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ABSTRACT	
	 	 	 	 	 	 	 	 	 	 	 	 	

	

Discovering	novel	antibiotic	substances	from	natural	sources	and	revitalizing	the	pipeline	for	

screenings	of	naturally	sourced	substances	that	could	render	new	bioactive	compounds,	is	a	

priority	nowadays	in	the	face	of	a	world	crisis	of	antimicrobial	resistance.	This	research	was	

focused	 on	 disclosing	 an	 observed	 antagonism	 system	 composed	 of	 Bacillus	 sp.	 strains	
producing	inducible	antimicrobial	activity	against	the	plant	pathogen	Ralstonia	solanacearum,	
a	widespread	bacterium	that	causes	bacterial	wilt	disease	to	a	great	variety	of	plant	species,	

including	many	agriculturally	important	ones	as	are	bananas.	The	inducible	phenomenon	was	

discovered	during	 the	 screening	of	1493	aerobic	endospore	 forming	bacteria	against	plant	

pathogens.	 It	 was	 observed	 that	 in	 the	 presence	 of	 the	 chemical	 compound	 Triphenyl	

Tetrazolium	Chloride	 (TTC),	which	belongs	 to	 the	group	of	 synthetic	 compounds	known	as	

tetrazolium	salts	used	to	monitor	cell	respiration,	Bacillus	sp.	strains	produced	inhibition	zones	
against	 the	 bacterial	 plant	 pathogen	 and	 other	 pathogenic	 bacterial	 species,	 while	 in	 the	

absence	 of	 the	 compound	 they	 did	 not	 have	 any	 bioactivity. During	 biochemical	

characterization,	 it was	 evidenced	 that	 although	 the	 phenomenon	 was	 observable	 across	

several	species	of	the	order	Bacillales,	strains	belonging	to	B.	cereus,	B.	pumilus	and	B.	subtilis	
were	 outstanding	 in	 their	 inducible	 antagonism	 potential,	 among	 other	 species	 tested.	

Besides,	 relevant	 traits	 revealed	 that	 other	 tetrazolium	 salts	 did	 not	 induce	 antagonistic	

activity	 and	 that	 the	 addition	 of	 antioxidant	 compounds	 did	 not	 reduce	 the	 inducible	

antagonistic	activity.	Also,	R.	solanacearum	sensitivity	to	antibiotics	was	not	increased	by	the	

addition	of	TTC	and	the	inducible	activity	was	independent	of	the	presence	of	the	pathogenic	

strain.	In	order	to	determine	genes	and	pathways	that	were	activated	under	TTC	conditions,	

transcriptomic	and	metabolomics	analysis	were	performed.	Transcriptomic	results	revealed	

that	specific	pathways	of	the	nitrogen	metabolism,	such	as	pyrimidines,	purines	and	histidine	

biosynthetic	routes,	were	2	to	5	fold	up-regulated	in	B.	subtilis	NCIB-3610	cells	growing	under	
TTC	presence.	On	the	other	hand,	metabolomic	analysis	showed	that	28	specific	compounds	

were	either	unique	or	3	to	5	fold	more	abundant	in	active	extracts	obtained	from	inducible	

conditions,	 compared	 to	non-induced	 controls.	Data	mining	on	public	 chemical	 databases,	

using	 intrinsic	 properties	 of	 the	 selected	 compounds,	 suggests	 that	 they	mostly	 belong	 to	

chemical	 families	 of	 carbamates,	 imidazoles,	 pyrrolidines,	 pyrimidines,	 dipeptides	 and	

oligopeptides,	all	of	which	are	part	of	the	nitrogen	metabolism.	Results	suggest	that	Bacillus	
cells	reduction	of	TTC	into	triphenyl	formazan	(TPF)	and	its	further	accumulation	inside	the	

cells,	induces	the	production	of	nitrogen-derived	compounds,	either	by	activation	of	nitrogen	

metabolism	biosynthetic	pathways	or	by	a	biotransformation	of	TPF	 into	derivatives.	Once	

produced,	 the	compounds	are	 secreted	 into	 the	medium	and	act	as	antimicrobials	against	

other	bacteria.		
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CHAPTER	1	
	 	 	 	 	 	 	 	 	 	 	 	 	

1. Introduction	
	

Antibiotics,	 or	 low	 molecular	 size	 bioactive	 substances,	 which	 inhibit	 the	 growth	 of	

microorganisms,	specially	of	bacteria,	have	been	largely	discovered	from	microbial	sources	

and	until	recently,	were	considered	to	have	a	natural	defense	role	for	them	being	mostly	

produced	under	stressful	circumstances	to	selectively	inhibit	the	growth	of	other	microbial	

competitors.	Although,	 several	other	ecological	and	evolutionary	 roles,	 such	as	signaling	

molecules,	have	been	newly	suggested	for	antibiotic	substances	unveiling	the	unexplored	

potential	of	 small-molecule	microbial	natural	products	and	 their	multiple	 functions,	 and	

thus	raising	the	interest	in	them	and	their	value.	Its	therapeutic	versions,	or	antimicrobials,	

are	widely	known	as	‘miracle	drugs’	and	are	broadly	employed	to	combat	disease-causing	

or	 pathogenic	 microbial	 agents	 either	 in	 plants	 or	 animals.	 Most	 of	 them	 have	 been	

discovered	from	natural	sources,	some	being	afterwards	either	partially	or	totally	modified	

by	synthetic	chemistry	methods	to	achieve	higher	production	levels	and	enhanced	activity.	

Antimicrobials	have	been	considered	for	long	the	therapeutic	wonders	of	the	20
th
	century.	

Discovery	of	Penicillin	by	Alexander	Fleming	from	fungus	Penicillium	notatum	in	1928,	and	
its	later	employment	as	a	curative	agent	during	second	world-war	II,	gripped	the	interest	of	

scientists	all	over	the	world	on	antibiotic	research	and	discovery.	This	last	event	ushered	in	

the	golden	era	of	antibiotics	from	the	1940s	until	the	late	1960’s, during	which	the	majority	

of	 life-saving	 antibiotics	 were	 discovered,	 protecting	 millions	 of	 people	 from	 deathly	

bacterial	infections	and	enhancing	food	security	through	the	improvement	of	productivity	

in	crops	and	farming	animals.	

	

Even	though	multiple	drugs	addressing	different	targets	emerged	during	these	antibiotic	

golden	era,	novel	ones	appeared	with	less	and	less	frequency	during	the	following	decades	

until	the	early	21
st
	century,	a	tendency	that	continues	up	to	the	present	days,	along	with	an	

over-use	of	these	‘miracle’	substances	taking	place.	This	has	derived	in	a	rapid	appearance	
of	 resistant	 strains,	 becoming	 a	 world-wide	 problem	 of	 antibiotic	 microbial	 resistance	

(AMR),	 representing	 both	 a	 clinical	 and	 phytosanitary	 problem.	 The	 antibiotic	 crisis	 is	

considered	one	of	the	most	serious	health	threats	of	the	XXI	century,	seriously	affecting	

humans,	other	animals	and	crops.	 It	 is	a	multi-faceted	 issue	 that	everyone	has	a	shared	

responsibility	in	limiting	its	impact	and	prevent	humanity	of	experiencing	a	return	to	the	

pre-antibiotic	 era.	 In	 this	 context,	 the	 present	 chapter	 makes	 an	 introduction	 to	 new	

challenges	linked	to	antibiotics	discovery	as	well	as	an	overview	of	technological	advances	

pointing	towards	research	on	novel	bioactive	substances.	
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1.1 History	of	traditional	antibiotics	discovery	and	their	diverse	uses	

Over	the	history	of	humankind,	disease	control	in	both	animals	and	plants	has	been	mainly	

supported	on	the	use	of	natural	products	(NPs)	or	products	derived	from	natural	sources.	

Antibiotics	and	pesticides	are	among	these	NPs,	mainly	used	to	combat	animal	infections	of	

bacterial	origin	and	to	control	fungal	or	bacterial	plant	diseases,	respectively.	Even	though	

Penicillin	is	known	to	be	the	first	antibiotic	discovered	(by	Fleming	in	1928)	(1)	it	was	not	

introduced	 as	 a	 therapeutic	 agent	 until	 several	 years	 later,	 in	 the	 1940s,	 due	 to	 the	

collaborative	work	of	Howard	Florey	and	Ernst	B.	Chain,	who	were	able	 to	produce	 the	

substance	 on	 a	 large-scale	 level	 and	make	 it	 available	 for	 hospitals	 (2).	 Parallel	 to	 this	

milestone	 discovery,	 other	 compounds	 were	 being	 introduced	 to	 the	 market,	 with	 the	

synthetic	sulfonamides	being	the	first	class	of	antimicrobials	used	in	clinical	practice	during	

the	1930’s.	Their	prompt	development	of	resistance	later	in	the	same	decade,	accelerated	

the	 discovery	 of	 novel	 antibiotics	 and	 research	 entered	 the	 golden	 area	 of	 antibiotics,	

spanning	from	the	1940’s	to	the	late	60’s	when	most	of	the	antibiotics	used	today	were	

discovered,	 among	 which	 outstand	 the	 largely	 famous	 streptomycin,	 ampicillin	 or	

methicillin	(2).	But	shortly	after	this	golden	period,	during	the	early	70’s, warning	signs	of	
greater	resistance	were	observed	and	research	focused	on	unveiling	the	foundations	of	this	

phenomenon,	 finding	 that	 horizontal	 gene	 transfer	 and	 other	 genetic	 mechanisms,	

although	 being	 natural	 phenomena	 in	 microbial	 evolution,	 had	 increased	 due	 to	 the	

selective	pressure	from	a	higher	concentration	of	antibiotic	drugs	in	the	environment	(2,	3).	

Although	Fleming	had	highlighted	 this	 since	his	 first	observations	on	Penicillin	 effect	on	

Staphylococcus	aureus,	as	well	as	his	co-worker	Chain	(4),	resistance	continued	to	menace	

the	efficacy	of	treatments	based	on	antibiotics.	Thus,	the	subsequent	years	until	now	have	

been	characterized	by	an	increasing	appearance	of	resistant	strains,	specially	of	the	three	

highly	common	bacteria	Escherichia	coli,	Klebsiella	pneumoniae	and	S.	aureus,	which	cause	
widespread	health	care	associated	and	community–acquired	infections	(5).		
	

The	 appearance	 of	 high	 resistance	 in	 several	 strains	 is	 accompanied	 by	 a	 decrease	 in	

programs	 for	 discovery	 of	 novel	 antimicrobial	 compounds	 from	 natural	 sources	 (6,	 7),	

mainly	because	of	the	large	funds	that	are	required,	the	slow	return	of	profit	in	inversions	

and	various	technological	limitations	(8).	This	particular	situation,	has	been	changing	in	the	

last	years,	due	to	an	updated	focus	deriving	in	the	development	of	modern	platforms	and	

technologies	for	screening	bioactivity,	new	methodological	approaches	pursued	in	drug	and	

antimicrobials	discovery	 from	natural	sources	and	public-private	partnerships	along	with	

government	 incentive	 policies	 (9,	 10),	 which	 has	 made	 novel	 antibiotic	 discovering	 a	

trending	subject	of	research	nowadays,	with	the	evident	necessity	for	unveiling	new	small-

molecule	 bioactive	 compounds	 and	 their	 modes	 of	 action,	 as	 well	 as	 their	 possible	

mechanisms	of	resistance	(11,	12).		
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As	NPs,	bioactive	substances,	both	disclosed	and	novel	ones,	have	the	challenge	of	being	

suitable	 for	 diverse	 uses.	 For	 decades	 now,	 antibiotics	 have	 been	 intensively	 used	 in	

agriculture	as	growth	promoters,	prophylactic	agents,	pesticides	and	therapeutics	(13).	For	

instance,	control	and	productivity	enhancement	methods	in	the	control	of	certain	bacterial	

diseases	of	high-value	fruit,	vegetable,	and	ornamental	plants	have	been	based	since	1950’s	

on	 antibiotics.	 Mainly	 streptomycin,	 oxytetracycline,	 oxolinic	 acid	 and	 gentamicin	 are	

employed,	with	the	United	States	(USA)	having	implemented	this	technique	on	pear,	apple,	

peach	and	nectarine	plantations	(14).	The	effectiveness	of	antibiotics	on	human	pathogens	

during	these	decades	of	the	golden	antibiotic-era,	made	plant	pathologists	recognize	their	

potential	for	treating	bacterial	plant	disease	and	enhance	crops	productivity,	which	lead	to	

the	screening	of	nearly	40	antibiotics	of	natural	origin	against	plant	disease	control	(15).	

Besides	 being	 effective,	 these	 natural	 substances	 had	 negligible	 toxicity	 toward	 plants,	

compared	to	the	metal-based	bactericides	available	to	farmers	in	the	1950s	and	1960s.	A	

great	amount	of	antimicrobials	has	been	historically	applied	in	agriculture,	with	only	the	US	

having	an	estimated	annual	application	that	sums	65.227	kg	of	active	ingredient	in	orchards,	

according	 to	 the	 US	 geological	 survey	 (USGS)	 (16,	 17).	 Despite	 this,	 larger	 volumes	 are	

needed	 nowadays	 due	 to	 the	 appearance	 of	 resistant	 strains	 of	 Erwinia	 amylovora,	
Pseudomonas	syringae,	P.	chichorii,	P.	lachrymans	and	Xanthomonas	campestris,	some	of	

the	main	bacterial	phytopathogens	causing	difficult	several	important	diseases	(17).	

	

The	USGS	(16)	measures	the	amount	of	pesticides	that	accumulate	up	to	streams,	rivers	and	

groundwater,	evidencing	accumulation	of	traces	of	antimicrobial	substances	in	sediments	

and	 streams	 or	 water	 bodies,	 near	 agricultural	 and	 urban	 areas.	 This	 presence,	 as	 a	

consequence	of	 antimicrobials	 and	antimicrobial-contaminated	water	use	 in	 agriculture,	

leads	to	accumulation	of	 these	substances	 in	 the	different	trophic	 levels	 throughout	the	

terrestrial	food	web,	which	means	presence	in	food	destined	for	human	consumption	(18).	

Thus,	 the	 impact	 of	 antimicrobials	 usage	 in	 agriculture	 goes	 beyond	 the	 appearance	 of	

resistant	strains	of	targeted	pathogens.	

