is	a	 long	one	(Sulakvelidze	et	al.,	2001).	

Noteworthy	 was	 the	 work	 conducted	 by	 Frederick	 Twort	 who	 discovered	 the	 essential	

properties	 of	 bacteriophages	 (Twort,	 1914),	 and	 Felix	 D'Herelle	 who	 coined	 the	 term	
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bacteriophage	 and	 imagined	 them	 as	 replicating	 organisms	 obligately	 feeding	 off	 of	

bacteria	(D’Herelle,	1917;	D’Herelle,	2007).	It	was	D'Herelle	who	recognized	that	not	only	

the	relationship	between	human	and	bacteria	deserve	attention,	but	that	phages	play	an	

integral	 part	 in	 this	 relationship	 as	 well.	 He	 truly	 was	 a	 pioneer	 in	 phage	 therapy	

(d’Herelle,	1931).		Nowadays,	phage	therapy	has	come	into	focus	again	as	humanity	faces	

an	 evolving	 challenge	 in	 the	 form	 of	 antibiotic	 resistance	 (Brüssow,	 2012).	 It	 is	 by	

understanding	 the	 nature	 of	 the	 phage's	 contribution	 to	 bacterial	 traits	 that	 phage	

therapy	will	become	a	reality	in	modern	medicine.	

	 Horizontally	acquired	genetic	material	can	influence	the	bacterial	host	in	a	number	

of	ways.	They	can	change	the	existing	genetic	network	by	introducing	regulatory	genes	or	

by	disrupting	existing	genes	via	genomic	integration,	a	process	which	can	even	lead	to	the	

generation	of	novel	proteins	(Canchaya	et	al.,	2004a).	Introduction	of	novel	genes,	which	

are	recognized	by	the	host	replication	machinery,	is	an	important	aspect	when	considering	

the	virulence	of	lysogenized	bacteria	(Brown	et	al.,	2006).	Their	virulence	relies	on	specific	

prophage-encoded	toxins	or	on	the	interplay	of	diverse	prophages,	as	seen	in	Shiga	toxin-

producing	 Escherichia	 coli	 (Livny	 and	 Friedman,	 2004),	 Vibrio	 cholerae	 (Waldor	 and	

Mekalanos,	1996),	and	Corynebacterium	diphtheriae	(Freeman,	1951).	As	shown	for	STEC,	

the	presence	of	multiple	stx	gene-carrying	prophages	modulates	the	virulence	properties	

of	the	strains	(Serra-Moreno	et	al.,	2008).	This	is	also	the	case	for	Staphylococcus	aureus,	

Streptococcus	pyogenes,	and	Salmonella	enterica	serovar	Typhimurium.	Here	a	multitude	

of	prophages	 incrementally	contribute	to	 the	bacteria's	virulence	 (Brüssow	et	al.,	2004).	

By	 imparting	their	host	with	virulent	properties,	the	bacterial	cell	 receives	a	competitive	

advantage	in	comparison	to	non-lysogens	(Bossi	et	al.,	2003).	Further	fitness	advantages	
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can	 come	 in	 the	 form	 of	 overall	 metabolic	 down-regulation	 to	 minimize	 energy	

expenditure	in	harsh	environments	(Paul,	2008),	enhancing	biofilm	formation	(Carrolo	et	

al.,	2010),	or	by	increasing	the	host’s	resistance	to	osmotic	stress	and	antibiotic	treatment	

(Xiaoxue	Wang	et	al.,	2010).		

2.2 Genetics	of	the	prophage	life	cycle	

Prophages	can	generally	be	categorized	into	two	distinct	classes	(Fig.	2.2.1):	i)	Lytic	phages	

form	infectious	progeny	upon	infection.	Among	the	proteins	expressed	during	this	process	

are	holins	and	endolysins.	Endolysins	have	muralytic	activities	against	peptide,	glycoside	

or	amide	bonds	of	the	peptidoglycan	(Wang	et	al.,	2003).	Holins	are	small	proteins	which	

oligomerize	 at	 the	 host	membrane	 and	 permeabilize	 it	 at	 late	 stages	 of	 infection	when	

virion	 assembly	 nears	 completion,	 enabling	 the	 endolysins	 to	 cross	 the	membrane	 and	

reach	 the	peptidoglycan	matrix	 (Wang	et	al.,	 2000).	 In	 some	cases	 infection	 leads	 to	an	

abortive	 infection	 in	 which	 the	 bacterium	 along	 with	 the	 invading	 phage	 are	 killed	

(Horvath	 and	 Barrangou,	 2010).	 ii)	 Lysogenic	 prophages	 on	 the	 other	 hand	 remain	

dormant	within	the	bacterial	host,	either	by	 integration	 into	the	bacterial	genome	or	by	

maintenance	 as	 plasmids	 or	 linear	DNA.	 Specific	 triggers	 can	 relieve	 this	 dormancy	 and	

induce	 the	 prophages,	 leading	 to	 cell	 lysis	 and	 subsequent	 rounds	 of	 infection	 and	 re-

integration.	The	most	extensively	studied	model	for	prophage-host	interactions,	as	well	as	

lytic	and	lysogenic	life	cycles,	is	the	Escherichia	coli	λ	phage	model.	

	

2.2.1 Alleviation	of	the	lysogenic	state	

The	 lysogenic	 state	of	phage	λ	 is	 controlled	by	CI,	 the	 central	 repressor	of	phage	genes	
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(Oppenheim	 et	 al.,	 2005a).	 When	 levels	 of	 CI	 are	 altered,	 e.g.	 by	 addition	 of	 DNA-

damaging	 antibiotics	 such	 as	 mitomycin	 C	 (MmC)	 (Tomasz,	 1995)	 or	 fluoroquinolons	

(Piddock	and	Wise,	1987),	by	heat	treatment	(Rokney	et	al.,	2008),	or	by	UV	radiation,	the	

lysogenic	 state	 can	 be	 reversed.	 It	 achieves	 this	 by	 hijacking	 the	 cell’s	 DNA	 repair	

mechanism.		

	 When	 the	 genome’s	 integrity	 is	 compromised	 (indicated	 by	 lesions	 to	 the	DNA),	

the	 conserved	 DNA	 repair	 mechanism	 (SOS	 response)	 is	 triggered	 (Little	 and	 Mount,	

1982).	 The	 single-strand	 binding	 protein	 RecA	 polymerizes	 along	 single-stranded	 DNA	

(ssDNA).	 Double-strand	 breaks	 are	 first	 resolved	 by	 action	 of	 the	 RecBCD	 complex	 by	

unwinding	the	double-stranded	DNA	and	creating	stretches	of	single-stranded	DNA,	which	

are	then	bound	by	RecA.	The	nucleoprotein	filament	of	ssDNA	and	activated	RecA*	acts	as	

a	co-protease	and	facilitates	the	autocatalytic	cleavage	of	the	repressor	LexA	between	a	

conserved	alanine	and	glycine	residue.	LexA	is	released	from	its	DNA	targets,	the	so-called	

SOS	boxes,	 and	 the	 transcription	of	more	 than	40	 SOS	genes	 is	 induced	 (SOS	 response)	

(Friedberg	et	al.,	2005).		

	 The	 life	 cycle	of	 lambdoid	phages	 (such	 as	phages	P22	 and	434)	 is	 linked	 to	 this	

regulatory	pathway	(Slilaty	et	al.,	1986).	The	central	repressor	CI	possesses	the	same	Ala-

Gly	 bond	 as	 the	 protease-sensitive	 center	 of	 LexA	 as	 well	 as	 similarities	 in	 its	 carboxy-

terminal	domain,	and	it	is	cleaved	as	well	upon	the	induction	of	the	SOS	response	(Sauer	

et	al.,	1982).	Its	binding	to	repressor	sites	within	the	prophage	is	reversed,	leading	to	an	

expression	 of	 genes	 responsible	 for	 the	 excision	 of	 phage	 DNA,	 virion	 assembly,	 and	

release	of	 the	 infectious	 phage	particles	 into	 the	 extracellular	 space	 (Oppenheim	et	 al.,	

2005a).	
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	 As	early	as	the	1950’s	a	spontaneous	induction	of	lysogenic	phage	λ	was	observed	

in	liquid	cultures	of	E.	coli	(Lwoff,	1953).	Remarkably,	a	decrease	in	spontaneously	induced	

prophages	was	shown	 in	 recombination-deficient	E.	coli	 strains	 (Brooks	and	Clark,	1967;	

Hertman	and	Luria,	1967),	 implying	a	role	of	the	SOS	response	in	spontaneous	prophage	

induction.	

	 	

FIGURE	2.2.1	Infection	of	a	bacterial	cell	by	a	bacteriophage.	Upon	infection,	host	intrinsic	factors	influence	the	phage's	
path	of	entering	the	replicative	 life	cycle	(lytic	response)	or	 integrating	into	the	host	genome	to	co-exist	as	temperate	
prophage	 (lysogenic	 response).	 The	 transfer	 from	 lysogenic	 to	 lytic	 response	 is	 induced	 by	 specific	 triggers	 and	 also	
occurs	spontaneously	in	a	small	number	of	cells.	

	

2.3 Corynebacterium	glutamicum	

The	biotechnological	platform	organism	Corynebacterium	glutamicum	 is	a	Gram-positive,	

biotin-auxotroph	soil	bacterium	that	 is	utilized	 in	the	 industrial	production	of	more	than	

four	million	 tons	 of	 L-glutamate	 and	 L-lysine	 per	 year	 (Ajinomoto	 Co.,	 2011;	 Ajinomoto	

Co.,	2012)	as	well	as	organic	acids	(Wieschalka	et	al.,	2013).	This	is	achieved	by	means	of	

metabolic	 engineering,	 i.e.	 the	 genetic	 manipulation	 of	 specific	 regulatory	 processes.	

Lysogenic responseLytic response

SOS Induction

Integration into host genome

RecA Activation

Virion production
Cell lysis

Cl cleavage and inactivation

Lysogenic State

Infection, DNA Injection
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Furthermore,	 C.	 glutamicum	 is	 used	 as	 a	 model	 organism	 for	 the	 two	 phylogenetically	

close	 relatives	 Corynebacterium	 diphtheriae	 and	 Mycobacterium	 tuberculosis,	 which	

represent	two	relevant	human	pathogens.	

2.3.1 The	SOS	response	of	C.	glutamicum	

The	SOS	response	is	conserved	across	most	bacterial	phyla	(Erill	et	al.,	2007).	When	DNA	is	

damaged	naturally,	e.g.	by	UV	irradiation	or	the	occurrence	of	stalled	replication	forks,	or	

by	 action	 of	 antibiotics	 such	 as	 mitomycin	 C	 or	 fluoroquinolones,	 the	 protein	 RecA	

polymerizes	 along	 the	 single-stranded	 DNA	 in	 an	 ATP-dependent	 manner	 and	 the	 SOS	

response	 is	 triggered.	 The	 LexA	 regulon	 was	 elucidated	 by	 transcriptome	 analysis	 in	 C.	

glutamicum	 (Jochmann	 et	 al.,	 2009).	 Upon	 MmC-induced	 DNA	 damage,	 more	 than	 40	

genes	are	induced,	among	them	the	key	genes	 lexA	and	recA,	as	well	as	the	cell	division	

inhibitor	 divS	 (Ogino	 and	 Teramoto,	 2008;	 Jochmann	 et	 al.,	 2009).	 DivS	 is	 divergently	

located	to	lexA,	a	situation	it	shares	with	the	genes	rv2719c	of	M.	tuberculosis	H37Rv	and	

yneA	 of	 Bacillus	 subtilis,	 two	 proteins	 responsible	 for	 SOS-induced	 growth	 inhibition.	

There	is	no	significant	homology	between	DivS,	Rv2719c	and	YneA,	however	it	was	shown	

that	DivS	interferes	with	functional	FtsZ	ring	assembly	or	is	involved	in	its	stability,	leading	

to	an	inhibited	septum	formation	(Ogino,	2008).	

	

2.3.2 Prophages	of	C.	glutamicum	

Full	 genome	 sequencing	 of	 C.	 glutamicum	 ATCC	 13032	 revealed	 three	 lysogenic	

prophages,	 named	 CGP1-3	 (Kalinowski,	 2005).	 CGP1	 and	 CGP2	 are	 highly	 degenerated,	

CGP3	 however	 retains	 the	 ability	 to	 excise	 from	 the	 genome	 and	 harbors	 genes	 for	 a	
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phage	 integrase	 (cg2071)	and	a	phage	 lysin	 (cg1974)	 (Frunzke	et	al.,	2008;	Nanda	et	al.,	

2014).	 It	 was	 shown	 that	 a	 subpopulation	 of	 cells	 (1-3%)	 spontaneously	 induces	 the	

prophage	under	normal	 cultivation	 conditions	 (Frunzke	et	 al.,	 2008)	 and	 that	 treatment	

with	 MmC	 leads	 to	 an	 upregulation	 of	 CGP3	 genes	 (Jochmann	 et	 al.,	 2009;	 Donovan,	

2015).	 So	 far	 no	 fully	 replicative	 life	 cycle	 has	 been	observed	 for	 CGP3.	However,	 upon	

excision	CGP3	is	replicated	and	multiple	copies	can	be	observed	in	a	single	cell	(Frunzke	et	

al.,	 2008).	C.	glutamicum	was	 cured	of	all	 three	prophages	and	 submitted	 to	 stress	and	

viability	 assays.	 Whereas	 some	 conditions	 such	 as	 osmotic	 stress,	 excess	 iron	 or	

phosphate	 starvation	have	no	marked	 impact	on	 the	 cured	 strain,	 the	deletion	of	CGP3	

leads	 to	 an	 increase	 in	 plasmid	 copy	 number	 and	 heterologous	 protein	 production,	 an	

increased	transformation	efficiency	and	an	increased	growth	rate	when	treated	with	MmC	

(Baumgart	 et	 al.,	 2013).	 Therefore,	 it	 is	 safe	 to	 assume	 that	 lysogenic	 prophages	 in	 C.	

glutamicum	have	an	impact	on	host	physiology	despite	their	 inability	to	complete	a	fully	

replicative	life	cycle.	

	

2.4 Single-cell	analysis	

Key	to	studying	cellular	dynamics	underlying	the	spontaneous	 induction	of	prophages	at	

the	 level	 of	 single	 cells	 is	 an	 advanced	platform	 to	 analyze	 single	 cells.	 To	 this	 end,	 the	

growth	 of	 microcolonies	 grown	 out	 of	 single	 cells,	 as	 well	 as	 the	 activity	 of	 single	

promoters	and	proteins	need	to	be	tracked	in	a	time-resolved	manner	(Locke	and	Elowitz,	

2009).	 When	 you	 factor	 in	 the	 low	 frequency	 at	 which	 hair	 trigger	 events	 occur,	 it	 is	

obvious	 that	 a)	 the	 cultivation	 conditions	 should	 have	 as	 little	 impact	 on	 the	 induction	
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event	 itself,	because	small	changes	could	affect	experimental	outcomes	significantly	and	

b)	 a	 high	 number	 of	 cells	 has	 to	 be	 analyzed	 and	 processed	with	 a	 high	 throughput	 to	

obtain	 an	 evaluable	 number	 of	 the	 elusive	 events.	 To	 address	 the	 first	 challenge,	 the	

PDMS-based	picolitre	 bioreactor	 is	 a	 suitable	 environment	 for	 observing	 events	 such	 as	

the	spontaneous	 induction	of	 the	SOS	response	 (Grünberger	et	al.,	2014;	Grünberger	et	

al.,	2015)	(Figure	2.4).	Up	to	500	cultivation	chambers	are	contained	on	chips	the	size	of	a	

thumbnail.	 The	 cultivation	medium	of	 choice	 is	 introduced	 through	 an	 inlet	 at	 a	 steady	

force,	 evenly	 creating	 a	 laminar	 flow	 throughout	 all	 cultivation	 chambers.	 The	 picolitre	

volume	ensures	homogenous	 conditions	 throughout	 all	 chambers.	 Furthermore,	 custom	

designs	 can	 be	 carved	 into	 the	 PDMS	according	 to	 the	 experiment’s	 needs,	making	 it	 a	

flexible	system.	

	

	 Stepping	away	 from	the	quantitative	 results	 that	analysis	of	microcolonies	 in	 the	

microfluidic	setup	allow,	a	temporally	less	resolved,	yet	more	high-throughput	analysis	is	

enabled	 by	 flow	 cytometry	 (Nebe-von-Caron	 et	 al.,	 2000;	 Wang	 et	 al.,	 2010).	 The	

combination	of	promoter	fusions	to	fluorescent	reporter	genes	with	the	high	number	of	
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analyzed	 cells	 per	 second	makes	 flow	 cytometry	 and	 fluorescence-activated	 cell	 sorting	

(FACS)	 a	 powerful	 tool	 to	 monitor	 huge	 bacterial	 populations	 for	 spontaneous	 gene	

regulatory	events	and	morphological	traits	simultaneously.	

	

2.5 Aims	of	this	work	

Previous	studies	showed	that	the	prophage	CGP3	is	able	to	excise	from	the	host	genome	

spontaneously.	The	main	aim	of	this	work	is	to	characterize	this	spontaneous	induction	in	

further	detail	and	characterize	its	trigger.	To	this	end,	the	SOS	response	will	be	considered	

as	 a	 putative	 trigger.	 Its	 spontaneous	 induction	 will	 be	 studied	 and	 correlated	 to	 the	

spontaneous	induction	of	CGP3.	

	 To	 observe	 the	 spontaneous	 induction	 of	 specific	 C.	 glutamicum	 CGP3	 and	 SOS	

genes,	 select	 promoters	 will	 be	 chosen	 and	 cloned	 in	 front	 of	 genes	 encoding	 for	

fluorescent	 reporter	 proteins.	 The	 activity	 of	 these,	 as	 observed	 by	 their	 fluorescent	

output,	 will	 be	 monitored	 in	 a	 flow	 cytometric	 and	 microfluidic	 cultivation	 setup.	 By	

incorporating	promoter	fusions	of	SOS	and	CGP3	genes	in	the	same	strain,	activities	of	the	

according	genes	can	be	correlated	by	measuring	the	fluorescent	output	of	a	large	number	

of	cells	in	flow	cytometry.	Once	a	correlation	has	been	established	between	the	host	SOS	

response	and	prophage	activity,	a	higher	temporal	resolution	at	the	single-cell	level	will	be	

achieved	 by	 cultivating	microcolonies,	 which	 are	 derived	 from	 single	 cells,	 in	 a	 custom	

microfluidic	cultivation	device	(picolitre	bioreactor	–	PLBR).	

In	an	attempt	 to	better	understand	 the	SOS	 response	 in	C.	glutamicum,	 key	SOS	

genes	will	be	deleted.	The	effect	that	these	changes	to	the	SOS	pathway	have	on	key	CGP3	
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genes	will	be	analyzed	by	flow	cytometry	and	cultivation	in	the	Biolector	system.	

Taken	 together,	 this	work	will	 further	 our	 understanding	of	 the	 SOS	 response	 in	

the	 biotechnological	 platform	 organism	 C.	 glutamicum	 and	 provide	 us	 with	 a	 better	

understanding	of	the	relationship	between	bacterial	hosts	and	their	lysogenic	prophages,	

as	well	as	processes	underlying	their	spontaneous	induction.	
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3 Results	

	 The	main	focus	of	this	PhD	thesis	was	to	elucidate	the	trigger	of	spontaneous	CGP3	

induction,	 as	 well	 as	 to	 characterize	 the	 spontaneous	 SOS	 response	 and	 the	 involved	

proteins	 in	C.	glutamicum.	One	study	based	on	literature	research	focused	on	the	status	

quo	of	spontaneous	prophage	induction	in	bacteria.	The	results	of	the	research	conducted	

in	 this	 PhD	 thesis	 have	 been	 summarized	 in	 three	 peer-reviewed	 publications	 and	 a	

manuscript,	which	is	to	be	submitted.	

	 In	 “Spatiotemporal	 microbial	 single-cell	 analysis	 using	 a	 high-throughput	

microfluidics	 cultivation	 platform“	 the	 application	of	 the	 picolitre	 bio	 reactor	 (PLBR)	 for	

time-lapse	microscopy	and	quantitative	analysis	of	 signals	obtained	by	 the	SOS	 reporter	

(recA	promoter	activity)	are	reported.	In	this	work	the	suitability	of	the	PLBR	for	capturing	

rare	events	of	population	heterogeneity	is	presented.	

	 The	 publication	 “Analysis	 of	 SOS-induced	 spontaneous	 prophage	 induction	 in	

Corynebacterium	 glutamicum	 at	 the	 single-cell	 level”	 reports	 the	 findings	 that	 a	

spontaneous	 SOS	 response	 is	 responsible	 for	 the	 spontaneous	 induction	 of	 lysogenic	

prophage	CGP3.	Promoter	fusions	of	key	SOS	and	CGP3	genes	to	the	fluorescent	reporter	

protein	 Venus	 and	 E2-Crimson,	 respectively,	 were	 constructed	 and	 transformed	 into	 C.	

glutamicum	 (C.	 glutamicum::PrecA-venus/pJC1-PCGP3-e2-crimson).	 These	 cells	 were	

subjected	to	flow	cytometry	to	reveal	spontaneous	SOS	and	CGP3	 induction	events.	The	

fluorescent	 outputs	 of	 both	 promoter	 fusions	 were	 subjected	 to	 correlation	 analysis.	

Additionally,	 the	 temporal	 course	 of	 both	 SOS	 and	 CGP3	 promoter	 activation	 was	

observed	and	compared,	and	the	single-cell	dynamics	of	spontaneous	SOS	induction	were	
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characterized.	

	 The	 review	 “Impact	 of	 spontaneous	 prophage	 induction	 on	 the	 fitness	 of	 bacterial	

populations	 and	 host-microbe	 interactions”	 assesses	 the	 current	 state	 of	 research	 on	

spontaneous	 prophage	 induction.	 Key	 examples	 of	 bacteria	 containing	 either	 lytic	 or	

lysogenic	 prophages,	 as	 well	 as	 bacteria	 containing	 cryptic	 prophages	 or	 pathogenicity	

islands	are	shown.	The	intrinsic	and	extrinsic	factors	that	are	able	to	induce	the	activity	of	

this	foreign	DNA	are	discussed	in	detail,	as	well	as	the	role	that	stochasticity	and	genetic	

noise	play	in	this	induction	are	discussed.	The	impact	that	prophages	have	on	an	individual	

cell	and	on	a	population-wide	scale	are	discussed	by	addressing	the	fitness	of	lysogenized	

bacteria	 and	 the	 formation	 of	 biofilms	 in	 bacterial	 communities.	 The	 last	 part	 of	 the	

review	focuses	on	the	significance	of	spontaneous	prophage	induction	in	regards	to	host	

virulence	of	pathogenic	bacteria.	

The	manuscript	“The	Role	of	the	SOS	Response	in	CGP3	Induction	of	

Corynebacterium	glutamicum“	focuses	on	the	relationship	between	the	SOS	response	and	

CGP3	induction	in	further	detail.	Key	promoter	fusions	were	transformed	into	an	array	of	

mutant	C.	glutamicum	strains	missing	key	SOS	and	CGP3	genes,	as	well	as	a	prophage-

cured	strain.	General	activity	of	the	genes	was	assessed	under	standard	cultivation	

conditions	and	after	addition	of	MmC.	Additionally,	the	spontaneous	activity	of	the	SOS	

response	was	compared	in	the	different	SOS	mutant	strains.	mRNA	of	wild	type	and	ΔrecA	

strains	was	harvested	at	defined	time	points,	with	and	without	the	addition	of	MmC,	and	

compared	in	microarray	analyses.	
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3.1 Analysis	of	SOS-induced	Spontaneous	Prophage	Induction	in	

Corynebacterium	glutamicum	at	the	Single-Cell	Level		 	

Analysis of SOS-Induced Spontaneous Prophage Induction in
Corynebacterium glutamicum at the Single-Cell Level

Arun M. Nanda, Antonia Heyer, Christina Krämer, Alexander Grünberger, Dietrich Kohlheyer, Julia Frunzke

‹Institut für Bio- und Geowissenschaften, IBG-1: Biotechnologie, Forschungszentrum Jülich, Jülich, Germany

The genome of the Gram-positive soil bacterium Corynebacterium glutamicum ATCC 13032 contains three integrated prophage
elements (CGP1 to -3). Recently, it was shown that the large lysogenic prophage CGP3 (�187 kbp) is excised spontaneously in a
small number of cells. In this study, we provide evidence that a spontaneously induced SOS response is partly responsible for the
observed spontaneous CGP3 induction. Whereas previous studies focused mainly on the induction of prophages at the popula-
tion level, we analyzed the spontaneous CGP3 induction at the single-cell level using promoters of phage genes (Pint2 and Plysin)
fused to reporter genes encoding fluorescent proteins. Flow-cytometric analysis revealed a spontaneous CGP3 activity in about
0.01 to 0.08% of the cells grown in standard minimal medium, which displayed a significantly reduced viability. A PrecA-eyfp pro-
moter fusion revealed that a small fraction of C. glutamicum cells (�0.2%) exhibited a spontaneous induction of the SOS re-
sponse. Correlation of PrecA to the activity of downstream SOS genes (PdivS and PrecN) confirmed a bona fide induction of this
stress response rather than stochastic gene expression. Interestingly, the reporter output of PrecA and CGP3 promoter fusions
displayed a positive correlation at the single-cell level (� � 0.44 to 0.77). Furthermore, analysis of the PrecA-eyfp/Pint2-e2-crimson
strain during growth revealed the highest percentage of spontaneous PrecA and Pint2 activity in the early exponential phase, when
fast replication occurs. Based on these studies, we postulate that spontaneously occurring DNA damage induces the SOS re-
sponse, which in turn triggers the induction of lysogenic prophages.

Genome sequencing projects have revealed a large amount of
prophage DNA in bacterial genomes. Although not all pro-

phage DNA accounts for functional prophages, because it in-
cludes degenerated phage remnants, this DNA can have a marked
impact on bacterial physiology (1). The biotechnological platform
organism Corynebacterium glutamicum is a Gram-positive, bio-
tin-auxotroph soil bacterium that is used for the industrial pro-
duction of more than four million tons of L-glutamate and L-lysine
per year (2, 3). As revealed by whole-genome sequencing, C. glu-
tamicum ATCC 13032 possesses three prophages that are inte-
grated into its genome (CGP1 to -3), of which CGP1 and CGP2
are probably degenerated phage remnants (4–6). Previous studies
showed that the large prophage CGP3 (187 kb) retains the ability
to be excised from the genome and exist as a circular DNA mole-
cule. Interestingly, a small number of wild-type cells showed a
much higher copy number of circular phage DNA per cell than the
average of the population (5).

Recent studies in Shewanella oneidensis (7) and Streptococcus
pneumoniae (8) have provided evidence that sacrificing a small
number of cells by spontaneous prophage-induced lysis is benefi-
cial to the remainder of the population. For these species, genomic
DNA released into the extracellular space following cell lysis sup-
ports biofilm formation and maintenance (9, 10). Although these
results shed new light on the spontaneous induction of prophages,
the mechanisms governing this general microbiological phenom-
enon are poorly understood to date.

The best-studied model for prophage-host interactions is the
Escherichia coli � phage model. As far back as the 1950s, sponta-
neous induction of lysogenic phage � was observed in E. coli cul-
tures (11). Remarkably, a decrease in spontaneously induced pro-
phages was shown in recombination-deficient E. coli strains (12).
It remains unknown, however, whether these events are (i) ran-
dom events caused by promoter noise or by the stochastic distri-
bution of key regulatory components or (ii) the result of specific

induction by intrinsic and/or extrinsic factors. The lysogenic state
of phage � is controlled by cI, the central repressor of phage genes
(13). When the integrity of the genome is compromised (as indi-
cated by lesions in the DNA), the protein RecA polymerizes along
single-stranded DNA (ssDNA). This nucleoprotein filament of
ssDNA and activated RecA* protein catalyzes the autocatalytic
cleavage of the repressor LexA, which leads to the derepression of
more than 40 SOS genes (SOS response) (14). The life cycle of
lambdoid phages is linked to this regulatory pathway. The central
repressor cI mimics the autocatalytic center of LexA and thus be-
comes cleaved upon the induction of the SOS response. Its bind-
ing to repressor sites within the prophage is alleviated, leading to
an expression of genes responsible for the excision of phage DNA,
virion assembly, and release of the infectious phage particles into
the extracellular space (13).

In this study, we address the question of whether the sponta-
neous induction of the lysogenic prophage CGP3 in single C. glu-
tamicum cells is linked to the spontaneous activation of the SOS
response. The promoters of genes of the SOS pathway and those
encoded by CGP3 were fused to the fluorescent reporter genes eyfp
and e2-crimson to analyze the activity of the respective promoters
under standard cultivation conditions. Single-cell analysis was
performed using flow cytometry and an in-house developed poly-
dimethylsiloxane (PDMS) microfluidic chip setup (15, 16) suit-
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able for observing rare cellular events of interest. We observed a
positive correlation between the spontaneous activation of the
SOS response and the spontaneous induction of the prophage
CGP3, and we postulate a bona fide activation of the SOS response
as a prominent trigger leading to prophage excision.

MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The bacterial strains
used in this study are listed in Table 1. C. glutamicum ATCC 13032 was
used as the wild-type strain; all strains were cultivated at 30°C. For growth
experiments, a glycerin stock culture was streaked onto BHI (brain heart
infusion; Difco, BD, Heidelberg, Germany) agar plates. Single colonies
were used to inoculate 5 ml liquid BHI medium. After cultivation for 8 h,
the preculture was used to inoculate 25 ml CGXII minimal medium (1:50)
containing 4% glucose (wt/vol) as the carbon source (17). After growth
overnight, fresh CGXII medium was inoculated to an optical density at
600 nm (OD600) of 1 in 25 ml. For microtiter-scale cultivations, the Bio-
lector microbioreactor system (m2p-labs, Heinsberg, Germany) was uti-
lized (18) using an established protocol for C. glutamicum cultivation
(16). Escherichia coli was cultivated in LB (lysogeny broth) medium and
on LB agar plates at 37°C. If required, kanamycin was added to the culti-
vation medium at a concentration of 25 �g/ml for C. glutamicum and 50
�g/ml for E. coli. For induction of the SOS response, mitomycin C (Sig-
ma-Aldrich, Seelze, Germany) was added at the appropriate concentra-
tions at an OD600 of 4.

Cloning techniques. For PCR amplification of DNA used for cloning,
KOD HotStart polymerase (Merck Millipore, Darmstadt, Germany) was
used. DreamTaq (Fisher Scientific, Schwerte, Germany) was utilized for

PCR verification of ligation reactions. Heat shock transformation of E. coli
was performed as described previously (19). Transformation of C. glu-
tamicum was performed by electroporation as described previously (20).
Isolation and purification of plasmids from E. coli cultures was performed
using plasmid isolation and purification kits from Qiagen (Qiagen,
Hilden, Germany) and Thermo Scientific (Fisher Scientific, Schwerte,
Germany) miniprep kits. Chromosomal DNA of C. glutamicum was iso-
lated as described previously (21). DNA sequencing and oligonucleotide
synthesis were performed by Eurofins MWG Operon (Ebersberg, Ger-
many). Plasmids and oligonucleotides used in this work are listed in Table
1 and Table 2, respectively. The in-frame deletion mutant of lexA in the
wild-type strain ATCC 13032 was constructed as described by Jochmann
et al. (22).

Construction of promoter fusions. For construction of the promoter
fusions of Pint2, Plysin, and Pcg2067, 250 bp upstream of the coding sequence
with an additional 10 codons and the 16-bp ribosomal binding site of
pET16 were amplified using the oligonucleotide pairs int2-fwd/int2-rev,
lysin-fwd/lysin-rev, and cg2067-fwd/cg2067-rev, respectively. The pro-
moter sequences were ligated into the vector pJC1-crimson-term by re-
striction with BamHI and NdeI.

For construction of the recA promoter fusion, 260 bp upstream of the
coding sequence were amplified from genomic C. glutamicum DNA fol-
lowed by the 16-bp ribosomal binding site of pET16 using oligonucleo-
tides PrecA_pK18_fwd and PrecA_YFP_rev. eyfp was amplified with
oligonucleotides YFP_fwd and YFP_pK18_rev using the plasmid
pEKEx2-Ptac-eyfp (23) as the template. The promoter fusion was gener-
ated by overlap extension PCR using oligonucleotides PrecA_pK18_fwd
and PrecA_YFP_rev. XhoI and MfeI restriction sites were used to ligate

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Characteristics Source or reference

Strains
E. coli DH5� supE44 �lacU169 (�80lacZDM15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1 Invitrogen

C. glutamicum
ATCC 13032 Biotin-auxotrophic wild type 36
ATCC 13032�lexA In-frame deletion of the gene lexA (cg2114) 22
ATCC 13032::PrecA-eyfp Integration of PrecA-eyfp into the intergenic region between cg1121 and cg1122 This study

Plasmids
pJC1 Kanr, Ampr; C. glutamicum shuttle vector 38
pEKEx2-Ptac-eyfp Kanr; pEKEx2 containing eyfp with pET16 RBS, under the control of Ptac 23
pAN6-e2-crimson Kanr; pAN6 derivative for expression of E2-Crimson under the control of the Ptac promoter 6
pK19mobsacB Kanr, oriVE. coli sacB lacZ� 37
pK18mobsacB-cg1121/1122 Kanr, oriVE. coli sacB 6
pK18mobsacB-cg1121/1122-PrecA-eyfp pJC1 derivative containing the promoter of recA (260 bp) fused to eyfp; the insert includes

the promoter of recA and an additional ribosome binding site (pET16) in front of eyfp
This study

pJC1-PdivS-e2-crimson pJC1 derivative containing the promoter of divS (411 bp) fused to e2-crimson; the insert
includes the promoter of divS, 30 bp of the coding sequence, a stop codon, and an
additional ribosome binding site (pET16) in front of e2-crimson

This study

pJC1-PrecN-e2-crimson pJC1 derivative containing the promoter of recN (207 bp) fused to e2-crimson; the insert
includes the promoter of recN, 30 bp of the coding sequence, a stop codon, and an
additional ribosome binding site (pET16) in front of e2-crimson

This study

pJC1-Pint2-e2-crimson pJC1 derivative containing the promoter of int2 (250 bp) fused to e2-crimson; the insert
includes the promoter of int2, 30 bp of the coding sequence, a stop codon, and an
additional ribosome binding site (pET16) in front of e2-crimson

This study

pJC1-Plysin-e2-crimson pJC1 derivative containing the promoter of lysin (250 bp) fused to e2-crimson; the insert
includes the promoter of lysin, 30 bp of the coding sequence, a stop codon, and an
additional ribosome binding site (pET16) in front of e2-crimson

This study

pJC1-Pcg2067-e2-crimson pJC1 derivative containing the promoter of cg2067 (250 bp) fused to e2-crimson; the insert
includes the promoter of cg2067, 30 bp of the coding sequence, a stop codon, and an
additional ribosome binding site (pET16) in front of e2-crimson

This study
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the amplicon into the shuttle vector pK18mobsacB_cg1121/22. Promoter
fusions of divS and recN were amplified with the oligonucleotides
divS_fwd and divS_rev and the oligonucleotides recN_fwd and recN_rev,
respectively, using genomic DNA as the template. Additionally, the first
10 codons were amplified along with a stop codon. The coding sequence of
the fluorescent protein E2-Crimson (24) was amplified from the plasmid
pAN6-e2-crimson with the oligonucleotides crimson_fwd and crimson_rev.
Both amplicons were combined by overlap extension PCR. The restriction
site NheI was used for ligation into the medium-copy-number vector pJC1.

The PptsG-e2-crimson promoter fusion was constructed according to
Hentschel et al. (23) by amplifying 725 bp upstream of the ptsG start
codon with oligonucleotides PptsG_fwd and PptsG_rev, introducing
BamHI and NdeI restriction sites. The PCR fragment was ligated into
pJC1-e2-crimson-term after treatment of both with BamHI and NdeI
restriction enzymes.

Fluorescence microscopy. For phase contrast and fluorescence mi-
croscopy, samples were analyzed on 1 to 2% agar pads, which were placed
on microscope slides and covered by a coverslip. Images were taken on a
Zeiss Axioplan 2 imaging microscope equipped with an AxioCam MRm
camera and a Plan-Apochromat �100 magnification, 1.4 numerical-ap-
erture oil differential interference contrast (DIC) objective. Filter sets
46HE and 63HE were used for imaging enhanced yellow fluorescent pro-
tein (eYFP) and E2-Crimson fluorescence, respectively. Digital images
were acquired and analyzed with the AxioVision 4.6 software (Zeiss, Göt-
tingen, Germany).

Flow cytometry. Flow-cytometric measurements and sorting were
performed on a FACSAria II (Becton, Dickinson, San Jose, CA) flow cy-
tometer with 488-nm excitation by a blue solid-state laser and 633-nm
excitation by a red solid-state laser. Forward-scatter characteristics (FSC)
and side-scatter characteristics (SSC) were detected as small- and large-
angle scatters of the 488-nm laser, respectively. eYFP fluorescence was
detected using a 502-nm long-pass and a 530/30-nm band pass filter set.
E2-Crimson fluorescence was detected using a 660/20-nm band pass filter
set. Cells were analyzed at a threshold rate of 3,000 to 8,000 events/s and
sorted onto BHI agar plates at a threshold rate of 3,000 to 4,000 events/s.
Data were analyzed using FlowJo V7.6.5 (Tree Star, Inc., Ashland, OR).

Statistical analysis. Nonparametric tests for the analysis of correlation
were performed with GraphPad Prism 6 (GraphPad Software, Inc., La
Jolla, CA). Spearman’s rank correlation coefficient (the Pearson correla-
tion coefficient of the ranked variables) was used. A perfect (inverse)
correlation takes on � values of (�)1; totally independent variables take
on � values of 0.

Microfluidic cultivation. C. glutamicum was cultivated in in-house-
developed microfluidic cultivation chambers (0.9 �m by 60 �m by 60
�m) arranged in parallel between 10-fold-deeper supply channels. For
details on our microfluidic chip setup, see references 15 and 25.

During the experiment, CGXII minimal medium was infused contin-
uously at 300 nl min�1 using a high-precision syringe pump (neMESYS;
Cetoni GmbH, Korbussen, Germany) with attached disposable syringes
(Omnifix-F Tuberculin, 1 ml; B. Braun Melsungen AG, Melsungen, Ger-
many) to maintain constant environmental conditions. Cell growth and
eYFP fluorescence were observed at 10-min intervals by time-lapse imag-
ing with a fully motorized inverted Nikon Eclipse Ti microscope (Nikon
GmbH, Düsseldorf, Germany). Chip cultivation was performed at 30°C
using a microscope incubator system (PeCon GmbH, Erbach, Germany).
The microscope was equipped with a focus assistant (Nikon PFS) to com-
pensate for thermal drift during long-term microscopy, with a Plan Apo �
100� oil Ph3 DM objective (Nikon GmbH, Düsseldorf, Germany) and a
high-speed charge-coupled device (CCD) camera (Andor Clara DR-3041;
Andor Technology Plc., Belfast, United Kingdom). An optical filter sys-
tem (YFPHQ filter system [excitation, 490 to 550 nm; dichroic mirror,
510 nm; absorption filter, 520 to 560 nm]; AHF Analysentechnik AG,
Tübingen, Germany) and a mercury light source (Intensilight; Nikon
GmbH, Düsseldorf, Germany) were installed for fluorescence micros-
copy.

RESULTS
The prophage CGP3 is spontaneously induced in single cells. In
recent studies we observed a spontaneous excision of the pro-
phage CGP3 in a small number of C. glutamicum cells cultivated in
shake flasks with CGXII minimal medium (5). Transcriptome
analysis revealed an upregulation of CGP3 genes (cg1890 to
cg2071) upon induction of the SOS response by addition of the
DNA-cross-linking antibiotic mitomycin C (A. Heyer and J. Frun-
zke, personal communication). In an effort to create appropriate
tools to monitor prophage activity, we consulted reports on pre-
vious microarray experiments to determine which genes are suit-
able candidates. We constructed plasmid-based promoter fusions
of the CGP3 genes cg2071 (integrase, int2), cg1974 (putative ly-
sin), and cg2067 (hypothetical protein) to the coding sequence of
the fluorescent protein E2-Crimson. To test their function, wild-
type C. glutamicum ATCC 13032 cells were transformed with the

TABLE 2 Oligonucleotides used in this study

Oligonucleotide Sequence (5=–3=)a Restriction site

cg2114_del_1 TCCCCCGGGGATCTAGGATCCACATGGAAGCGAACAGAG SmaI
cg2114_del_2 TGAAGTCCTGCAGCATCA
cg2114_del_3 TGATGCTGCAGGACTTCATGTTGGCGAGTCCATGAG
cg2114_del_4 GCTCTAGAGATCTACTGCAGCGCCACGATATGTGAGAA XbaI
PrecA_pK18_fwd GGAATTCAATTGTTCGCATGAAAATTCGAATT MfeI
PrecA_YFP_rev GCTCACCATATGTATATCTCCTTTTTTAATTCCTCTTAGTTTTATTGA
YFP_fwd AAGGAGATATACATATGGTGAGCAAGGGCGA
YFP_pK18_rev GGAATTCTCGAGTTATCTAGACTTGTACAGCTCGTCCAT XhoI
divS_fwd CTAGCTAGCTAGCGTTGGGCAAGGTCTTAACT NheI
divS_rev ATGATATCTCCTTCTTAAAGTTTAATCTAGCTCTTTACCCGCATAAAC
crimson_fwd TAAACTTTAAGAAGGAGATATCATATGGATAGCAC
crimson_rev CTAGCTAGCTAGCAAAAGAGTTTGTAGAAACGC NheI
int2_fwd CGCGGATCCCGGGCGAGAGGGTGAGCGAT BamHI
int2_rev CGCCATATGATATCTCCTTCTTAAAGTTCAGAAGCGTGCCCTGTACCTCTCCGA NdeI
lysin_fwd CGCGGATCCCCTTCTTTGAGGCTTGATGCCT BamHI
lysin_rev CGCCATATGATATCTCCTTCTTAAAGTTCAATTTTTCGGCATTGCGCCTTTAAT NdeI
cg2067_fwd CGCGGATCCGAAGCTTTTGAGTCTGTTACTGG BamHI
cg2067_rev CGCCATATGATATCTCCTTCTTAAAGTTCACGACCACATCTCCAACGCGCTAAA NdeI
a Restriction sites are underlined.
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promoter fusion constructs and treated with 2 �M mitomycin C
to induce DNA lesions and subsequently trigger the SOS response.
Samples were analyzed by flow cytometry and fluorescence mi-
croscopy (shown for Pint2) (Fig. 1A). The treated samples exhib-
ited a highly induced Pint2 activity and morphological changes.
The untreated cultures showed no significant Pint2 activity, yet, in
agreement with earlier studies, Pint2 was highly induced in a small
number of cells. Flow-cytometric analysis of untreated cultures
revealed that a fraction of 0.01 to 0.08% of the cells exhibited a 5-
to 160-fold higher Pint2 activity than the bulk of the population
(Fig. 1B). Single cells with a high fluorescent signal (phage�) and
cells showing background fluorescence (phage�) were sorted onto
BHI agar plates, and their survival was assessed after incubation
for 24 h. As expected, the survival rate of phage� cells was signif-
icantly below that of phage� cells (survival rates of 23% and 96%,
respectively) (Fig. 2). Thus, cells showing an increased Pint2 activ-
ity were significantly impaired in their ability to resume growth on
plates, which is likely caused by prophage excision and subsequent
cell lysis.

Spontaneous PrecA induction in single cells. Since the host

SOS response is a prominent trigger of lysogenic phages, we con-
structed a promoter fusion of the recA promoter to eyfp and inte-
grated it into the genome of C. glutamicum ATCC 13032 at the
intergenic region of cg1121 and cg1122 to test for a spontaneous
SOS induction. As proof of principle, the PrecA-eyfp strain was
cultivated in microtiter scale and the SOS response was induced by
addition of mitomycin C in increasing concentrations. A strain
with a truncation of lexA, the repressor of SOS genes, served as a
reference strain which exhibits a maximally induced SOS response
(Fig. 3A, black bar). At low concentrations (15 nM and 100 nM) of
mitomycin C and in the �lexA strain, PrecA activity showed a bi-
modal distribution, with the majority of cells showing a slight
increase in reporter signal and a smaller fraction of cells shifted
toward an even higher signal. This bimodal state was not observed
at higher concentrations (500 nM and 1,000 nM mitomycin C)
(Fig. 3B). We subjected cells with the integrated PrecA-eyfp pro-
moter fusion to flow-cytometric analysis to get more detailed in-
sight into single-cell dynamics of the SOS response in C. glutami-
cum populations. Under standard cultivation conditions, we
observed a spontaneous activity, analogous to the activities of
CGP3 promoters (Fig. 3C). About 0.07 to 0.2% of cells showed a
12- to 18-fold increased reporter signal (SOS� cells). These SOS�

cells had a reduced survival rate (recovery rate of 46% after sorting
on BHI agar plates) (Fig. 2). It was tempting to hypothesize that
these rare events may act as a bet-hedging strategy to ensure an
increased fitness under changing environmental conditions. We
sorted SOS� cells on agar plates with different DNA damaging
conditions yet saw no increased fitness under the tested conditions
(data not shown).

Spontaneous PrecA activity reflects a bona fide SOS response.
Next we tested whether spontaneous PrecA activity and reduced
viability were indicative of a bona fide SOS response caused by
potentially lethal DNA damage. The reporter strain harboring the
integrated promoter fusion PrecA-eyfp was transformed with plas-
mids carrying promoter fusions of the two SOS-responsive genes
divS and recN, respectively, fused to the autofluorescent reporter
gene e2-crimson. Both genes were previously shown to be upregu-
lated in the deletion mutant �lexA (22) or after induction with
mitomycin C. Analysis of the dual reporter strain (PrecA-eyfp inte-
grated into the genome, Pint2-e2-crimson plasmid-borne) by fluo-
rescence microscopy and flow cytometry revealed a correlation of
the PrecA signal to PdivS as well as PrecN signals. After gating of SOS�

FIG 1 Utilization of prophage promoter fusions for monitoring spontaneous
CGP3 induction. (A) Histogram of eYFP fluorescence of C. glutamicum/pJC1-
Pint2-e2-crimson with 2 �M mitomycin C (red line) and without mitomycin C
(gray line) with additional fluorescence microscopy images showing the spon-
taneous and induced activity of Pint2. The insets show uninduced and induced
cells carrying the plasmid pJC1-Pint2-e2-crimson. The green arrow indicates
spontaneous induction of Pint2 occurring under standard cultivation condi-
tions. (B) Scatter plot of the strain C. glutamicum/pJC1-Pint2-e2-crimson. A
total of 100,000 cells were analyzed for their size characteristics (forward scat-
ter) and their fluorescent properties. Even under noninducing conditions, a
small fraction of cells exhibited an increased reporter signal (red dots) in com-
parison to the bulk of the population (black dots). Cells were cultivated in
CGXII medium plus 4% glucose and analyzed at an OD600 of 4.

FIG 2 Viability assay of C. glutamicum cells which exhibit an induction of
CGP3 and/or of the SOS response. Single cells were sorted onto agar plates, and
the percent survival was determined as the fraction of cells able to form colo-
nies. Nonfluorescent cells (�/�), cells with either a positive PrecA-eyfp or a
positive Pint2-e2-crimson signal (�), and cells with both signals (�/�) were
sorted onto separate agar plates. Colony growth was analyzed after 24 h.
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cells, the signals of both reporters were correlated in single cells by
using Spearman’s rank correlation coefficient (Fig. 4). Both pro-
moter fusions showed a high correlation (PdivS, � � 0.78, P �
0.0001, n � 165; PrecN, � � 0.85, P � 0.0001, n � 131) at the
single-cell level. The control promoter fusion PptsG-e2-crimson
was constructed and introduced into the PrecA-eyfp strain to ex-
clude high correlation values due to factors other than sharing the
same regulation. SOS� cells were gated and their PrecA signal cor-
related to the PptsG reporter signal. Both signals displayed a low
correlation (� � 0.36, P � 0.0001, n � 248). Thus, the strong
correlation of PrecA to PdivS and PrecN activities confirmed that a
spontaneous PrecA activity in single cells leads to a bona fide induc-
tion of the downstream SOS cascade.

Time-lapse analysis of PrecA activation dynamics. SOS� cells
did not display a uniform fate, with some cells being able to sur-
vive on agar plates whereas others were not viable. For a time-
resolved analysis of the SOS induction in single cells, we cultivated
the PrecA-eyfp strain in an in-house-developed PDMS microfluidic
system enabling spatiotemporal analysis of growing microcolo-
nies by automated time-lapse microscopy. Single cells were seeded
into the microfluidic cultivation chambers and cultivated for sev-
eral generations in standard CGXII minimal medium under non-
stressful conditions; images were acquired every 10 min. Again, we

observed different fates of SOS� cells (see Movies S1 to S3 in the
supplemental material). Some cells showed a high and continuous
reporter signal together with an elongated cell morphology and
growth inhibition caused by an activated SOS response (Fig. 5;
also, see Movies S1 to S3 in the supplemental material). These
bacteria represent cells which undergo severe DNA damage, trig-
gering the SOS response. However, other cells merely showed a
pulse of the reporter along with an unaltered growth and cell mor-
phology (Fig. 5; also, see Movies S1 and S2 in the supplemental
material). This output either represents activity due to the sto-
chastic binding of repressor molecules or might be triggered by
DNA damage which is repaired before a full-blown SOS response
is initiated. Furthermore, we observed an additional cell fate
which consisted of high induction of the reporter coupled with an
elongated cell morphology, growth inhibition, and cell branching
(see Movie S3 in the supplemental material). This is analogous to
C. glutamicum cells which continuously overexpress divS under
the control of the promoter PaceA (26), indicating a high concen-
tration of DivS in these cells.

Correlating prophage activity to an induced SOS response in
single cells. Having established promoter fusions for the analysis
of spontaneous CGP3 induction and SOS response, we combined
promoter fusions of recA and of the prophage genes to correlate

FIG 3 PrecA promoter fusion for the analysis of SOS induction in single cells. (A) Dose response plotted as mean eYFP fluorescence at increasing mitomycin C
(MmC) concentrations. (B) Offset histogram of C. glutamicum::PrecA-eyfp cells subjected to increasing concentrations of mitomycin C. C. glutamicum �lexA was
used as a reference strain which exhibits maximal induction of the SOS response. (C) Scatter plot of the strain C. glutamicum::PrecA-eyfp cultivated under
nonstressful conditions. A total of 100,000 cells were analyzed for their size characteristics (forward scatter) and their fluorescent properties. A small fraction of
cells exhibits an increased reporter signal (green dots) in comparison to the bulk of the population (black dots). Cells were cultivated in CGXII medium plus 4%
glucose in the Biolector system until the stationary phase.

FIG 4 Correlation of PrecA activity to the activity of promoters of downstream SOS genes. Scatter plots of C. glutamicum::PrecA-eyfp/pJC1-PdivS-e2-crimson (A),
C. glutamicum PrecA-eyfp/pJC1-PrecN-e2-crimson (B), and C. glutamicum PrecA-eyfp/pJC1-PptsG-e2-crimson (C) are shown; C. glutamicum PrecA-eyfp/pJC1-PptsG-
e2-crimson served as a control, reflecting the correlation of recA expression and an SOS-independent promoter. Cells with high eYFP fluorescence (spontaneous
PrecA-eyfp cells) were gated and are displayed in the dot plot of eYFP fluorescence versus E2-Crimson fluorescence. Spearman’s rank correlation coefficient (�)
was calculated using GraphPad Prism 6. Cells were cultivated in CGXII medium plus 4% glucose and analyzed at an OD600 of 4.
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them at the single-cell level. To this end, the PrecA-eyfp strain was
transformed with the Pint2, Plysin, and Pcg2067 promoter fusions to
e2-crimson. Analysis by flow cytometry again showed the occur-
rence of spontaneously activated cells for both types of promoter
fusions. Fluorescence microscopy revealed that not all cells
showed an activation of the prophage promoters when PrecA was
active (Fig. 6). To measure the interdependence of both signals,
the Spearman rank correlation coefficient was calculated for both.
The highest correlation to SOS� cells was observed for Pcg2067 and
Pint2 (Pcg2067, � � 0.77, P � 0.0001, n � 687; Pint2, � � 0.57, P �
0.0001, n � 828) (Fig. 6). Plysin showed the lowest correlation (� �
0.44, P � 0.0001, n � 790) under the tested conditions. Even
though the correlation coefficient is not able to reveal a causal link
between two processes, it did show a high correlation of the pro-
moters of recA and the prophage genes. Reciprocal analysis of
phage� cells was performed as well and gave nearly identical val-
ues (Pcg2067, � � 0.72, P � 0.0001, n � 119; Pint2, � � 0.58, P �
0.0001, n � 565; Plysin, � � 0.45, P � 0.0001, n � 759) (data not
shown). This correlation suggests a link between spontaneously
induced SOS response and spontaneous activity of CGP3 in single
cells. Nevertheless, correlation was lower than that between PrecA

and PdivS/PrecN, indicating that others factors besides the SOS re-
sponse might influence the activity of the prophage promoters.

Impact of growth phase on spontaneous SOS and prophage
activity. The PrecA-eyfp/pJC1-Pint2-e2-crimson strain was culti-
vated in shake flasks, and samples were analyzed until the cells
reached stationary growth phase (Fig. 7A) to eliminate the rigidity
of measurements at single time points and better assess the char-
acteristics of the reporters during growth. The PrecA signal showed

maximal intensity at the transition to and during the early phase of
exponential growth. Activity of Pint2 showed the same behavior.
We expected this parallel activation of both promoters, if the SOS
response and prophage induction are somehow linked. The num-
ber of spontaneously activated cells was measured for all time
points as well (Fig. 7B). Whereas the peaks of both reporters’ flu-
orescent output behaved similarly, the maximal number of spon-
taneously activated phage� and SOS� cells showed a temporal
disparity. The increase of SOS� cells was observed 2 h before the
relative amount of phage� cells increased.

DISCUSSION

The present study on the induction of lysogenic prophages was
performed on a population-wide scale. It was shown that the in-
duction of lambdoid phages is typically linked to the host’s SOS
response. The underlying bistable switch (13), simplified by the
action of the repressor of phage genes cI, is turned toward lytic
growth when the host’s SOS response becomes activated. Sponta-
neous induction of prophages had been observed as far back as the
1950s (11), yet studies since then have not explored this phenom-
enon in more detail at the single-cell level. Due to the general link
between the SOS response and prophage induction, it was tempt-
ing to speculate that the cause of spontaneous prophage induction
lies in a spontaneously induced SOS response. The data shown in
this study suggest that a small fraction of C. glutamicum cells
grown under standard conditions spontaneously induced expres-
sion of prophage genes and that this activation is caused in part by
the spontaneous activity of the SOS response in single cells.

During the cultivation of wild-type cells under standard culti-
vation conditions, we observed single cells that induced the SOS
response spontaneously. As the occurrence of spontaneous DNA
breakage has previously been reported in studies on E. coli (27), we
tested this in C. glutamicum. In the E. coli studies, use of the SOS-
inducible promoter of the cell division inhibitor gene sulA fused to
gfp revealed a spontaneous SOS response in about 0.9% of cells.
The rate of spontaneous SOS induction that we measured with
PrecA-eyfp lies at about 0.2%. When other LexA-regulated promot-
ers of C. glutamicum, such as PdivS, PrecN, and PcglIM, were used, the
fraction of cells exhibiting a spontaneous SOS response lay be-
tween 0.1 and 0.5% (data not shown). Considering that further
studies in E. coli using promoter fusions of lexA, recA, and umuDC
showed spontaneous promoter activity in 0.09 to 3.1% of cells
(28), our findings are consistent with those reported previously.

We assumed the SOS� cells to be impaired in their survival due
to potentially lethal DNA damage. The survival rate of SOS� cells
lay at 46%. Our microfluidic studies showed that an induction of
the SOS response leads to the arrest of cell growth in some cells,
probably caused by irreparable DNA damage, whereas other cells
are able to resume growth after they exhibit PrecA activity. This
activity in turn did not necessarily lead to a full-blown SOS re-
sponse, as some cells showed the SOS phenotype; others, however,
were either unaffected in their growth with a mere pulse of PrecA

activity or were inhibited in their growth but able to recover from
the SOS-induced inhibition of cell division. The presence of some
cells showing a short pulse of reporter signal, but no growth inhi-
bition, might hint at stochastic fluctuations in the binding of the
repressor LexA or at DNA damage which is so minor that it is
repaired before a full-blown SOS response is stimulated.