	

Although	the	amount	of	antimicrobials	used	 in	plant	protection	 is	 relatively	small,	being	

0.5%	 of	 the	 total	 production	 of	 antibiotics,	 it	 is	 undeniable	 that	 they	 are	 an	 effective	

preventive	 strategy	 and	 productivity	 enhancement	 method	 in	 agriculture,	 and	 the	

suspension	 of	 its	 use	 would	 greatly	 affect	 the	 productivity	 of	 specific	 high-value	 plant	

agriculture	sectors	(17,	19).	Nevertheless,	regulating	its	use	is	a	priority.	Starting	the	use	of	

natural-sourced	bioactive	substances	and	narrow	spectrum	ones	 in	agriculture	and	 food	

industry,	so	that	resistance	occurrence	and	bioaccumulation	can	be	mitigated,	aligns	with	
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the	efforts	being	undertaken	to	conserve	the	efficacy	of	antibiotics	in	human	medicine	(5,	

12).	

	

Compared	 to	 the	 amounts	 employed	 in	 animal	 agriculture,	 the	 US	 utilization	 of	

antimicrobials	 in	 plants	 is	 rather	 small,	 the	 situation	 worldwide	 being	 similar	 (17,	 20).	

Although	usage	in	plants	cannot	be	excluded	from	the	AMR	crisis	causing	activities	(17,	19),	

intensive	 use	 of	 antimicrobials	 in	 food	 animals	 or	 livestock	 production	 has	 been	widely	

pointed	as	an	important	contributor	to	the	growing	AMR	crisis	and	tremendous	efforts	have	

been	made	in	studying	the	links	between	the	actual	situation	and	animal	use	of	antibiotics	

(19,	21).	The	amount	of	these	substances	used	in	this	industry	was	estimated	in	63.151	tons	

in	 2010	 (20),	 accounting	 for	more	 than	 80%	of	 total	 sales	 and	 distribution	 of	medically	

important	antimicrobial	agents	in	the	US	(22).	The	detailed	mechanisms	of	AMR	emergence	

and	transmission	linked	to	agricultural	practices,	especially	in	the	use	of	antibiotics	as	feed	

additives	 for	 growth	 promotion	 (antimicrobial	 growth	 promoters	 or	 AGP)	 and	 disease	

prevention,	still	lacks	much	information.	Although	up	to	date	studies	in	the	subject	reveal	

that	antimicrobials	use,	specially	within	these	two	activities	which	use	sub-lethal	doses	of	

the	bioactive	substances,	has	increased	the	selective	pressure	of	resistant	bacteria	(19,	23).	

Thus,	the	use	of	antimicrobials	in	agriculture	can	be	accounted	as	one	of	the	main	reasons	

of	emergence	of	AMR,	where	other	factors	such	as	microbiota	in	the	animal,	the	host,	the	

bacterial	population	and	other	environmental	pressures	are	influencing	the	transmissions	

(5,	19,	24).	

	

Despite	these	findings,	usage	of	antibiotics	in	animal	husbandry	is	a	practice	which	has	been	

done	more	than	60	years	worldwide,	starting	during	the	1950s	in	accordance	to	the	rise	in	

antibiotic	utilization,	and	has	largely	contributed	to	the	improvement	of	animal	health	and	

productivity	of	the	livestock	industry,	ensuring	growth	of	global	supply	of	animal	products	

and	increasing	in	about	1.5-2.9%	the	productions	of	milk	and	meat	worldwide	(19,	20).		

	

In	the	European	Union,	antimicrobials	used	as	growth	promoters	have	been	banned	since	

2006	(25),	and	the	USA,	has	taken	a	similar	action	from	January	1,	2017.	Furthermost,	the	

US	department	of	 agriculture	 (USDA)	has	developed	action	plans	 that	 propose	practical	

mitigation	 strategies	 that	will	 help	prolong	 the	effectiveness	of	 antibiotics	 to	 treat	both	

people	 and	 animals,	 through	 collection	 of	 science-based,	 actionable	 information	 about	

antibiotic	drug	use,	 its	potential	role	in	the	development	of	antibiotic	resistance	in	food-

producing	animals,	and	 the	 relationship	of	drug	use	and	 resistance	patterns	 to	 livestock	

management	practices.	But	still,	a	significant	proportion	of	the	efforts	are	concentrated	on	

the	development	of	specific	alternatives	to	antibiotics,	such	as	prebiotics	and	probiotics,	
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novel	antimicrobial	molecules,	and	immune	enhancement	products	through	research	(19,	

26,	27).	

	

It	 is	 evident	 then,	 that	 the	 diverse	 uses	 for	 which	 antimicrobials	 are	 employed	 have	

contributed	 to	 the	 widespread	 resistance	 we	 observe	 today,	 as	 they	 are	 still	 largely	

employed	in	the	agroindustry	(17),	posing	an	additional	challenge	to	the	newly	discovered	

substances	in	overcoming	the	resistant	strains	to	which	the	traditional	ones	have	become	

inactive.	 The	 World	 Health	 Organization	 (WHO)	 emphasizes	 in	 two	 critical	 strategic	

objectives	that	must	be	achieved	 in	a	short-time	frame	in	order	to	correctly	address	the	

AMR	crisis:	to	optimize	the	use	of	antimicrobial	medicines	in	human	and	animal	health	and	

to	develop	the	business	case	for	investment	in	new	medicines,	diagnostic	tools,	vaccines	

and	interventions	(10).	Some	of	the	most	recently	developed	technologies	and	cutting-edge	

research	strategies,	which	are	leading	the	discovery	of	novel	natural	bioactive	compounds,	

are	further	discussed	in	the	section	below.	

	

	

1.2 Discovery	of	novel	bioactive	compounds	

The	 current	 problem	 of	 AMR	 is	 also	 exacerbated	 by	 the	 shortage	 of	 development	 and	

discovery	of	new	antimicrobials	(11,	12,	26).	In	fact,	the	WHO	states	in	its	last	report	on	the	

subject	 that	 the	 world	 is	 running	 out	 of	 antibiotics,	 evidencing	 a	 serious	 lack	 of	 new	

antibiotics	under	development	to	combat	the	growing	thread	of	antimicrobial	resistance	

(28).	The	report	found	very	few	potential	treatment	options	for	those	antibiotic-resistant	

infections,	which	are	caused	mainly	by	12	classes	of	priority	pathogens,	or	 the	so-called	

ESKAPE	microorganisms	which	are	increasingly	resistant	to	common	antibacterial	drugs	and	

include	well	recognized	strains	such	as	methicillin-resistant	S.	aureus	(MRSA),	E.	coli		ST131,	
and	Klebsiella	ST258	(29)	and	pose	the	greatest	threat	to	health,	along	with	drug-resistant	
tuberculosis	 which	 kills	 around	 250.000	 people	 each	 year.	 Of	 51	 new	 antibiotics	 and	

biologicals	in	clinical	development	to	treat	priority	antibiotic	seemingly	resistant	pathogens,	

as	well	as	tuberculosis	and	the	sometimes	deadly	diarrheal	 infection	Clostridium	difficile,	
only	 8	 are	 classed	 by	WHO	 as	 innovative	 treatments	 that	will	 add	 value	 to	 the	 current	

antibiotic	treatment	arsenal	(23).	

	

The	 main	 traditional	 and	 prolific	 families	 of	 natural	 antibiotics,	 in	 terms	 of	 number	 of	

compounds,	 consist	 mainly	 of	 ß-lactams,	 macrolides,	 tetracyclines,	 quinolones	 and		

oxazolidinones,	which	are	vastly	menaced	by	greater	resistance	development	from	highly-

occurring	 pathogens	 (29,	 30).	 This	 situation	becomes	more	 critical	with	 reports	 on	 new	

classes	 of	 natural	 sourced	 antibacterial	 drugs	 being	 scarcer	 every	 day,	 with	 the	 last	

renowned	 reports	being	 the	 recent	 success	of	Teixobactin	 (31),	which	 seemingly	has	no	
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resistance	and	is	highly	active	against	MRSA,	Lassomycin	which	belongs	to	the	ribosomally	

synthesized	and	post-translationally	modified	peptides	(RiPP)	familiy	of	natural	compounds	

and	potent	against	M.	tuberculosis	(32)	and	Lugdunin,	produced	by	a	human	commensal	

microorganism	 found	 during	 human	 microbiome	 studies,	 which	 prevents	 S.	 aureus	
colonization	 	 (33).	The	first	 two	novel	compounds	have	been	discovered	with	the	use	of	

innovative	and	disruptive	cultivation	 technologies	and	 the	 third	one	by	 the	screening	of	

original	 natural	 environments	 from	 which	 the	 importance	 of	 its	 microbiome	 has	 been	

accentuated,	emphasizing	the	importance	of	scientific	advancement	in	this	field	so	that	the	

world	can	meet	the	huge	need	for	novel	bioactive	compounds,	for	clinical	and	other	uses	

(13,	28).	

	

Throughout	 the	 history	 of	 antimicrobials	 discovery,	 besides	 the	 finding	 of	 novel	 natural	

compounds,	innovation	was	mainly	focused	on	the	use	of	chemical	approaches	to	improve	

potency,	 spectrum	 of	 activity,	 pharmacokinetics	 and	 the	 resistance	 profiles	 of	 existing	

classes	 of	 compounds	 (11,	 13).	 	Most	 of	 the	 drugs	 currently	 in	 the	 clinical	 pipeline	 are	

modifications	of	existing	classes	of	antibiotics	and	represent	only	short-term	solutions;	thus	

the	 current	 situation	 of	 antibiotic	 discovery	 programs	 is	 to	 search	 for	 novel	 structures,	

families	of	compounds	and	mechanisms	of	action	that	can	address	new	targets	and	renew	

the	spectrum	of	therapeutic	solutions	(11,	13,	28,	29).	Although	interest	in	natural	products	

as	 a	 source	 of	 innovation	 in	 drug	 discovery	 has	 decreased	 in	 the	 last	 few	 decades,	

therapeutics	of	microbial	or	plant	origin	count	for	more	than	30%	of	the	current	worldwide	

human	therapeutics	(34,	35).	About	40%	of	the	top-twenty	used	antimicrobial	medicines	

come	from	natural	sources,	with	the	genus	Streptomyces	sp.	being	the	 largest	antibiotic	
producer	 plus	 the	 genus	Bacillus,	 which	 has	 had	 an	 important	 place	 as	 an	 outstanding	

member	of	 the	Aerobic	Endospore	Forming	Bacteria	group	(AEFB)	 (35).	Other	 important	

microbial	groups	from	which	antibacterial	substance	have	traditionally	been	 isolated	are	

fungi,	 and	 nowadays	 marine	 microorganisms	 and	 other	 classes	 as	 cyanobacteria	 and	

myxobacteria	(36)	are	being	largely	explored,	although	these	seem	to	offer	more	promise	

in	areas	such	as	oncology	(34,	35).	

	

The	 production	 of	 antimicrobial	 metabolites	 by	 Bacillus	 spp.	 strains	 has	 been	 a	 highly	
studied	subject.	Moreover,	 since	Bacillus	spp.	are	characteristically	omnipresent	 in	 soils,	

exhibit	high	thermal	tolerance	and	rapid	growth	in	liquid	culture,	they	readily	form	resistant	

spores	and	are	considered	to	be	a	safe	biological	agent,	their	potential	as	biocontrol	agents	

and	other	environmental	applications	is	considered	high	(9,	37-40).	This	scenario	occurs	not	

only	for	antibacterial	drugs,	but	also	for	anticancer	and	anti-infective	treatment,	with	even	

60%	 of	 the	 approved	 drugs	 and	 the	 pre-new	 drug	 application	 candidates	 (excluding	

biologics)	 being	of	 natural	 origin	 (40).	 The	 result	 of	 the	 growing	 crisis	 in	 antibiotic	 drug	
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discovery	that	threatens	modern	medicine	is	a	re-emergence	in	the	21st	century	of	natural	

product	research,	which	is	perfectly	positioned	to	fill	the	antibiotic	discovery	gap	and	bring	

new	 drug	 candidates	 to	 the	 clinic,	 with	 the	 support	 on	 innovations	 in	 genomics,	

transcriptomics	 and	metabolomics,	 as	well	 as	 other	 diverse	 techniques,	 to	 explore	 new	

sources	of	antimicrobial	chemical	matter	that	are	revealing	new	compounds	(9,	11).	The	

following	subsections	discuss	the	most	recent	and	modern	technologies	along	with	areas	of	

research	 followed	 nowadays	 in	 order	 to	 chase	 the	 mission	 for	 new	 natural	 bioactive	

molecules.	

	

	

1.2.1 New	cultivation	techniques	

Most	naturally	sourced	antibiotics	of	microbial	origin	were	detected	using	‘The	Waksman	

Platform’	 (41).	 In	 this	 strategy,	 natural	 product	 extracts	 from	 environmental	

microorganisms	grown	under	laboratory	conditions,	are	screened	for	bacterial	cell	killing	

effects	in	the	laboratory	using	simple	culture-based	assays,	but	after	decades	of	microbial	

bioactive	 substances	 discovery	 using	 this	 methodology,	 it	 has	 been	 observed	 that	 it	

frequently	re-identifies	known	compounds	from	extracts	of	commonly	isolated	bacteria	(11,	

42).	It	is	also	widely	known	that	microbial	physiology	and	morphology	changes	according	to	

cultivation	 environment,	 media	 and	 conditions,	 which	 leads	 to	 the	 conclusion	 that	 the	

chemical	arsenal	of	a	specific	strain	changes	as	a	function	of	its	surrounding	environment,	

since	these	small-molecules	are	essentially	what	operates	the	metabolism	and	defines	a	

phenotype,	making	manipulation	of	culture	conditions	a	methodology	used	for	decades	to	

improve	 the	 outputs	 from	 living	 organisms	 (43).	 The	 term	 OSMAC	 (One	 Strain	 Many	

Compounds),	 coined	 by	 Zeek	 and	 coworkers	 (43,	 44),	 defines	 this	 observations	 as	 the	

possibility	of	one	single	strain	to	produce	diverse	compounds	when	growing	under	different	

conditions.	

	

Besides	this	old-fashioned	metabolite	discovery	method	coupled	to	traditional	cultivation	

techniques,	it	is	well	known	that	our	capacity	to	grow	most	bacterial	species	in	the	lab	is	

quite	limited,	perceiving	that	a	great	number	of	chemical	species	are	being	left	uncultured,	

unnoticed	and	 its	genomic	potential	unexplored,	 leading	 to	 the	 flourishing	of	 innovative	

cultivation	techniques	that	aim	for	the	growth	of	previously	uncultured	bacteria	or	to	reach	

directly	the	bioactive	genes,	by-passing	cell	culture	through	metagenomics	approaches		(11,	

29).	According	to	the	review	by	Overman	and	collaborators	(45),	cultivation	of	bacteria	is	

highly	 biased	 toward	 a	 few	 phylogenetic	 groups,	 many	 of	 which	 exclude	 currently	

underexplored	bacterial	lineages	likely	to	hold	novel	biosynthetic	pathways	and	unknown	

biochemical	features.	In	order	to	recover	and	utilize	a	larger	fraction	of	microbial	diversity	

an	improved	understanding	of	the	ecology	of	previously	not-cultured	bacteria	is	needed.	In	
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this	same	trend,	Danczak	et	al	(2017)	(46)	reveal	new	metabolic	pathways	associated	to	the	

largely	unexplored	candidate	phyla	radiation	(CPR)	of	the	tree	of	life,	that	represents	more	

than	15%	of	 all	 bacterial	 diversity	 and	potentially	 contains	 over	 70	different	 phyla.	 This	

study,	 achieved	 through	 metagenomics,	 clearly	 exposed	 the	 unexplored	 biochemical	

potential	of	unknown	and	uncultivatable	microorganisms	from	this	radiation	of	life	forms.	

Cells	 from	 these	 new	 species,	 appear	 to	 be	 leading	 a	 symbiotic	 or	 syntrophic	 lifestyle,	

dependent	 upon	 one	 or	 more	 partners	 for	 necessary	 metabolites	 while	 potentially	

providing	 labile	 fermentation	waste	 products	 such	 as	 acetate	 in	 return	 (47).	 Such	 a	 co-

dependent	lifestyle	could	potentially	account	for	our	current	lack	of	cultured	CPR	members	

and	would	highlight	the	unexplored	potential	of	microbial	interactions	for	the	activation	of	

certain	metabolites	production.	

 
For	instance,	 In	situ	cultivation	methods,	are	grounded	on	the	enrichment	of	the	natural	

environment	or	more	properly,	the	chemistry	surrounding	the	microorganism	to	promote	

their	growth	 in	 the	presence	of	a	 simulated	natural	environment.	Kaeberlein	et	al.	 (48),	
were	able	to	isolate	from	marine	environments	two	previously	unreported	bacterial	strains,	

designated	MSC1	and	MSC2	using	special	diffusion	chambers,	to	whom	the	closest	relatives	

are	 Lewinella	 persica	 and	 Acrobacter	 nitrofigilis,	 respectively	 (29,	 48).	 This	 technology,	
taken	to	the	high	throughput	screening	level,	has	evolved	into	the	so-called	isolation	chips	

or	iChips	(49),	which	consists	of	micro	diffusion	chambers	that	use	the	naturally-occurring	

compounds	of	the	ecosystems	from	where	isolation	is	taking	place,	to	meet	the	nutritional	

requirements	 of	 target	 microorganisms,	 cultivating	 them	 as	 single	 colonies	 in	 isolated	

micro-compartments.	 This	 way,	 the	 microbial	 battery	 to	 search	 for	 active	 metabolites	

broadens	 from	 the	 traditionally	 explored	 bacterial	 groups:	 filamentous	 actinomycetes,	

myxobacteria,	cyanobacteria,	Pseudomonas	sp.	and	Bacillus	sp.	(50).	This	technology	of	in	
situ	enrichment	cultivation	appears	greatly	promising,	since	already	two	of	the	most	recent	

successful	 antibiotic	 discovery	 research	 programs,	 the	 ones	 finding	 Lassomycin	 and	

Teixobactin,	achieved	it	by	employing	this	methodology,	unveiling	new	microbial	species	as	

a	 first	 step	 and	 its	 novel	 active	 compounds	 later,	with	 Lentzea	 kentuckyensis	 being	 the	
producer	of	 lassomycin	and	Eleftheria	terrae	the	alleged	producer	of	teixobactin	(29,	31,	
32).		

	

Another	 way	 of	 accessing	 potential	 antibiotics	 is	 through	 the	 use	 of	 co-culture,	 which	

exploits	the	relatedness	of	microbial	species	in	natural	ecosystems	through	the	exchange	

of	 chemical	 signals	 (29,	 43).	 Successful	 cases	 for	 the	discovery	of	 compounds	using	 this	

approach	 are	 the	 studies	 by	 Wu	 et	 al	 (2015),	 which	 explored	 the	 enhanced	 chemical	

diversity	 of	Aspergillus/Streptomyces	 co-cultivation	 resulting	 in	 the	 isolation	 of	 the	 new	
alkaloid,	aspergicin	(51);	and	the	ones	by	Traxler	et	al	(2013),	which	revealed	the	altered	
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secreted	 metabolome	 of	 Streptomyces	 coelicolor	 when	 interacting	 with	 five	 other	
actinomycetes	 belonging	 to	 different	 species	 and	 genera,	 using	 emerging	 instrumental	

techniques	such	as	nanospray	desorption	electrospray	 ionization	(NanoDESI)	and	matrix-

assisted	laser	desorption	ionization–time	of	flight	(MALDI-TOF)	imaging	mass	spectrometry,	

displaying	a	unique	metabolome	for	each	different	interaction	and	some	of	them	rendering	

a	family	of	unknown	compounds,	constituting	12	different	desferrioxamines	with	acyl	side	

chains	of	various	lengths,	their	production	triggered	by	siderophores	made	by	neighboring	

strains	(52).	

	

The	strength	of	this	approach	has	further	been	shown	in	one	of	the	first	systematic	studies,	

conducted	 by	 Schroeckh	 et	 al.	 (2009),	 to	 investigate	 the	 activation	 of	 cryptic	 or	 silent	
biosynthetic	 gene	 clusters	 (BGCs),	 sets	 of	 contiguous	 genes	 that	 have	 the	 potential	 to	

produce	drug-like	natural	 substances	 that	 are	 active	 against	 a	wide	 variety	of	 biological	

targets,	in	the	model	fungus	A.	nidulans	during	co-cultivation	with	different	actinomycetes	

(53).	 Besides	 co-cultivation,	 other	 methods	 for	 unveiling	 and	 activating	 the	 potentially	

useful	BGCs	in	microorganisms	are	further	discussed.	

	

	

1.2.2 Discovery	and	activation	of	biosynthetic	gene	clusters		(BGCs)	

Over	the	past	decade,	bacterial	genome	sequences	have	revealed	an	immense	reservoir	of	

BGCs,	which	as	described	above,	are	 sets	of	genes	which	have	 the	potential	 to	produce	

drugs	or	drug-like	molecules,	with	an	estimate	of	each	strain	having	20-40	of	them,	with	the	

majority	not	being	expressed	under	laboratory	conditions	and	thus	being	absent	from	the	

extracts	tested	on	screenings;	most	of	these	clusters	remain	silent	or	cryptic	under	normal	

cultivation	techniques,	meaning	they	are	inactive	or	no	representative	expression	levels	of	

them	are	achieved	(11,	54).	 In	the	face	of	the	urgent	action	needed	towards	discovering	

new	antibiotics,	 this	 untapped	 source	of	original	 chemical	 entities	 from	microorganisms	

gains	much	interest,	opening	the	need	to	identify	these	new	antibiotic	chemical	scaffolds	

taking	advantage	of	the	techniques	that	modern	 ‘Omics’	have	to	offer,	which	could	even	

evade	the	resistance	mechanisms	circulating	in	pathogens	today (11).	In	order	to	follow	this	
strategy,	 the	 first	 inevitable	 step	 is	 to	 take	 in-silico	 approaches	 of	 assessing	 potential	
producers	 by	 performing	 genome	 mining,	 which	 involves	 looking	 at	 the	 sequenced	

genomes	 of	 microbial	 species	 to	 determine	 if	 BGC	 involved	 in	 the	 production	 of	 new	

antibiotics	can	be	found	in	these	organisms.	This	has	also	the	potential	to	fully	explore	a	

specific	strain’s	bioactive	NPs	potential,	under	the	OSMAC	concept	(43,	44).	

	

The	 limitation	 that	 traditional	 active	 NPs	 discovery	 platform	 has,	 is	 supported	 in	 the	

research	done	during	the	Danish	Galathea	3	global	research	expedition	(2006–2007),	which	
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reinforced	the	value	of	the	bioinformatic	approach	by	identifying	many	more	clusters	than	

would	 be	 possible	 via	 bioassay-guided	 fractionations,	 by	 underlining	 the	 unusual	

biosynthetic	mechanisms	or	novel	chemistries	which	would	not	usually	be	detected	since	

most	of	prediction	software	used	such	as	AntiSMASH,	NaPDoS,	NP.searcher	and	BAGEL	3	

look	 only	 for	 reported	 or	 sequences	 recognized	 by	 their	 ability	 to	 produce	 bioactive	

metabolites	(29).	But	the	ways	to	activate	the	silent	BGC	in	order	to	fully	exploit	and	decrypt	

the	 potential	 of	 new	natural	 chemical	 entities	 faces	 still	 a	 long	way	 ahead	 and	 is	 being	

accomplished	mainly	through	innovative	cultivation	techniques	(43,	54).	

	

Besides	novel	 cultivation	 techniques	and	co-culturing	of	 strains,	activating	 silent	BGC	by	

chemical	Interactions	is	defined	by	Reen	et	al.	(43)	as	a	promising	alternative	way	to	unlock	

the	biochemical	potential	of	microorganisms.	Rodriguez-Rojas	et	al	 (7)	discuss	 it	as	well,	
questioning	what	happens	when	antibiotics	are	present	at	very	low	concentrations	which	

are	not	sufficient	to	kill	or	stop	the	growth	of	the	susceptible	population	as	those	present	

in	many	environments?.	There	has	been	abundant	research	recently	regarding	the	role	of	

antibiotics	in	natural	ecosystems	as	signaling	molecules	and	playing	other	important	roles	

such	as	quorum	sensing	molecules	 influencing	gene	expression	 regulation,	 revealing	 the	

fact	 that	we	 still	 remain	highly	 ignorant	 regarding	 the	ecological	 context	 in	which	 these	

small	molecules	are	made,	how	they	function	in	natural	settings,	or	how	they	evolved	(55).	

Many	 of	 these	 compounds	which	 are	 produced	 in	 very	 low	 proportions	 in	 ecosystems,	

compared	to	the	already	discovered	natural	molecules,	are	normally	only	activated	under	

certain	 circumstances	 such	 as	 specific	 interspecies	 interactions	 through	 small-molecule	

compounds	and	remain	silent	under	normal	laboratory	cultivation	techniques	(54).		

	

In	addition	to	the	previously	mentioned	manipulation	of	cultivation	parameters,	external	

cues	 have	 been	 used	 to	 deviate	 cellular	 metabolism	 towards	 secondary	 metabolite	

production.	 This	 cues	 can	 either	 be	 naturally	 produced	 small-molecule	 compounds	 by	

interacting	microorganisms,	 physical	 changes	 as	heat	or	 light,	 or	 chemical	 cues,	 such	as	

batteries	of	drugs	and	therapeutic	substances	normally	used	for	other	purposes	(43,	54).	

More	specific	chemical	cues	concern	the	use	of	antibiotics,	or	molecules	strictly	related	to	

them,	 to	 elicit	 the	 production	 of	 secondary	metabolites.	 Seyedsayamdost	 et	 al	 	 (2014)	
studies	 on	 Burkholderia	 thailandensis,	 using	 a	 collection	 of	 640	 well-characterized	 and	
biologically	active	compounds	and	screening	them	using	a	High-Throughput	Screening	(HTS)	

platform,	 proved	 that	 sub-inhibitory	 doses	 of	 antibiotic	 molecules,	 precisely	 β-lactam	

piperacillin,	 the	dihydrofolate	 reductase	 inhibitor	 trimethoprim	and	 two	cephalosporins,	

ceftazidime	and	cefotaxime,	acted	as	the	best	chemical	elicitors	to	activate	the	silent	mal	
biosynthetic	cluster,	responsible	for	production	of	the	virulence	factor	malleilactone	in	the	
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mentioned	bacterial	species.	Surprisingly,	almost	all	elicitors	discovered	were	antibiotics,	

suggesting	they	play	an	important	role	in	modulating	silent	biosynthetic	pathways	(54).	

	

As	another	case,	Challis	and	collaborators	(56)	described	the	elucidation	of	the	products	of	
two	BGC	in	the	model	actinomycete	S.	coelicolor	M145.	One	of	them	is	the	siderophores	

coelichelin,	which	was	 induced	by	creating	 iron-deficient	conditions	 in	the	culture	media	

and	later	detected	by	modifying	the	culture	medium	with	ferric	ion	(Fe
+3
).	Monitoring	by	

HPLC	analysis,	at	435	nm	absorbance	which	 is	 the	maximum	absorbance	wavelength	for	

ferric	tris-hydroxamate	complexes,	coelichelin	was	detected	as	the	product	of	the	cryptic	

or	orphan	gene	cluster	cch,	through	comparative	metabolic	profiling	with	a	mutant	lacking	

the	inducible	BGC.	Its	further	structure	elucidation	was	achieved,	through	high-resolution	

tandem	MS.	

	
These	examples	clearly	show	how	such	stresses,	as	sub-inhibitory	doses	of	antibiotics	or	

modifications	 in	 the	 culture	 medium,	 greatly	 influence	 the	 production	 of	 secondary	

metabolites	and	may	allow	the	induction	of	otherwise	silent	BGC,	allowing	the	exploration	

of	 their	metabolic	products	 (43).	This	might	 lead	 to	a	possible	exploitation	of	 the	entire	

biosynthetic	ability	of	the	already	explored	microorganisms	as	well	as	from	the	less	studied	

ones,	opening	an	alternative	path	for	active	compounds	discovery	in	the	laboratory	or	HTS	

platforms,	with	innumerable	possible	combinations	for	eliciting	cryptic	clusters.	A	selection	

of	 new	microbial-sourced	 active	 substances	which	 have	 been	 reported	 or	 approved	 for	

commercial	use	in	the	last	two	decades,	some	of	them	using	novel	discovery	techniques,	is	

described	in	Table	1-1.	