Studies in E. coli have revealed that SOS genes show a hetero-
geneous expression which is independent of RecA and based on

FIG 5 Fluorescence traces of PrecA activity in single cells observed by live cell
imaging. Cells harboring the integrated PrecA-eyfp promoter fusion were
seeded into the microfluidic chip and cultivated for 24 h; a representative
microcolony is shown. (A) Microscopic images of microcolony during culti-
vation. Single cells were analyzed for their fluorescent output and assigned a
unique cell ID (colored arrow). (B) Course of fluorescence for single cells
(colored lines) as well as for the entire microcolony (mean value, plotted as a
dotted line; standard deviations are shown as a gray area). Single cells either
showed no fluorescence (green trace), showed a high induction of PrecA (red
and light green trace), displayed a pulsing behavior with no further promoter
activity (violet and pink traces), or displayed a pulsing behavior followed by a
high reporter signal (cyan and orange traces).
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stochastic factors and binding affinities of LexA to SOS boxes (28).
To confirm that the spontaneous induction of PrecA is caused by a
bona fide SOS response, we transformed the PrecA reporter strain
with plasmids carrying transcriptional fusions of divS and recN
promoters, respectively. The degree of correlation gained by cal-
culating Spearman’s ranked correlation coefficient is strong (PdivS,
� � 0.78; PrecN, � � 0.78). Whereas this is a strong correlation,
higher values of � (�0.9) might be expected for causal relation-
ships, as they are present within the SOS cascade. Even though
recA is upregulated after cells encounter DNA damage, this dam-
age might be repaired before the cell division inhibitor divS is
induced, thus avoiding a premature inhibition of growth. Our
microfluidic experiments showed that this might be the case, as a
high number of SOS� cells are not inhibited in their growth.

The same applies to the correlation values of the prophage
reporters which lie below those observed for the correlation to the
SOS reporters. An induced SOS response need not seal the fate of
genomic excision for CGP3. Rather, an immunity to low levels of
DNA damage and an induction upon accumulation or lasting
presence of DNA damage would constitute a more reliable warn-
ing system telling the prophage when to “leave the sinking ship.” If
CGP3 were induced by every event of SOS response, the integra-
tion of the prophage would be a rather unstable situation. Thus, a
threshold-based model of excision (29), as described for well-
studied lambdoid phages, helps to explain the observed deviation
from a perfect correlation. Nevertheless, future studies will eluci-

date the possible influence of so-far unknown regulators that play
a role in the induction of CGP3. Microarray studies, for example,
revealed that the putative regulator Cg2040 exhibits an inhibitory
effect on a set of prophage genes when overexpressed (A. Heyer
and J. Frunzke, personal communication).

Finally, we tested our dual promoter fusion strains (PrecA-eyfp/
pJC1-Pint2-e2-crimson) during a standard flask cultivation exper-
iment to analyze their expression during the course of growth. We
observed that PrecA and Pint2 promoters reached their peaks of
activation during exponential growth phase. It is reasonable to
assume that this phase of rapid cell growth gives rise to intrinsic
DNA damage, which is produced by native DNA polymerases.
Indeed, it has been reported that replication fork breakage is a
major contributor to double-strand breaks (DSBs), which in turn
activate the SOS response (30, 31). The measurement of sponta-
neous activation of the SOS response and prophage activity
showed temporally separated peaks (Fig. 7B). As this disparity
occurs in a small number of cells, it is clear that this effect would be
masked in the bulk measurement of reporter output, as shown in
Fig. 7A.

While the consequence of spontaneously inducing prophages
has been reported for Shewanella oneidensis (7) and Streptococcus
pneumoniae (8), the effects on C. glutamicum on a population-
wide scale remain unknown. In studies by Bossi and coworkers
(32), a spontaneous induction of prophages led to a competitive
fitness of the population against other bacteria. Spontaneous

FIG 6 Correlation of PrecA reporter activity to the activity of CGP3 genes. Scatter plots of C. glutamicum PrecA-eyfp/pJC1-Pint2-e2-crimson (A), C. glutamicum
PrecA-eyfp/pJC1-Plysin-e2-crimson (B), and C. glutamicum PrecA-eyfp/pJC1-Pcg2067-e2-crimson (C) are shown. Cells with high eYFP fluorescence (SOS� cells) were
gated and their E2-Crimson fluorescence plotted against their eYFP fluorescence. Spearman’s rank correlation coefficient (�) was calculated using GraphPad
Prism 6. (D) Fluorescence microscopy analysis of cells on agar pads showing the spontaneous induction of SOS and prophage reporters. Cells were cultivated in
CGXII medium plus 4% glucose and analyzed at an OD600 of 4.
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phage release is seen as a strategy to maintain the lysogenic status
of the prophage. Immunity sequences within the prophage lead to
an immunity to superinfection. Interestingly, the genomic CGP3
locus possesses a restriction-modification system (cglIM, cglIR,
and cglIIM) which might be used as a classic toxin/antitoxin mod-
ule (33) to fend off infecting bacteriophages. An example of “bac-
terial altruism” was recently described (34) in which Shiga toxin
produced by a small number of spontaneously induced prophage
works as a positive selective force and benefits the population. The
production of toxins by C. glutamicum has not been reported, but
the release of DNA and proteins into the extracellular matrix as a
source of nutrients for the rest of the population or as biofilm
matrix for natural microbial communities is a possible scenario.
Choosing irreparable or sustained DNA damage as trigger or se-
lection marker to single out “weak individuals” would be a prac-
tical approach (35).

Future studies will aim at a more detailed investigation of
the phenomenon of spontaneous prophage excision. We have

established a first link between the host’s SOS response and the
excision of the genomically integrated CGP3 prophage in single
bacterial cells. Further studies will assess the level at which the
two phenomena are linked and which other regulatory path-
ways may feed into the prophage’s decision to excise from the
host genome.
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Bacteriophages and genetic elements, such as prophage-like elements, pathogenicity islands, and phage morons, make up a con-
siderable amount of bacterial genomes. Their transfer and subsequent activity within the host’s genetic circuitry have had a sig-
nificant impact on bacterial evolution. In this review, we consider what underlying mechanisms might cause the spontaneous
activity of lysogenic phages in single bacterial cells and how the spontaneous induction of prophages can lead to competitive ad-
vantages for and influence the lifestyle of bacterial populations or the virulence of pathogenic strains.

The advancement of affordable and publicly available whole-
genome sequencing platforms has given rise to sequence data

on a wide range of bacterial species. These have revealed that DNA
of viral origin represents a highly frequent element of bacterial
genomes and can amount to a staggering 20% of the whole bacte-
rial genome (1–3). While some of this DNA content can be ac-
counted for by the presence of fully functional prophages, which
are able to undergo a replicative, lytic life cycle, a considerable part
of it is made up of prophage-like elements, phage remnants left
after incomplete excision events, cryptic prophages, or genetic
material acquired by horizontal gene transfer, such as genomic
islands and plasmids (4) (Fig. 1). This genetic material can carry
genes that influence the virulence of the bacterial host, e.g., chol-
era toxin (5) and Shiga toxin (6) genes, or the metabolic activities
of the host. It is through this inclusion into the genetic circuitry of
the microbial host that these elements may have a marked impact
on host fitness (7). An important but often unnoted phenomenon
is the spontaneous activation of these elements in single cells of
bacterial populations even in the absence of an external trigger, a
phenomenon dubbed “spontaneous prophage induction” (SPI).

As far back as the 1950s, it was observed that cultures of Bacillus
megaterium lysogens exhibit free phages in the cultivation me-
dium supernatant when grown under noninducing conditions
(8). This spontaneous induction, often accompanied by lysis of
the bacterial cell, was long seen as a potentially detrimental pro-
cess for bacterial populations, as a small percentage of cells would
be lost continuously. However, research in the fields of bacterial
population dynamics, biofilm formation, and pathogenesis of hu-
man diseases has shed new light on the spontaneous induction of
prophages.

While it is possible that SPI is merely the result of stochasticity
in gene expression (genetic noise) (9) or results from a bona fide
induction of the host SOS response (10), only a few studies have so
far focused on the exact mechanisms underlying this phenome-
non. The work performed in these studies was further supported
by the advancement of single-cell analytics such as flow cytometry
and time-lapse microscopy in microfluidic cultivation chambers,
allowing the analysis of triggers for bacteriophages and mobile
genetic elements working in a subset of bacterial populations (11–
15). In this review, we set the focus on the triggering of spontane-
ous activity of prophages or phage remnants and the physiological
consequences that this process can have for microbial popula-

tions. In the following, we use the term “spontaneous prophage
induction” (SPI) not only to describe the intrinsic stability of ly-
sogens (e.g., in a recA mutant background) but also for events
specifically triggered in a subset of the population, e.g., during
host infection or biofilm formation.

SOS-INDUCED SPI

Because an induced SOS response is responsible for the induction
of many lambdoid lysogens, it was discussed by several researchers
that spontaneous SOS induction in single cells might trigger the
induction of prophages (10). During growth, ongoing (multifork)
replication has been shown to cause sporadic DNA damage result-
ing in the derepression of the SOS genes (16). Recent single-cell
studies revealed a small fraction of SOS-induced cells in clonal
populations grown under standard conditions, and it is reason-
able to infer that a prolonged induction will also lead to the acti-
vation of resident prophages (13, 17, 18).

Lwoff first described free phage appearing in the supernatant of
noninduced cultures of lysogenic bacteria (8), and it was later
shown that recombination-deficient recA mutant strains of Esch-
erichia coli showed no discernible spontaneous induction of the
prophage (19–21). Different parameters were shown to influence
the spontaneous induction of phage � expression in E. coli, such as
overexpression of CI and deletion of recA, thus decreasing the
growth rate, or exchanging glucose with glycerol, thus affecting
cyclic AMP (cAMP) levels, which have an influence on the SOS
response as well (22). In their recent study, Little and Michalowski
found that the intrinsic switching rate of E. coli lambda lysogens is
almost undetectably low (�10�8/generation) in a recA mutant
background (21). Remarkably, the intrinsic stability very much
depends on the cultivation conditions as well as on the occurrence
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of mutations which render the lysogen unstable. These findings
emphasize that SPI has coevolved with its specific trigger (e.g., the
SOS response) to optimize the switching frequency over a wide
range of naturally occurring inducing conditions.

Recently, it was shown that single cells of Corynebacterium glu-
tamicum undergo spontaneous SOS induction under standard
cultivation conditions (13). This spontaneous induction of the
SOS response is sufficient to induce key promoters within pro-
phage CGP3, among them the genes encoding a putative integrase
and lysin (13). Mutant strains lacking recA showed only a basal
level of spontaneous CGP3 induction, which might be due to sto-
chastic effects (see below) or mutations of the prophage. That
stochasticity might play a rather minor role is also emphasized by
a study by Livny and Friedman, who could show that SPI of the
easily inducible H-19B prophage in almost all cases coincided with
the induction of a second prophage in the same cells of Shiga
toxin-producing E. coli (STEC) lysogens (23).

Another layer of control is added by RecA-independent and yet
SOS-dependent SPI. In the case of coliphage 186, the viral Tum
protein functions as an antirepressor which binds to the phage
repressor, resulting in the induction of lytic growth (24, 25).
Expression of tum itself is under the control of host LexA, and
phage induction is thereby again linked to the SOS response
system of the bacteria (Fig. 1). Similar mechanisms were also
described for the N15 linear plasmid-prophage of E. coli and the
Fels-2 Salmonella enterica phage (26, 27). Another interesting ex-
ample is the induction of the CTX prophage of Vibrio cholerae,
which encodes cholera toxin. Here, expression of the genes re-
quired for virion production is directly regulated by host LexA,
which binds just upstream of the RstR phage-encoded repressor
(28, 29). Repressor inactivation can also be achieved by the tran-
scriptional regulator of the cps gene cluster RcsA or by the small
RNA DsrA, which relieves repression of rcsA (30).

EXTRINSIC FACTORS

In addition to the intrinsic factors which affect genomic DNA or
RecA and induce the SOS response, extrinsic factors, such as re-

active oxygen species (ROS) generated within macrophages (31–
33) and UV radiation, both of which induce DNA damage, or the
effects of antibiotics such as mitomycin C (MmC) (34) and fluo-
roquinolones (Fq) (35), should be taken into account as well. Fqs
and MmC are both able to induce pneumococcal prophages in
multiple strains of Streptococcus pneumoniae (36). In this bacte-
rium, induction acts via RecA and yet does so in an SOS-indepen-
dent manner and represents a response to the topoisomerase
IV-Fq complex formed or to transcriptional regulation of phage
or bacterial genes by DNA supercoiling, which is a result of Fq
treatment (36). Further factors which influence the lysogenic
maintenance or induction of the prophage should be taken into
account as well. The effects of pH, temperature, organic carbon,
and the presence of chromium (VI) and the toxic compound po-
tassium cyanide on prophage induction were studied in the am-
monia-oxidizing Nitrospira multiformis bacterium. Whereas in-
creasing levels of Cr (VI) and KCN led to an increase in prophage
induction, a shift toward acidic pH had the most dramatic effect
(37). The neutralophile Helicobacter pylori B45, which inhabits the
human gastric mucosa, was shown to induce its phiHP33 bacte-
riophage after UV irradiation and at a low pH (38, 39). The oppo-
site relationship was observed for prophage �LC3 of Lactococcus
lactis, where a decrease in pH reduced the amount of spontane-
ously induced prophage (40). In their multifactorial experimental
setup, the authors revealed that an increase in the levels of simul-
taneously acting stressors increased SPI. It is tempting to speculate
that RecA and the SOS response are responsible for the prophage
induction dynamics in this system, because the repressor of L.
lactis prophage �LC3 belongs to the CI-like repressor family. In-
deed, earlier studies showed that changes in intracellular pH in-
fluence the stability and binding properties of LexA or CI repres-
sor and thus influence the transcription of target genes (41, 42).

IMPACT OF STOCHASTICITY IN GENE EXPRESSION

Gene expression can be surprisingly dynamic and heterogeneous.
Cell-to-cell variation, even in clonal populations of cells grown
under the same conditions, has been observed in a variety of dif-

FIG 1 SOS-dependent SPI. A host of extrinsic and intrinsic factors have an influence on the host genome and can lead to spontaneous DNA lesions or stalled
polymerases laying bare single-stranded DNA bound by polymerizing RecA proteins. The nucleoprotein filament in turn triggers the autocatalytic cleavage of
LexA or CI-like phage repressors. Alleviation of LexA repression leads to the expression of SOS genes—initiating cell growth inhibition and DNA repair. An
alternative route is the inactivation of the phage repressor by binding to antirepressor proteins. Inactivation of phage repressors leads to the derepression of the
lytic promoters which facilitate the excision of the prophage from the host genome and its packaging into virions and release from the cell by holin- and
lysin-mediated cell lysis.
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ferent organisms, from mammalian stem cells to bacteria (9, 43).
Hence, a plausible mechanism for SPI is that it could result from
spontaneous fluctuations in the levels of repressor such that, be-
low a threshold level, the lytic genes would be expressed, leading to
switching to the lytic state. This model does not apply in the best-
studied case, phage lambda, since SPI requires RecA; in addition,
phage mutants with noncleavable repressors do not show SPI,
despite the likelihood that expression levels of these mutant pro-
teins would fluctuate in the same way as in the wild type. In con-
trast, the unstable mutant described by Little and Michalowski
likely switches by this mechanism (21). Other examples of switch-
ing also appear to result from stochastic fluctuations in gene ex-
pression. Spontaneous excision of the mobile element ICEclc (in-
tegrative and conjugative element encoding clc genes) was, for
example, shown from the genome of Pseudomonas knackmussii
B13 (12, 44). Integrative and conjugative elements reside in the
host genome and are able to excise and be transferred via conju-
gation. The excision of ICEclc depends on variations in the levels
of the RpoS stationary-phase sigma factor among individual cells.
RpoS levels reach a threshold at which ICEclc-encoded excision
factors are expressed, and this state is locked in these single cells,
thus maintaining ICEclc excision in the form of a bistable state
(12). In their recent study on several mycobacteriophages, which
are not SOS inducible, Broussard et al. described a novel class of
simple switches relying on the site-specific recombination cata-
lyzed by integrases as a key to decision (45). They also observed
spontaneous switching from lysogeny to the lytic state and specu-
lated that this might be due to a drop in the repressor level below
the threshold or to sporadic expression of the integrase gene (45).

Noise in gene expression is ubiquitous. It can provide a selec-
tive advantage by increasing phenotypic heterogeneity within a
clonal population of one species or even within microbial com-
munities (e.g., biofilms). It is therefore conceivable that several
mobile genetic elements, such as ICEclc, pathogenicity islands
(PIs), and prophages, exploit noise as a function to modulate the
frequency of their spontaneous activation and transfer (Fig. 1).

IMPACT OF LYSOGENIC PROPHAGES ON THE FITNESS OF
BACTERIAL POPULATIONS

In their recent review, Bondy-Denomy and Davidson summa-
rized the general positive impact that prophages can have on a
population’s fitness (46). For instance, this positive impact was
impressively demonstrated by the work of Wang et al., who de-
leted nine cryptic prophages in E. coli K-12 (47). These cryptic
prophages are unable to propagate into infectious virus particles,
and it was assumed that functions which assist their host to prop-
agate in adverse environments were retained. The study revealed
not only a decreased growth rate in the prophage-cured strain but
also that it was more sensitive to antibiotics, was impaired in ad-
aptation to osmotic stress, and showed a decrease in biofilm for-
mation (see the next section for more details on biofilm forma-
tion). Interestingly, seven of the nine deleted prophages were
shown to excise spontaneously (47). As we go on to show, this
spontaneous activity of prophage elements can have a high impact
on the general fitness of bacterial populations under diverse con-
ditions.

SPI can also promote the spread of phages and increased sur-
vival of lysogens when they are grown in mixed populations. Sal-
monella enterica serovar Typhimurium harbors four to five
full-size prophages, with most being able to undergo lytic devel-

opment (48–50). When clonal populations of strains carrying
these prophages were cultivated, spontaneous prophage induc-
tion had no apparent consequences for the population due to its
immunity to superinfection (51). However, when prophage-car-
rying strains and those cured of the prophages of the same origin
(52) or of different origins (51) were cocultivated, a “selection
regime” that forced maintenance and spread of viral DNA was set,
with a portion of bacteria being killed due to lytic development of
prophages and survivors undergoing lysogenic conversion. One
may think of this process as lysogenic bacteria using spontaneous
lytic development of their prophages as a weapon, giving them a
competitive advantage against nonlysogenized cells. At the same
time, the prophage uses this war to its own advantage, with the
ultimate goal of spreading its DNA by lysogenic conversion of the
nonlysogens (52).

The presence of inducible prophage elements can also be a
selective disadvantage, as shown for Staphylococcus aureus in the
nasopharynx. It is displaced by its relative Streptococcus pneu-
moniae, which generates H2O2 and is thus responsible for the for-
mation of hyperoxides via the Fenton reaction. S. pneumoniae
itself, however, is resistant to them (53). RecA-inducible pro-
phages of S. aureus are induced, leading to cell death (54) and,
ultimately, displacement of the strain. Thus, despite its positive
effect, the presence of lysogenic bacteriophages may add a poten-
tial Achilles heel with respect to the fitness of the bacteria which is
exploited by bacterial competitors and eventually might even be
exploited by the human host.

PHAGES AFFECT MICROBIAL BIOFILM FORMATION

In nature, the vast majority of bacteria is thought to exist in sur-
face-associated communities, commonly referred to as biofilms
(55). In biofilms, the cells are encased in a matrix mainly consist-
ing of various extracellular polymeric substances (EPS). The most
prominent hallmark of cells growing in such communities is their
increased tolerance of a wide range of environmental perturba-
tions, including antibacterial and antibiotic treatments. Biofilm
formation varies widely between different species but is often
described as a developmental process (56). Phage-induced lysis
within biofilms generally leads to an accumulation of extracellular
DNA (eDNA) within the community. In concert with the high cell
densities commonly occurring in biofilms, this provides a huge
pool for horizontal gene transfer (reviewed in references 57
and 58).

An increasing number of studies on several bacterial species
have provided evidence that (pro)phages also directly affect the
progression of biofilm formation through all stages (Fig. 2). The
presence of the phages can lead to biofilm dispersal resulting from
cell lysis while at the same time providing the enzymes needed to
degrade the extracellular matrix. On the other hand, lysis of a
cellular subpopulation may provide biofilm-promoting factors
such as matrix components. And finally, phages drive the diversi-
fication of the biofilm community, a major factor responsible for
the overall fitness of bacterial communities (59).

All three aspects of bacterium-phage interaction in biofilm for-
mation could be identified in P. aeruginosa PAO1. When grown in
flow cells (hydrodynamic growth conditions), this strain under-
goes an intricate biofilm developmental cycle which is strongly
affected by the Pf4 filamentous bacteriophage (60). During the
initial steps of biofilm formation, Pf4 activity is strongly con-
trolled by production of the PhdA “prevent-host-death” factor
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encoded by the host (61). However, activation of the Pf4 prophage
in later stages of biofilm formation (62, 63), likely due to elevated
ROS levels, results in formation of a hyperinfective form of Pf4
and extensive cell lysis within the three-dimensional structures,
leading to dispersal of the biofilm (62, 63). In contrast, complete
loss of the prophage or overproduction of the PhdA prevent-host-
death factor leads to decreased cell lysis and, notably, less-stable
biofilms, a result which was attributed to the lack of eDNA as an
important structural component (60, 61). Thus, it was proposed
that controlled Pf4-mediated cell lysis is required for the release of
biofilm-promoting factors, such as eDNA, in P. aeruginosa biofilm
formation (64, 65). Activity of Pf4 phages coincided with forma-
tion of small-colony variants of P. aeruginosa PAO1, which were
characterized by increased biofilm formation capacities (66). In
addition, loss of the phage significantly decreased the virulence of
P. aeruginosa PAO1 in mice, which has been attributed to phage-
induced strain variations (60). This example nicely illustrates how
the components of phage-host interactions are intimately linked
and have evolved to benefit microbial group behaviors.

This is further exemplified in E. coli, in which the CP4-57,
DLP12, e14, and rac cryptic prophages affect the biofilm forma-
tion of their host (47, 67). Presumably, under conditions of nutri-
ent limitation and the presence of uncharged tRNAs, the Hha
regulator activates lytic prophage genes in CP4-57 and DLP12,
resulting in cell death and dispersal (68). Notably, excision of
CP4-57 and its subsequent loss from the chromosome predomi-
nantly occurred in biofilm cells. These cells exhibit enhanced fla-
gellum-mediated motility and decreased nutrient metabolism,
thereby broadening the diversity of the population (67).

The diverse roles phages might play during biofilm formation
are reflected in several further studies. Propagation of biofilm for-
mation through phage-mediated lysis and eDNA release has been
proposed for two other bacterial species, Streptococcus pneu-
moniae and Shewanella oneidensis MR-1. Spontaneous SV1-medi-

ated cell lysis was shown to occur in S. pneumoniae, and, accord-
ingly, deletion of the SV1 phage lysin led to a decrease in cell lysis,
eDNA release, and biofilm formation (69). In S. oneidensis, three
prophages, MuSo1, MuSo2, and LambdaSo, jointly affect lysis and
eDNA release, and consequently, a mutant devoid of all three
phages is severely impaired in all stages of biofilm formation (70).
Recent studies on this species have demonstrated that environ-
mental iron levels are an important factor involved in inducing
expression of LambdaSo in a RecA-dependent fashion during bio-
film formation (71). Another highly interesting example for host-
phage interactions is the lysogenic infection of P. aeruginosa PA14
with bacteriophage DMS3. Lysogeny results in decreased biofilm
formation and bacterial swarming. Notably, this effect is depen-
dent on the clustered regularly interspaced short palindromic re-
peat (CRISPR)-CAS system of the host (72).

These examples illustrate the complex interaction between
(pro)phages and their hosts with respect to group behaviors such
as biofilm formation. Given the fact that prophage genes are com-
monly among the highly regulated genes during biofilm forma-
tion and that many potential cell surface factors are encoded by
prophages, it is likely that we have as yet seen only the tip of the
iceberg.

SPONTANEOUS PROPHAGE ACTIVITY PROMOTES HOST
VIRULENCE

A major reason we are interested in bacteria is their impact on
humans. Early in the last century, d’Hérelle discovered that it is
not only the relationship between humans and bacteria that is of
importance but rather that bacteriophages need to be included as
well (73). This seems plausible, especially when changing focus to
the emergence of virulence in pathogenic bacterial strains. The
formation of biofilms, which we have just covered, is in itself al-
ready an important factor for pathogen virulence. In many bacte-

FIG 2 Impact of SPI on host physiology. Spontaneous induction of lysogenic prophages can have manifold effects, such as enhancing biofilm formation, playing
a vital role in bacterial virulence or leading to horizontal gene transfer of its own DNA (including virulence factors) and of host genes.
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rial infections, the first step is attachment and adhesion to the
right host cells (74).

Once they are established within the host, the release of extra-
cellular toxins is a hallmark of several pathogens. For example,
Shiga toxin-producing E. coli (STEC) bacteria release Shiga toxins
in the gut. The life cycle of STEC bacteria and their Stx-encoding
prophages exemplifies how the spontaneous induction of pro-
phages in a small number of cells is important for pathogenic traits
(Fig. 2). The colonization of the gastrointestinal tract of rumi-
nants was assumed to rely on the spontaneous induction of a
subset of STEC serovar O157:H7 cells (75). It was proposed that
the presence of a small fraction of induced STEC cells would lead
to a sufficient release of Shiga toxin and thus to diarrhea, enabling
the spread of the remaining uninduced lysogenic cells (23). In-
deed, a basal level of spontaneous induction could be shown for
Stx-encoding prophage H-19B of STEC serovar O26:H19 (23).
Remarkably, the level of SPI was significantly higher than the level
of induction of � in the same strain background, suggesting that
this higher frequency of SPI coevolved to meet the requirements
for toxin release of the pathogenic host strain.

In Shiga toxin-producing E. coli (STEC) bacteria, the sponta-
neous induction of prophages increases the fitness of the entire
bacterial population within the host environment by priming the
host’s epithelial cells for infection (23, 75, 76). In the proposed
model, a small fraction of cells induces the Stx-encoding pro-
phages, leading to Shiga toxin release and, in consequence, prim-
ing the gut epithelial cells by the expression and relocation of
nucleolin and further receptors to the epithelial cell surface. These
receptors were previously shown to bind to the bacterial surface
protein intimin, thus promoting STEC colonization (77–79). In
these bacteria, expression of a type 3 secretion system (T3S),
which is required for colonization, was shown to be influenced by
the presence of Stx-encoding prophages. Reconstitution in an E.
coli K-12 background provided evidence for a negative impact of
lysogeny (in particular, that associated with cII) on expression of
the T3S (reduction by about 2-fold). However, the effects de-
scribed in this study were rather small and their actual impact on
host-microbe interaction remains to be elucidated.

Evidence for the role of SPI in other human diseases is only
beginning to emerge. One example is seen in infective endocardi-
tis, which is an inflammation of the inner lining of the heart. It is
often caused by Streptococcus mitis. In this organism, the surface
expression of øSM1 prophage-encoded PblA and PblB is depen-
dent on the presence of holin and lysin, which are expressed in the
course of prophage induction (80). Upon permeabilization and
lysis of the bacterial host cell, PblA and PblB are released into the
culture medium, bind choline within the bacterial cell wall of un-
lysed cells, and mediate platelet binding and aggregation (81) (Fig.
2; deletion of pblA and pblB leads to a 40% reduction in binding).
The bacterial lysin itself also plays a role in platelet binding.
Through its interaction with choline, it becomes cell wall associ-
ated and can directly bind platelet fibrinogen (82). Enterococcus
faecalis is a leading cause of hospital-acquired bacterial infections
and may cause urinary tract infections, intra-abdominal infec-
tions, and infective endocarditis (83). E. faecalis strain V583 is
polylysogenic for 7 prophage-like elements (termed V583-pp1 to
V583-pp7) (Table 1). It was shown that three of these, pp1, pp4,
and pp6, are important for adhesion to human platelets, which is
possibly achieved by expression of the genes encoding PblA and
PblB which are homologous to those of S. mitis (84). Thus, these

examples nicely reveal that SPI triggered lysis of a small fraction of
cells, possibly promoting the adhesion of the remaining nonin-
duced part of the population.

Besides having a direct effect on bacterial virulence, the role
that spontaneous prophage activity plays in horizontal gene trans-
fer of virulence-associated factors is of great concern (85, 86). S.
aureus pathogenicity islands encoding toxins (SaPI) are highly
mobile and packaged into small infectious particles (87, 88). SaPI-
bov1 (89) and SaPIbov2 (90) are two SaPIs which contain the tst
gene encoding the toxic shock syndrome toxin (TSST) and the bap
(biofilm-associated protein) gene (91), which is needed for per-
sistence in mammary tissue (90), respectively. Once excised, both
PIs are transferred due to the action of resident prophages. It was
shown for both PIs that they spontaneously excise from S. aureus
genomes. Consequently, it was postulated that, due to the spon-
taneous induction of resident prophages in combination with the
low-level activation of SaPIs, packaging into transducible phage
particles is ensured and represents a serious case of horizontal
gene transfer in habitats colonized by staphylococci (92).