	

	

1.2.3 Exploring	the	total	chemical	space	through	metabolomics	

The	 chemical	 space	 is	 defined	 as	 the	 multidimensional	 space	 occupied	 by	 all	 chemical	

compounds	 (9).	 The	 main	 technology	 used	 nowadays	 to	 study	 this	 chemical	 space	 or	

composition	 of	 a	 determined	 biological	 sample	 is	 metabolomics,	 described	 as	 the	

systematic,	qualitative	and	quantitative	analysis	of	all	metabolites	contained	or	produced	

in	an	organism	at	a	specific	time	and	under	specific	conditions.		
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Table	 1-1.	New	 antimicrobial	 drugs	 from	 natural	 sources	 reported	 during	 the	 last	 two	

decades	(2000-2017)	and	their	respective	discovery	technique	

*	All	compounds’	names	are	generic	

	

	

Since	 the	 augmentation	 of	 methods	 for	 studying	 natural	 products	 is	 on	 the	 rise,	 new	

instrumental	techniques	offer	alternative	ways	to	directly	screen	this	specific	biochemistry	

produced	during	a	situation	of	interest,	such	as	an	observed	inducible	bioactivity,	a	newly	

isolated	species,	an	interaction	evidencing	a	different	phenotype	(9).	This	approach	gains	

more	interest	as	it	becomes	the	ultimate	step	in	supporting	insights	on	the	gene	function	

and	 biochemical	 status	 of	 an	 organism,	 acquired	 through	 genomics	 and	 transcriptomic	

assays;	 the	ability	of	an	organism	to	produce	secondary	metabolites	 is	a	phenotype	and	

these	metabolic	phenotypes	have	been	studied	using	metabolomics.		

COMPOUND*	
YEAR	OF	
REPORT/	
APPROVAL	

METHOD/	
TECHNOLOGY	

CHEMICAL	
NATURE	

SOURCE	
SPECTRUM	OF	

ACTION	
REFERENCE	

Lassomycin	 2014	 New	cultivation	

techniques	

Lasso	peptides	

(ribosomically	

encoded	cyclic	

peptides)	

Lentzea	
kentuckyensis	
isolate	IS009804	

Mycobacteria	

(mostly	M.	
tuberculosis)	

(32)	

Teixobactin	 2015	 New	cultivation	

Techniques	

(iChip)	

Depsipeptide	

containing	D-

aminoacids	

Eleftheria	terrae	 Gram	positives	(M.	
tuberculosis,	S.	
aureus,	Clostridium	
difficile,	B.	
anthracis)	

(31)	

Lugdunin	 2016	 Exploration	of	

novel	ecological	

niches	

(microbiome	

studies)	

thiazolidine-

containing	

cyclic	peptide	

(Non-

ribosomically	

synthetized)	

Staphylococcus	
lugdunensis	

Strong	against	

Gram	positives	(S.	
aureus,	
Streptococcus	
pneumoniae),	mild	

against	Gram	

negatives	(E.	coli,		
P.	aeruginosa)	

(33)	

Daptomycin	 2003	 Modified	

fermentations	of	

soil	

microorganisms	

Lipopeptides	 Streptomyces	
roseosporus	

Gram	positives	

(mainly	S.	aureus)	
(57)	

Fidaxomycin	 2007	 Traditional	

fermentations	of	

soil	

microorganisms	

Macrocyclic	

lactone	

Dactylosporangium	
aurantiacum	

subsp.	

hamdenensis	

C.	difficile	 (58)	

Halo-duracin	 2006	 Activation	of	

silent	BGC	by	

heterologous	

expression	

Two	

component-

lantibiotic	

Bacillus	halodurans	
C-	125	

Gram	positives	 (59)	
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Examples	of	these	new	platforms	started	emerging	over	ten	years	ago,	mainly	in	the	fields	

of	biomedical	and	agricultural	research	with	the	aims	of	obtaining	metabolic	profiling	data,	

with	the	introduction	of	photo-diode	arrays,	along	with	HRFT-MS	(high-resolution	fourier-

transform	mass	spectrometry)	detectors	that	were	coupled	with	HPLC	(high-performance	

liquid	 chromatography),	 used	 as	 a	 pre-fractioning	 method	 in	 order	 to	 gain	 a	 better	

resolution	 of	 the	 entire	 biochemical	 arsenal	 obtained	 in	 a	 crude	 extract	 (9,	 60,	 61).	

Becoming	a	basic	analytical	technique,	HRFT-MS	along	with	NMR	spectroscopy,	are	being	

the	two	mostly	technologies	used	to	dereplicate	and	quantify	known	metabolites	against	

novel	 natural	 products	 (62,	 63),	 even	 if	 dereplication	 is	 a	 massive	 task	 because	 of	 the	

complex	 and	 diverse	 atomic	 arrangements	 of	 secondary	 metabolites	 and	 bioactive	

compounds,	 which	 makes	 elucidating	 their	 structure	 challenging.	 A	 combination	 of	

analytical	methods	that	includes	ultraviolet	spectroscopy,	tandem	mass	spectrometry	and	

NMR	 spectral	 data	 is	 used	 to	 ensure	 the	 correctness	 of	 the	 identification	 of	 the	 basic	

structure	of	dereplicated	compounds	in	crude	samples	(64).		

	

Although	the	use	of	metabolomics	along	with	the	active	extract	fractioning	tools	can	help	

prioritize	 fractions	 for	 further	 purification,	 saving	 time	 and	 resources	 in	 isolating	 target	

compounds,	the	identification	of	the	bioactive	metabolites	cannot	always	be	done	directly	

or	 by	 dereplication.	 Instead,	 there	 is	 a	 rapid	 progress	 on	 pioneering	 information	

technologies	or	bioinformatic	platforms	for	practical	and	efficient	analysis	of	large	data	sets	

of	 natural-product	 libraries	 (65-67).	 These	 innovative	 approaches	 to	 analyze	 mass	

spectrometry	 data	 such	 as	MZmatch	 (68),	MZmine	 (69),	 Global	 Natural	 Products	 Social	

Molecular	Networking	(GNPS)	(70)	and	XCMS	(71)	among	others,	along	with	visualization	

tools	like	Cytoscape	(72)	can	be	used	to	construct	differential	expression	analysis,	with	the	

aid	 of	 online	 databases	 such	 as	 ChemSpider,	 MarinLit	 and	 the	 Dictionary	 of	 Natural	

Products,	or	in-house	databases	as	well	(73).	Differential	expression	analysis	(69)	involves	a	

series	of	processes,	 including	nonlinear	retention-time	alignment	of	compounds	that	are	

unique	to	the	sample,	followed	by	matched	filtration	of	authentic	peaks	in	mass	spectra	to	

the	sample	and	against	noise	and	background	peaks	(such	as	those	resulting	from	solvents	

or	media),	to	finally	detect	peaks	associated	to	known	metabolites	and	call	a	match	or	a	

chemical	similarity	to	previously	identified	compounds	(9).	

	

While	 metabolomics	 is	 being	 applied	 to	 identify	 and	 biotechnologically	 optimize	 the	

production	of	 pharmacologically	 active	 secondary	metabolites	 (65),	 in	order	 to	properly	

attribute	a	bioactivity	to	a	specific	metabolite	an	obligate	step	forward	is	simplifying	active	

extracts	and	making	them	more	suitable	for	use	in	bioassays,	by	removing	compounds	that	

increase	 complexity;	 this	 is	 achieved	 through	 pre-fractionation	 the	 sample,	 from	which	
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small	quantities	of	an	increased	number	of	fractions	can	be	later	biologically	tested	using	

HTS	 (9,	 74)	 The	 use	 of	 simplified	 fractions,	 together	 with	 sensitive	 NMR	 and	 HPLC-MS	

techniques	has	addressed	 the	 isolation	and	structure-elucidation	bottleneck	 in	bioactive	

natural	products	discovery	(74).	

	

A	clear	example	of	a	novel	bioactive	NP	discovery	using	metabolomics	is	the	study	by	Olivon	

et	al	(75).	The	authors	prioritized	high	potential	value	molecules	(the	ones	with	chemical	

novelty	 and	 potential	 biological	 activity),	 from	 crude	 extracts	 of	 292	 Euphorbiaceae	

specimens	 from	 New	 Caledonia,	 using	 massive	 molecular	 networks	 embedding	 various	

informational	layers,	as	taxonomic	information	and	reported	bioactivity.	Data	for	networks	

construction	came	from	NPs	extracts	 library	for	this	botanical	family,	and	the	targets	for	

bioactivity	where	the	oncogenic	Wnt	signaling	pathway	and	the	chikungunya	virus	(CHIKV)	

replication.	Prioritized	nodes	and	clusters	from	the	analysis	of	the	molecular	network,	led	

to	 the	 selection	 of	 various	molecular	 features	 from	 two	 plant	 species	 (Neoguillauminia	
cleopatra	and	Bocquillonia	nervosa),	which	were	later	isolated	through	guided	MS.	Some	of	

the	Isolated	compounds	proved	to	be	novel	NPs,	that	exhibited	anti-cancer	and	anti-viral	

activities	in	the	micro-	to	nanomolar	ranges.		

	

	

1.3 Conclusion	

Given	the	challenge	that	discovery	of	novel	antibiotics	from	microbial	sources	presents,	this	

thesis	 describes	 progress	 towards	 the	 chacarterization	 of	 phenomenon	 of	 inducible	

antibiotic	activity	observed	in	Bacillus	sp.	strains	against	the	destructive	plant	pathogen,	R.	
solanaceraum	 and	 other	 bacterial	 species,	 only	 in	 the	 presence	 of	 a	 chemical	 inducer,	

triphenyltetrazolium	chloride	(TTC)	in	the	culture	media.	The	discovery	and	first	observation	

of	this	phenomenon	is	described	in	the	following	chapter	and	further	chapters	contain	the	

findings	 from	 conducted	 research	 towards	 its	 biochemical,	molecular	 and	metabolomic	

characterization.	 Classical	 microbiology	 analytical	 assays	 were	 performed,	 along	 with	

diverse	 techniques	 as	 total	 RNA	 isolation	 and	 sequencing,	 nanoString	 transcriptomics,	

chemical	extractions	and	metabolomics	using	UPLC-MS	followed	by	bioinformatic	analysis	

through	specialized	platforms,	with	the	final	aim	of	setting	the	basis	for	reaching	the	further	

elucidation	of	 the	 responsible	 compounds,	 contributing	 to	 the	discovery	of	 novel	 active	

natural	substances	with	future	applications.	
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CHAPTER	2		
	 	 	 	 	 	 	 	 	 	 	 	 	

2. Background	 	
	

Abstract	

A	collection	of	1493	aerobic	endospore	forming	bacteria	(AEFB),	mostly	belonging	to	order	

Bacillales,	 was	 screened	 for	 their	 in	 vitro	 activity	 against	 plant	 pathogens	 of	Musa	 sp.,	
among	which	bananas	outstand	for	the	social	and	economic	importance	derived	from	its	

commercialization.	Among	these	pathogens	were	the	saprophyte	Serratia	marcescens	and	
Ralstonia	solanacearum,	the	last	one	being	an	important	phytopathogenic	bacterium	that	

affects	 other	 crops	 besides	 bananas,	 producing	 the	 bacterial	 wilt	 disease.	 Triphenyl	

tetrazolium	chloride	(TTC)	is	a	redox	indicator	used	traditionally	in	culture	media	as	a	mild	

antibiotic	against	Gram	positive	bacteria	and	viability	indicator	of	isolated	colonies,	as	was	

the	case	for	R.	solanacearum	isolation.	In	previous	steps	of	this	research,	the	antagonism	of	

the	collection	of	AEFB	was	determined	against	S.	marcescens	and	R.	solanacaerum	in	the	
presence	of	TTC,	observing	that	almost	99%	of	the	tested	strains	produced	an	 inhibition	

zone	against	either	one	of	the	Gram-negative	target	bacteria.	When	TTC	was	removed,	only	

half	of	the	tested	strains	retained	antimicrobial	activity,	leading	to	hypothesize	that	TTC	was	

acting	as	an	inducer	of	antimicrobial	substances	in	certain	AEFB	species	and	setting	a	start	

point	for	the	next	steps	of	this	research.	

	

	

2.1 Introduction	

In	 the	 frame	 of	 collaborative	 research	 projects	 between	 the	 association	 of	 commercial	

banana	producers	of	Colombia	(AUGURA),	through	its	research	center	(CENIBANANO),	and	

Universidad	 EAFIT,	 a	 collection	 of	 1496	 aerobic	 endospore	 forming	 bacteria	 (AEFB)	was	

established	 (Humboldt	 Institute	 Collection	 Nº	 191),	 isolated	 from	 the	 rhizosphere	 and	

phyllosphere	of	banana	and	plantain	plants	in	Urabá	region,	Antioquia	during	2009	(76-78).	

The	main	objective	was	to	formulate	sustainable	crop	protection	solutions	for	the	banana	

industry	based	on	microorganisms	and	their	metabolites.	Thus,	the	activity	of	these	strains	

was	tested	against	various	phytopathogenic	organisms	affecting	banana	crops	(79).	Until	
the	present	day,	the	majority	of	natural	products	discovered	has	come	from	organisms	that	

inhabit	 the	 soil,	 among	 these	 actinomycetes	 (e.g.	 Streptomyces)	 and	 Firmicutes	 (e.g.	

Bacillus)	are	the	most	important	sources,	along	with	filamentous	fungi	(35,	80,	81).	Within	

Firmicutes,	 several	 species	 of	 Bacillus	 harbor	 a	 high	 capability	 of	 producing	 bioactive	
molecules,	such	as	peptide	antibiotics,	and	are	capable	of	growing	in	varied	environments,	
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exhibiting	considerable	genomic	diversity,	especially	the	highly	studied	B.	subtilis	(82-84).	
Besides	this,	Bacillus	sp.	and	other	AEFB	were	selectively	isolated	through	heat	shock	for	
this	 collection,	 since	 they	are	 considered	a	 safe	biological	 agent,	 they	have	an	ability	 to	

sporulate	and	to	be	later	formulated	into	bioproducts	(37,	85).	
	
	

2.1.1 Importance	of	the	target	pathogen:	R.	solanacearum	and	Moko	disease	

Bacterial	 and	 other	 soil	 borne	 diseases,	 like	 the	 ones	 caused	 by	 R.	 solanacearum,	 are	
considered	to	be	more	limiting	than	seed-borne	or	air-borne	diseases	in	the	production	of	

many	 crops	and	account	 for	10–20%	of	 yield	 losses	annually	 (86).	 This	phytopathogenic	

species,	 is	 the	 second	 most	 devastating	 bacterial	 soil	 pathogen	 along	 with	 other	 ten	

bacterial	species	that	are	listed	based	on	their	scientific	and	economic	importance	in	plant	

diseases,	 these	 being	 in	 order	 of	 importance:	 P.	 syringae	 pathovars,	 R.	 solanacearum,	

Agrobacterium	tumifaciens,	Xanthomonas	oryzae	pv.	oryzae,	X.	 campestris	pathovars,	X.	
axonopodis	 pathovars,	 E.	 amylovora,	 Xylella	 fastidiosa,	 Dickeya	 (former	 Erwinia)	
(dadantanii	and	solani),	Pectobacterium	(former	Erwinia)	carotovorum	and	P.	atrosepticum	

(87).	It	causes	bacterial	wilt	disease	in	over	250	hosts	from	54	botanical	families	in	a	broad	

geographic	distribution	(88).	R.	solanacearum	is	a	pathogen	with	high	genetic	diversity,	for	

which	it	had	been	traditionally	considered	a	species	complex	composed	of	four	phylotypes	

(I	 to	 IV),	 that	 corresponded	 to	 evolutionary	 and	 geographic	 origin,	 called	 the	 R.	
solanaceraum	 species	 complex	 (RSSC)	 (89),	 but	more	 recent	 studies	 by	 Prior	et	 al.	 (90)	
confirm	through	proteomics	and	genomic	comparisons	that	 there	 is	enough	evidence	to	

confirm	evolutionary	distance	considering	the	existence	of	three	different	species	of	this	

RSSC.	This	genetic	variability	makes	the	control	of	the	pathogen	difficult	to	address	in	all	

affected	crops	as	are	tomato,	potato	and	other	economically	important	plants	belonging	to	

the	Solanaceae	family,	as	well	as	bananas,	plantains	and	ornamental	Heliconia		plants	(88,	
91);	along	with	its	ability	to	persist	in	the	environment,	either	in	waters,	shallow	and	deep	

layers	 of	 soils	 or	 temporary	 hosts	 such	 as	 weeds,	 its	 rapid	 spread	 through	 xylem	 and	

endophytic	growth,	and	broad	host	range	(92).		

	

The	disease	 this	pathogen	causes	 in	Musa	sp.	 species	 like	bananas	and	plantains,	 called	
Moko	disease,	brings	severe	constraints	to	crop	production	in	commercial	plantations,	an	

activity	 of	 high	 economic	 and	 social	 importance	 in	 the	 world.	 For	 instance,	 bananas	

constitute	 the	 most	 exported	 fresh	 fruit	 representing	 an	 economic	 activity	 of	 US$10	

BN/year	(93)	and	they	are	an	essential	source	of	income	for	thousands	of	rural	households	

in	developing	countries,	with	top	main	producers	being	the	Philippines,	Ecuador,	Costa	Rica	

and	Colombia.	However,	agrochemical-intensive	production	along	with	declining	producer	

prices	has	given	rise	to	many	environmental	and	social	challenges	(93).	In	Colombia,	47.000	
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ha	 of	 cultivated	 land	 are	 exclusively	 destined	 to	 bananas	 production	 for	 exportation,	

deriving	in	earnings	accounting	for	US$	811,6	millions	(MM)	in	2016	(94)	and	about	14.000	

ha	are	destined	to	national	consumption	(95).	The	social	impact	of	bananas	production	is	

also	of	great	importance	providing	approximately	120.000	jobs,	being	the	primary	source	

of	income	for	about	100.000	families	(96).	Plantains	are	also	a	relevant	agricultural	product	

for	Colombia,	highly	affected	by	Moko	disease,	with	about	394.000	ha	planted	and	3.5	MM	

metric	 tons	being	produced	during	2016	either	 for	exportation	or	 for	 supplying	national	

demand,	representing	an	income	of	US$46,6	MM	coming	only	from	exportations	(94,	95,	

97).	

 
The	 control	 for	 Moko	 disease,	 in	 the	 case	 of	 Colombia,	 which	 has	 reached	 100%	 of	

devastation	on	severe	cases	(98)	is	done	through	the	application	of	a	20%	solution	of	the	

herbicide	 glyphosate	 to	 the	 infection	 foci	 reaching	 a	 final	 desiccation	 of	 the	 plant	 after	

several	 weeks	 of	 decay,	 killing	 all	 living	 tissue	 that	 could	 be	 a	 host	 for	 the	 pathogen.	

Glyphosate	is	not	only	applied	to	the	infected	plant	but	to	the	near-by	ones	in	a	5	meter	

radius,	as	well	as	to	the	weeds	that	could	emerge	in	this	“quarantined”	zone.	The	plants	
inside	 a	 10	 m	 ring	 from	 the	 infection	 foci	 are	 kept	 under	 daily	 surveillance	 for	 the	

appearance	of	Moko	disease	symptoms,	avoiding	the	pathogen’s	spread	around	the	rest	of	

plantation	(99,	100).	The	costs	of	maintaining	and	replanting	the	quarantined	zones	reach	

approximately	US$	150.000/ha/year	plus	the	loss	of	earnings	which	extends	for	15	months,	

from	the	infection	center	detection	until	the	next	production	batch	comes	out,	representing	

around	2.500	boxes/ha	with	an	economical	 value	of	US$	8	each	one,	 for	 a	 total	of	US$	

20.000/ha	(98,	100).		

 
The	need	for	development	of	sustainable	and	more	efficient	solutions	for	controlling	this	

pathogen	 is	a	priority.	By	 focusing	 research	 in	 the	discovery	of	new	active	molecules	or	

compounds	 against	 R.	 solanacearum,	 which	 come	 from	 different	 sources	 like	

microorganisms,	a	step	ahead	is	given	in	the	quest	for	alternative	control	methods	of	this	

devastating	pathogen.	

	

	

2.1.2 Tetrazolium	salts	

Tetrazolium	salts,	first	described	in	the	last	decade	of	the	nineteenth	century,	which	change	

from	 colorless	 or	 weakly	 colored	 aqueous	 solutions	 when	 oxidized,	 to	 brightly	 colored	

derivatives	 known	 as	 formazans	 when	 reduced,	 have	 been	 used	 as	 vital	 dyes	 in	 redox	

histochemistry	and	in	biochemical	applications	for	more	than	half	a	century	(101).		They	are	

synthetically	generated	from	formazans,	being	then	both	molecules	intimately	related	(102,	

103).	 Diverse	 compounds	 of	 this	 class	 have	 been	 employed	 throughout	 history	 in	
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experimentation	comprising	cell	cultures,	ranging	from	ditetrazolium	salts	such	as	nitroblue	

tetrazolium	(NBT)	that	form	insoluble	formazans	to	more	favored	monotetrazolium	salts,	

the	most	widely	used	being	3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium	bromide	

(MTT),	which	also	forms	an	insoluble	formazan	(102).	In	fact,	most	of	the	historically	used	

tetrazolium	salts	form	insoluble	formazans,	so	they	have	been	normally	applied	in	endpoint	

assays;	 by	 contrast,	 most	 recently	 developed	 ones,	 are	 used	 in	 conjunction	 with	

intermediate	electron	acceptors	(IEAs)	that	facilitate	dye	reduction.	These	tetrazolium	salts	

form	soluble	formazans	and	consequently	can	be	used	in	real	time	assays	(104).	Intensive	

interest	 among	 biologists,	 technologists,	 chemists	 and	 other	 specialists	 on	 formazan	

molecules	 has	 been	 mainly	 due	 to	 their	 characteristic	 skeleton	 (Fig.	 2-1)	 known	 as	

azohydrazone	group,	which	has	chemical	versatility	and	chelating	properties	(101,	105)	and	

to	their	flexible	applications	in	histochemistry,	cell	biology,	biochemistry	and	biotechnology	

(104)	 as	 an	 indicator	 of	 the	 respiratory	 state	 of	 the	 cells	 given	 that	 they	 measure	 the	

integrated	pyridine	nucleotide	redox	status	of	cells,	with	the	reduction	of	these	compounds	

likely	involving	reaction	with	NADH	or	similar	reducing	molecules	that	transfer	electrons	to	

the	tetrazole	molecule	(106).	

	

Figure	2-1.	Formazan	molecular	skeleton:	open	tetrazole	ring	or	azohydrazone	group	

	

	

	

	

	

	

	

Different	 from	 formazans,	 tetrazolium	 salts	 are	 quaternized	 tetrazoles	 and	 therefore	

contain	a	ring	of	one	carbon	and	four	nitrogen	atoms,	one	of	which	is	quaternary,	hence	

being	positively	charged	and	having	as	a	result	salt-like	properties,	like	dissociation	in	water	

and	 other	 solvents.	 The	 chemical	 structural	 possibilities	 of	 these	 tetrazole	 rings	 are	 as	

diagramed	in	Figure	2-2	(102).	

	

	

	

	

	

	

	

	



Chapter	2	–	Background	

	

31	

Figure	2-2.	Tetrazole	ring	conformations	

	

	

	

	

	

	

A	 wide	 variety	 of	 C-atoms	 substituents	 have	 been	 introduced	 chemically	 to	 tetrazoles,	

yielding	tetrazolium	salts	when	combined	with	an	halogen	atom,	like	chlorine	(Cl)	or	iodine	

(I).	Most	of	the	reported	tetrazolium	salts	have	aryl	or	chemical	functional	groups	derived	

from	an	aromatic	ring	in	this	free	C-position	(R’	in	Fig.	2-2),	as	well	as	in	the	two	others	from	

nitrogen	atoms	(the	two	R’s	bonded	to	N	in	Fig.	2-2).	In	fact,	the	term	formazan	is	derived	

from	naming	 the	compound	which	 is	derived	 from	the	 reduction	of	 the	 tetrazolium	salt	

triphenyl	 tetrazolium	 chloride	 (TTC),	 having	 three	 phenyl	 groups	 as	 radicals	 in	 the	 C-	

position	and	in	the	two	nitrogen	atoms,	deriving	the	term	“phorm-Azyl”	or	“formazyl”	which	

evolved	to	formazan (102).	The	biological	properties	of	tetrazolium	salts,	depend	on	the	

positively	charged	quaternary	tetrazole	ring	core	containing	four	nitrogen	atoms,	or	in	the	

net	 charge	 of	 the	 moiety	 comprising	 this	 tetrazole	 ring	 (104).	 The	 named	 “second	
generation	tetrazolium	dyes”	have	been	modernly	synthetized	by	substituting	positions	in	

the	original	phenyl	 radicals	or	by	substituting	different	radicals	 in	 the	C	and	N	atoms	by	

different	chemical	groups,	as	are	for	instance	sulfonates	in	the	compound	sodium	2,3,-bis(2-

methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)-carbonyl]-	2H-tetrazolium	(XTT),	causing	

this	 tetrazolium	 salt	 to	 have	 a	 negative	 net	 charge	 (107).	 In	 conclusion,	 all	 these	

modifications	have	resulted	in	compounds	with	a	range	of	different	properties	that	cause	

distinctive	 responses	 in	 the	 cells	 and	 thus,	 have	 been	 applied	 both	 qualitatively	 and	

quantitatively	in	an	variety	of	biological	measuring	systems	(Table	2-1)	(104).	

	

	

2.1.3 Triphenil	tetrazolium	chloride	(TTC)	

The	prototype	tetrazolium	salt	compound	is	known	as	triphenyl	tetrazolium	chloride	(TTC),	

first	 synthesized	more	 than	 a	 century	 ago	 (102,	 104,	 108).	 It	 is	 a	white-yellow	powder,	

water-soluble	 compound	 when	 oxidized,	 but	 its	 formazan,	 namely	 Triphenyl	 Formazan	

(TPF)	is	highly	insoluble	in	aqueous	solvents	(Fig.	2-3).	This	first	tetrazolium	salt	has	been	

modified	 in	many	ways	over	 the	years	by	adding	nitro,	 iodo	and	methoxy	groups	 to	 the	

phenyl	rings,	thus	yielding	the	large	diversity	of	tetrazolium	salts	available	in	the	present-

day	(104),	some	of	them	exemplified	in	Table	2-1.		
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Figure	2-3.	Molecular	structures	of	oxidized	TTC	and	reduced	TFP.	

	

	

	

	

	

	

	

	

In	respects	to	its	reduction	mechanism,	it	has	been	deduced	by	some	experimentation	in	

the	area	that	monotetrazolium	salts	that	more	readily	enter	cells,	as	is	TTC	as	well	as	MTT	

and	2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl	tetrazolium	chloride	(INT),	are	reduced	by	

NADPH-dependent	oxidoreductases	and	dehydrogenases	of	metabolically	active	cells,	more	

than	by	Complex	I	and	Complex	II	or	flavin-containing	enzymes,	as	was	thought	for	a	long	

time	(104).	As	different	microorganisms	have	different	dehydrogenase	systems,	it	may	be	

possible	that	not	all	dehydrogenase	systems	are	capable	of	using	TTC.	Results	by	Smith	&	

McFeters	(109)	clearly	suggest	that	the	dehydrogenase	system	of	most	fungi	is	not	capable	

of	using	TTC	as	an	electron	acceptor,	being	its	reduction	much	lower	than	in	bacteria	and	

actinomycetes;	 a	 hypothesis	 for	 this	 behavior	 might	 be	 the	 lower	 diffusion	 of	 this	

compound	inside	fungal	cells	due	to	the	structure	of	the	cell	wall	and	cell	membrane.		

	

	

2.1.4 Traditional	use	of	TTC	in	microbiology	

The	biological	reduction	of	tetrazolium	derivatives	by	cellular	redox	systems	to	 insoluble	

colored	derivatives	has	been	used	to	measure	viability	within	a	number	of	living	systems	

including	 seeds	 (110),	 frozen	 vegetables,	 protoplasts	 and	 cultured	 cell	 (111)	 and	 other	

vegetables	 tissues,	under	various	conditions	 including	 imposed	stresses	 (112).	 Its	use	on	

microbiology	has	been	reported	since	the	first	half	of	the	past	century,	with	Lederberg	in	

1948	(113)	reporting	its	addition	to	culture	media	in	order	to	detect	phenotypic	changes	in	

E.	coli	mutants.	Its	subsequent	incorporation	in	other	experimental	sets,	in	a	varied	display	

of	 applications,	 ranging	 from	 the	 rapid	 detection	 of	 phenotypic	 colony	 variations	 and	

extracellular	polysaccharide	production	to	determination	of	microbial	activity	in	soils	(114,	

115)	as	well	the	monitoring	of	viability	in	medically	and	agriculturally	important	pathogens	

(116),	was	rapidly	executed	in	the	subsequent	years.	Although,	its	use	nowadays	limited	to	

cultivatable	microbial	colonies	and	sometimes,	allows	to	enhance	colony	differences	so	that	

microbial	diversity	can	be	assessed,	a	specific	example	of	this	being	BIOLOG	plates	(117)	.	