PHAGE-PHAGE INTERACTION

Besides the effect that phages have on their bacterial host or on
human physiology, phages can also influence one another. For
STEC cells, it was shown that repressor proteins of different Stx-
encoding prophages mutually influence their spontaneous induc-
tion, in turn influencing the stability of the lysogenic state and,
ultimately, the virulence due to Stx production (93). Another ex-
ample is found in Salmonella species. Infection of Salmonella en-
terica with P22 or SE1 leads to a kil-dependent induction of the
SOS response (94). This in turn activates the LexA-controlled an-
tirepressors which bind the Gifsy phage repressors (Fig. 1) (95).
The phage repressor of Gifsy-2, however, is insensitive to the an-
tirepressors of Gifsy-1 and Gifsy-3. Rather, it is inactivated by the
antirepressor of the Fels-1 prophage. This Fels-1 antirepressor is
neither regulated by LexA nor involved in Fels-1 induction at all
(Fels-1 induction relies on a � CI-like repressor cleavage mecha-
nism). Thus, the ability of prophages to influence the stability of
other prophages and the properties of antirepressors with respect
to recognizing noncognate substrates allow multilayered induc-
tion regulation in polylysogenic strains.

CONCLUSION

More and more studies are indicating that the spontaneous activ-
ity of prophages or prophage-like elements has a marked impact
on their bacterial host and even on the host the bacteria live in.
Looking back on the advances that have been made since the turn
of the century, it is fascinating to think about the developments
that are going to be achieved in the upcoming years. Key to re-
search questions centering on the phenotypic heterogeneity of
populations is the advancement of the single-cell analytic plat-
forms which have become common in modern microbiology and
which will see an even broader use in the upcoming years (11, 14,
96, 97). Recent studies have shown the power of flow cytometry
coupled with the use of fluorescent reporters and live-cell imaging
enabled by microfluidic devices in elucidating mechanisms gov-
erning the activity of foreign DNA within bacterial genomes (12,
13). Combined with classical molecular biology approaches, these
recent advances in single-cell analytics shed new light on the dy-
namics of microbial populations and host-microbe interaction.

Spontaneous prophage activity affects the formation of bio-

Minireview

 on D
ecem

ber 1, 2015 by guest
http://jb.asm

.org/
D

ow
nloaded from

 



Results						30	
	
	 	

TABLE 1 Spontaneously induced genetic elements discussed in this review

Species Prophage(s) Impact on physiology Reference(s) Classification Induction

Corynebacterium
glutamicum

CGP3 The cryptic prophage CGP3 excises and
replicates in a small fraction of wild-
type populations; deletion of CGP3
leads to an increase in plasmid copy
no. and heterologous protein
production and increased
transformation efficiency

13, 99, 100 Prophage MmC, UV

Enterococcus faecalis pp1, pp4, pp6 Prophages promote platelet binding,
encode PblA and PblB homologs
from S. mitis

84 Prophage pp1, pp4: MmC

Escherichia coli �9 cryptic prophages Deletion of all 9 cryptic prophages leads
to a decreased growth rate, increased
sensitivity to antibiotics, impaired
adaptation to osmotic stress, and a
decrease in biofilm formation;
excision of CP4-57 in biofilms
increases flagellum-mediated
motility and decreases nutrient
metabolism

47, 67 Cryptic
prophages

e14 induced by MmC

Helicobacter pylori phiHP33 Bacteriophage phiHP33 expression is
induced at a low level after exposure
to UV treatment or acidic pH

38 Prophage UV radiation and acidic
environment

Lactococcus lactis �LC3 Nutrient availability, temp, pH, and
osmolarity influence the induction of
the prophage, either stabilizing the
lysogenic state or inducing
spontaneous induction dramatically

40 Prophage Excised by different
environmental
conditions

Shiga toxin-
producing
Escherichia coli

H19-B, 933W Induction of Stx-producing prophages
leads to expression of stx genes and
release of Shiga toxin into the
surrounding area; Shiga toxin primes
the gut epithelium for infection of
the noninduced by expression of a
type 3 secretion system

23 Prophage UV, MmC, pressure

Pseudomonas
aeruginosa PAO1

Pf4 The presence and activation of Pf4 at
later stages are required for proper
biofilm formation and survival in
host systems; conversion to a
hyperinfectious form enables biofilm
dispersal and leads to small-colony
variants with increased biofilm
formation ability

60–63, 66 Prophage

Pseudomonas
aeruginosa PA14

DMS3 The prophage decreases biofilm
formation and swarming in concert
with the host’s CRISPR-CAS system

72 Prophage

Salmonella enterica P22, SE1, Gifsy-1,
Gifsy-2, Gifsy-3,
Fels-1

The prophages of S. enterica influence
one another; infection with P22/SE1
leads to induction of the SOS
response, which in turn activates
antirepressors of the Gifsy-1 and
Gifsy-3 repressors; the Gifsy-2
repressor, in turn, is inactivated by
the antirepressor of Fels-1 prophage,
a CI-like repressor

95 Prophage Gifsy-1, Gifsy-2, Gifsy-3,
Fels-1, P22: MmC

Shewanella oneidensis
MR-1

MuSo1, MuSo2,
LamdaSO

The prophages jointly enhance biofilm
formation through release of
biofilm-promoting factors such as
eDNA

70 Prophage UV radiation

Staphylococcus aureus 80�, �11 Induction of prophages by induction of
the SOS response leads to cell lysis

54 Prophage MmC, ciprofloxacin

(Continued on following page)
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films and the virulence of human pathogens. It will be through
studies on the evolution of prophages and bacteria and the biology
underlying distinct activities, such as spontaneous excision or in-
duced cell death, that we gain the understanding to utilize the
weapons used in the ongoing war between phages and bacteria to
our advantage in the form of phage therapy (98).
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Summary	

Taken	 together,	 we	 could	 show	 in	 this	 study	 that	

deletion	and	mutation	of	key	SOS	genes	either	 leads	

to	 the	 down-	 or	 upregulation	 not	 only	 of	 SOS-

regulated	genes	but	also	of	prophage	CGP3-encoded	

genes,	 as	 we	 had	 previously	 postulated,	 depending	

on	 the	 mutations’	 effect	 on	 the	 activity	 of	 the	 SOS	

response.	 We	 showed	 this	 by	 analysis	 of	 promoter	

fusions	 in	 the	 BioLector	 microbioreactor	 and	 by	

analysis	of	transcript	abundance	in	the	ΔrecA	mutant	

in	comparison	to	the	wild	type	strain.	The	deletion	of	

recA	 does	 not,	 however,	 lead	 to	 a	 decrease	 in	 the	
number	 of	 spontaneously	 induced	 cells,	 as	 we	 had	

expected.	Furthermore,	we	observed	a	high	 increase	

in	 Plysin	 and	 PcglIM	 promoter	 activity	 in	 the	

LexA_G143D	 strain.

	

The	 gram-positive	 soil	 bacterium	

Corynebacterium	 glutamicum	 is	 a	 platform	

organism	 of	 biotechnology	 used	 for	 the	

industrial	 production	 of	 more	 than	 four	

million	 tons	 of	 amino	 acids,	 mainly	 L-

glutamate	 and	 L-lysine,	 per	 year.	

Furthermore,	 it	 is	 a	 close	 relative	 of	 the	

medically	 relevant	 human	 pathogen	

Mycobacterium	 tuberculosis,	 causal	 agent	
of	 tuberculosis.	 Fermentations	 utilizing	

other	bacteria,	e.g.	Escherichia	coli,	face	the	
challenge	 of	 contamination	 with	 lytic	

phages.	 These	 can	 impact	 the	 fitness	 and	

production	 of	 the	 producing	 strain,	

markedly	 impacting	 yield	 and	 leading	 to	

economic	 drawbacks.	 So	 far,	 no	 infectious	

bacteriophages	have	been	discovered	for	C.	
glutamicum.	 The	 relevance	 of	 C.	
glutamicum	 in	 today's	 biotechnology	 and	

health	 sectors	 makes	 it	 all	 the	 more	

interesting	 to	 study	 phage-microbe	

relationships	in	this	species.	Whole-genome	

sequencing	 of	 C.	 glutamicum	 ATCC	 13032	

revealed	 three	 prophages	 that	 are	

integrated	 into	 its	 genome	 (CGP1-3)	

(Kalinowski	et	al.,	2003).	Whereas	CGP1	and	

CGP2	 are	 probably	 cryptic	 phages,	 CGP3	

retains	 the	 ability	 to	 excise	 from	 the	
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genome,	as	evidenced	by	the	occurrence	of	

circular	 CGP3	 DNA	 molecules	 (Frunzke	 et	
al.,	2008).	

Excision	 of	 lysogenized	 prophages	 is	 often	

triggered	 by	 activation	 of	 the	 host	 SOS	

response.	 The	 SOS	 response	 is	 a	 cellular	

response	 to	 DNA	 damage,	 which	 is	

conserved	across	most	bacterial	phyla.	The	

single-strand	 binding	 protein	 RecA	

recognizes	 damaged	 DNA,	 polymerizes	

along	 it,	 and	 becomes	 catalytically	 active	

(RecA*).	 RecA*	 catalyzes	 the	

autoproteolysis	of	the	central	SOS	repressor	

LexA	 which	 represses	 expression	 of	 target	

genes	by	binding	to	target	motifs,	so	called	

SOS	 boxes.	 Upon	 cleavage,	 repression	 of	

the	 target	 genes	 is	 alleviated,	 amongst	

them	 genes	 for	 DNA	 repair,	 a	 putative	

error-prone	 DNA	 polymerase	 and	 a	 cell	

division	 inhibitor	 (Ogino	 et	 al.,	 2008;	

Jochmann	et	al.,	2009).	In	lambdoid	phages,	

the	 phage	 repressor	 mimics	 the	 catalytic	

center	 of	 LexA,	 thus	 undergoing	 cleavage	

upon	 activation	 of	 the	 SOS	 response.	 This	

leads	to	the	transcription	and	expression	of	

genes	 involved	 in	 prophage	 excision,	 virion	

assembly	and	ultimately	cell	lysis	and	phage	

release.	

Previous	studies	have	revealed	that	the	SOS	

response	 is	 conserved	 in	C.	 glutamicum	 as	

well	 (Jochmann	 et	 al.,	 2009).	 Microarray	

analysis	of	wild	type	and	ΔlexA	cells	treated	

with	 the	DNA-crosslinking	agent	mitomycin	

C	 (MmC)	 revealed	 more	 than	 40	 genes	

belonging	to	the	SOS	regulon	(Jochmann	et	
al.,	 2009).	 In	 further	 experiments,	 an	

expression	 of	 genes	 contained	 in	 the	 187	

kbp	stretch	of	CGP3	DNA	could	be	observed	

upon	 addition	 of	 MmC	 (Donovan	 et	 al.,	

2015).	 Because	 it	 was	 shown	 that	 CGP3	

excision	 occurs	 spontaneously	 in	 a	 small	

number	 of	 cells	 (Frunzke	 et	 al.,	 2008),	 we	

analyzed	 the	 relationship	 of	 the	 SOS	

response	and	CGP3	 induction	at	the	single-

cell	 level	 using	 promoter	 fusions	 to	

fluorescent	 reporter	 genes	 in	 combination	

with	 flow	 cytometry	 (Nanda	 et	 al.,	 2014).	

We	 observed	 a	 high	 correlation	 between	

the	 activities	 of	 the	 key	 SOS	 gene	 recA	 to	

key	 CGP3	 genes	 int2	 (cg2071)	 and	 the	

putative	lysin	cg1974	in	cells,	which	showed	

a	 spontaneous	 induction	 of	 the	 SOS	

response	(Nanda	et	al.,	2014).	

SOS	and	CGP3	promoter	fusions	in	mutant	
strains	

The	aim	of	 this	study	was	to	gain	a	deeper	

knowledge	 of	 the	 SOS	 response	 in	 C.	
glutamicum	 and	 its	 role	 in	CGP3	 induction.	

To	 this	 end,	 strains	 with	 deletions	 or	

modifications	 of	 key	 SOS	 genes	 were	

transformed	 with	 promoter	 fusions	 of	 SOS	

and	 CGP3	 promoters.	 The	 previously	

described	 strain	 ΔlexA	 (Jochmann	 et	 al.,	
2009;	Nanda	et	al.,	2014)	was	utilized	along	

with	 newly	 created	 strains	 ΔrecA,	 ΔrecB,	
Δcg2040	 (Heyer,	 2013),	 ΔCGP3	 (Baumgart	

et	al.,	2013),	and	LexA_G143D.	For	deletion	

or	 mutation	 of	 the	 according	 genes,	 the	

gene	SOEing	procedure	was	utilized	(Horton	

et	al.,	1989)	(see	supplementary	table	1	for	

oligonucleotides	 and	 resulting	 strains).	

Studies	 on	 E.	 coli	 showed	 that	 the	 glycine	

residue	 G85	 is	 the	 substrate	 of	 the	

autoproteolytic	 cleavage	 reaction.	 Its	

mutation	leads	to	the	LexA	non-cleavable		
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	 	TABLE	1	Bacterial	strains	and	plasmids	used	in	this	study	

Strain	or	plasmid	 Characteristics	 Source	or	reference	
Strains	 	 	
E.	coli	DH5	 supE44	ΔlacU169	(ϕ80lacZDM15)	hsdR17	recA1	endA1	gyrA96	thi-1	relA1	 Invitrogen	
C.	glutamicum	 	 	
ATCC13032	 Biotin-auxotrophic	wild	type	 (Kinoshita	et	al.,	2004)	
ATCC	13032	ΔlexA	 In-frame	deletion	of	the	gene	lexA	(cg2114)	 (Jochmann	et	al.,	2009)	
ATCC	13032	ΔrecA	 In-frame	deletion	of	the	gene	recA	(cg2141)	 (Nanda	et	al.,	2014)	
ATCC	13032	LexA	G143D	 Amino	acid	exchange	in	LexA	cleavage	site	(glycine	to	aspartic	acid)	at	position	143	 This	work	
ATCC	13032	Δcg2040	 In-frame	deletion	of	the	gene	cg2040	 (Heyer,	2013)	
ATCC	13032	ΔCGP3	 In-frame	deletion	of	the	prophage	CGP3	(cg1890-cg2071)	 (Baumgart	et	al.,	2013)	
Plasmids	 	 	
pJC1	 Kanr,	Ampr;	C.	glutamicum	shuttle	vector	 (Cremer	et	al.,	1990)	
pAN6-e2-crimson	 Kanr;	pAN6	derivative	for	expression	of	E2-Crimson	under	the	control	of	the	Ptac	

promoter		
(Baumgart	et	al.,	2013)	

pK19mobsacB	 Kanr,	oriVE.	coli	sacB	lacZ	 (Baumgart	et	al.,	2013)	
pJC1-PrecA-e2-crimson		 pJC1	derivative	containing	the	promoter	of	recA	-	cg2141	(260	bp)	fused	to	e2-

crimson;	the	insert	includes	the	promoter	of	divS,	30	bp	of	the	coding	sequence,	a	
stop	codon,	and	an	additional	ribosome	binding	site	(pET16)	in	front	of	e2-crimson	

(Nanda	et	al.,	2014)	

pJC1-PdivS-e2-crimson		 pJC1	derivative	containing	the	promoter	of	divS	-	cg2113	(411	bp)	fused	to	e2-
crimson;	the	insert	includes	the	promoter	of	divS,	30	bp	of	the	coding	sequence,	a	
stop	codon,	and	an	additional	ribosome	binding	site	(pET16)	in	front	of	e2-crimson	

(Nanda	et	al.,	2014)	

pJC1-Pint2-e2-crimson		 pJC1	derivative	containing	the	promoter	of	int2	-	cg2070-2071	(250	bp)	fused	to	
e2-crimson;	the	insert	includes	the	promoter	of	int2,	30	bp	of	the	coding	sequence,	
a	stop	codon,	and	an	additional	ribosome	binding	site	(pET16)	in	front	of	e2-
crimson	

(Nanda	et	al.,	2014)	

pJC1-Plysin-e2-crimson		 pJC1	derivative	containing	the	promoter	of	lysin	(250	bp)	fused	to	e2-crimson;	the	
insert	includes	the	promoter	of	int2,	30	bp	of	the	coding	sequence,	a	stop	codon,	
and	an	additional	ribosome	binding	site	(pET16)	in	front	of	e2-crimson	

(Nanda	et	al.,	2014)	

pJC1-PrecN-e2-crimson		 pJC1	derivative	containing	the	promoter	of	recN	-	cg1602	(250	bp)	fused	to	e2-
crimson;	the	insert	includes	the	promoter	of	int2,	30	bp	of	the	coding	sequence,	a	
stop	codon,	and	an	additional	ribosome	binding	site	(pET16)	in	front	of	e2-crimson	

(Nanda	et	al.,	2014)	

pJC1-PcglIM-e2-crimson		 pJC1	derivative	containing	the	promoter	of	cglIM	-	cg1996	(250	bp)	fused	to	e2-
crimson;	the	insert	includes	the	promoter	of	int2,	30	bp	of	the	coding	sequence,	a	
stop	codon,	and	an	additional	ribosome	binding	site	(pET16)	in	front	of	e2-crimson	

This	work	

pJC1-PdnaE2-e2-crimson		 pJC1	derivative	containing	the	promoter	of	dnaE2	-	cg0738	(250	bp)	fused	to	e2-
crimson;	the	insert	includes	the	promoter	of	int2,	30	bp	of	the	coding	sequence,	a	
stop	codon,	and	an	additional	ribosome	binding	site	(pET16)	in	front	of	e2-crimson	

This	work	
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phenotype	(Ind-)	(Lin	and	Little,	1988).	In	C.	
glutamicum	 we	 mutated	 the	 conserved	

glycine	 residue	 G143	 by	 point	mutation	 to	

obtain	 the	 LexA_G143D	 mutant	 (GGT	 ->	

GDT).	

At	 the	 onset	 of	 the	 experiments,	 we	

expected	mutants	of	key	SOS	genes	to	have	

an	 effect	 on	 the	 LexA-regulated	 promoter	

fusions	of	PrecA	and	PdivS.	Furthermore,	if	the	

SOS	response	is	a	causal	trigger	or	plays	an	

integral	part	in	the	induction	of	CGP3	genes,	

the	 promoter	 fusions	 Pint2	 and	 Plysin	 should	

be	 affected	 as	 well,	 showing	 the	 highest	

activity	 in	 strains	 with	 an	 activated	 SOS	

response	and	a	decreased	activity	in	strains	

with	an	impaired	SOS	response.	

As	 expected,	 strains	with	mutations	 in	 key	

players	 of	 the	 SOS	 response	 (ΔrecA,	 ΔlexA,	

LexA_G143D)	were	impaired	in	their	growth	

(data	 not	 shown),	 caused	 by	 the	 cell's	

inability	 to	 repair	damaged	DNA	or	 resolve	

stalled	 replication	 forks	 (Cox	 et	 al.,	 2000).	
ΔlexA	 displayed	 the	 highest	 growth	

inhibition,	ΔrecA	 reached	a	25%	lower	final	

OD600	 than	 the	 wild	 type	 strain	 and	

LexA_G143D	showed	a	reduced	growth	rate	

during	 the	 logarithmic	 growth	 phase,	 but	

reached	a	comparable	final	OD600	compared	

to	the	wild	type	strain	(data	not	shown).	

It	 had	 been	 shown	 previously	 that	

overexpression	 of	 the	 CI-like	 phage	

regulator	 Cg2040	 regulates	 its	 own	

promoter	 and	 influences	 the	 transcription	

of	 neighboring	 genes	 (Heyer,	 2013).	 A	

deletion	 of	 cg2040	 influenced	 a	 small	

number	 of	 genes,	 none	 of	 them	 known	 to	

be	 involved	 in	 the	 SOS	 response	 or	 CGP3	

induction.	Nevertheless,	 the	deletion	strain	

was	utilized	to	check	for	effects	on	the	SOS	

response	or	induction	of	CGP3,	which	might	

have	 been	missed	 in	 previous	 studies.	 The	

Δcg2040	 strain	 showed	 no	 significant	

change	 in	 reporter	 output	 for	 any	 of	 the	

promoter	fusions	tested	in	this	study	-	with	

or	without	addition	of	MmC	-	in	comparison	

to	 the	 wild	 type	 strain.	 Therefore	 it	 can	

safely	 be	 assumed	 that	 the	 putative	

regulator	plays	no	role	in	recA,	divS,	int2	or	

lysin	regulation.	

No	 significant	 increase	 was	 observed	 for	

PrecA,	 PdivS	 and	 Pint2	 in	 the	 strain	 ΔCGP3	 in	

which	 the	 entire	 prophage	 CGP3	 was	

deleted	 (Figure	 1).	 In	 case	 of	 the	 SOS-

responsive	genes	this	comes	as	no	surprise,	

because	 we	 did	 not	 expect	 elements	

encoded	 on	 the	 prophage	 CGP3	 to	 feed	

back	 onto	 the	 regulation	 of	 the	 SOS	

response.	The	activity	of	Plysin	was	increased	

in	the	deletion	strain	after	addition	of	MmC	

(maximum	 induction	 ~36	 in	 comparison	 to	

~25	in	the	wild	type)	(Figure	2,	Table	2).	This	

hints	 at	 potentially	 SOS-regulated	

regulatory	 elements	 encoded	 on	 the	

prophage	 playing	 a	 role	 in	 stabilizing	 its	

lysogenic	 state.	 Upon	 deletion	 of	 these	

putative	 elements,	 Plysin	 and	 perhaps	 other	

prophage-induction-related	 genes	 are	

activated.	
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Activity	of	PrecA	

Addition	 of	MmC	 induced	 PrecA	 activity	 14-

fold	 (Table	 2),	which	 is	 expected	 as	 PrecA	 is	

repressed	 by	 LexA	 and	 the	 SOS	 response	

leads	 to	 recA	 transcription.	We	observed	a	

22-fold	 induction	 of	 PrecA	 when	 lexA	 was	

deleted	 and	 thus	 the	 SOS	 response	 is	

activated	 constitutively.	 Deletion	 of	 recA	
leads	 to	 a	 slightly	 increased	 basal	

transcription	of	 recA	 (increased	by	a	 factor	
of	1.3).	SOS	 induction,	however,	 is	reduced	

by	 40%.	 Whereas	 increased	 PrecA	 is	

counterintuitive	 in	 the	 SOS-inhibited	 ΔrecA	
strain,	 this	might	 be	 a	 cellular	 response	 to	

not	sufficiently	activating	the	SOS	response	

to	 a	 basal	 level.	 Under	 SOS-inducing	

conditions,	however,	the	activity	behaves	as	

expected.	 The	 LexA_G143D	 mutation	

decreases	 basal	 transcription	 by	 10%	 and	

MmC-induced	 induction	by	20%.	Removing	

recA	 or	 inhibiting	 the	 SOS	 response	 by	

mutation	of	LexA	should	lead	to	a	decrease	

in	 PrecA	 output	 under	 SOS-inducing	

conditions,	which	we	could	readily	observe.	

Activity	of	PdivS	

As	observed	 for	 PrecA,	 addition	of	MmC	 led	

to	an	eleven-fold	increase	in	divS	promoter	

activity,	which	could	be	further	elevated	by	

addition	 of	 MmC	 (15-fold	 induction).	 The	

SOS-inhibiting	 strains	 ΔrecA	 and	

LexA_G143D	 showed	 a	 slight	 decrease	 in	

basal	 transcription	 of	 10%	 and	 20%,	

respectively.	 After	 addition	 of	 MmC,	 the	

maximum	induction	of	PdivS	merely	reached	

30%	in	ΔrecA	and	40%	in	LexA_G143D.	The	

activity	 of	 the	 divS	 promoter	 –	 which	 is	 a	

bona	 fide	 down-stream	 target	 of	 the	 SOS	

response	 -	 is	 highly	 impacted	 by	 the	 SOS-

inhibiting	 mutants	 under	 SOS-inducing	

conditions	but	not	as	much	under	standard	

cultivation	 conditions,	 whereas	 activity	 of	

Figure	1:	Average	fluorescent	output	of	the	promoter	fusions	pJC1-PrecA-e2-crimson	 (red),	pJC1-PdivS-e2-crimson	
(green),	 pJC1-Pint2-e2-crimson	 (cyan),	 and	 pJC1-Plysin-e2-crimson	 (purple).	 The	 cells	 were	 cultivated	 in	 the	

BioLector	microbioreactor	system	and	the	average	relative	fluorescence	intensity	measured	during	a	period	of	4	

hours	in	the	stationary	growth	phase.	
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the	 recA	 promoter	 is	 less	 impacted.	
Therefore,	we	can	assume	that	the	cell	has	
a	 certain	 capacity	 for	 increasing	 the	
transcription	of	its	key	SOS	gene	recA	under	
circumstances	 when	 a	 functional	 SOS	
response	 can	 not	 be	 fully	 induced.	 Basal	
transcription	 of	 divS,	 however,	 is	 not	
affected	 by	 this	 process,	 as	 would	 be	
expected,	 because	 a	 disregulation	 of	 divS	
transcription	 could	 have	 potentially	 lethal	
effects	 due	 to	 its	 growth-inhibiting	
properties.	

Activity	of	Pint2	

Because	we	had	shown	previously	that	Pint2	
activity	 correlates	 positively	 to	 an	 induced	
SOS	response	(Nanda	et	al.,	2014),	the	ten-
fold	 induction	 of	 Pint2	 by	MmC	 came	 as	 no	
surprise.	The	highest	 induction	was	seen	 in	
the	 ΔlexA	 strain	 where	 basal	 transcription	
was	 increased	 nearly	 six-fold	 and	 SOS-

induced	 induction	showed	a	fold	change	of	
16	 compared	 to	10	 in	 the	wild	 type	 strain.	
In	 the	 SOS-inhibited	 strain	 ΔrecA	 the	 basal	
activity	 was	 unchanged,	 yet	 MmC-
inducibility	was	 impaired	 and	only	 reached	
60%.	This	reinforces	our	hypothesis	that	the	
SOS	response	plays	an	integral	part	in	CGP3	
induction,	 yet	 other	 unknown	 factors	
influence	it	as	well.	

Activity	of	Plysin	

Plysin	showed	the	highest	SOS-inducibility	of	
all	 tested	reporters	 in	 this	study	with	a	25-
fold	 induction.	 Maximum	 induction	 in	 the	
ΔlexA	 strain	 was	 also	 the	 highest	 of	 all	
tested	 reporters	 (50-fold	 induction).	
Furthermore,	 deletion	 of	 recA	 highly	
influenced	 the	 SOS-inducibility	 of	 Plysin	
without	 affecting	 its	 basal	 transcription.	
These	 findings	 show	 that	 CGP3	 lysin	 is	
highly	 induced	 by	 the	 SOS	 response	 and	

Figure	2:	Average	fluorescent	output	of	the	promoter	fusions	pJC1-PrecA-e2-crimson	 (red),	pJC1-PdivS-e2-crimson	
(green),	 pJC1-Pint2-e2-crimson	 (cyan),	 and	 pJC1-Plysin-e2-crimson	 (purple).	 At	 an	OD600	 of	 ~4	 2µM	 of	MmC	was	
added	 to	 the	 cultivation	chambers.	 The	cells	were	 cultivated	 in	the	BioLector	microbioreactor	system	and	 the	
average	relative	fluorescence	intensity	measured	during	a	4	hour	period	in	the	stationary	growth	phase.	
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links	 the	 SOS	 response	 to	 CGP3	 induction	
even	 more	 than	 our	 previous	 studies	
showed,	 which	 found	 the	 single-cell	
correlation	 between	 recA	 and	 lysin	 to	 be	
lower	 than	 that	 for	 int2.	 Surprisingly,	 the	
highest	 induction	 of	 all	 tested	 reporters	

under	 any	 circumstances	was	 found	 in	 the	
LexA_G143D	strain,	where	Plysin	activity	was	
induced	 by	 more	 than	 120-fold.	 This	 high	
increase	 in	 the	 mutant	 strain	 is	 addressed	
later	in	further	detail	(see	section	'Effects	of	
the	 G143D	 mutation	 in	 LexA').

	

TABLE	2	Fold	change	in	promoter	activity	with	and	without	addition	of	MmC.		All	activities	were	referenced	to	values	for	
the	wild	type	without	addition	of	MmC	to	calculate	fold	changes.		