TTC	 TPF	
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Overall,	the	main	applications	of	TTC	in	microbiology	are	monitoring	cell	viability	through	

respiratory	activity	and	colony	differentiation.	

	
Table	2-1.	Tetrazolium	salts	employed	in	biochemistry:	commercial	names	and	molecular	

structures	

MOLECULE	NAME*	 COMMERCIAL	ABBREVIATION	 MOLECULAR	STRUCTURE	

3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium	bromide	

MTT	

	

2,3,5-triphenyl-2H-tetrazolium	
chloride	
	 TTC	

	

2-(4-iodophenyl)-3-(4-nitrophenyl)-
5-phenyl-2H-tetrazolium	chloride	
	 INT	

	

Nitrotetrazolium	Blue	

NBT	

	

5-cyano-2,3-	ditolyl	tetrazolium	
chloride	

CTC	

	

sodium	2,3,-bis(2-methoxy-4-nitro-
5-sulfophenyl)-5-[(phenylamino)-
carbonyl]-2H-tetrazolium	

XTT	

	

sodium	5-(2,4-disulfophenyl)-2-(4-
iodophenyl)-3-(4-nitrophenyl)-2H-
tetrazolium	inner	salt	
	

WST-1	

	

5-[3-(carboxymethoxy)phenyl]-3-
(4,5-dimethyl-2-thiazolyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium	inner	salt	
	

MTS	
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2.1.5 Use	of	TTC	in	antagonism	screenings	against	R.	solanacearum	
The	traditional	isolation	of	R.	solanaceraum	strains	from	infected	tissue,	is	performed	in	a	

medium	named	BGT,	which	is	originally	amended	with	50	mg/L	of	the	tetrazolium	salt	TTC	

and	was	first	described	by	Boucher	et	al.	(118).	This	practice	has	been	replicated	since	then	
in	a	large	number	of	studies	compromising	any	of	the	four	phyllotypes	of	the	pathogen	(92,	

119-121).	When	a	bacterial	stream	of	R.	solanacearum,	exuding	from	infected	tissues,	 is	

streaked	on	medium	containing	TTC,	round	to	oval	shape,	fluidal	colonies	with	pink	or	red	

center	can	be	observed	48	h	after	incubating	at	30	°C	(Table	2-2);	the	unique	colony	type	

on	TTC	is	a	key	for	diagnosis	and	has	been	used	as	well	for	isolating	virulent	strains	of	other	

phytopathogenic	bacteria,	such	as	Erwinia	amylovora,	causal	agent	of		fire	blight	(92,	114).	
Even	 though,	 given	 this	 TTC	 employment	 for	 isolation,	 the	media	 used	 for	 screening	 of	

growth	 inhibition	 or	 antagonistic	 activity	 produced	 by	 other	 bacteria	 against	 R.	
solanacearum	do	not	employ	this	amendment	and	antagonistic	tests	are	usually	performed	

in	BG	agar	or	media	of	similar	composition,	without	TTC	(122,	123).	Up	to	date,	there	are	

no	 previous	 records	 of	 screening	 of	 activity	 from	 any	 bacterial	 species	 against	 R.	
solanaceraum	in	the	presence	of	TTC.	
	

Finally,	the	main	objective	of	this	chapter	was	to	consolidate	the	information	available	from	

previous	studies	done	by	the	research	group,	on	the	observation	of	an	inducible	antagonism	

produced	by	some	AEFB	strains	uniquely	in	the	presence	of	50	mg/L	of	TTC	in	the	medium,	

against	S.	marcescens	and	R.	solanacearum.	

	

	

2.2 Methods	

2.2.1 Microorganisms	

The	1493	AEFB	strains	that	belong	to	collection	Nº	191	of	Humboldt	Institute,	stored	in	TSB	

(trypticase	soy	broth,	Merck)	with	20%	v/v	glycerol	at	-80	°C	,	were	activated	in	TSA	(Merck)	

for	48	h	at	30	°C.	R.	solanaceaum	strain	EAP09	(GenBank	accession	no.	KU603426)	and	S.	
marcescens	 (GenBank	 accession	no.	 KU603427),	 isolated	 from	 infected	 corm	 tissue	of	 a	

banana	 plant,	 were	 stored	 in	 BG	 medium	 (118,	 124)	 with	 20%	 glycerol	 at	 -80	 °C	 and	

activated	in	BGA	(118)	(composition	for	1	L:	10	g	of	special	peptone	(Oxoid),	5	g	glucose,	1	

g	casaminoacids,	1	g	yeast	extract,	18	g	agar)	at	30	ºC	for	48	-	72	h	before	preparation	of	

the	inoculum	for	activity	trials.		
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Table	2-2.	Colony	appearance	of	R.	solanacearum	isolates	on	BGTA	
	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

N
X
:	Nalidixic	acid	resistant	

	
	

2.2.2 Activity	Trials	

The	screenings	of	AEFB	against	strains	of	R.	solanacearum	and	S.	marcescens,		on	which	the	
phenomenon	for	the	present	research	was	observed,	were	performed	following	a	modified	

methodology	previously	described	(126).	Briefly,	100	µL	of	the	target	strain	suspension	in	
distilled	sterile	water	containing	10

6
	CFU/mL	was	spread	on	BGTA	(BG	medium	plus	1.6%	

agar	and	50	mg/L	(ppm)	TTC).	Afterwards,	a	5	mm	disc	of	each	AEFB,	grown	in	TSA	for	48	h	

at	30	 °C,	was	 transferred	onto	 the	BGTA	and	 incubated	at	22	 ºC.	 Inhibition	growth	was	

assessed	by	measuring	the	radius	(mm)	of	the	growth	inhibition	zone	after	incubation	for	

48	h	in	the	case	of	S.	marcescens	and	72	h	for	the	case	of	R.	solanacearum,	using	2	replicates	

per	treatment.	The	strains	that	reported	a	positive	activity	on	BGTA	were	later	assessed	in	

BGA	(with	no	TTC)	as	well.	

	

	

ISOLATE	NAME,	ORIGIN	AND	REFERENCE	 COLONY	APPEARANCE	IN	BGT	AGAR	

	

AW1	strain,	a	Nx	derivate	of	a	wild-type	

(WT)	tomato	isolate	(Dr.	Timothy	Denny,	

University	of	Georgia,	Athens)	(125)	

	

	

	

EAP09	strain,	isolated	from	infected	

banana	plant	tissues	(	María	Ramirez,	

Universidad	EAFIT)	

	

10X	

1X	
4	mm	

2.95	mm	
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2.3 Results	

2.3.1 Screening	of	AEFB	strains	collection	against	Musa	sp.	pathogens		
During	the	screening	of	the	collection	of	AEFB,	the	ability	of	all	strains	to	inhibit	other	Gram	

negative	 bacteria,	 was	 first	 assessed	 against	 S.	 marcescens	 EAD-005,	 in	 a	 medium	

containing	TTC	as	a	redox	indicator	as	described	above.	Results	suggested	that	47	strains,	

representing	3.1%	of	the	total	number	of	strains	of	the	AEFB	collection	were	antagonist	of	

S.	marcescens	EAD005	in	BGTA.	The	same	47	strains	plus	28	added	strains,	corresponding	

to	 different	morphologies,	 were	 screened	 against	Musa	 sp.	 pathogen	R.	 solanacearum,	

proving	that	98.7%	of	them	produced	growth	inhibition	zones	against	this	phytopathogen.	

The	initial	47	strains	which	were	active	in	TTC	presence	both	against	S.	marscecens	and	R.	
solanacearum	shared	the	same	morphology	in	50%	TSA,	and	amid	the	identified	ones,	the	

majority	 belonged	 to	 ‘operational	 group	 B.	 amyloliquefaciens’	 (supplementary	 material	

Table	 S-1).	 Given	 the	 high	 percentage	 of	 antagonists	 encountered	 in	 TTC	 presence,	 the	

redox	indicator	was	removed	from	the	medium.	When	growth	inhibition	was	tested	in	the	

absence	of	TTC	in	the	medium	(BGA),	for	the	initial	47	strains	plus	57	different	ones	from	

the	 collection,	 belonging	 to	 different	morphologies,	 the	 number	 of	 antagonistic	 strains	

decreased	to	58.7%	(Figure	2-4).	

	

The	group	of	58	strains	which	retained	activity	against	R.	solanacearum	even	in	the	absence	

of	TTC,	includes	the	initial	47	active	strains	and	thus,	probably	the	majority	of	them	belong	

to	‘operational	group	B.	amyloliquefaciens’	(127),	recognized	for	its	lipopeptides	producing	
capacities	(128).	Among	the	other	46	strains	which	were	not	active	in	TTC	absence,	a	group	

of	8	strains	had	been	evaluated	both	in	the	presence	and	absence	of	TTC	and	evidenced	

antagonistic	capacity	only	when	TTC	was	present	 in	 the	medium	(Table	2-3,	Figure	2-5).	

These	strains	belong	to	other	Bacillus	species;	among	the	identified	ones	are	B.	subtilis	and	
B.	 cereus	 group	 species	 (Table	 2-3,	 supplementary	 material	 Table	 S-1).	 Is	 within	 these	

species	then,	that	the	production	of	inducible	antimicrobial	compounds	in	TTC	presence	is	

stronger	and	more	evident	(Fig.	2-5).		
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Figure	2-4.	AEFB	strains	antagonistic	to	S.	marcescens	and	R.	solanacearum	in	TTC	presence	

and	absence	

	

	
Table	2-3.	Group	of	AEFB	strains	evaluated	both	in	the	presence	and	absence	of	TTC	

	

NI:	strain	not	yet	identified	

	

	

	

STRAIN	
MOLECULAR	ID	BY	

16S	rDNA	

INHIBITION	ZONE	

AGAINST		

S.	marcescens	(mm)	

INHIBITION	ZONE	AGAINST	

R.	solanacearum		(mm)	

BGTA	(+TTC)	 BGTA	(+TTC)	 BGA	(-TTC)	

EA-CB0575	 B.	subtilis	 0.0	± 0.0	 11.0	± 0.0	 0.0	± 0.0	
EA-CB0015	 B.	subtilis	 0.0	± 0.0	 6.0	± 0.0	 0.0	± 0.0	
EA-CB0586	 B.	subtilis	 0.0	± 0.0	 8.0	± 2.0	 0.0	± 0.0	
EA-CB1047	 B.	cereus	 0.0	± 0.0	 12.0	± 1.0	 0.0	± 0.0	
EA-CB1465	 NI	 0.0	± 0.0	 ��25.0		 0.0	± 0.0	
EA-CB1473	 NI	 0.0	± 0.0	 ��25.0	 0.0	± 0.0	
EA-CB1486	 B.	subtilis	 0.0	± 0.0	 13.0	± 1.0	 0.0	± 0.0	
UA321	 B.	subtilis	 0.0	± 0.0	 12.0	± 1.0	 0.0	± 0.0	
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Figure	2-	5.	Inducible	antagonism	potential	in	TTC	presence	of	AEFB	strains	non-belonging	

to	‘operational	group	B.	amyloliquefaciens’	against	R.	solanacearum	

		

	

	

	

	

	

	

	

	

	

	

	

	

	

		

2.4 Conclusions	

The	 phenomenon	 of	 induced	 antimicrobial	 activity	 produced	 by	 AEFB,	 especially	 from	

Bacillus	 species	 different	 from	 the	 ones	 belonging	 to	 ‘operational	 group	 B.	
amyloliquefaciens’	in	the	presence	of	TTC,	suggests	either	an	induction	in	the	production	of	
antibiotic	substances	in	these	bacterial	species	or	a	biotransformation	of	this	molecule	or	

its	reduced	product	TPF,	by	AEFB,	into	antimicrobial	compounds.		

	

A	 series	 of	 trials	 were	 performed	 to	 characterize	 the	 biological	 systems	 producing	 the	

inducible	antagonistic	activity	against	R.	solanacearum	and	other	target	species.	All	of	these	

results	are	exhibited	in	the	following	chapters.		
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CHAPTER	3		
	 	 	 	 	 	 	 	 	 	 	 	 	

3. Characterization	of	the	Inducible	Antagonism	System	
	

Abstract	

A	series	of	strains,	mostly	AEFB	belonging	to	different	Bacillus	species,	were	tested	for	their	
production	 of	 inducible	 inhibition	 zones	 only	 in	 the	 presence	 of	 TTC,	 against	 several	

potentially	target	species,	with	R.	solanacearum	as	main	target.	Even	though	all	the	strains	
tested	 belonging	 to	 the	 order	 Bacillales	 evidenced	 a	 capacity	 for	 producing	 inducible	

inhibition	 zones	 against	 R.	 solanacearum	 and	 other	 Gram	 negative	 and	 Gram	 positive	

strains,	 B.	 cereus	 EA-CB1047	 and	 B.	 pumilus	 EA-C0009	 outstand	 for	 having	 the	 highest	
inducible	potential,	observable	both	in	solid	and	liquid	media	but	stronger	in	solid	media,	

thus	 the	 rest	 of	 trials	were	 performed	 in	 this	 last	media.	 Kinetics	 analysis	 among	other	

assays	 demonstrated	 that	 the	 main	 target	 pathogen,	 R.	 solanacearum,	 does	 not	 have	

increased	sensitivity	in	the	presence	of	the	inducer	and	that	its	presence	is	not	needed	for	

Bacillus	cells	to	produce	an	inhibition	zone,	observable	instead	due	to	the	secreted	inducible	
substances	diffused	to	culture	medium	by	Bacillus	cells.	TTC	acts	as	the	main	inducer	among	

other	chemically	similar	substances	and	has	an	inhibitory	effect	on	certain	Bacillus	species	
at	 concentrations	 above	 100	 ppm.	 Knockout	 mutant	 strains	 of	 B.	 subtilis	 NCIB-3610,	
silenced	 on	 the	 central	 genes	 for	 the	 synthesis	 of	 some	 of	 the	most	 studied	 secondary	

metabolites	 from	 Bacillus,	 were	 tested	 for	 their	 inducible	 inhibition	 zones	 production	
capacity,	with	 none	 being	 defective	 or	 significanlty	 overinduced.	 This	 indicates	 that	 the	

chemical	nature	of	the	 inducible	antimicrobial	substances	may	not	belong	to	these	well-

characterized	 biosynthetic	 routes	 and	 that	 TTC,	 when	 applied	 at	 sub-inhibitory	

concentrations	to	the	medium,	acts	as	an	inducer	of	antagonism,	perhaps	by	accumulation	

of	intracellular	TPF	or	activation	of	silent	biosynthetic	gene	clusters	or	non-characterized	

ones.		

	

	

3.1 Introduction	

Besides	being	a	species	with	versatile	applications	due	to	its	ability	to	form	endospores,	the	

resistant	structures	which	confer	them	survival	capacity	over	long	periods	and	prolonged	

shelf	life,	Bacillus	sp.,	above	other	AEFB,	are	widely	known	for	their	capacity	for	producing	
diverse	 bioactive	 secondary	 metabolites	 (37,	 82).	 The	 vast	 majority	 of	 secondary	

metabolites	 produced	 by	 Bacillus	 sp.	 are	 antibiotic	 peptides	 which	 possess	 diverse	
functions,	 including	 the	 capacity	 of	 being	 effective	 chemotherapeutic	 agents	 in	 the	
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treatment	of	animal	diseases.	 	Some	of	 these	metabolites	are	 involved	 in	the	distinctive	

morphological,	physiological	and	habitat	survival	traits	of	the	microorganism	(81,	129,	130).	

Besides	 peptide	 antibiotics,	 several	 species	 of	 Bacillus	 sp.	 produce	 other	 non-peptide	
compounds	such	as	polyketides,	which	are	the	basis	of	numerous	human	and	veterinary	

drugs;	plant-growth	hormones,	terpenoids,	isocumarins,	all	of	them	being	compounds	that	

have	proven	to	be	effective	agents	against	molds	and	yeasts	(81)	and	could	also	express	

activity	 towards	other	microbial	 or	 nonmicrobial	 infective	 agents	of	 plants	 and	 animals.	

Other	renowned	substances	produced	by	Bacillus	sp.	are	lipopeptides,	which	represent	the	
family	 of	 peptide	 antibiotics	 that	 are	 synthesized	 by	 large	 nonribosomal	 peptide	

synthetases	(NRPS)	(131)	and	are	composed	of	a	hydrocarbon	chain	linked	to	a	short	cyclic	

oligopeptide.	 Bacillus	 sp.	 strains	 coproduce	 various	 families	 of	 lipopeptides	 such	 as	

surfactin,	 iturin	 and	 fengycins	 (83).	 These	 NPs	 are	 active	 against	 a	 broad	 spectrum	 of	

biological	targets,	with	iturins	evidencing	strong	in	vitro	activity	against	fungi	and	yeasts,	as	
well	as	fengycins	which	are	strong	antifungals	highly	employed	in	plant	protection	against	

filamentous	fungi.	But	are	surfactins	the	ones	with	the	broadest	reported	bioactivity,	being	

active	in	vitro	against	Gram	positive	and	Gram	negative	bacteria,	virus,	mycoplasmae	and	

larvae	(132).	

	

In	addition	 to	 these	 families	of	 compounds,	Bacillales	 species	 still	 hold	a	great	explored	

potential	for	discovery	of	new	bioactive	substances,	with	about	4−5%	of	a	B.	subtilis	genome	

considered	to	be	devoted	to	secondary	metabolites	production	(130),	indicating	that	there	

is	still	potential	for	novel	compounds	to	lie	undiscovered	in	the	genomes	of	microorganisms	

belonging	to	families	such	as	Bacillaceae	and	Paenibacillaceae.	Beyond	the	already	known	

sets	of	biosynthetic	genes,	there	could	be	plenty	more	classes	of	compounds	to	look	into	

through	modern	bioactive	compounds	discovery	techniques.	

	

The	collection	of	NPs	which	have	been	isolated	from	Bacillales,	have	demonstrated	to	be	

active	in	vitro	against	important	Gram	negative	pathogens,	as	are	phytopathogenic	strains	

of	Xhantomonas	sp.	and	Pseudomonas	sp	(133).	Specifically,	lipopeptides	from	Bacillus	sp.,	
have	broad-spectrum	antibiotic	properties	against	some	multi-drug	resistant	bacteria	(128)	

and	other	human	pathogens	as	S.	enterica	(130).	Among	Gram	negative	bacterial	species,	

several	outstand	because	of	their	harmful	effects	to	plants	and/or	animals,	among	them	X.	
campestris	(134),	P.	carotovorum	(135),	P.	syringae	(129),	Agrobacterium	tumefaciens	(136)		
in	agriculture,	as	well	as	K.	pneumoniae,	E.	coli,	Salmonella	sp.,	P.	aeruginosa,	S.	marcescens	
and	 S.	 aureus	 in	 humans	 and	 other	 animals,	 with	 important	 strains	 from	 these	 species	

considered	as	priority	pathogens	by	the	World	Health	Organization	(23)	due	to	their	high	

antibiotic-resistance	and	for	being	considered	common	community	bacteria,	in	most	cases.	

According	to	this	WHO	report,	prioritization	of	these	pathogens	should	guide	research	and	
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development	of	new	antibiotics.	Accordingly,	strains	of	selected	species	belonging	to	this	

list	 were	 tested	 for	 their	 susceptibility	 to	 the	 inducible	 antimicrobial	 compounds	 from	

Bacillus	sp.	
	

The	main	objective	of	this	chapter	was	to	perform	biochemical	and	microbiological	analysis	

in	 order	 to	 identify	 the	 main	 traits	 which	 define	 the	 observed	 inducible	 antagonism	

phenotype	and	the	most	favorable	conditions	for	its	production.	

	

	

3.2 Methods	

3.2.1 Strains	screened	for	inducible	antagonism	potential		

Selected	species	of	the	1496	AEFB	strains	collection	(Humboldt	Institute	Collection	Nº	191)	
were	chosen	among	the	ones	identified	by	16S	rDNA	gene	sequencing.	Strains	from	selected	

Gram	negative	 species	were	also	 included,	with	 the	aim	of	 testing	 the	 specificity	of	 the	

inducible	antagonism	(Table	3-1).	All	strains	were	stored	in	TSB	(trypticase	Soy	Broth	Merck)	

and	glycerol	(20%	v/v)	at	-80	°C. Further	activation	in	50%	TSA	(Merck)	and	incubation	for	

48	h	at	30.0	±	0.5	°C	was	done	before	any	experimental	use.	WT	of	B.	subtilis	strains	3610,	
SMY,	PY79	(Table	3-1)	and	3610	knockout	mutants	(Table	3-2)	were	employed	in	a	series	of	

trials,	 donated	 by	 Dr.	 Roberto	 Kolter	 from	 Harvard	Medical	 School.	 These	 strains	 were	

activated	in	LB	agar	(composition	for	1	L:	tryptone	(Oxoid)	10	g,	NaCl	(Merck)	10	g,	yeast	

extract	(Oxoid)	5	g,	agar	(BD)	15	g),	conserved	and	activated	in	the	same	way	as	the	rest	of	

strains.	

	

	

3.2.2 R.	solanacearum	and	other	target	strains		

R.	solanacearum	EAP09	was	isolated	from	infected	tissues	of	banana	plants	as	previously	

described	 (137)	 and	 identified	 by	 16S	 rDNA	 gene	 sequence	 (GenBank	 accession	 no.	

KU603426).	Stored	in	BG	medium	(118,	124)	with	20%	glycerol	at	-80	°C),	it	was	activated	

in	BGA	(118),	and	incubated	at	30.0	±	0.5	ºC for	72	h	before	preparation	of	inoculums.	R.	
solanacearum	AW1,	a	nalidixic	acid	resistant	strain	derived	from	a	WT	isolate	from	tomato,	
was	donated	by	Dr.	T.	Denny	from	University	of	Georgia	(125),	conserved	and	activated	in	

the	 same	 way	 as	 strain	 EAP09.	 Other	 target	 strains	 comprised	 P.	 putida	 UA-0095,	
Xanthomonas	sp.	UA-1539,	B.	cepacea	UA-1541,	S.	marcescens	UA-1538,	donated	by	Dr.	
Camilo	Ramirez	from	Universidad	de	Antioquia;	Salmonella	sp.	ATCC	14028,	S.	aureus	and	
E.	coli	DH5	were	part	of	the	biotechnology	lab	at	Universidad	EAFIT	strain	s	collection	and	
Pectobacterium	 sp.	 strain	was	 donated	 from	 the	 Kolter	 Lab	 at	 Harvard	Medical	 School.	

These	target	strains	evaluated	are	listed	in	Table	3-3	.		
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Table	 3-1.	 AEFB	 and	 other	 Gram	 negative	 strains	 employed	 as	 antagonists	 for	 the	

characterization	of	the	antimicrobial	inducible	behavior	

		

SPECIES/GENUS	 STRAINS	 ORIGIN	 COLLECTION	/DONATOR	

Gram	positives	 	 	 	

B.	cereus	 EA-CB	1047	 P	 Humboldt	Institute	Collection	Nº 191	

EA-CB	0012	 R	 Humboldt	Institute	Collection	Nº 191	

B.	pumilus	 EA-CB	0009	 R	 Humboldt	Institute	Collection	Nº 191	

EA-CB	0177	 P	 Humboldt	Institute	Collection	Nº 191	

B.	megaterium	 EA-CB	0185	 R	 Humboldt	Institute	Collection	Nº 191	

EA-CB	1057	 P	 Humboldt	Institute	Collection	Nº 191	

Paenibacillus	pasadenensis	 EA-CB	840	 P	 Humboldt	Institute	Collection	Nº 191	

B.	subtilis	

EA-CB	0015	 P	 Humboldt	Institute	Collection	Nº 191	

EA-CB	0575	 R	 Humboldt	Institute	Collection	Nº 191	

NCIB	3610	 N	 BGSC	

SMY	 N	 BGSC	

B.	amyloliquefaciens	 EA-CB	0959	 P	 Humboldt	Institute	Collection	Nº 191	

B.	altitudinis	 EA-CB1450	 P	 Humboldt	Institute	Collection	Nº 191	

EA-CB	0686	 R	 Humboldt	Institute	Collection	Nº 191	

B.	licheniformis	 ATCC14580	 So	 Kolter	Lab	strains	collection	

B.	simplex	 ZK5093	 N	 Kolter	Lab	strains	collection	

B.	thuringiensis	subsp.	Darmstadiensis	 ZK5165	 N	 Kolter	Lab	strains	collection	

B.	coagulans	 ZK5189	 S	 Kolter	Lab	strains	collection	

B.	lentus	 ZK5173	 Si	 Kolter	Lab	strains	collection	

Marinibacilllus	marinus	 ZK5187	 N	 Kolter	Lab	strains	collection	

B.	firmus	 ZK5172	 So	 Kolter	Lab	strains	collection	

Aeribacillus	palidus	 ZK5191	 N	 Kolter	Lab	strains	collection	

Gram	negatives	

Delftia	tsuruhatensis	 UA-1537	 B		 Dr.	Camilo	Ramírez. Universidad de Antioquia	

Herbaspirillum	seropedicae		 UA-1542	 B		 Dr.	Camilo	Ramirez.	Universidad	de	Antioquia	

Burkholderia	cepacea	 UA-1541	 B		 Dr.	Camilo	Ramirez.	Universidad	de	Antioquia	

Pseudomonas	putida	 UA-0095	 B		 Dr.	Camilo	Ramirez.	Universidad	de	Antioquia	

Serratia	marcescens	 UA-1538	 B		 Dr.	Camilo	Ramírez.	Universidad	de	Antioquia	
P:	phylloplane	of	banana	plants	from	commercial	plantations.	R:	Rhizosphere	of	banana	plants	from	commercial	plantations.	B:	Moko	infected	tissues	

	from	banana	plants.	BGSC:	Bacillus	Genetic	Stock	Center,	Columbus,	OH.	N:	Unknown.	S:	sediments.	Si:	Symbiont	of	gram	negative	Xenorhabdus.	So:	soil.		
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Table	3-2.	Knockout	mutants	on	selected	genes	from	B.	subtilis	NCIB-3610	WT	

GENOTYPE	 STRAIN	CODE	 *KNOCKOUT	GENE	MAIN	FUNCTION	

spo0A::erm	 ZK385	 Stage	0	sporulation	protein	

kinA::mls,	kinB::kan,	KinC::cat	 ZK3706	 Sporulation	kinases	A,	B,	C	

KinA::mls	 ZK5157	 Sporulation	kinase	A	

KinB::cm	 ZK5158	 Sporulation	kinase	B	

KinC::cm	 ZK5159	 Sporulation	kinase	C	

degS::tet	 ZK3737	 Signal	transduction	histidine-protein	kinase/phosphatase	DegS	

∆degU	 HV1130	 Transcriptional	regulatory	protein	DegU	

abrB::tet	 ZK4279	 Transition	state	regulatory	protein	

∆pksX:	specR	 ZK3640	 Polyketide	synthase	involved	in	bacillaene	production	

sinI::spc	 ZK4200	 Transcriptional	regulator.	Nutrient	depletion	and	development	

ppsBΩTn10:	specR	 ZK3639	 Biosynthesis	of	the	lipopeptide	antibiotic	plipastatin	

∆bacA	 NL363	 Synthesis	of	dipeptide	antibiotic	bacilysin	

srfAA::erm	 ZK3858	 Surfactin	synthase	subunit-1	

comA::cat		srfA-lacZ	 ZK3863	 Transcriptional	regulator	(quorum-sensing	and	competence)	

sunA::erm	 NL384	 Bacteriocin	sublancin	

eps	::	tet	tasA	::	km	comX	::	spc	 ZK3771	 Competence	pheromone	(quorum-sensing	system)	

skf	::	cm	 ZK3748	 Sporulation	killing	factor	(toxin)	

sdp	::	spc	 ZK3749	 Sporulation	delaying	protein	(toxin)	

codY::spc	 NL3864	 Transcriptional	repressor.	Nutritional	limitation	sensor	

∆sigH 
NL161	 RNA	polymerase	sigma-H	factor.	Transcriptional	regulator	

∆sigD 
NL165	 RNA	polymerase	sigma-D	factor.	Transcriptional	regulator	

∆sigE	 NL166	 RNA	polymerase	sigma-E	factor	Transcriptional	regulator	

∆sigX	 NL167	 RNA	polymerase	sigma-X	factor	Transcriptional	regulator	

∆sigY	 NL361	 RNA	polymerase	sigma-Y	factor	Transcriptional	regulator	

∆sigW	 NL362	 RNA	polymerase	sigma-W	factor.	Transcriptional	regulator	

*
Source:	(www.uniprot.org/uniprot/P08874)	(138)	
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Table	3-3.	Target	bacterial	strains	tested	for	their	sensitivity	to	the	inducible	antimicrobial	

activity	from	Bacillus	sp.	