Strain	 PrecA	 PdivS	 Pint2	
	MmC	 -	 +	 -	 +	 -	 +	 -	 +	

WT	 1	 14	 1	 11	 1	 10	 1	 25	
ΔlexA	 22	 28	 15	 23	 5.5	 16	 12	 50	
ΔrecA	 1.3	 9	 0.87	 3	 1	 6	 1	 6	
LexA_G85D	 0.94	 11	 0.80	 5	 0.9	 6	 68	 122	
Δcg2040	 1.2	 10	 1	 7	 0.8	 4	 0.7	 11	
ΔCGP3	 1	 16	 0,9	 10	 1	 8	 1	 36	

	

Effect	 of	 the	 mutations	 and	 deletions	 on	
spontaneous	PrecA	activity	

We	 previously	 showed	 that	 PrecA	 is	
spontaneously	 induced	 under	 non-SOS-
inducing	 conditions.	 Therefore,	 we	 tested	
whether	 this	spontaneous	activity	could	be	
abolished	 by	mutation	 of	 LexA	 or	 deletion	
of	recA.	To	this	end,	we	analyzed	cultures	of	
wild	 type,	 ΔrecA	 and	 LexA_G143D	 strains	
with	 the	 PrecA-e2-crimson	 promoter	 fusion	
by	 flow	 cytometry	 and	 analyzed	 the	
percentage	 of	 induced	 cells	 and	 the	 total	
fluorescent	 output	 of	 the	 analyzed	 cells	
(Figure	 3).	 After	 inoculation	 in	 CGXII	
minimal	 media	 at	 an	 OD600	 of	 1	 in	
Flowerplates®,	 the	 cultures	 were	 agitated	
until	 cultures	 reached	 an	 OD600	 of	 ~4.	
Samples	 were	 then	 analyzed	 in	 the	 BD	
FACSaria	 II	 flow	 cytometer.	 Surprisingly,	
under	non-inducing	conditions,	a	deletion		

	

of	recA	not	only	leads	to	an	increased	PrecA	
activity	 (1.5-fold	 induction)	 but	 also	 to	 an	
increased	 number	 of	 cells	with	 an	 induced	
PrecA	 activity	 (35%	 compared	 to	 1%	 in	wild	
type).	By	transforming	the	ΔrecA	strain	with	
a	 plasmid	 carrying	 a	 copy	 of	 the	wild	 type	
recA	 gene	 under	 control	 of	 its	 native	
promoter,	we	were	able	to	complement	the	
growth	 phenotype	 (Supplementary	 Figure	
1).	 The	 LexA_G143D	 strain,	 however,	
showed	 the	 expected	 smaller	 number	 of	
spontaneously	 SOS-induced	 cells	 (0.8%	
compared	 to	 1%	 in	wild	 type)	 and	 a	 lower	
total	 fluorescence	 of	 the	 analyzed	 cells	
(94%).	 Because	 both	 the	 ΔrecA	 and	
LexA_G143D	 strains	 not	 only	 showed	 a	
significant	 difference	 in	 PrecA	 and	 Plysin	
activity	 but	 also	 in	 the	 amount	 of	
spontaneously	 induced	 cells,	 different	
hypotheses	 can	 be	 explored:	 i)	 RecA	 and	
LexA	have	separate	domains	for	normal	and	

Plysin	
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spontaneous	 SOS	 induction.	 ii)	
Manipulation	of	RecA	and	LexA	influence	so	
far	 unknown	 components,	 which	 have	 an	
effect	 on	 the	 normal	 and	 spontaneous	
induction	of	the	SOS	response.	

	

	

FIGURE	 3	 Comparison	 of	 spontaneous	 induction	 of	 PrecA-
e2-crimson	 in	 wild	 type	 (green),	 ΔrecA	 (red),	 and	
LexA_G143D	(yellow)	mutant	strains.	ΔlexA	(pink)	is	shown	
as	 a	 reference	 for	 maximum	 induction	 of	 the	 SOS	
response.	 Cells	 were	 cultivated	 in	 the	 BioLector	
microbioreactor	system,	samples	removed	at	an	OD600	of	4	
and	analyzed	in	the	BD	FACSAriaII	flow	cytometer.	

	

Effects	of	the	G143D	mutation	in	LexA	

The	G143D	mutation	we	introduced	in	LexA	
led	 to	 a	 high	 increase	 of	 Plysin	 promoter	
activity.	 We	 tested	 the	 activity	 of	 other	
known	 SOS-responsive	 promoter	 fusions	 in	
the	 LexA_G143D	 strain	 to	 assess	 whether	
the	observed	activities	are	an	 isolated	case	

for	 Plysin	 or	 affect	 other	 genes	 of	 the	 SOS	
stimulon	as	well.	cglIM	codes	for	a	putative	
DNA	methyltransferase	(Schäfer,	1997)	that	
is	part	of	a	putative	restriction	modification	
system	 whose	 deletion	 is	 necessary	 for	
curing	the	prophage	CGP3	(Baumgart	et	al.,	
2013),	 recN	 is	 a	 homolog	 of	 the	 E.	 coli	
protein	 recN	 which	 belongs	 to	 the	 SMC	
family	 of	 proteins	 (Hirano,	 1995)	 and	 is	
involved	 in	 the	 repair	 of	 double-strand	 	 by	
loading	 of	 RecA	 protein	 onto	 single-
stranded	 DNA,	 and	 dnaE2	 is	 a	 homolog	 of	
the	 M.	 tuberculosis	 gene	 dnaE2,	 which	
encodes	 an	 error-prone	 DNA	 polymerase	
(PolIV)	 that	 plays	 a	 role	 in	 the	 DNA	 repair	
machinery	 and	 mutagenesis	 of	 the	 SOS	
response	(Boshoff,	2003).	

Analysis	 in	 the	 flow	 cytometer	 revealed	
heightened	activities	for	Plysin,	PcglIM,	and	for	
PrecN.	 PrecA	 and	 PdnaE2	 showed	 a	 low	
induction	 of	 the	 promoter	 fusion,	
comparable	 to	 the	 induction	 seen	 in	 the	
wild	type	strain	(Figure	4).	The	dynamics	of	
the	 reporter	 output	 were	 observed	 during	
cultivation	 in	 the	Biolector	microbioreactor	
system	(Figure	5).	Plysin	and	PcglIM	had	a	two-
to	 three-fold	higher	activity	 than	 the	other	
tested	 promoter	 fusions	 in	 the	 wild	 type	
and	 LexA_G143D	 strains	 (0.15	 a.u.	
compared	to	0.05-0.09	a.u.).	The	activity	of	
Plysin	 exceeded	 that	 of	 PcglIM	 during	 the	
logarithmic	 growth	 phase	 and	 displayed	 a	
two-fold	increased	activity	during	stationary	
growth.	 PrecN.	 PrecA	 and	 PdnaE2	 started	 with	
activities	 of	 0.05-0.09.	 In	 the	 stationary	
growth	 phase	 PdnaE2	 and	 PrecA	 showed	
similar	 activities	 with	 PrecN	 showing	 an	
elevated	activity	of	0.15.	

Taken	together,	the	three	promoter	fusions	

Strain	 Fold	change	
Fluorescence	
of	population	

(a.u.)	
WT	 -	 1,368	
ΔlexA	 444	 111,000	
ΔrecA	 35	 2,184	
LexA_G143D	 0.8	 1,284	
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Plysin,	PcglIM,	and	PrecN	 showed	a	significantly	
elevated	 activity	 compared	 to	 that	 in	 the	
wild	type	strain	(Figure	5)	or	the	activities	of	
PrecA	 and	 PdnaE2.	 lysin	 and	 cglIM	 are	 both	
encoded	on	CGP3,	whereas	the	other	genes	
are	 encoded	 outside	 of	 the	 prophage	
region.	 Because	 we	 observed	 that	 the	
LexA_G143D	strain	had	a	generally	reduced	
SOS	 response	 (Figures	 1-3),	 which	 we	
introduced	 by	 altering	 the	 cleavability	 of	
LexA,	a	higher	induction	of	genes	would	not	
hint	at	an	 increased	 level	of	LexA	cleavage,	
but	 rather	 at	 a	 weaker	 binding	 of	 LexA	 to	
the	 respective	 SOS	 box.	 The	 SOS	 box	
consensus	 motif	 TcGAA(a/c)AnnTGTtCGA	
that	 was	 elucidated	 for	 C.	 glutamicum	 in	
Jochmann	 et	 al.	 is	 a	 highly	 variable	 motif	
(Jochmann	et	al.,	2009).	In	the	case	of	lysin,	
cglIM	 and	 recN,	 the	 LexA_G143D	mutation	
might	 have	 altered	 the	 binding	 properties	
of	 LexA	 to	 the	 corresponding	 SOS	 boxes,	
thus	 shifting	 the	 equilibrium	 between	
bound	and	free	state	towards	free	state	and	
increasing	transcription	from	this	promoter.	
So	 far,	 no	 SOS	 box	 has	 been	 described	 for	
the	promoter	of	lysin.		

The	level	of	Plysin	activity	in	the	LexA_G143D	
strain	 is	 markedly	 higher	 than	 that	 in	 the	
ΔlexA	 strain.	 For	 other	 SOS-responsive	
promoters,	 such	 as	 PrecA	 or	 PdivS,	 ΔlexA	
displays	 the	 highest	 possible	 induction	 of	
the	 SOS	 response	 in	 our	 experiments.	
Because	Plysin	 activity	 is	 2-5	 times	higher	 in	
LexA_G143D	than	in	ΔlexA,	it	is	conceivable	
that	 an	 additional	 mode	 of	 induction	
alongside	the	SOS	response	exists.	

	

FIGURE	 4	Comparison	of	promoter	activity	of	Plysin,	 PcglIM,	
PrecN,	 PdnaE2,	 and	 PrecA	 in	 the	 LexA_G143D	 mutein	 strain.	
Cells	 were	 cultivated	 in	 the	 BioLector	 microbioreactor	
system,	 samples	 removed	 at	 an	 OD600	 of	 ~4	 and	 then	
analyzed	in	the	BD	FACSariaII	flow	cytometer.	

	

Microarray	analysis	

Because	we	observed	that	 the	ΔrecA	 strain	
does	 not	 show	 a	 reduced	 SOS	 activity	 but	
rather	an	 increased	basal	and	spontaneous	
induction,	we	 compared	 the	 transcriptome	
of	 the	 mutant	 and	 wild	 type	 strain	 under	
standard	 and	 SOS-inducing	 conditions.	
Analogous	 to	 previous	 studies	 in	 C.	
glutamicum	 (Jochmann	 et	 al.,	 2009)	 we	
cultivated	wild	type	and	ΔrecA	cells	in	shake	
flasks	 in	 CGXII	 minimal	 medium	 with	 4%	
glucose	 and	 isolated	 total	 RNA	 before	 and	
30	minutes	after	addition	of	0.6	µM	MmC.	
mRNA	isolation,	generation	of	hybridization	
probes	 and	 handling	 of	 resulting	 data	 was	
performed	as	described	previously	 (Vogt	et	
al.,	 2014).	 Results	 of	 the	 transcriptome	
analysis	 can	 be	 found	 in	 Supplementary	
Table	1-5.	
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Upon	addition	of	MmC	we	expected	a	lower	
abundance	 of	 transcripts	 of	 genes	 of	 the	
MmC	stimulon	or	LexA	regulon	in	the	ΔrecA	
strain.	 We	 readily	 observed	 this	 in	 our	
experiments	where	the	transcripts	of	LexA-
regulated	components	of	the	SOS	response	
recA,	 lexA,	uvrA,	 recX,	 recN,	nrdR,	 and	divS	
showed	a	two-	to	ten-fold	higher	amount	of	
transcripts	 in	 the	 wild	 type	 strain	
(Supplementary	 Table	 1).	 Further	 genes	 of	
interest	with	 a	 lower	 transcript	 abundance	
include	 cg2064,	 which	 encodes	 a	 putative	
DNA	topoisomerase	I	omega-protein.	It	has	
been	 shown	 in	 previous	 studies	 in	 E.	 coli	
that	 the	 DNA	 topoisomerase	 I	 topA	 is	
required	 for	 the	 transcription	 of	 genes	 of	
the	 SOS	 response	 (Liu	 et	 al.,	 2011).	 The	
operon	 cg0713-cg0714	 encodes	 a	
hypothetical	 protein	 and	 a	 putative	
polymerase	 that	 is	 involved	 in	 DNA	 repair.	
Additionally,	 a	 number	 of	 genes	 that	 are	
encoded	in	the	genomic	region	of	CGP3	are	
downregulated	 (Suppl.	 Table	 3).	 These	
include	 genes	 that	 were	 previously	
described	 as	 being	 up-regulated	 after	
addition	 of	 MmC	 or	 deletion	 of	 lexA.	

Furthermore,	 six	 genes	 were	 down-
regulated	 in	 the	 ΔrecA	 strain	 that	 showed	
no	 differential	 regulation	 in	 the	
aforementioned	 studies.	 These	 included	
three	 hypothetical	 proteins,	 two	 putative	
secreted	 proteins	 and	 a	 ATP-binding	
subunit	 of	 a	 putative	 ATPase	 with	
chaperone	 activity.	 Appropriately,	 the	
mRNA	 levels	 of	 the	 CGP3-encoded	 genes	
were	 lower	 in	 ΔrecA	 than	 in	 the	wild	 type	
strain,	 concurrent	 with	 our	 observations	
that	a	deletion	of	recA	leads	to	a	decreased	
activity	of	CGP3-encoded	promoters.	

The	 CGP3	 gene	 cg2048	 is	 of	 particular	
interest	 because	 it	 showed	 the	 opposite	
behavior	 of	 the	 other	 differentially	
regulated	 genes	 CGP3	 genes	 (Suppl.	 Table	
3).	 It	 was	 up-regulated	 in	 both	 conditions	
with	 a	 three-fold	 increased	 mRNA	 level	
before	 and	 1.35-fold	 elevated	 transcript	
levels	 30	 minutes	 after	 addition	 of	 MmC.	
This	 gene	 is	 annotated	 as	 a	 hypothetical	
protein.	 It	 is	 a	 paralog	 of	 the	 down-
regulated	 cg2062,	 which	 is	 similar	 to	 the	
plasmid-encoded	protein	PXO2.09.	A	BLAST	

FIGURE	5	Comparison	of	promoter	activity	of	Plysin,	PcglIM,	PrecN,	PdnaE2,	and	PrecA	in	the	LexA_G143D	mutein	strain	during	long-
term	cultivation.	Cells	were	cultivated	in	the	BioLector	microbioreactor	system	in	CGXII	minimal	medium	with	4%	glucose.	
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of	 the	 translated	 sequence	 of	 cg2048	

reveals	 high	 similarities	 to	 hypothetical	

proteins.	 It	 shares	 a	 44%	 identity	 to	 a	

putative	 conjugation-related	 ATPase	 from	

Lactobacillus	 equi	 and	 43%	 sequence	

identity	to	a	lipopolysaccharide	biosynthesis	

protein	 and	 a	 putative	 polysaccharide	

biosynthesis	 protein	 from	 Pseudomonas	
putida.	

Enzymes	 involved	 in	 the	 cell's	 metabolism	

were	downregulated.	The	first	two	genes	of	

the	 benABCD	 operon,	 benB	 (cg2638	 -	

benzoate	 dioxygenase	 small	 subunit),	 and	

benA	(cg2637	-	benzoate	1,2-dioxygenase	α	
subunit	 aromatic	 ring	 hydroxylation	

dioxygenase	 A)	 (Suppl.	 Table	 5),	 as	well	 as	

the	 first	 gene	 of	 the	benKE	operon,	benK1	
(cg2642	 -	 putative	 benzoate	 transport	

protein)	 (Suppl.	 Table	 4),	 and	 adhA	 (Zn-
dependent	 alcohol	 dehydrogenase)	 (Suppl.	

Table	 1)	 were	 downregulated.	 The	

phosphofructokinase	 pfkB(fruK)	 (cg2119)	

and	 its	 regulator	 fruR	 (cg2118	 -	

transcriptional	 regulator	 of	 sugar	

metabolism)	were	downregulated	as	well.	It	

is	 unclear,	 whether	 this	 downregulation	 of	

genes	 involved	 in	 metabolism	 is	 a	 specific	

RecA-mediated	 effect	 or	 a	 more	 general	

effect,	 e.g.	 as	 seen	 in	 Pseudomonas	
aeruginosa	where	 the	addition	of	 the	 SOS-
inducing	 antibiotic	 ciproflaxin	 down-

regulates	a	 large	number	of	genes	involved	

in	metabolism	(Cirz	et	al.,	2006).	

Amongst	 the	 genes	 with	 the	 highest	

differential	 regulation	 after	 addition	 of	

MmC	 were	 cg3329,	 encoding	 a	 conserved	

protein	with	homology	to	the	tRNA-splicing	

ligase	 RtcB,	 with	 an	 mRNA	 level	 of	 3.62	

(Suppl.	Table	2).	RtcB	mediates	the	 ligation	

of	broken	tRNA-like	stem-loop	structures	in	

case	 of	 tRNA	 breakage	 (Tanaka	 and	

Shuman,	2011).	The	flavohemoprotein	hmp	
(cg3141)	 that	 is	 involved	 in	 nitrate	 and	

nitrite	metabolism	(Platzen	et	al.,	2014)	had	
an	 average	 of	 2.17	 and	 the	 cold	 shock	

protein	 cspB	 (cg0938)	 had	 an	 average	

mRNA	 level	 of	 1.94	 (Suppl.	 Table	 1).	 The	

transposase	fragments	tnp17b	(cg0427)	and	
tnp17c	 (cg0428)	were	both	up-regulated	 in	
ΔrecA.	 Because	 the	 cell's	 capacity	 to	 sense	
DNA	damage	and	 induce	 the	SOS	 response	

is	 impaired,	 it	 is	 conceivable	 that	 the	 DNA	

damage	which	can	not	be	repaired	is	sensed	

by	 a	 RecA-independent	 mechanism	 and	

leads	 to	 the	 up-regulation	 of	 the	

transposase	fragments.	

Interestingly,	 a	 lot	 of	 genes	 of	 putative	

transporters	were	upregulated	in	the	ΔrecA	
strain	(Suppl.	Table	4),	amongst	them	oppC	
(cg2183)	and	oppD	(cg2184)	that	encode	an	
ABC-type	peptide	transport	system,	an	ABC-

type	Mn/Zn	import	system	znuC2	(cg0043),	
putative	 ABC-type	 iron-siderophore	

transporters	 (cg0053,	cg0777,	cg0778),	and	

a	 putative	 secondary	 Na
+
/glutamate	

symporter	(cg3080).	The	genes	cg0421	(wzx	
-	 putative	 translocase	 of	 a	 cell	 surface	

polysaccharide),	 cg1982	 (putative	 ATPase	

with	 chaperone	 activity),	 and	 cg2893	

(putative	cadaverine	transporter,	multidrug	

efflux	 permease)	 were	 downregulated.	

cg2983	 was	 not	 the	 only	 transporter	

putatively	involved	in	the	trafficking	of	toxic	

compounds	 found	 in	 this	 study,	 however,	

with	 cg1696	 (putative	 antibiotic	 efflux	

permease),	 cg2349	 (putative	 ATPase	

component	 of	 ABC	 transporter	 for	

antibiotics),	 and	 cg1288	 (put.	 multidrug	

efflux	 permease)	 upregulated	 in	 ΔrecA.	
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Regulation	of	cg1288	by	LexA	has	previously	

been	 shown	 (Jochmann	 et	 al.,	 2009).	 The	
efflux	 of	 antibiotics	 from	 the	 cell	 is	 one	

general	 mechanism	 that	 is	 employed	 by	

bacterial	 cells	 to	 circumvent	 the	 toxic	

effects	 of	 xenobiotic	 compounds	 (Wright,	

2005).	 Another	 mechanism	 consists	 of	 the	

inactivation	 of	 the	 toxic	 compounds	 by	

modification	 or	 group	 transfer	 (Wright,	

2005).	A	range	of	putative	enzymes	that	are	

differentially	regulated	and	potentially	have	

the	modifying	or	 transfer	 activity	 include	a	

flavin-containing	monooxygenase	 (cg3195),	

a	 hydrolase	 or	 acyltransferase	 of	 the	 α/β	

hydrolase	 superfamily	 (cg1295),	 a	

homoserine	O-acetyltransferase	(cg0961),	a	

reductase	 that	 is	 related	 to	diketogulonate	

reductase	 (cg0031),	 and	an	oxidoreductase	

(cg2919).	 If	 C.	 glutamicum	 possesses	 a	

cellular	 response	 to	 antibiotic	 stress,	 it	 is	

conceivable	 that	 this	 stress	 is	 sensed	

indirectly	 by	 the	 SOS	 response.	 Possibly,	

RecA	 or	 a	 cleavage	 target	 of	 its	 activated	

form	 (e.g.	 LexA)	 is	 involved	 in	 the	 up-

regulation	 of	 transporters	 and	 modifying	

enzymes	 to	 circumvent	 the	 effects	 of	 toxic	

compounds.	 Upon	 deletion	 of	 recA,	 the	
corresponding	 genes	 are	 no	 longer	

transcribed,	leading	to	the	down-regulation	

we	 observe	 in	 the	 ΔrecA	 strain.	 However,	
we	 also	 observe	 an	 up-regulation	 of	 some	

genes	 putatively	 involved	 in	 the	 toxicity	

evasion	 mechanism.	 It	 is	 conceivable,	 that	

the	 cell	 senses	 the	 accumulating	 DNA	

damage	 in	 the	 ΔrecA	 strain	 by	 a	 RecA-
independent	 mechanism.	 In	 response	 to	

this,	the	genes	are	transcribed.	

Taken	together,	we	could	show	in	this	study	

that	 deletion	 and	 mutation	 of	 key	 SOS	

genes	 not	 only	 influences	 SOS-regulated	

genes	 but	 also	 prophage	 CGP3-encoded	

genes,	 as	 we	 had	 previously	 postulated,	

depending	on	 the	mutations’	 effect	on	 the	

activity	of	the	SOS	response.	These	findings	

were	 obtained	 by	 a	 targeted	 approach,	

utilizing	 promoter	 fusions	 of	 key	 SOS	 and	

CGP3	 genes	 as	 well	 as	 by	 utilizing	 a	 more	

global	 approach	 in	 the	 form	 of	 analyzing	

transcript	abundance	in	wild	type	and	ΔrecA	
cells	before	and	after	the	addition	of	MmC.	

Surprisingly,	 the	 deletion	 of	 recA	 does	 not	
lead	 to	 a	 decrease	 in	 the	 number	 of	

spontaneously	 induced	 cells.	 However,	 the	

RecA-dependent	 activation	 of	 the	 SOS	

response	is	impaired	as	well	as	induction	of	

CGP3.	 Furthermore,	 we	 observed	 a	 very	

high	 increase	 in	 Plysin	 and	 PcglIM	 promoter	

activity	 in	 the	 LexA_G143D	 strain,	 which	

merits	further	studies	on	the	nature	of	this	

increase	 and	 the	 effects	 that	 changing	 the	

catalytic	center	of	LexA	have.	

The	SOS	 response	 in	C.	glutamicum	 and	 its	

effect	 on	 the	 lysogenic	 prophage	 CGP3	

requires	 further	 studies	 to	 potentially	 find	

the	 causal	 effect	 behind	 spontaneous	 SOS	

and	CGP3	induction.	

We	 had	 previously	 suggested	 that	 the	 SOS	

response	 is	not	 the	causal	 trigger	 for	CGP3	

induction	but	plays	a	role	in	it	(Nanda	et	al.,	
2014).	 This	 study	 furthers	 our	

understanding	 of	 the	 relationship	 between	

the	 SOS	 response	 and	 CGP3	 induction.	

While	it	is	not	a	causal	relationship,	the	SOS	

response	plays	a	 large	role	 in	the	dynamics	

of	 stabilizing	 and	 inducing	 the	 prophage	

CGP3.	
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3.4 Spatiotemporal	Microbial	Single-Cell	Analysis	Using	a	High-Throughout	

Microfluidics	Cultivation	Platform	 	

Spatiotemporal Microbial Single-Cell Analysis
Using a High-Throughput Microfluidics
Cultivation Platform

Alexander Gr€unberger,† Christopher Probst,† Stefan Helfrich, Arun Nanda, Birgit Stute,

Wolfgang Wiechert, Eric von Lieres, Katharina N€oh, Julia Frunzke, Dietrich Kohlheyer*

� Abstract
Cell-to-cell heterogeneity typically evolves due to a manifold of biological and environ-
mental factors and special phenotypes are often relevant for the fate of the whole popu-
lation but challenging to detect during conventional analysis. We demonstrate a
microfluidic single-cell cultivation platform that incorporates several hundred
growth chambers, in which isogenic bacteria microcolonies growing in cell monolayers
are tracked by automated time-lapse microscopy with spatiotemporal resolution.
The device was not explicitly developed for a specific organism, but has a very generic
configuration suitable for various different microbial organisms. In the present
study, we analyzed Corynebacterium glutamicum microcolonies, thereby generating
complete lineage trees and detailed single-cell data on division behavior and morphol-
ogy in order to demonstrate the platform’s overall capabilities. Furthermore, the occur-
rence of spontaneously induced stress in individual C. glutamicum cells was
investigated by analyzing strains with genetically encoded reporter systems and opti-
cally visualizing SOS response. The experiments revealed spontaneous SOS induction
in the absence of any external trigger comparable to results obtained by flow cytometry
(FC) analyzing cell samples from conventional shake flask cultivation. Our microfluidic
setup delivers detailed single-cell data with spatial and temporal resolution; comple-
mentary information to conventional FC results. VC 2015 International Society for Advance-

ment of Cytometry

� Key terms
single-cell analysis; microfluidics; time-lapse microscopy; C. glutamicum

While unraveling and understanding population heterogeneity, high throughput is

of utmost importance to derive statistically reliable data, since many cellular phe-

nomena occur with a very low probability per time unit. These rare events and popu-

lation heterogeneity may be highly dynamic and often have evolved allowing

isogenic populations, for example, by division of labor and bet-hedging strategies, to

cope with more complex and dynamic environments. In bet-hedging strategies, a

very small phenotypic subpopulation can be essential for the fate of the total popula-

tion in particular under fluctuating environmental conditions. In division of labor

strategies, specialized phenotypic subpopulations can have severe impact on the pop-

ulations overall performance, for example with respect to growth or infection. To

correctly understand this cellular heterogeneity, spatial and temporal resolution at

the single-cell level, ideally during controlled perturbation studies, has gained much

attention in the last few years (1,2). Therefore, simple agarose pad approaches have

been frequently used to investigate single-cell growth (3,4) and single-cell lag phase

behavior (5). In addition to agarose pads with limited environmental control (6,7),
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matured and user-friendly microbial single-cell culture and

analysis systems are not yet available as standard analytics.

However, progress in the field of microfluidics is promising

(1,8,9).

Microfluidic single-cell devices in which single cells and

colonies can be cultivated over long time periods under well-

defined environmental conditions have been developed

(8–11). Inside microstructures, individual cells can then be

monitored by automated time-lapse microscopy (12–14),

allowing new insights into single-cell physiology, behavior and

lineage which are typically obscured by conventional bulk

technologies.

By high-density large scale integration, microfluidic

devices with improved throughput have been reported, for

example, for single-cell analysis of various yeast strains (15)

and bacteria (16,17). The latter and similar devices often

operate with very special cultivation geometries that do

not harbor the whole isogenic microcolony but only a frac-

tion, thereby providing incomplete lineage information.

Moreover, many of these devices were applied for the cultiva-

tion of one specific organism only, thus limiting a wide appli-

cation range.

Over the last few years, we have developed a micro-

bial single-cell cultivation technology with a strong focus

on practical applicability and versatility. The present

report describes a disposable, microfluidic cultivation

device for the analysis of isogenic microbial microcolonies

under well-controlled environmental conditions. Its bene-

ficial and practical usability as a generic high-throughput

microbial single-cell analysis tool is presented. Its func-

tionality is demonstrated by analyzing the model orga-

nism and industrially applied bacterium Corynebacterium

glutamicum. Detailed single-cell data and analysis plots of

C. glutamicum are shown to highlight the broad analysis

capability, rather than interpreting the biological phenom-

ena in detail. In addition, the identification of single

SOS (rec A) expressing cells is demonstrated utilizing an

fluorescent reporter to transform an intracellular signal

into a detectable readout.

In comparison to many previously published single-cell

cultivation systems, our platform combines several unique

technological features and fulfills the following important

characteristics:

� Single use,

� Full microcolony growth providing complete lineage

information,

� Single-cell resolution since cellular growth is geometrically

restricted to monolayers,

� Spatial as well as temporal resolution due to image-based

time-lapse microscopy,

� High throughput (>100,000 cells/cultivation),

� Excellent micro-environmental control by continuous

media perfusion,

� Cell growth under mainly diffusive mass transport with

negligible convection and

� Applicable to various bacteria (In the present study we cul-

tivated Corynebacterium glutamicum. Experimental data on

Escherichia coli and Gluconobacter oxydans will be published

elsewhere.).

MATERIALS AND METHODS

Device Fabrication and Setup
Polydimethylsiloxane (PDMS) microfabrication was car-

ried out to manufacture single-use microfluidic devices with

integrated 10 lm high supply channels and cultivation cham-

bers with a height of 1 lm. A 100 mm silicon wafer was spin-

coated separately with two layers of SU-8 photoresist, proc-

essed by photolithography. Profilometer measurements were

performed regularly to validate SU-8 structure heights during

wafer fabrication. This silicon wafer served as a reusable mold

during subsequent PDMS casting. Thermally cured and sepa-

rated PDMS chips were treated with oxygen plasma and per-

manently bonded to 170 lm thick glass slides just before the

experiments. Manually punched inlets and outlets were con-

nected with tubing (Tygon S-54-HL, ID5 0.25 mm,

OD5 0.76 mm, VWR International) via dispensing needles

(dispensing tips, ID5 0.2 mm, OD5 0.42 mm, Nordson

EFD). SU-8 and PDMS fabrication is common to date and a

very detailed fabrication protocol can be found elsewhere

(18,19).

Flow Characterization
Microscopic flow profile characterization was performed

by infusing fluorescently labeled microspheres with diameters

of 200 nm (yellow-green fluorescent 505/515 nm; catalogue

number: F8811) and of 1 lm (blue fluorescent 350/440 nm;

catalogue number: F8815, Molecular Probes, Invitrogen).

1 lm spheres were utilized to visualize the cell inoculation

and trapping process. 200 nm spheres were used to emulate

diffusive mass transport during cultivation conditions. Prior

to microsphere injection, all microfluidic channels were

primed with a 0.1% BSA solution (buffer: dH2O, pH5 7.0) at

700 nl/min for 60 min to minimize unspecific microspheres

adhesion. All microsphere suspensions (2% solids) were

diluted 1:1000 in 0.1% BSA solution. The exposure time dur-

ing fluorescence microscopy was 10 s to capture complete

flow trajectories. Further details can be found in the time-

lapse imaging section.

Bacterial Strains and Pre-Cultivation
C. glutamicum ATCC 13032 was used for general cultiva-

tion experiments. C. glutamicum/pJC1-PrecA-e2-crimson was

used when screening for spontaneously induced SOS. Here, an

e2-crimson protein is co-expressed with recA resulting in fluo-

rescent cells when recA is induced. Detailed information on

the construction of C. glutamicum/pJC1-PrecA-e2-crimson is

given in (20).

CGXII was used as standard mineral medium for

C. glutamicum cultivations consisting of (per liter): 20 g

(NH4)2SO4, 5 g urea, 1 g K2HPO4, 1 g KH2PO4, 0.25 g

MgSO4�7H2O, 42 g 3-morpholinopropanesulfonic acid

(MOPS), 10 mg CaCl2, 10 mg FeSO4�7H2O, 10 mg

Original Article
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MnSO4�H2O, 1 mg ZnSO4�7H2O, 0.2 mg CuSO4, 0.02 mg

NiCl2�6H2O, 0.2 mg biotin, and 0.03 mg of protocatechuic

acid. The medium was adjusted to pH 7 and 4% glucose (w/v)

was added as a carbon source. All chemicals were purchased

from Carl Roth and Sigma Aldrich. The medium was auto-

claved and sterile-filtered (0.22 lm pore size) to prevent clog-

ging of the microfluidic channels by particles and cell

agglomerates.

Cells were pre-cultured as 20 mL cultures in 100 mL

baffled Erlenmeyer flasks on a rotary shaker at 120 rpm orbital

shaking at 308C. A first pre-culture in BHI (Brain-heart infu-

sion, Becton Dickinson, USA) complex medium was inocu-

lated into a second pre-culture in CGXII mineral medium,

which was finally inoculated at OD6005 0.05 into CGXII min-

eral medium, the main culture.

Microfluidic Cultivation
Fluid flow into the microfluidic chip was controlled with

a fourfold NeMESYS syringe pump (Cetoni GmbH, Ger-

many). A detailed setup protocol can be found in (18,19).

Prior to microfluidic cultivation, the microfluidic chip was

purged with fresh and sterile-filtered CGXII medium at 400

nL/min for 10 min.

Afterwards, the chip was infused with bacterial suspen-

sion for single-cell inoculation as described in full detail

recently (21). Bacterial suspensions were withdrawn from the

main culture at the exponential growth phase (OD600 between

0.5 and 1). As soon as sufficient single cells were inoculated

into the microfluidic cultivation chambers, solely CGXII

medium was infused at 400 nL/min throughout the entire

cultivation.

Time-Lapse Imaging
Experiments were carried out using an inverted time-

lapse live cell microscope (Nikon TI-Eclipse, Nikon Instru-

ments, Germany) equipped with a 1003 oil immersion objec-

tive (CFI Plan Apo Lambda DM 100X, NA 1.45, Nikon

Instruments, Germany) and a temperature incubator (PeCon

GmbH, Germany). Phase contrast and fluorescence time-lapse

images of growing microcolonies were captured every 10–20

min using an ANDOR LUCA R DL604 CCD camera. Fluores-

cence images were recorded with an exposure time of 200 ms

using a 300 watt Xenon light source (Lamda DG-4, Sutter

Instruments, USA) at maximum intensity and appropriate

optical filters (excitation: HQ 600/37, dichroic: DM630, emis-

sion: HQ 675/67; AHF Analysentechnik AG, Germany).

Image Analysis and Data Visualization
Time-lapse movies of monolayer growth chambers were

analyzed using a custom, specialized workflow implemented

as an ImageJ/Fiji plugin (22). Cell identification was per-

formed using a segmentation procedure tailored to detect

individual rod-shaped cells in crowded populations. Detected

cells were subsequently tracked throughout all image sequen-

ces using an adapted single particle tracking approach as

implemented in TrackMate (23). This image analysis approach

allowed the extraction of measurable quantities of individual

cells, for example, cell number, cell area, mean single cell fluo-

rescence, as well as derived quantities, for example the growth

rate. All data sets were subsequently processed using the anal-

ysis and visualization software “Vizardous” (24). Vizardous

assists the user with analysis and interpretation tasks for

single-cell data in an interactive, configurable and visual way

by augmenting lineage trees with time-resolved cellular

characteristics.

For detailed growth rate analysis (Figs. 3 and 4), specific

chambers were selected that contained only 1 or 2 cells at the

beginning of the experiment. For SOS-response studies (Fig.

7), all inoculated chambers were considered for analysis.

To determine growth rates of isogenic microcolonies

(Fig. 4), the number of cells in each colony was counted up to

a colony size of approximately 130 cells. The maximum

growth rate lmax [1/h] was then estimated from the plot

Ln(Cell number) vs. time by fitting an exponential function

to the cell number increase applying the method of least

squares (25), as depicted in the insert in Figure 4 a.

The analysis of spontaneously induced SOS expression in

cells (Figs. 6 and 7b) was performed as follows: First, the con-

tour of each cell was determined. Second, the mean fluores-

cence intensity of the cell was determined. Third,

spontaneously induced cells were determined from fluores-

cence vs. cell area plots. Spontaneously induced C. glutamicum

cells exhibiting a fivefold higher mean fluorescence than non-

induced cells were classified as SOS positive (SOS1). Results

of microfluidic high-throughput screening experiments (Fig.

7c) were obtained by determining the total fluorescence inten-

sity of fluorescing cells. Non-fluorescing cells were not further

analyzed. The average final cell number of 750 cells per cultiva-

tion chamber was applied to derive the percentage of SOS1
cells.

Flow Cytometry (FC)
FC was performed on an Aria II (Becton Dickinson, San

Jose, USA) flow cytometer with 633 nm excitation by a red

solid-state laser. E2-Crimson fluorescence was detected using a

660/20 nm band-pass filter. About 100,000 cells were analyzed

to determine SOS response at different time points. Cells with

a fluorescence output 12- to 18-fold higher than the average

were counted as SOS1 cells (Supporting Information 3). The

different gating during FC and MGC analysis are related to

technical differences of the optical systems. For FC measure-

ments (FACSaria II, BD), the PMT voltage was adjusted to

obtain a good dynamic range of the fluorescent signal. During

MGC cultivation the fold change of SOS positive cells was sig-

nificantly lower. However, the stop of cellular growth and

changes in morphology observed via time-lapse imaging are in

agreement with an induction of the SOS response.

Computational Fluid Dynamics
Computational fluid dynamics (CFD)-based analysis was

performed using COMSOL multiphysics (Comsol Multiphy-

sics GmbH, Germany) with the model geometry shown in

Fig. 1d. The underlying mesh is described in more detail in

Supporting Information 1. The incompressible stationary

flow was modeled by the Navier-Stokes equation [Eqs. 1

and 2]:
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Figure 1. (a) Microfluidic PDMS glass device for high-throughput single-cell cultivation and analysis. (b) 2D CAD design of microfluidic
channels with arrays of MGC arranged in parallel (c) 3D dimensional illustration of a single MGC highlighting the different depths of the
channels. (d) Geometry of the MGC used for the CFD simulations. (e) Growing microcolonies of up to 750 cells can be observed for several
hours depending on the organism and media used; here C. glutamicum (scale bar 10 lm).
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q ~u � rð Þ~u 5 r � 2pI1l r ~u 1 r ~uð ÞT
� �h i

(1)

qr �~u50 (2)

with ~u the velocity, p the pressure, I the identity matrix,

r ~uð ÞT the transpose of r ~u , l5 0.0012 Pa s the dynamic

viscosity of a 4% glucose-water solution (w/v); q5 1016.5

kgm23 the fluid density of a 4% glucose-water (w/v) solution.

The velocity at the two supply channel inlets was 0.002 ms21

which corresponds to a volumetric flow rate of 40 nL min21.

On chip a total flow rate of 400 nL min21 is equally distrib-

uted among 10 supply channels.

The transport of glucose (dc/dt) was described by the

time dependent convection-diffusion equation [Eq. (3)]:

@c

@t
52~u rc1r � D rcð Þ (3)

with c the molecule concentration of glucose,

D5 0:67 � 10-9m2s-1 the diffusion coefficient of glucose and~u

the velocity field given by the solved Navier Stokes equation.

The starting concentration of the glucose solution was

244 mol/m3.

RESULTS

Device Layout and Principle
The present microfluidic system is intended for high-

throughput single-cell cultivation and analysis of growing iso-

genic microcolonies. The device consists of a PDMS glass chip

with the approximate size of a postage stamp (20 mm 3
15 mm 3 3 mm) (length 3 width 3 height) with incorpo-

rated microfluidic channels (Fig. 1a). The chip has one inlet

channel that supplies medium, incorporates 400 monolayer

growth chambers (MGC) (2 3 4 arrays of 50 MGCs) and has

a single outlet channel (Fig. 1c). Each MGC (40 lm 3 40 lm
3 1 lm) can accommodate a single microcolony of approxi-

mately 750 individual bacteria (Fig. 1d). The uniform height

of 1 lm restricts microcolony growth to a defined cell mono-

layer (Fig. 1e). MGCs are arranged between two tenfold

deeper supply channels (10 lm 3 30 lm) (height 3 width)

with laterally interconnected micrometer sized connecting

channels (19 lm 3 2 lm 3 1 lm) (length 3 width 3 height)

as depicted in Figure 1c and 1d.

Throughout standard cultivation, medium is fed contin-

uously at nearly identical flow rates into each supply channel

and thus negligible pressure difference occurs across the MGC

perpendicular to the flow. However, during the primary inoc-

ulation phase, the volume flow rates in the parallel supply

channels are unequal, resulting in a perpendicular pressure

difference and thus fluid convection supporting direct cell

transport into the MGC.

Flow Tracer Analysis
To optically visualize laminar stream lines and diffusive

mass transport conditions, the microfluidic chip was charac-

terized experimentally using fluorescent microspheres. 1 lm
microspheres with a comparable diameter to that of typical

bacteria cells were infused into the fully wetted chip to visual-

ize the cell trapping process. As shown, few 1 lm micro-

spheres were randomly trapped and remained inside the MGC

throughout the course of the experiment (bright spots in Fig.

2a). Our inoculation procedure utilizes a nanoliter sized air

bubble entrapped right before each fivefold channel branching

(Fig. 1b), thereby sealing single channels temporarily modify-

ing the flow conditions (21). This induces pressure differences

across the MGCs and convective flow through the cultivation

chambers, facilitating active cell transport into the chambers.

Within two minutes the air bubble disappears by diffusion

through the permeable PDMS and normal flow conditions

with balanced flow rates through all supply channels are

restored.

Once sufficient cells are trapped in the MGC in a realistic

cultivation, the growth phase is initiated by changing the

medium from the cell suspension to cultivation medium.

During this cultivation phase, both parallel media streams

have nearly identical volume flow rates, resulting in diffusive

mass transport conditions with negligible convective flow

inside the MGCs. This diffusive mass transport was experi-

mentally validated by supplementing the fluid with 200 nm

fluorescent microspheres which exhibited diffusive migration

only, as indicated by the random fluorescence flow traces

(Fig. 2a).

Computational Fluid Dynamics
CFD simulations were performed to gain essential knowl-

edge on flow velocities, mass transport and nutrition supply.

For CFD simulations, a flow rate of 40 nL/min per supply

channel was configured. This corresponds to a total medium

flow rate of 400 nL/min equally distributed between 2 3 5

parallel supply channels (see Fig. 1b). The visualized simula-

tions show a homogenous parabolic velocity profile inside the

parallel supply channels (Fig. 2b). In contrast to this, the flow

inside the MGC is negligibly low in the y-direction (Fig. 2b)

and x-direction (Fig. 2c) during cultivation conditions. It has

to be noted, that the present CFD simulation geometry does

not perfectly match the experimental configuration. On chip

(Fig. 1b) some supply channels are connected to MGCs at

both sides, whereas the simulation was based on a fully sym-

metrically and single MGC configuration. In reality this little

asymmetry might induce inhomogeneous flow rates through

the 10 supply channels. In fact, very detailed CFD simulations

(not presented in the present manuscript) using the realistic

chip geometry showed slightly inhomogeneous differences,

with channel to channel differences as high as 4% maximum.

However, the same simulations revealed that inside the MGCs

diffusion was absolutely dominating and no convection could

be determined. This can be mainly explained by the low flow

rates and the high hydrodynamic resistance difference between

the 10 fold deeper supply channel and the shallow MGCs. Fur-

thermore, derived cell growth rates inside the chambers did

not show particular phenotypes related to certain MGC loca-

tions on chip.

A medium switch was simulated to acquire characteristic

nutrition supply rates under potentially changing medium

conditions. Within 2 s after the change from no glucose to
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Figure 2. Characterization of fluid flow and concentration profiles inside an MGC: (a) Fluorescence traces of 200 nm microspheres show
diffusive migration behavior inside a single MGC during cultivation conditions (scale bar 10 lm). Two 1 lm microspheres were trapped
inside the MGC during a cell trapping emulation. (b) CFD simulations revealed laminar parabolic flow inside the supply channels (velocity
magnitude). (c) Inside the MGC convective flow is negligible low with the highest velocity inside the connecting channels. (d) Simulations
chart of nutrient supply after a sudden medium change from no glucose to 244 mol/m3 glucose in the supply streams. (e1 f) Glucose con-
centration profile during simulations revealed fast medium changes within seconds.
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Figure 3. Heterogeneity analysis of two clonal C. glutamicum microcolonies: (a, b) Lineage trees showing the overall growth and division
behavior. (c, d) Division time distribution for td, average c568.87620.56 min and td, average d5 66.88624.06 min. (e, f) Cell length distribution
before (Lbefore, average e53.3760.44 mm, Lbefore, average f5 3.2560.46 mm and after division (Lafter, average e52.0860.33, Lafter, average f5
1.9460.35 mm) derived from lineage trees. (g) Description of morphology related parameters: Cell length before division; cell length of pole
A and pole B after division. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. High-throughput single-cell analysis of several microcolonies (Ncol.5 37) and a total cell number of 4,804 cells: (a) Growth rate
distribution plot from each analyzed colony with a mean of lmax,mean5 0.646 0.04 1/h and an average division time of
td,average5 64.8163.95 min. (b) Cell length before and after division over the entire cultivation period. (c) Box plot of the division time over
the cell generations (Ngen.5 7). (d) Box plot of elongation rates over the cell generations (Ngen.5 7). (e) Scatter plot of division times of
daughter cell one and daughter cell two. (f) Scatter plot of elongation times of daughter cell one and daughter cell two. (g) Scatter plot of
the newborn mother cell length vs. cell length of the related next generation daughter cells. (h) Scatter plot of mother cell division time vs.
division time of the related next generation daughter cells.
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244 mol/m3 glucose delivered by the supply flow (Fig. 2d),

the glucose concentration at the MGC center reached 50% of

its maximum concentration value by diffusive mass transfer

(Fig. 2e). A homogenous and nearly constant glucose distribu-

tion was achieved within 6 s only (Fig. 2f).

Microbial Single-Cell Analysis of Isogenic
Microcolonies

An exemplary in-depth analysis was performed on two

separate C. glutamicum ATCC 13032 colonies with single-cell

resolution. By cell identification and tracking, lineage trees

could be generated as shown in Figures 3a and 3b. Further-

more, characteristic single-cell growth and morphological

parameters were extracted, in particular, division time distri-

butions (Figs. 3c and 3d), as well as cell length before and after

each division event (Figs. 3e and 3f). All distributions showed

Gaussian behavior, with few outliners exceeding 3 times the

standard deviation. To further support these findings, further

analyzes were performed. Length characteristics were derived

as illustrated in Figure 3g.

37 colonies containing a total of 4804 cells were further

analyzed to gather single-cell data from higher cell numbers

and the results are depicted in Figure 4. Based on this data, an

average and maximum growth rate of lmax,mean5 0.646 0.04

1/h (Fig. 4a) was calculated based on the exponentially inclin-

ing cell number and an average division time of

td,average5 64.816 3.95 min. Furthermore, a length analysis of

all single cells was conducted, deriving cell length before and

cell length directly after each division event over the entire

cultivation period of approximately 7 hours and is shown in

Figure 4b.

Utilizing the available spatial and temporal information

from time-lapse imaging of 4804 cells, the division time

(Fig. 4c) and the elongation rate (Fig. 4d) were plotted

against the cell generations, respectively, to analyze more

complex circumstances and dynamics of morphology and

division parameters. The cellular division time appears to be

fairly stable over several generations while in contrast the

single-cell elongation rates [lm/min] increase by approxi-

mately 50% on average during the first four generations

before reaching a moderately constant value for the following

generations.

The relationship between two related daughter cells and

their individual division times is plotted in Figure 4e while

individual daughter elongation rates are shown in Figure 4f.

No correlation can be found for the two cases; division times

and the elongation rates of two related daughters appear to be

normally distributed.

Moreover, a correlation analysis was performed to deter-

mine if mother cells with long division times (or cell length)

have daughter cells with short division times (or cell length)

(Figs. 4g and 4h). The results show a strong linear correlation

between the mother cell length and daughter cell length (Fig.

4g). In contrast, the mother division time does not correlate

with the daughter division times but shows a normal distribu-

tion (Fig. 4h). A detailed division analysis and statistical tests

of the corresponding histograms were additionally performed

Figure 5. Overviewof rare events duringC. glutamicum cultivation
in MGC: (a) Asynchronous division resulting in different cell
lengths and division times (scale bar 5 lm), (b) filamentous cell
growth (scale bar 5 lm), (c) deformed (scale bar 5 lm), (d) branched
cells (scale bar 5 lm), and (e) dormant cells (scale bar 2.5 lm).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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for each of the 37 colonies separately. The results are shown in

Table 1.

Identifying Rare Cellular Events in C. glutamicum
As evident from Figures 3 and (4), cell length and divi-

sion behavior (both parameters are directly accessible from

phase contrast image data) of C. glutamicum varied signifi-

cantly between individual cells. With our MGC setup, we were

able to identify several exceptional outliers and rare events,

namely (Fig. 5): a) asynchronous division resulting in two

daughter cells of uneven length, b) cellular filamentation, c)

deformed cells, d) branched cells and e) dormant cells. These

rare events typically appeared with very low probability per

time unit.

Figure 6. Dynamic SOS response of C. glutamicum (scale bars 5 lm): (a) C. glutamicum colony containing one single cell exhibiting spon-
taneously induced SOS response during cultivation; (b) corresponding lineage tree showing the homogeneous growth, except one cell
that stops growing; (c) corresponding mean fluorescence and cell area vs. time illustrating cellular dynamics. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Dynamics of Spontaneously Induced SOS in Single
C. glutamicum Cells

In addition to screening for more obvious phenotypes

with unusual division behavior and morphology, our technol-

ogy was used to screen for individual cells undergoing cellular

SOS response, which is not directly detectable by phase con-

trast microscopy. Thus, a genetically encoded reporter

system which is able to perceive a cell’s response to DNA

damage was used (further denoted as “SOS reporter”). In

response to DNA damage, RecA binds ssDNA, catalyzes the

Figure 7. SOS response (SOS1) quantification during microfluidic single-cell cultivation: (a) images of three final clonal colonies (scale
bar 25 lm); (b) corresponding total fluorescence vs. cell area scatter plots; dashed line corresponds to the background fluorescence, paral-
lel straight line corresponds to the fivefold higher fluorescence threshold; (c) distribution of SOS1 cells over 318 separate MGCmicrocolo-
nies in total; (d) for comparison, scatter plot derived from flow FC and shaking flask cultivations.
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autoproteolytic cleavage of the repressor LexA and thus leads

to its own activation (20) (further denoted as “SOS1 cells”).

The cellular SOS response is then transformed into an opti-

cally detectable readout – an intracellular fluorescence signal.

Hence, the SOS reporter gives a visual output for the tran-

scription of the gene encoding the single-strand binding pro-

tein RecA. For detailed information and characterization of

the used strain, the reader is referred to Nanda et al. (20).

During microfluidic cultivation of C. glutamicum/pJC1-

PrecA-e2-crimson under identical cultivation conditions as pre-

viously reported, phase contrast microscopy images again

revealed few rare morphologically deformed and filamentous

phenotypes. Figure 6a shows a time-lapse image sequence of

an isogenic C. glutamicum/pJC1-PrecA-e2-crimson colony in

which an individual cell stopped cellular division but contin-

ued elongating for several hours, while all other cells grew

normally as expected (Fig. 6b). At the same time, only this

specific elongated cell exhibited a constantly increasing SOS

reporter fluorescence for several hours. The dynamics of the

specific SOS event are visualized in the corresponding cell size

(measured here using the projected cell area) and single-cell

mean fluorescence vs. time chart (Fig. 6c).

Table 1. Cellular characteristics of 37 analyzed C. glutamicum colonies

COLONY #

MEAN LENGTH

BEFORE [lM]

STANDARD

DEVIATION [lM]

MEAN LENGTH

AFTER [lM]

STANDARD

DEVIATION [lM]

MEAN ELONGATION

RATE [lM/MIN]

STANDARD

DEVIATION [lM/MIN] BIMODALITYa
DIP TEST

VALUE (D)

1 2.83 0.54 1.60 0.43 0.021 0.006 No 0.143

2 2.57 0.49 1.42 0.39 0.020 0.005 No 0.113

3 3.03 0.40 1.71 0.36 0.023 0.005 No 0.130

4 2.70 0.41 1.56 0.34 0.019 0.005 No 0.167

5 2.84 0.44 1.58 0.36 0.021 0.005 No 0.139

6 2.57 0.56 1.37 0.42 0.019 0.006 No 0.137

7 2.25 0.55 1.15 0.37 0.016 0.006 No 0.118

8 2.38 0.53 1.28 0.39 0.017 0.005 No 0.130

9 2.32 0.61 1.20 0.42 0.016 0.006 No 0.117

10 3.07 0.50 1.73 0.39 0.024 0.006 Marginal 0.080

11 2.62 0.36 1.47 0.34 0.020 0.004 Marginal 0.076

12 2.72 0.38 1.49 0.34 0.022 0.004 No 0.152

13 2.66 0.44 1.45 0.37 0.006 0.016 No 0.111

14 2.84 0.42 1.57 0.34 0.021 0.006 No 0.162

15 3.15 0.69 1.79 0.44 0.023 0.009 No 0.211

16 3.04 0.56 1.72 0.45 0.023 0.006 No 0.116

17 2.97 0.66 1.67 0.49 0.021 0.008 No 0.196

18 2.67 0.51 1.45 0.37 0.020 0.007 No 0.107

19 2.61 0.66 1.41 0.47 0.020 0.006 Marginal 0.088

20 2.69 0.58 1.44 0.43 0.020 0.007 No 0.111

21 2.75 0.58 1.49 0.49 0.020 0.005 No 0.100

22 2.71 0.59 1.53 0.47 0.020 0.008 Marginal 0.135

23 2.65 0.36 1.47 0.34 0.021 0.005 No 0.079

24 2.76 0.52 1.49 0.40 0.021 0.005 No 0.172

25 2.75 0.53 1.54 0.39 0.022 0.005 No 0.140

26 2.78 0.67 1.54 0.51 0.021 0.006 No 0.184

27 2.56 0.35 1.40 0.25 0.020 0.005 No 0.113

28 2.49 0.46 1.35 0.41 0.019 0.004 No 0.110

29 2.61 0.50 1.39 0.40 0.021 0.005 Marginal 0.096

30 2.82 0.61 1.56 0.53 0.021 0.006 Marginal 0.097

31 4.14 1.95 2.23 0.94 0.017 0.006 No 0.143

32 2.68 0.45 1.45 0.41 0.021 0.004 No 0.103

33 2.83 0.49 1.61 0.41 0.022 0.006 Marginal 0.097

34 3.02 0.48 1.74 0.39 0.023 0.006 No 0.136

35 2.87 0.46 1.59 0.38 0.023 0.006 No 0.141

36 2.79 0.58 1.78 0.49 0.021 0.008 No 0.148

37 2.97 0.47 1.66 0.37 0.023 0.006 No 0.174

Values are given for the mean cell-length before/after division and the mean elongation rate, as well as the respective standard devia-
tions. Furthermore, results of bimodality are given for the distribution of the elongation rate in each colony and the D-value (Dip test
value).

aBimodality of elongation rate histograms was computed according to Hartigan’s dip test (The Dip Test of Unimodality) (26).
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High-Throughput Screening of SOS1 Cells
Instead of analyzing all available 3055 time-lapse images

separately recorded during 12 hours of C. glutamicum/pJC1-

PrecA-e2-crimson cultivation, only the final still images of each

microcolony were screened for spontaneously induced SOS1
cells in the following analysis. Three exemplary clonal micro-

colonies from the identical microfluidic cultivation are

shown in Figure 7a. The corresponding scatter plots are given

in Figure 7b. In more detail: MGC microcolony I

(NMGCI_cells5 858) contained no SOS1 cell (0%), MGC

microcolony II (NMGCII_cells5 870) contained two SOS1 cells

(0.26%) and MGC microcolony III (NMGCIII_cells5 707) con-

tained 25 SOS1 cells (3.53%) as shown by the parallel lines

drawn at fivefold higher threshold fluorescence than the fitted

dashed line in the fluorescence vs. area plots for the entire

population. Clearly, the number of SOS1 cells directly

depends on the selected gating, as shown in more detail in

Supporting Information 2.

Overall, the complete screening on all MGC microcolo-

nies (NMGC_COLONY5 318) revealed that between 0.07% and

0.49% of all cells (Ntotal_cells � 318 3 7505 238.500) were

SOS1 (Fig. 7c and Supporting Information 2). Our findings

are in good agreement with results obtained by offline FC

analysis after conventional shaking flask cultivations of C. glu-

tamicum/pJC1-PrecA-e2-crimson (Fig. 7d) in which the per-

centage of SOS1 cells was between 0.05% and 1.25%

(Ntotal5106) (20). This value highly depends on the gating

and number of cells analyzed, as illustrated in more detail in

Supporting Information 3.

DISCUSSION

Currently, most of the single-cell results are derived from

FC and time-lapse microscopy. During live cell microscopy,

cells are often cultivated on simple agarose pads (6) to observe

growing microcolonies over time and extract specific cellular

parameters from subsequent off-line image analysis. In addi-

tion to the required automated time-lapse microscopy, aga-

rose pads are simple enough that they can be prepared in

practically any microbiology lab. However, agarose pads very

quickly reach their experimental limitations, since there is

nearly no method of controlling the micro-environment dur-

ing the course of the experiment.

When single cells have to be cultivated for longer time

periods over many generations inside well-controllable envi-

ronments, there is practically no alternative to microfluidic

single-cell cultivation technology. This becomes even more

evident when single-cell cultivation inside dynamic environ-

ments is desired. Unfortunately, microfluidics technology is

not generally available in most laboratories, since advanced

fabrication facilities and expert knowledge are required to

build tailor-made devices. Successfully applied systems fulfill-

ing the demands of a microbiologist, especially applicability as

well as simplicity, are typically developed by highly interdisci-

plinary project consortia. In the present work, we used a fairly

simple microfluidic platform technology for various applica-

tions and strains in microbial single-cell analysis.

The presented chip incorporates several hundred MGCs

inside a single device. The high degree of parallelization ena-

bles the generation of statistically reliable information, a pre-

requisite for investigation at the single-cell level. One minor

bottleneck is automated microscopy, which currently restricts

the analysis throughput. We analyze about 100 MGCs during

a typical experiment, which we found to be a good compro-

mise between throughput, time resolution and image analysis

effort for most fast-growing microorganisms.

Previous versions of our microfluidic MGC device layout

were successfully applied in several research projects

(7,12,20,21,26–29). The two adjacent supply streams continu-

ously deliver fresh medium and remove any by-products and

secreted metabolites, while the MGC interior fluid volume is

replenished solely by diffusion, which was confirmed experi-

mentally by fluorescent microspheres and by CFD simula-

tions. This configuration enables cells to be cultivated under

optimal conditions (initial rate conditions) inside the MGCs

under the absence of any convection or shear stress. Environ-

mental changes can be implemented within seconds simply by

infusing a different medium. The availability of (in particular

low-abundance) specific medium compound (for example, N,

P sources and micronutrients) and oxygen supply is currently

under investigation utilizing more advanced microfluidic set-

ups with integrated fluid control and comprehensive model-

ing and simulation work.

C. glutamicum was chosen as a model organism due to its

high relevance for biotechnological applications (in particular,

in industrial biotechnology) and its relation to the pathogenic

relative Mycobacterium tuberculosis (30). Several other studies

on C. glutamicum reported cell-to-cell heterogeneity within

isogenic populations, revealing differences in cellular viability,

membrane potential and growth (31), amino acid productiv-

ity (12) and spontaneous prophage induction (20,32); offering

a wide range of applications ideal to verify and validate our

new system.

The described results and plots on C. glutamicum in the

present report were mainly derived to demonstrate the broad

analysis spectrum at the single-cell level instead of focusing on

the biological phenomena themselves. We basically investi-

gated C. glutamicum at four different levels of detail, namely:

I. The high spatial and temporal resolution due to mono-

layer cultivation in combination with image-based

microscopy favors the generation of complete lineage

trees, shown for two clonal colonies as an example in Fig-

ure 3. Such lineage trees give expressive impressions of

evolving microcolonies but this format is limited to a few

generations only. Related distribution charts then give a

direct impression of the obvious population

heterogeneity.

II. We analyzed 37 microcolonies with respect to growth

rate distributions enabling a closer view of the growth

rate variability of clonal populations (Fig. 4a). In total,

4,804 cells were analyzed to investigate specific cellular

parameters over the entire cultivation period or over cell

generations, deriving cellular dynamics on a long time

Original Article
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scale (Figs. 4b–4d). The large variance of single-cell elon-

gation rates (Fig. 4d) is currently under further investiga-

tion. One reason for this could be the influence of the

increasing colony size and thus the physical effects of

neighboring cells on each other.

III. During cultivation of C. glutamicum, several special phe-

notypes were identified, as illustrated in Figure 5. These

events were observed in less than 1% of all cells. Once a

specific phenotype of interest was identified, all the

microcolonies can be screened systematically. One expla-

nation for the observed dormant cells and cells with elon-

gated morphology could be the spontaneous induction

of the SOS response in the absence of any external trigger

but triggered by DNA damage (20,33). Therefore, we

focused in particular on elongated cells with impaired

growth and division behavior and additionally utilized a

genetically encoded fluorescence reporter which trans-

formed an intracellular signal, the SOS activity, into a

detectable readout. This allowed the dynamics of intra-

cellular parameters to be traced both on the individual

cell and population level (Fig. 6).

IV. All final time-lapse images were screened for SOS1 cells

(Fig. 7a). Due to the low numbers of SOS1 cells, 318

microcolonies were analyzed to derive reliable data. As

illustrated in cell size vs. fluorescence scatter plots, our

single cell data agree well with FC data. Our results

revealed that 0.07–0.5% of C. glutamicum cells expressed

spontaneously induced SOS under standard cultivation

conditions which is in good agreement with results from

conventional FC analysis (SOS1 cells5 0.07–1.25%) and

shake flask cultivation (Fig. 7d).These findings confirm

that the MGC cultivation conditions used in the present

study have no significant impact on cellular physiology.

Notably, MGC cultivations allowed the identification of

the growth of SOS1 cell clusters originating from a com-

mon mother cell (Fig. 7a - colony III). This crucial infor-

mation remains hidden if solely FC is performed.

The investigations into dynamic single-cell division are

of high interest, for example for the investigation of single-cell

lag phase behavior after changes in different environmental

conditions. Roostaltu et al. (34) monitored the dilution of

green fluorescent protein (GFP) due to cell growth and divi-

sion by FC. They found a bimodal distribution of the isogenic

population of growing and non-growing cells when the cells

were transferred from stationary phase to fresh medium

conditions.

In a similar approach, Kotte et al. (35) used a fluorescent

membrane-intercalating dye to follow the dilution of the cel-

lular fluorescence due to cell growth over time with FC. They

determined the number and growth rate of the growing cell

fraction upon a shift to a new carbon source and also found a

bimodal distribution of growing and non-growing cells.

These two examples applying FC and fluorescence dilu-

tion methods revealed highly interesting bet-hedging strat-

egies as a result of stochastic switching or responsive

diversification. Despite this, the more complex dynamics and

lineage behavior could not be resolved solely by FC. Using our

MGC with time-lapse imaging and a controlled medium

switch, this bet-hedging strategy could be directly investigated

without any fluorescence stains that may affect cell metabo-

lism. In particular, the growth dynamics and lineage informa-

tion would be directly accessible, allowing more accurate

interpretations of the bimodal distribution at the single-cell

level and functionally at population level. Furthermore, criti-

cal cellular phenomena such as cell lysis would also be directly

observable. This is not possible with FC.

In contrast, dynamic large-scale processes, such as moni-

toring the synthesis of a destabilized green fluorescent protein

(GFP) (36) under changing environmental reactor conditions

could be difficult to investigate with the current MGC setup.

Whereas FC can be connected to real bioprocesses, the MGC

cannot mimic complex dynamic bioprocesses yet. This needs

further development, for example the possibility of perform-

ing batch cultivation, as shown by Dai et al. (37), or the

implementation of integrated valves and pumps to create and

control dynamic flow profiles (15).

We further want to emphasize that our method is not

limited to one specific microorganism and can be applied for

various other microorganisms. Currently, the limiting step for

widespread use in microbiology and biotechnology is the

demand for automatic image analysis tools. Most of the

organisms have different specific characteristics in division

behavior and cell morphology, which typically require tailor-

made image analysis algorithms.

CONCLUSIONS

The presented microfluidic technology allows the system-

atic single-cell analysis of clonal microbial populations and

screening for rare cellular events with high statistical reliabil-

ity, an important prerequisite for systematic cell-to-cell heter-

ogeneity studies.

Using conventional cultivation technology in combina-

tion with FC enables a snapshot analysis of rare events. How-

ever, the history, cell lineages and cellular dynamics cannot be

investigated. The MGC has proven useful for investigating

single-cell growth and dynamic behavior such as spontaneous

SOS response and interestingly revealed both spontaneously

induced single cells as well as spontaneously induced cell clus-

ters. We propose that such technology will find its place in

microbiology as a complimentary technique next to conven-

tional FC. This may offer new insights into the mechanisms of

rare bacterial cellular events.

Future applications of these techniques for cultivation

and analysis at the single-cell level will expand our under-

standing of cell-to-cell heterogeneity in various biological

processes, ranging from antibiotic screening (38) and adap-

tion processes (39–41) to new insights for applied fields such

as food microbiology (42). Particularly for the investigation of

cellular processes in the early exponential and lag phase (43),

suitable tools are still lacking. The MGCs offer a novel tech-

nique for future investigation of these phenomena.
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4 Discussion	

4.1 Mechanisms	underlying	the	spontaneous	induction	of	the	C.	

glutamicum	prophage	CGP3	

Bacterial	 genomes	 are	 littered	 with	 DNA	 of	 prophagal	 origin	 (Casjens,	 2003).	 Genome	

analyses	have	shown	that	up	to	20%	of	a	bacteria's	genome	can	be	of	viral	origin	(Casjens	

et	al.,	2000).	Therefore,	 it	 is	not	far-fetched	that	this	DNA	can	have	a	marked	impact	on	

the	bacteria's	physiology.	Not	only	are	novel	genes	and	functions	introduced	into	the	host	

(Canchaya	et	al.,	 2004),	but	also	 the	excision	and	 integration	dynamics	of	 the	prophage	

DNA	 itself	 influence	 the	 host	 as	 well	 (Dobrindt	 et	 al.,	 2004).	 Therefore	 it	 is	 of	 utmost	

importance	 for	 the	 survival	 of	 individual	 bacteria	 to	 tightly	 control	 the	 stability	 of	 their	

lysogenic	prophages.	

Nevertheless,	work	performed	by	Lwoff	and	coworkers	revealed	that	there	is	free	

phage	 DNA	 in	 the	 supernatant	 of	 bacterial	 cultures	 that	 are	 cultivated	 under	 standard	

laboratory	 conditions	 (Lwoff,	 1953).	 Therefore,	 spontaneous	 excision	 of	 prophages	 and	

consequent	lysis	of	the	bacterial	cell	seems	unavoidable.	Indeed,	later	studies	found	that	

E.	 coli	 cells	 display	 spontaneous	 activity	 of	 their	 prophages	 and	 foreign	 DNA	 in	 a	 small	

fraction	of	cells	(Hertman	and	Luria,	1967).	This	spontaneous	activation	is	of	 importance	

for	various	biological	functions,	such	as	bacterial	pathogenicity	(e.g.	Shiga-toxin	producing	

E.	coli)	 (Loś	et	al.,	2012)	or	biofilm	formation	(P.	aeruginosa)	 (Webb	et	al.,	2003;	Rice	et	

al.,	2008).		The	mechanisms	underlying	these	processes	not	been	studied	extensively	thus	

far,	making	it	all	the	more	interesting	to	elucidate	them.	
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In	 this	 work,	 the	 role	 of	 the	 SOS	 response	 in	 promoting	 the	 spontaneous	 induction	 of	

prophage	CGP3	was	characterized	in	C.	glutamicum.	C.	glutamicum	and	its	prophage	CGP3	

represent	an	interesting	model	to	study	the	relationship	between	host	and	bacteriophage	

in	 terms	 of	 spontaneous	 prophage	 induction	 for	 many	 reasons.	 On	 one	 hand,	 C.	

glutamicum	 is	a	close	relative	of	Mycobacterium	tuberculosis	(Stackebrandt	et	al.,	1997),	

the	causal	agent	of	tuberculosis	in	humans.	Findings	from	studies	on	C.	glutamicum	can	be	

studied	 in	 M.	 tuberculosis,	 as	 well,	 to	 eventually	 find	 novel	 targets	 for	 treatment	 of	

patients	suffering	from	a	tuberculosis	infection.	On	the	other	hand,	C.	glutamicum	is	one	

of	the	most	widely	used	and	thus	 important	bacteria	 in	White	Biotechnology,	and	so	far	

no	known	 infectious	bacteriophages	have	been	described	 for	 it.	Whereas	 fermentations	

with	 the	 commonly	 used	 bacteria	 E.	 coli	 can	 and	 often	 do	 suffer	 from	 infection	 with	

bacteriophages	 (Łoś,	 2004),	C.	 glutamicum	 does	not	have	 this	 drawback.	 Thus,	 studying	

the	 physiology	 of	 the	 resident	 prophage	 CGP3	 -	 that	 at	 some	 point	 was	 successful	 in	

infecting	C.	glutamicum	-	and	assessing	the	effects	that	this	cryptic	phage	has	on	its	host,	

is	 of	 great	 interest	 (Frunzke	 et	 al.,	 2008).	 Furthermore,	 studies	 on	 CGP3	 and	 the	

mechanisms	that	i)	keep	it	in	its	lysogenic	form	and	ii)	make	C.	glutamicum	hard	to	infect	

may	 prove	 valuable	when	 addressing	 the	 aforementioned	 challenges	 faced	 in	 industrial	

cultivation	of	E.	coli	strains.	

	

4.2 Spontaneous	SOS	response	

Lambdoid	phages	 such	as	Phage	λ	 are	 induced	by	 the	 SOS	 response	 (Oppenheim	et	 al.,	

2005).	When	the	integrity	of	the	bacterial	genome	is	compromised,	the	ssb	protein	RecA	is	
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activated	(RecA*)	and	induces	the	SOS	response	(Friedberg	et	al.,	2005).	RecA*	acts	as	a	

co-protease	 of	 the	 repressor	 LexA,	 the	 master	 regulator	 of	 the	 SOS	 response,	 which	

undergoes	 autoproteolytic	 cleavage	 (Little,	 1984).	 However,	 RecA*	 recognizes	 other	

substrates	as	well,	amongst	them	the	phage	repressor	CI	in	E.	coli.	Its	cleavage	leads	to	the	

expression	of	genes	required	for	the	lytic	 life	cycle	and	the	excision	of	phage	λ	from	the	

genome	(Oppenheim	et	al.,	2005).	

In	 this	 work,	 a	 relationship	 between	 the	 host	 SOS	 response	 and	 the	 induction	 of	

prophage	CGP3	of	C.	glutamicum	was	established	(Nanda	et	al.,	2014).	Spontaneous	PrecA	

activity	was	observed	in	about	0.2%	of	the	bacterial	population.	A	high	positive	correlation	

was	 observed	 for	 the	 promoter	 of	 recA	 and	 down-stream	 SOS-responsive	 promoters.	

Thus,	we	conclude	that	the	spontaneous	activity	of	PrecA	leads	to	a	bona	fide	induction	of	

the	SOS	response,	excluding	promoter	noise	as	 the	source	of	the	observed	spontaneous	

PrecA	 activity	 in	 most	 cells.	 Earlier	 studies	 revealed	 that	 spontaneously	 occurring	 DNA	

breakage	 leads	 to	 an	 induction	 of	 SOS-regulated	 genes	 (in	 this	 case	 the	 cell	 division	

inhibitor	 PsulA)	 (Pennington	 and	 Rosenberg,	 2007).	 Owing	 to	 rapid	 growth	 during	 the	

logarithmic	growth	phase,	polymerases	stall	more	frequently	at	replication	forks,	 leading	

to	 their	 inactivation	 (Cox,	2000),	 thus	accumulating	 regions	of	 single-stranded	DNA	 that	

are	sufficient	to	induce	the	SOS	response	(Higuchi,	2003;	McInerney	and	O’Donnell,	2007).	

Indeed,	we	 see	 an	 increased	 activity	 of	 PrecA	 during	 the	 logarithmic	 growth	 phase	 in	C.	

glutamicum.	What	 should	 not	 be	 neglected,	 however,	 is	 the	 possibility	 of	 the	 observed	

spontaneous	 events	 having	 occurred	 during	 the	 stationary	 phase	 of	 pre-cultivation	 or	

during	the	lag	phase	after	inoculation	in	fresh	medium.	Cells	which	are	not	able	to	resume	

growth	would	remain	in	the	dormant	and	PrecA–activated	state.	It	has	been	described	for	
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Salmonella	 enterica	 serovar	 Typhimurium	 that	 a	 transient	 accumulation	 of	 metal	 ions,	

specifically	 iron,	 takes	place	during	 the	 stationary	growth	phase	and	 in	 turn	 leads	 to	an	

increase	 of	 reactive	 oxygen	 species	 due	 to	 the	 Fenton	 reaction	 (Rolfe	 et	 al.,	 2012).	

Likewise,	the	uptake	of	iron	has	been	linked	to	spontaneous	RecA-dependent	induction	of	

the	Shewanella	oneidensis	prophage	λSo	(Binnenkade	et	al.,	2014).	The	effect	iron	has	on	

the	SOS	response	 in	C.	glutamicum	has	been	tested.	 Interestingly,	 these	studies	showed	

that	a	shift	of	wild	type	C.	glutamicum	cells	from	iron-limited	minimal	medium	into	iron-

supplemented	minimal	medium	 leads	 to	a	high	 rate	of	 spontaneous	activity	of	 the	PrecA	

promoter	fusion	(Pfeifer,	2013).	

4.3 Spontaneous	induction	of	CGP3	

We	demonstrated	that	strains	lacking	SOS	activity	(ΔrecA)	are	impaired	in	their	ability	to	

induce	 prophagal	 promoters	 of	 CGP3,	 and	 that	 a	 constitutively	 elevated	 SOS	 induction	

(ΔlexA)	leads	to	an	increased	activity	of	the	promoters.	

In	 the	 ::PrecA-eyfp	 strain	 transformed	 with	 promoter	 fusions	 of	 CGP3-encoded	

genes	 int2	or	 lysin	we	observe	a	correlation	between	both	reporter	signals	at	 the	single	

cell	level,	albeit	to	a	lower	degree	than	for	signals	of	PrecN	or	PdivS,	which	are	regulated	by	

the	SOS	response.	This	indicates	that	the	SOS	response	is	not	the	sole	or	causal	trigger	for	

CGP3	induction,	yet	implies	its	role	in	feeding	into	the	mechanism	of	prophage	induction.	

It	 is	conceivable	that	the	SOS	response	 induces	prophagal	antirepressors	that	 lead	to	an	

activation	 of	 prophage	 genes,	 as	 it	 is	 described	 for	 Salmonella	 enterica	 (Lemire	 et	 al.,	

2011).	A	 first	 step	 to	 validating	 the	hypothesis	 lies	 in	 finding	 repressors	of	CGP3	genes.	

Putative	 genes	 could	 be	 deleted	 or	 over-expressed	 to	 asses	 their	 effect	 on	 prophage	
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dynamics.	 Furthermore,	 promising	 candidates	 could	 then	 be	 used	 as	 an	 epitope	 for	

affinity	 chromatography	 experiments.	 A	 less	 directed	 and	more	 global	 approach	 can	 be	

taken	as	well,	e.g.	by	comparing	the	proteomes	of	cells	which	are	grown	to	minimally	and	

maximally	induce	their	prophage	and	searching	for	putative	regulatory	proteins.	

A	 putative	 candidate	 for	 further	 studies	 is	 the	 sigma	 factor	 SigH	 (Busche	 et	 al.,	

2012).	SigH	triggers	expression	of	the	genes	uvrA	(cg1560),	uvrC	(cg1790),	both	involved	in	

nucleotide-excision	repair,	uvrD3	(cg1555),	which	encodes	a	DNA	helicase	similar	to	UvrD	

proteins,	and	a	gene	cluster	putatively	involved	in	alkylated	DNA	repair	(cg0184-cg0186).	

SigH	and	uvrA	are	both	controlled	by	LexA,	as	evidenced	by	the	presence	of	SOS	boxes	in	

their	 promoter	 regions,	 thus	 linking	 SigH	 to	 the	 SOS	 response	 even	 more	 tightly	 and	

presenting	it	as	a	central	regulator	of	this	response	(Busche	et	al.,	2012).	In	S.	aureus	the	

alternative	 sigma	 factor	H	has	 a	 stabilizing	effect	on	 the	prophage	by	expression	of	 the	

SigH-controlled	integrase,	which	is	responsible	for	reintegration	of	excised	prophages	(Tao	

et	al.,	2010).	However,	no	CGP3	genes	were	shown	to	be	under	control	of	SigH	(Busche	et	

al.,	2012).	To	 further	 investigate	the	possibility	of	SigH	acting	as	a	higher	 level	 regulator	

that	influences	CGP3	excision	and	integration	dynamics,	a	deletion	mutant	of	SigH	and	its	

direct	SOS	targets	might	provide	insights	into	the	underlying	regulatory	dynamics.	

	

Further	hints	towards	the	complexity	of	CGP3	regulation	were	found.	In	E.	coli,	the	phage	

repressor	CI	represses	phage	λ.	C.	glutamicum	possesses	a	Cro/CI-type	regulator	(Cg2040),	

however	 it	shows	no	significant	change	 in	the	 induction	of	CGP3	genes	when	deleted	or	

overexpressed	 (Heyer,	 2013).	 Likewise,	 the	 reported	 studies	 show	 no	 influence	 of	 the	

potential	prophage	 repressor	on	CGP3	 induction.	 	A	point	mutation	within	 the	 cleavage	
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site	of	LexA	in	C.	glutamicum,	analogous	to	a	LexA	non-cleavable	mutation	in	E.	coli	(Ind-),	

behaves	similarly	to	the	ΔrecA	strain,	as	expected.	However,	it	exhibits	a	surprisingly	high	

activity	 of	 the	 LexA-regulated	 Plysin	 and	 PcglIM	 promoters,	 indicating	 a	 RecA-independent	

mode	of	induction	for	CGP3	genes	in	C.	glutamicum.	Because	the	ΔlexA	and	ΔrecA	strains	

exhibit	 the	 expected	 loss-of-function	 and	 gain-of-function	 phenotypes	 in	 regards	 to	 the	

SOS	 response,	 and	 the	 LexA_G143D	 mutant	 exhibits	 an	 inhibited	 SOS	 response	 with	

simultaneous	 induction	 of	 CGP3	 genes,	 so	 far	 unknown	 RecA-independent	 roles	 in	

repressing	genes	for	LexA	can	be	stipulated.		

	

To	test	this	hypothesis,	different	approaches	can	be	chosen.	The	promoter	regions	of	lysin	

or	cglIM	and	other	 known	 LexA	 targets,	 such	as	 recA,	 can	be	utilized	 in	 electrophoretic	

mobility	 shift	 assays	 using	 purified	 LexA	 and	 LexA_G143D	 to	 analyze	 putatively	 altered	

binding	properties	of	both.	In	a	more	global	approach,	the	promoter	sequences	of	interest	

can	be	 immobilized	by	biotinylation	and	 incubated	with	 crude	extracts	of	wild	 type	and	

LexA_G143D	 strains	 cultivated	 under	 SOS-inducing	 and	 non-inducing	 conditions,	 thus	

finding	novel	DNA-binding	proteins	involved	in	the	SOS	response	and	CGP3	induction.	

As	 another	 global	 approach,	 the	 transcriptome	 of	 the	 LexA_G143D	 strain	 can	 be	

compared	 to	 that	 of	 the	wild	 type	 strain	 before	 and	 after	 addition	 of	mitomycin	 C.	 To	

analyze	effects,	which	do	not	act	on	the	 level	of	 transcription	but	 rather	on	the	 level	of	

translation,	 protein	 extracts	 of	 both	 strains	 would	 then	 be	 subjected	 to	 2D-PAGE	 and	

subsequent	analysis	by	MALDI.		
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4.4 The	fate	of	cells	with	a	SI	of	the	SOS	response	and	CGP3	

FACS	analysis	reveals	a	divergent	fate	for	cells	with	either	an	elevated	PrecA	or	Pint2	activity	

or	with	a	high	activity	of	both	promoter	fusions.	Roughly	50%	of	cells	with	an	induced	SOS	

response,	 and	75%	of	 cells	with	an	 induced	prophage,	 are	unable	 to	 resume	growth	on	

cultivation	plates.	Cells	with	a	high	activity	of	both	promoters	only	have	a	viability	of	10%	

(Nanda,	2014).	Further	analysis	of	the	::PrecA-eyfp	strain	in	a	microfluidic	cultivation	system	

confirm	 this	 finding	 (Julia	Frunzke,	personal	 communication).	However,	 the	FACS	 results	

can	not	be	confirmed	for	the	CGP3	promoter	fusions	when	cultivated	 in	the	microfluidic	

cultivation	 setup	 (data	 not	 shown).	 The	 signal	 output	 of	 the	 CGP3	 promoter	 fusions	 is	

generally	lower	than	for	the	PrecA	promoter	fusions.	Therefore,	it	is	likely	that	spontaneous	

activity	observed	in	the	flow	cytometer	is	not	seen	in	the	microfluidic	setup.	This	leads	to	

observed	cases	of	CGP3	promoter	activity	in	single	cells	representing	rather	high	activities.	

In	this	scenario,	low,	pulsing	activities	of	CGP3	promoters,	without	a	growth	inhibition,	is	

not	seen.	To	test	whether	a	low	signal	 intensity	is	 indeed	the	source	of	this	observation,	

the	 CGP3	 promoters	 can	 be	 cloned	 to	 drive	 expression	 of	 the	 autofluorescent	 protein	

venus,	 which	 is	 currently	 being	 utilized	 in	 combination	with	 the	 PrecA	 promoter,	 and	 be	

integrated	into	the	genome.	venus	is	a	third	generation	derivative	of	YFP	which	has	useful	

properties	 for	 dynamic	 measurements,	 such	 as	 a	 higher	 signal	 output	 and	 a	 faster	

maturation	time	(Nagai	et	al.,	2002).	

A	pulsing	behavior	is	observed	for	the	PrecA-eyfp	reporter	signal	in	cells	with	normal	

growth	 behavior,	 as	 well	 as	 a	 continuous	 signal	 in	 cells	 with	 inhibited	 growth	 or	 an	

alleviation	 of	 this	 signal	 in	 cells	 that	 resumed	 growth	 (Nanda,	 2014).	 Pennington	 et	 al.	

observed	a	 spontaneous	 induction	of	 the	PsulA-gfp	 promoter	 fusion,	 as	well	 (Pennington	
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and	Rosenberg,	2007).	In	their	studies,	35%	of	PsulA-active	cells	in	E.	coli	are	able	to	resume	

growth.	Removal	of	sulA	reveals	that	growth	inhibition	after	spontaneous	SOS	induction	is	

not	necessarily	caused	by	irreparable	DNA	damage	but	might	reflect	a	state	of	senescence	

(Fonville	 et	 al.,	 2010).	 Cellular	 senescence	 describes	 the	 process	 of	 a	 cell’s	 response	 to	

exogenous	 or	 endogenous	 stress.	 In	 this	 context,	 describing	 the	 reported	 findings	 as	

senescence	makes	sense.	As	the	bacterial	cell	tries	to	either	compensate	the	encountered	

DNA	damage	by	arresting	its	cell	cycle	and	inducing	repair	mechanisms	or	by	completely	

halting	its	growth,	ultimately	 leading	to	cell	stasis,	the	survival	of	unfit	cells	 is	decreased	

(Campisi	and	d’Adda	di	Fagagna,	2007;	Pennington	and	Rosenberg,	2007).	Assessing	 the	

age	of	individual	cells	and	measuring	their	spontaneous	SOS	response	complete	with	cell	

fate	 (repair	 and	 growth	 or	 growth	 inhibition)	 over	 the	 course	 of	many	 generations	will	

allow	us	to	estimate	the	effect	of	cellular	aging	on	the	growth	of	C.	glutamicum.	The	tools	

necessary	 for	 experiments	 towards	 this	 end	 are	 present	 and	 rely	 on	 cultivation	 in	

specialized	microfluidic	chambers	(Wang,	2010;	Grünberger,	2012)	and	the	visual	tracking	

and	separation	of	the	bacteria	under	study	(Helfrich,	2015).	

	

Whether	the	growth	inhibition	of	cells	with	a	continuous	reporter	output,	as	observed	in	

our	 studies,	 is	 caused	 by	 cell	 death	 or	 if	 these	 cells	 are	 in	 a	 dormant	 state	 can	 not	 be	

tested	 in	 this	 system.	Using	 a	mutant	 strain	 lacking	 the	 repressor	of	 cell	 division	DivS	 a	

better	 estimation	 of	 how	much	 lethal	 DNA	 damage	 is	 encountered	 by	 cells	 during	 the	

exponential	growth	phase	can	be	gained,	especially	when	coupled	to	cellular	dyes	such	as	

PI,	 Syto	 9	 and	 DiOC2(3)	 (Neumeyer	 et	 al.,	 2013),	 which	 act	 as	 an	 indicator	 of	 a	 cell’s	

metabolic	status	and	viability.	Further	breaking	down	the	cellular	fate	into	DivS-	and	RecA-
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dependent	growth	inhibition	will	shed	light	on	the	involvement	of	the	SOS	response	in	this	

process.	

Taken	 together,	 the	 use	 of	 dual	 promoter	 fusion	 strains	 will	 prove	 helpful	 in	

resolving	the	sequence	of	SOS	and	CGP3	induction.	Furthermore,	the	cell's	fate	after	the	

induction	 of	 either	 event	 can	 be	 monitored	 and	 categorized.	 The	 activity	 of	 promoter	

fusions,	and	their	temporal	dynamics	along	with	growth	rates	of	the	corresponding	cells,	

will	help	in	painting	a	more	detailed	picture	of	the	induction	mechanics	of	CGP3.	

So	 far,	 the	 link	 between	 an	 activity	 of	 the	 chosen	 CGP3-encoded	 genes	 to	 the	

excision	of	CGP3	has	not	been	established.	To	this	end,	a	C.	glutamicum	strain	combining	

the	CGP3	promoter	fusions	(Nanda	et	al.,	2014)	and	a	genomically	 integrated	tetO	array	

together	 with	 a	 plasmid-based	 YFP-TetR	 fusion	 (Frunzke	 et	 al.,	 2008)	 should	 be	

constructed.	Using	microfluidic	cutivation,	the	correlation	of	CGP3	promoter	activity	and	

of	CGP3	excision	can	be	analyzed.	

4.5 Global	response	to	a	deletion	of	recA	

Because	 the	 spontaneous	 induction	 of	 the	 SOS	 response	 is	 not	 impaired	 in	 the	 ΔrecA	

strain,	 the	 transcript	 levels	 of	 ΔrecA	 were	 compared	 to	 those	 of	 C.	 glutamicum	 ATCC	

13032	before	and	after	the	addition	of	MmC	to	gain	further	insights	into	the	SOS	response	

pathway	 of	 C.	 glutamicum.	 We	 observed	 that	 LexA-regulated	 genes	 were	 significantly	

down-regulated	 in	 the	 deletion	mutant,	 as	well	 as	 CGP3-encoded	 genes,	which	we	 had	

previously	postulated	to	be	indirectly	controlled	by	the	SOS	response	(Nanda	et	al.,	2014).	

Genes	of	enzymes	that	are	involved	in	metabolic	processes	were	down-regulated	

in	ΔrecA,	which	might	be	specific	to	the	deletion	of	recA	or	a	general	response	to	MmC,	as	
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seen	in	Pseudomonas	aeruginosa	where	addition	of	the	SOS-inducing	antibiotic	ciproflaxin	

down-regulates	 a	 large	 number	 of	 genes	 involved	 in	 metabolic	 processes	 (Cirz	 et	 al.,	

2006).		

Many	 mechanisms	 exist	 in	 various	 bacteria	 to	 avoid	 the	 effects	 of	 xenobiotic	

compounds,	amongst	them	the	efflux,	enzymatic	degradation	or	modification	of	the	toxic	

compound	 (Wright,	 2005;	Nishino	and	Yamaguchi,	 2008;	Nikaido,	 2010).	 Interestingly,	 a	

high	number	of	 transporters,	 as	well	 as	 genes	putatively	 involved	 in	 group	 transfer	 and	

modification	of	toxic	compounds	are	up-regulated	in	the	ΔrecA	strain.	These	might	pose	a	

part	 of	 a	 drug	 evasion	 mechanism	 of	 C.	 glutamicum.	 Various	 antibiotic	 resistance	

mechanisms	 are	 known	 for	 Corynebacteria	 species,	 among	 them	 efflux	 systems	 and	

transferases.	 These	 include	 the	 resistance	 towards	 stretptomycin,	 spectinomycin	 and	

tetracyclines,	mediated	by	resistance	genes	on	the	R-plasmids	pTET3	in	C.	glutamicum	LP-

6	(Tauch	et	al.,	2002),	streptomycin,	spectinomycin	and	sulfonamide	resistance	on	pCG4	in	

C.	glutamicum	31830	(Tauch	et	al.,	2003)	and	chloramphenicol	resistance	mediated	by	the	

plasmid	pXZ10145	in	C.	glutamicum	1014	(Na	et	al.,	1991).	Furthermore,	penicillin	binding	

proteins	 (PBP)	have	been	 found	 in	 sequence	analyses	of	C.	glutamicum.	The	deletion	of	

four	 high-molecular-weight	 PBPs	 were	 shown	 to	 increase	 sensitivity	 to	 β-lactam	

antibiotics	 (Valbuena	et	al.,	2007).	Additionally,	 the	genome	of	C.	glutamicum	possesses	

potential	 β-lactamase	 genes	 (Kalinowski,	 2005).	 Considering	 that	 cell	 wall	 damage	

mediated	by	β-lactam	antibiotics	is	sensed	by	the	cell	and	elicits	an	SOS	response	in	E.	coli	

(Miller,	 2004),	 the	 up-regulation	 of	 the	 multitude	 of	 potential	 drug	 export	 and	

metabolizing	 enzymes	 in	 our	 studies	 provide	 an	 interesting	 question	 as	 to	 unknown	
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compounds	 able	 to	 induce	 the	 SOS	 response	 and	 potential	 novel	 pathways	 of	 evading	

cellular	stress	in	C.	glutamicum.	

	

The	work	presented	in	this	thesis	has	studied	the	relationship	between	the	SOS	response	

and	the	spontaneous	induction	of	prophage	CGP3.	Single-cell	reporters	for	SOS	and	CGP3	

activity	were	constructed	and	tested	in	combination,	and	it	was	shown,	that	both	have	a	

high	activity	in	a	small	subset	of	cells	under	normal	cultivation	conditions.	The	results	

outlined	in	this	thesis	paint	the	picture	that	intrinsic,	spontaneous	DNA	damage	is	closely	

involved	in	spontaneous	activation	of	the	C.	glutamicum	prophage	CGP3	at	the	single-cell	

level.	On	a	population-wide	level,	key	players	of	the	SOS	response	were	deleted	and	the	

effects	on	CGP3	induction	assessed.	Whereas	constitutive	SOS	induction	led	to	a	high	

induction	of	CGP3	genes,	a	reduction	of	SOS	response	led	to	a	decrease	in	CGP3	gene	

activity.	Furthermore,	a	gain-of-function	mutation	of	the	transcriptional	repressor	LexA	

surprisingly	led	to	a	high	increase	in	CGP3	gene	activity.	 

This	 thesis	 has	 underlined	 the	 intricacies	 of	 the	 SOS	 pathway	 in	 C.	 glutamicum	 and	 its	

accompanying	 activation	 of	 the	 prophage	 CGP3.	 It	 has	 laid	 the	 groundwork	 for	 future	

studies	 regarding	 spontaneous	 prophage	 induction	 in	 C.	 glutamicum,	 the	 activity	 of	

prophage	CGP3,	and	the	SOS	regulon	of	C.	glutamicum.	
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6 Appendix	

6.1 Analysis	of	SOS-Induced	Spontaneous	Prophage	Induction	in	

Corynebacterium	glutamicum	at	the	Single-Cell	Level	

	
	
All	Supplemental	Movie	Files	can	be	viewed	online	at	the	article’s	Data	Supplement.	
	
	
Movie S1, C. glutamicum PrecA-eyfp reporter strain during cultivation in PDMS-
based microfluidic chip devices 
 

http://jb.asm.org/content/suppl/2013/12/05/JB.01018-
13.DCSupplemental/zjb999092968sm1.mp4 

 
Movie S2, C. glutamicum PrecA-eyfp reporter strain during cultivation in PDMS-
based microfluidic chip devices 
 

http://jb.asm.org/content/suppl/2013/12/05/JB.01018-
13.DCSupplemental/zjb999092968sm2.mp4 

 
Movie S3, C. glutamicum PrecA-eyfp reporter strain during cultivation in PDMS-
based microfluidic chip devices; in some microcolonies, cells exhibiting the 
classical DivS phenotype were observed 
 

http://jb.asm.org/content/suppl/2013/12/05/JB.01018-
13.DCSupplemental/zjb999092968sm3.mp4	
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6.2 Assessing	the	Role	of	the	SOS	Response	in	the	induction	of	prophage	

CGP3	of	Corynebacterium	glutamicum	 	
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Gene	ID Gene	name Annotation t	=	0	h t	=	0.5	h

cg0713 hypothetical	protein,	conserved 0,78 0,33
cg0714 putative	polymerase	involved	in	DNA	repair 0,79 0,35
cg0875 hypothetical	protein,	conserved 1,43 0,47
cg0938 cspB cold	shock	protein 2,11 1,94
cg1288 putative	multidrug	efflux	permease	of	the	major	facilitator	superfamily 2,06 1,23
cg1291 putative	membrane	protein 2,55 3,08
cg1560 uvrA excinuclease	ABC	subunit	A 0,58 0,44
cg1602 recN	 DNA	repair	protein	 0,48 0,1
cg1696 putative	antibiotic	efflux	permease	of	the	major	facilitator	superfamily 2,61 1,77
cg1760 sufU	 cysteine	desulfhydrase 0,5 0,74
cg1763 sufD	 Fe-S	cluster	assembly	membrane	protein 0,48 0,76
cg1764 sufB	 Fe-S	cluster	assembly	protein 0,47 0,77
cg1765 sufR	 transcriptional	regulator	of	suf	operon 0,48 0,84
cg1891 alpA putative	phage	DNA	adapter	protein	CGP3	region 0,49 0,71
cg1896 putative	secreted	protein	CGP3	region 0,47 0,56
cg1897 putative	secreted	protein	CGP3	region 0,23 0,34
cg1975 hypothetical	protein,	conserved	CGP3	region 0,47 0,55
cg1977 putative	secreted	protein	CGP3	region 0,82 0,42
cg1978 hypothetical	protein	CGP3	region 0,76 0,44
cg1981 hypothetical	protein	CGP3	region 0,78 0,46
cg2008 putative	membrane	protein	CGP3	region 0,39 0,63
cg2014 hypothetical	protein	CGP3	region 0,42 0,48
cg2016 hypothetical	protein	CGP3	region 0,45 0,76
cg2017 hypothetical	protein	CGP3	region 0,45 0,6
cg2018 putative	membrane	protein	CGP3	region 0,38 0,48
cg2019 putative	membrane	protein	CGP3	region 0,4 0,86
cg2022 putative	secreted	protein		CGP3	region 0,29 0,41
cg2032 putative	membrane	protein	CGP3	region 0,45 0,6
cg2062 putative	protein,	similar	to	plasmid-encoded	protein	PXO2.09	CGP3	region 0,39 0,68
cg2063 putative	membrane	protein	CGP3	region 0,31 0,62
cg2064 putative	DNA	topoisomerase	I	omega-protein	EC:5.99.1.2	CGP3	region 0,29 0,56
cg2112 nrdR	 transcriptional	regulator	of	deoxyribonucleotide	biosynthesis,	YbaD-family 0,87 0,32
cg2113 divS	 transcriptional	regulator,	suppressor	of	cell	division 0,72 0,2
cg2114 lexA	 transcriptional	repressor/regulator,	involved	in	SOS/stress	response,	LexA-family 0,9 0,3
cg2140 recX	 transcriptional	regulator	involved	in	DNA	repair,	RecX-family 0,65 0,41
cg2141 recA	 recombinase	A	(EC:3.4.21.88) 0,3 0,22
cg2183 oppC ABC-type	peptide	transport	system,	permease	component 2,65 2,8
cg2184 oppD ATPase	component	of	peptide	ABC-type	transport	system,	contains	duplicated	ATPa 	 2,76 2,95
cg2381 hypothetical	protein,	conserved 2,41 0,98
cg2449 putative	protein,	involved	in	SOS	and	stress	response,	conserved 0,65 0,22
cg2636 catA1	(catA) catechol	1,2-dioxygenase	(EC:1.13.11.1) 0,49 0,69
cg3107 adhA	 Zn-dependent	alcohol	dehydrogenase	(EC:1.1.1.1) 0,47 0,65
cg3141 hmp	 flavohemoprotein 2,09 2,17

	 	 	
	 	

PREVIOUSLY	IDENTIFIED	TO	BE	INDUCIBLE	BY	THE	SOS	RESPONSE

SUPPLEMENTARY	 TABLE	 1	 Differentially	 expressed	 genes	 in	 a	 DNA	 microarray-based	 transcriptome	 comparison	 of	 the	 C.	
glutamicum	 ΔrecA	 strain	 and	 the	 ATCC	 13032	 wild	 type	 strain1	 2.	 Samples	 analyzed	 were	 taken	 before	 the	 addition	 of	
mitomycin	C	(t=0h)	and	30	minutes	after	addition	of	2µM	mitomycin	C	(t=0.5h).	Genes	listed	were	found	to	be	a	part	of	either	
the	mitomycin	C	stimulon,	the	ΔlexA	regulon,	or	the		SOS	and	Stress	Response	modulon	as	defined	in	the	CRN	database.*	

	 	 	 	 	 	 	 	 E *	
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	 	Gene	ID Gene	name Annotation t	=	0	h t	=	0.5	h

cg0031 putative	reductase,	related	to	diketogulonate	reductase 2,15 1,36
cg0043 znuC2 ABC-type	Mn/Zn	import	system	Znu2,	ATP-binding	protein	 3,52 2,29
cg0053 putative	iron-siderophore	ABC	transporter,	ATP-binding	protein 2,23 1,71
cg0078 putative	membrane	protein	 2,27 1,35
cg0288 putative	ABC	transporter,	transmembrane	and	ATPase	subunit 3,34 0,97
cg0421 wzx putative	translocase	involved	in	export	of	a	cell	surface	polysaccaride,	horizontally	tr 0,48 0,56
cg0427 tnp17b transposase	fragment,	putative	pseudogene,	horizontally	transferred 2,25 1,58
cg0428 tnp17c transposase	fragment,	putative	pseudogene,	horizontally	transferred 2,48 2,14
cg0661 hypothetical	protein,	conserved 2,57 1,54
cg0666 putative	membrane	protein 3,92 1,59
cg0772 putative	sugar	efflux	permease,	MFS-type 1,98 2,15
cg0777 putative	ABC-type	iron-siderophore	transporter,	ATPase	subunit 2,24 2,26
cg0778 putative	ABC-type	iron-siderophore	transporter,	permease	subunit 1,83 2,18
cg0961 putative	homoserine	O-acetyltransferase 0,45 0,62
cg1149 hypothetical	protein	 3,92 1,76
cg1232 putative	protein,	conserved,	LmbE-family 2,35 1,99
cg1295 putative	hydrolase	or	acyltransferase	α/β	hydrolase	superfamily 2,1 1,46
cg1307 putative	superfamily	II	DNA	and	RNA	helicase 1,34 2,01
cg1749 hypothetical	protein	CGP2	region 0,48 0,8
cg1808 hypothetical	protein 2,06 1,63
cg1934 hypothetical	protein	CGP3	region 0,39 0,66
cg1936 putative	secreted	protein	CGP3	region 0,49 0,62
cg1955 putative	secreted	protein		CGP3	region 0,5 0,59
cg1976 hypothetical	protein	CGP3	region 0,4 0,62
cg1982 putative	ATPase	with	chaperone	activity,	ATP-binding	subunit	CGP3	region 0,66 0,49
cg1995 hypothetical	protein	CGP3	region 0,48 0,7
cg2048 hypothetical	protein	CGP3	region 2,55 1,35
cg2105 hypothetical	protein 2,27 1,46
cg2118 fruR	 transcriptional	regulator	of	sugar	metabolism,	DeoR-family 0,49 0,66
cg2119 pfkB	(fruK) 1-phosphofructokinase	(EC:2.7.1.56) 0,45 0,77
cg2349 putative	ATPase	component	of	ABC	transporter	for	antiobiotics	with	duplicated	ATP 	 3,14 2,65
cg2633 putative	restriction	endonuclease 0,67 0,46
cg2637 benA	 benzoate	1,2-dioxygenase	α	subunit	aromatic	ring	hydroxylation	dioxygenase	A	(EC: 0,37 0,52
cg2638 benB	 benzoate	dioxygenase	small	subunit	(EC:1.14.12.10) 0,42 0,54
cg2642 benK1	(benK)	 putative	benzoate	transport	protein 0,49 0,51
cg2893 putative	cadaverine	transporter,	multidrug	efflux	permease,	MFS-type 0,26 0,25
cg2898 putative	3-ketosteroid	dehydrogenase 3,87 1,82
cg2919 putative	oxidoreductase 2,08 1,31
cg3080 putative	secondary	Na+/glutamate	symporter 2,12 1,75
cg3157 putative	secreted	protein 1,94 2,06
cg3272 putative	membrane	protein 1,9 2,32
cg3329 hypothetical	protein,	conserved 3,83 3,62
cg3394 putative	secreted	protein 2,02 1,45

02 b 24535 t ti 	RN 	P 2 06 1 1
	

SOS-RESPONSIVE	GENES	FOUND	IN	THIS	STUDY

SUPPLEMENTARY	 TABLE	 2	 Differentially	 expressed	 genes	 in	 a	 DNA	 microarray-based	 transcriptome	 comparison	 of	 the	 C.	
glutamicum	 ΔrecA	 strain	 and	 the	 ATCC	 13032	 wild	 type	 strain1	 2.	 Samples	 analyzed	 were	 taken	 before	 the	 addition	 of	
mitomycin	C	(t=0h)	and	30	minutes	after	addition	of	2µM	mitomycin	C	(t=0.5h).	Genes	listed	were	not	found	to	be	responsive	
to	the	SOS	response	in	previous	studies	(defined	by	not	being	part	of	either	the	mitomycin	C	stimulon,	the	ΔlexA	regulon,	or	
the	SOS	and	Stress	modulon	as	defined	at	the	CRN	database*).	

	 	 	 	 	 DY*	
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Gene	ID Gene	name Annotation t	=	0	h t	=	0.5	h

cg1891 alpA putative	phage	DNA	adapter	protein	CGP3	region 0,49 0,71
cg1896 putative	secreted	protein	CGP3	region 0,47 0,56
cg1897 putative	secreted	protein	CGP3	region 0,23 0,34
cg1934 hypothetical	protein	CGP3	region 0,39 0,66
cg1936 putative	secreted	protein	CGP3	region 0,49 0,62
cg1955 putative	secreted	protein		CGP3	region 0,5 0,59
cg1975 hypothetical	protein,	conserved	CGP3	region 0,47 0,55
cg1976 hypothetical	protein	CGP3	region 0,4 0,62
cg1977 putative	secreted	protein	CGP3	region 0,82 0,42
cg1978 hypothetical	protein	CGP3	region 0,76 0,44
cg1981 hypothetical	protein	CGP3	region 0,78 0,46
cg1982 putative	ATPase	with	chaperone	activity,	ATP-binding	subunit	CGP3	region 0,66 0,49
cg1995 hypothetical	protein	CGP3	region 0,48 0,7
cg2008 putative	membrane	protein	CGP3	region 0,39 0,63
cg2014 hypothetical	protein	CGP3	region 0,42 0,48
cg2016 hypothetical	protein	CGP3	region 0,45 0,76
cg2017 hypothetical	protein	CGP3	region 0,45 0,6
cg2018 putative	membrane	protein	CGP3	region 0,38 0,48
cg2019 putative	membrane	protein	CGP3	region 0,4 0,86
cg2022 putative	secreted	protein		CGP3	region 0,29 0,41
cg2032 putative	membrane	protein	CGP3	region 0,45 0,6
cg2048 hypothetical	protein	CGP3	region 2,55 1,35
cg2062 putative	protein,	similar	to	plasmid-encoded	protein	PXO2.09	CGP3	region 0,39 0,68
cg2063 putative	membrane	protein	CGP3	region 0,31 0,62
cg2064 putative	DNA	topoisomerase	I	omega-protein	EC:5.99.1.2	CGP3	region 0,29 0,56

ENCODED	IN	CGP3	GENOMIC	REGION	(cg1891-cg2071)

SUPPLEMENTARY	 TABLE	 3	 Differentially	 expressed	 genes	 in	 a	 DNA	microarray-based	 transcriptome	 comparison	 of	 the	 C.	
glutamicum	 ΔrecA	 strain	 and	 the	 ATCC	 13032	 wild	 type	 strain1	 2.	 Samples	 analyzed	 were	 taken	 before	 the	 addition	 of	
mitomycin	C	 (t=0h)	 and	30	minutes	 after	 addition	of	 2µM	mitomycin	C	 (t=0.5h).	Genes	 listed	 lie	within	 the	CGP3	 genomic	
region	(cg1981-cg2071).	
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Gene	ID Gene	name Annotation t	=	0	h t	=	0.5	h

cg1288 putative	multidrug	efflux	permease	of	the	major	facilitator	superfamily 2,06 1,23
cg1291 putative	membrane	protein 2,55 3,08
cg1696 putative	antibiotic	efflux	permease	of	the	major	facilitator	superfamily 2,61 1,77
cg2183 oppC ABC-type	peptide	transport	system,	permease	component 2,65 2,8
cg2184 oppD ATPase	component	of	peptide	ABC-type	transport	system,	contains	duplicated	ATPa 	 2,76 2,95
cg0043 znuC2 ABC-type	Mn/Zn	import	system	Znu2,	ATP-binding	protein	 3,52 2,29
cg0053 putative	iron-siderophore	ABC	transporter,	ATP-binding	protein 2,23 1,71
cg0078 putative	membrane	protein	 2,27 1,35
cg0288 putative	ABC	transporter,	transmembrane	and	ATPase	subunit 3,34 0,97
cg0421 wzx putative	translocase	involved	in	export	of	a	cell	surface	polysaccaride,	horizontally	tr 0,48 0,56
cg0666 putative	membrane	protein 3,92 1,59
cg0772 putative	sugar	efflux	permease,	MFS-type 1,98 2,15
cg0777 putative	ABC-type	iron-siderophore	transporter,	ATPase	subunit 2,24 2,26
cg0778 putative	ABC-type	iron-siderophore	transporter,	permease	subunit 1,83 2,18
cg1982 putative	ATPase	with	chaperone	activity,	ATP-binding	subunit	CGP3	region 0,66 0,49
cg2349 putative	ATPase	component	of	ABC	transporter	for	antiobiotics	with	duplicated	ATP 	 3,14 2,65
cg2642 benK1	(benK)	 putative	benzoate	transport	protein 0,49 0,51
cg2893 putative	cadaverine	transporter,	multidrug	efflux	permease,	MFS-type 0,26 0,25
cg3080 putative	secondary	Na+/glutamate	symporter 2,12 1,75
cg3272 putative	membrane	protein 1,9 2,32

PUTATIVE	TRANSPORT	SYSTEMS	AND	MEMBRANE	PROTEINS

SUPPLEMENTARY	 TABLE	 4	 Differentially	 expressed	 genes	 in	 a	 DNA	 microarray-based	 transcriptome	 comparison	 of	 the	 C.	
glutamicum	ΔrecA	strain	and	the	ATCC	13032	wild	type	strain1	2.	Samples	analyzed	were	taken	before	the	addition	of	mitomycin	
C	(t=0h)	and	30	minutes	after	addition	of	2µM	mitomycin	C	(t=0.5h).	
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Gene	ID Gene	name Annotation t	=	0	h t	=	0.5	h

cg0031 putative	reductase,	related	to	diketogulonate	reductase 2,15 1,36
cg0427 tnp17b transposase	fragment,	putative	pseudogene,	horizontally	transferred 2,25 1,58
cg0428 tnp17c transposase	fragment,	putative	pseudogene,	horizontally	transferred 2,48 2,14
cg0661 hypothetical	protein,	conserved 2,57 1,54
cg0961 putative	homoserine	O-acetyltransferase 0,45 0,62
cg1149 hypothetical	protein	 3,92 1,76
cg1232 putative	protein,	conserved,	LmbE-family 2,35 1,99
cg1295 putative	hydrolase	or	acyltransferase	α/β	hydrolase	superfamily 2,1 1,46
cg1307 putative	superfamily	II	DNA	and	RNA	helicase 1,34 2,01
cg1749 hypothetical	protein	CGP2	region 0,48 0,8
cg1808 hypothetical	protein 2,06 1,63
cg2105 hypothetical	protein 2,27 1,46
cg2118 fruR	 transcriptional	regulator	of	sugar	metabolism,	DeoR-family 0,49 0,66
cg2119 pfkB	(fruK) 1-phosphofructokinase	(EC:2.7.1.56) 0,45 0,77
cg2633 putative	restriction	endonuclease 0,67 0,46
cg2637 benA	 benzoate	1,2-dioxygenase	α	subunit	aromatic	ring	hydroxylation	dioxygenase	A	(EC: 0,37 0,52
cg2638 benB	 benzoate	dioxygenase	small	subunit	(EC:1.14.12.10) 0,42 0,54
cg2898 putative	3-ketosteroid	dehydrogenase 3,87 1,82
cg2919 putative	oxidoreductase 2,08 1,31
cg3157 putative	secreted	protein 1,94 2,06
cg3329 hypothetical	protein,	conserved 3,83 3,62
cg3394 putative	secreted	protein 2,02 1,45
cgs02 cgb_24535 putative	RNase	P 2,06 1,1

Met	tRNA 2,35 1,67cgtRNA_3545

FURTHER	DIFFERENTIALLY	EXPRESSED	GENES

SUPPLEMENTARY	TABLE	5	Differentially	expressed	genes	in	a	DNA	microarray-based	transcriptome	comparison	of	the	C.	
glutamicum	ΔrecA	strain	and	the	ATCC	13032	wild	type	strain1	2.	Samples	analyzed	were	taken	before	the	addition	of	mitomycin	
C	(t=0h)	and	30	minutes	after	addition	of	2µM	mitomycin	C	(t=0.5h).	

1 Genes were chosen according to the criteria: log ratio of relative mRNA levels >2 or <0.5 in either condition. 
2 Data are mean values of three independent DNA microarrays experiments starting from independent cultures 
grown in CGXII minimal medium + 4% (w/v) glucose. The values represent the log ratio of mRNA in ΔrecA 
compared to the wild type. 

* Gene was previously detected as part of the mitomycin C stimulon as described in the CRN database 
(http://coryneregnet.mmci.uni-saarland.de/v6e/CoryneRegNet/queryElement.php?stimulon=mc01) or gene 
was previously detected as part of the ΔlexA regulon as described in the CRN database 
(http://coryneregnet.mmci.uni-saarland.de/v6e/CoryneRegNet/queryElement.php?stimulon=delta_lexa01) 
or gene was previously detected as part of the SOS and Stress Response modulon as described in the CRN 
database (http://coryneregnet.mmci.uni-saarland.de/v6e/CoryneRegNet/queryElement.php?module=CRN-
module SOS and Stress Response %28NC_006958%29) 
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6.3 Spatiotemporal	Microbial	Single-Cell	Analysis	Using	a	High-Throughput	

Microfluidics	Cultivation	Platform	

	 	

  

 

Supplement 1 

 

Supplement Figure 1: (a-b) Generated mesh used for CFD simulations. 
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Frequency of spontaneously SOS+ induced cells at MGC at various gatings  

 

Supplement Figure 2: Occurrence of spontaneously induced cells (SOS+). Here, cells with a 2-fold 
(blue), 5-fold (green) and 15-fold (red) increased reporter signal were counted as SOS+ (scale bars 5 
µm). 
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Occurrence of spontaneously induced cells  

 

Supplement Figure 3: Frequency of spontaneous induced cells, if cells with a 15-fold increased 
reporter signal were considered as SOS-positive (SOS+). 

Supplement 3  

Occurrence of spontaneously induced cells vs. total number of analyzed cells 

 

Supplement Figure 4: Occurrence of spontaneously induced SOS response in cells based on the 
number of cells analyzed by FC. 
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Determination of SOS positive cells for FC measurements 

 

Supplement Figure 5: FC scatter plots of the strain C. glutamicum/pJC1-PrecA-e2-crimson. A total of 
10e6 cells were analyzed. (a) - (c) Different gating threshold, manually selected. 
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Besonders	möchte	ich	hierbei	Eva	für	die	wunderbare	gemeinsame	Zusammenarbeit,	die	
kurzweiligen	 Autofahrten	 ins	 Forschungszentrum	 und	 für	 die	 entstandene	 Freundschaft	
bedanken.	
	
Den	Mitarbeitern	 des	 IBG-1	möchte	 ich	 für	 die	 angenehme	 Arbeitsatmosphäre	 und	 die	
große	Hilfsbereitschaft	danken.	
		
Ganz	besonders	möchte	ich	meiner	Familie	danken;	meiner	Mutter	für	die	Unterstützung	
aus	 der	 Ferne,	 Judith	 für	 die	 große	 Unterstützung	 aus	 der	 Nähe	 und	 ganz	 besonders	
meinem	Vater	für	seinen	Glauben	an	mich	und	für	Alles.	
	
Bei	meinen	Freunden	innerhalb	und	außerhalb	der	Naturwissenschaften	möchte	ich	mich	
ganz	herzlich	dafür	bedanken,	dass	 sie	mich	durch	alle	 Lebenslagen	begleiten.	 Ich	 freue	
mich	auf	die	zukünftigen	Abenteuer,	die	wir	miteinander	erleben	werden.	
	
Aus	 tiefstem	Herzen	danke	 ich	meinem	besten	Freund	Dan.	Für	deine	Freundschaft	und	
deine	grenzenlose	Unterstützung	in	allen	Lebenslagen	bin	ich	dir	auf	ewig	dankbar.	
	 	



							
	
	 	



							
	
Erklärung	 

Ich	 versichere	 an	 Eides	 Statt,	 dass	 die	 vorgelegte	 Dissertation	 von	mir	 selbständig	 und	

ohne	 unzulässige	 fremde	 Hilfe	 unter	 Beachtung	 der	 „Grundsätze	 zur	 Sicherung	 guter	

wissenschaftlicher	 Praxis	 an	 der	 Heinrich-Heine-Universität	 Düsseldorf“	 erstellt	 worden	

ist.	 Die	 Dissertation	 wurde	 in	 der	 vorgelegten	 oder	 in	 ähnlicher	 Form	 noch	 bei	 keiner	

anderen	 Institution	 eingereicht.	 Ich	 habe	 bisher	 keine	 erfolglosen	 Promotionsversuche	

unternommen.	 

	

	

Jülich,	den	18.05.2016		

	