SPECIES/GENUS	 STRAINS	 ORIGIN	 COLLECTION/	DONATOR	

Xanthomonas	sp.	 UA-1539	 B	 Dr.	Camilo	Ramirez.	Universidad	de	Antioquia	

Ralstonia	solanacearum	 AW1	 T	 Dr.	Tim	Denny.	University	of	Georgia		

Ralstonia	solanacearum	 EAP09	 B	 Universidad	EAFIT	strain	collection	

Escherichia	coli	 DH5a	 CGSC	 Universidad	EAFIT	Biotechnology	LAB	

Staphylococcus	sp.		 G	 W	 Universidad	EAFIT	Biotechnology	LAB	

Salmonella	enterica		 ATCC	14028 A	 Universidad	EAFIT	Biotechnology	LAB	

Ralstonia	eutropha	 H16	 N	 UMass	Darmtouth	

Pectobacterium	sp.	 N	 N	 Kolter	Lab	

B:	R.	solanacearum	infected	tissues	from	banana	plants.	T:	R.	solanacearum	infected	tissues	from	Tomato	plants.	N:	Unknown.	CGSC:	laboratory	

engineered	strain	from	the	Coli	Genetic	Stock	Center	at	Yale	University.	A:	Animal	tissue.	W:	sewage	water	samples	

	

	

3.2.3 Culture	media	

BGT	agar	medium	(BGTA),	composed	by	special	peptone	(10	g/L,	Oxoid),	glucose	(5	g/L),	

casaminoacids	(1	g/L,	Amresco),	yeast	extract	(1	g/L,	Merck),	bactoagar	(18	g/L,	BD),	TTC		

(50	mg/L,	Merck)	was	used	for	antimicrobial	testing	against	R.	solanacearum.	Several	other	

TTC	 concentrations	 were	 employed	 for	 other	 trials.	 BG	 agar	 (BGA),	 with	 the	 same	

composition	 as	 BGTA	without	 TTC	 (114,	 118)	was	 employed	 as	 the	negative	 control	 for	

inducible	antagonism	production.	TS10	medium,	composed	by	TSA	(10%	w/v)	and	sucrose	

(1	g/L),	with	or	without	TTC	depending	on	the	test,	was	employed	for	other	R.	solanacearum	
trials.	

	

	

3.2.4 In	vitro	antagonism	tests	

3.2.4.1 Antagonistic	activity	by	agar	plug	diffusion	method	

The	 agar	 plug	 diffusion	 method	 was	 employed	 to	 evaluate	 the	 inducible	 antagonism	

capacity	of	different	bacterial	strains	(Table	3-1)	against	different	target	strains	(Table	3-3)	

(139).	Briefly,	100	μL	of	an	inoculum	of	approximately	1	x	10
6
	CFU/mL	of	the	target	strain	

were	plated	onto	BGTA	and	BGA	plates.	In	another	version,	the	target	strain	was	submerged	

into	molten	BGA	or	BGTA	at	a	desired	final	concentration	and	mixed	well.	On	top	of	the	
target	 strain,	 a	 0.5	 cm	 disc	 (diameter)	 containing	 the	 antagonistic	 strain	 grown	 in	 the	

appropriate	 medium	 (50%	 TSA,	 LB,	 BG)	 was	 placed.	 After	 72	 h	 of	 incubation	 under	
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environmental	conditions	or	room	temperature	(RT	=	22	±	1	ºC), the	presence	and	radius	
size	of	inhibition	zones	were	registered.	Each	condition	was	permorfed	in	three	replicates.		

	

	

3.2.4.2 Antagonistic	activity	by	agar	well	diffusion	method	

The	 agar	 well	 diffusion	 method	 was	 employed	 to	 determine	 the	 inducible	 antagonism	

capacity	of	strains	belonging	to	Bacillus	sp.	and	of	B.	subtilis	NCIB	3610	knockout	mutants	

against	 two	 strains	 of	 R.	 solanacearum,	 EAP09	 and	 AW1.	 On	 BGTA	 and	 BGA	 plates	

containing	the	target	strain,	either	submerged	or	plated,	wells	were	opened	with	a	sterile	

Pasteur	pipette	followed	by	the	addition	of	50	μL	of	an	overnight	inoculum,	grown	at	30.0 
±	0.5	ºC,	and	150	rpm,	of	the	antagonistic	strain.	After	incubation	at	30.0 ±	0.5	ºC	 for	48	h,	
three	measures	of	the	radius	of	inhibition	zones	were	registered.	Three	different	plates	of	

the	assay	were	established	for	each	treatment	(a	specific	strain	or	an	extract).	

	

	

3.2.4.3 Antagonistic	activity	in	liquid	co-cultures	

Co-cultures	of	a	specific	Bacillus	sp.	strain	and	R.	solanacearum	EAP09	or	R.	solanacearum	
AW1,	were	prepared	by	inoculating	both	strains,	at	an	approximate	initial	concentration	of	

1	x	10
6
	CFU/mL	each,	to	a	500	mL	erlenmeyer	flask	containing	100	mL	of	the	corresponding	

liquid	medium	and	incubated	for	24	h	at	30.0 ±	0.5	ºC	and	150	rpm	in	an	orbital	shaker	in	

the	dark.	Fermentations	were	performed	in	liquid	media	amended	(BGT)	and	not	amended	

with	 TTC	 (BG).	 2	 mL	 samples	 were	 taken	 at	 specific	 times	 from	 each	 fermentation	 to	

determine	 cell	 density	 in	CFU/mL	by	 the	 spread	plate	 technique.	Briefly,	 serial	 dilutions	

were	performed	for	each	sample	and	100	µL	of	each	dilution	were	plated	onto	BGA	medium	

amended	with	0.5	ppm	of	nalidixic	acid	(Nx),	in	order	to	count	only	Bacillus	sp.	colonies	and	
onto	BGTA	medium	amended	with	0.5	ppm	of	ampicillin	and	5	ppm	of	chloramphenicol	in	

order	 to	 count	 only	 R.	 solanacearum	 colonies.	 Two	 replicates	 per	 treatment	 were	

established.	

	

3.2.4.4 Antagonistic	activity	in	liquid	monocultures		

Liquid	mono-cultures	of	 each	 selected	Bacillus	 sp.	 strain	were	performed	by	 inoculating	

each	strain,	at	an	approximate	initial	concentration	of	1	x	10
6
	CFU/mL	each,	to	a	500	mL	

erlenmeyer	flask	containing	100	mL	of	the	corresponding	liquid	medium,	amended	(BGT)	

and	not	amended	with	TTC	(BG).	Fermentations	were	incubated	for	24	h	at	30.0 ±	0.5	ºC	
and	150	rpm	in	an	orbital	shaker	in	the	dark.	2	mL	samples	were	taken	at	specific	times	from	

each	fermentation	to	determine	cell	density	in	CFU/mL,	by	the	spread	plate	technique,	and	
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cell-free	 supernatant	 activity	 (obtained	 by	 centrifugation	 at	 14.000	 rpm	 for	 10	min	 and	

filtrations	through	0.2	μm	pore-size	acetate	membranes)	by	agar	well	diffusion	method.	

	

	

3.2.5 Antibiotics	sensitivity	tests	

R.	 solanacearum	 sensitivity	 to	 antibiotics	 in	 the	 presence	 and	 absence	 of	 TTC	 was	
determined	 by	 establishing	 an	 antagonism	 test	 through	 the	 agar	 disk-diffusion	

methodology	 or	 Kirby–Bauer antibiotic testing	 (140).	 Antibiotic	 stock	 solutions	 of	

rifampicin, ampicillin, streptomycin	and	kanamycin	(all	from	Sigma-aldrich)	were	added	to	

sterile	paper	discs	placed	over	a	plated	inoculum	of	R.	solanacearum	EAP09	on	BGA	and	
BGTA		plates,	to	achieve	final	concentrations	of	20	mg/L	of	each	antibiotic.	Incubation	at	RT 
followed	 for	 48	 h,	 after	 which	 three	 measures	 of	 inhibition	 zones	 were	 taken.	 Three	

replicates	for	each	treatment	were	established.	

	

	

3.2.6 Other	tetrazolium	salts	and	antioxidant	addition	to	the	culture	medium	

Antagonism	 plates	 were	 established	 according	 to	 agar	 plug	 method	 in	 culture	 media	

modified	by	the	addition	of	either	antioxidant	compounds	to	the	medium	or	by	replacing	

the	main	 inducer	compound	TTC	by	other	tetrazolium	salt.	For	the	first	experiment	with	

antioxidants,	final	concentrations	were	of	100	mg/L	for	ascorbic	acid	(vitamin	C,	ECAR),	10	

mg/L	for	a-tocopherol	(vitamin	E,	Sigma-Aldrich)	and	uric	acid	(Sigma-aldrich),	and	18	mg/L	

for	 L-glutathione	 (Alfa-Aesar,	 USA)	 were	 achieved	 in	 plates	 containing	 culture	 media	

amended	 (BGTA)	 and	 not	 amended	 (BG)	 with	 TTC.	 For	 other	 tetrazolium	 salts,	 final	

concentrations	 of	 25,	 50	 and	 100	mg/L	were	 used	 for	 NBT	 (Sigma-aldrich),	 INT	 (Sigma-

aldrich)	 and	XTT	 (Sigma-aldrich)	 by	 adding	 stock	 solutions	 to	BG	agar	before	 solidifying.	

Controls	for	these	trials	consisted	of	non-antioxidants	containing	BGTA	and	BGA	plates,	and	

BGTA	 and	 BGA	 plates	 for	 other	 tetrazolium	 salts	 evaluation.	 Three	 replicates	 were	

established	for	each	treatment.	

	

	

3.2.7 Diffusion	of	inducible	compounds	across	nylon	membranes	

For	 determining	 the	 ability	 of	 Bacillus	 sp.	 strains	 to	 produce	 the	 inducible	 compounds	

without	 the	 presence	 of	 the	 target	 pathogen,	 polyamide	 (nylon)	 membranes	 discs	

(Sartorius)	of	47	mm	of	diameter	and	0.2	µm	of	pore	size,	were	sterilized	and	placed	on	top	

of	BGA	and	BGTA	plates.	5	mm	discs	of	Bacillus	sp.	previously	grown	on	50%	TSA	for	24	h	at	
30.0	±	0.5	ºC,	where	settled	on	top	of	the	membranes	and	incubated	at	RT	for	48	h.	After	

this	 time,	 membranes	 where	 carefully	 taken	 out	 and	 100	 µL	 of	 the	 inoculum	 of	 the	
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pathogen	were	applied.	Positive	controls	for	this	experiment	consisted	of:	a	positive	control	

of	 the	 antagonistic	 activity	 of	 B.	 cereus	 EA-CB1047	 growing	 without	 nylon	 membranes	

(positive	control);	a	normal	agar	plug	antagonistic	test	but	placing	B.	cereus	plugs	over	a	
sterile	 membrane	 after	 plating	 R.	 solanacearum	 (membranes	 control).	 Two	 negative	

controls	were	established:	a	membrane	without	Bacillus	placed	on	top	of	the	agar	before	
plating	R.	 solanacearum	 and	 a	membrane	with	 agar-plugs	 of	 a	 non-antagonistic	 strains	

placed	on	top,	in	order	to	prove	that	neither	membrane	presence	or	nutrients	depletion	by	

the	growth	of	another	microorganisms	were	causing	the	observed	inhibition	zones.	Besides	

this	 last	control,	another	treatment	was	established	were	nutrients	were	restored	in	the	

culture	medium	by	applying	100	µL	a	of	concentrated solution	of	sterile BG	liquid	medium	

where	 the	membrane	had	been previously	 located,	 before	 inoculation	of	 the	pathogen	
(diffused	compounds	+	nutrients	reposition).	Incubation	followed	for	48	h	at	RT	after	which	

inhibition	zones	radius	was	measured.	Three	replicates	were	established	for	each	treatment	

and	control.	

	

	

3.2.8 Determination	of	growth	kinetics	through	microplates	assay	

Microplate	assays	were	used	in	order	to	assess	the	effect	of	different	TTC	concentrations,	

as	well	as	those	from	its	reduction	product	TPF,	in	the	growth	kinetics	of	the	main	target	

pathogen,	 R.	 solanacearum	 EAP09	 and	 the	 antagonistic	 microorganisms.	 96-wells	

microplates	were	prepared	by	adding	90	μL	of	BGT	liquid	medium	to	each	well,	to	reach	

final	concentrations	ranging	from	25	to	400	ppm	of	the	inducer	TTC,	increasing	2-fold	each	

time,	with	eight	replicates	per	treatment.	A	positive	growth	control	consisted	of	BG	medium	

with	 0	 ppm	 of	 TTC	 and	 the	 blank	 (values	 corresponding	 to	 O.D	 =	 0)	 consisted	 on	 BGT	

medium	without	any	bacterial	inoculation.	Addition	of	TTC	to	BG	medium,	which	gives	BGT	

medium	as	result,	does	not	alter	its	O.D	when	registered	at	600	nm,	thus	BGT	without	any	

microbial	 inoculation	 can	 be	 used	 as	 the	 blank	 for	 all	 treatments.	 After	 every	 TTC	

concentrations	 was	 prepared	 in	 each	 column,	 10	 μL	 of	 either	 R.	 solanacearum	 EAP09	

adjusted	 to	 an	O.D	 (600	 nm)	 =	 0.1	 -	 0.15	 or	Bacillus	 sp.	 strains	 adjusted	 to	 an	O.D	 =	 2	
inoculums,	which	 correspond	 to	 1	 x	 10

6
	 CFU/mL,	were	 added	 to	 each	well,	 in	 order	 to	

complete	 a	 total	 volume	 of	 100	 μL in	 each	 well.	 Effects	 of	 TPF	 (Sigma-adlrich)	

concentrations	on	microorganisms	was	done	in	the	exact	same	way	as	formerly	described	

for	TTC,	but	replacing	the	tetrazolium	salt	by	its	reduction	product	dissolved	in	methanol	

(Honeywell	®). O.D	values were	recorded	at	a	wavelength	of	595	nm,	in	a	microplate	reader	

(Bio-Rad	®) every	4	h, until	72	h	of	growth	were	completed	for	Bacillus	sp.	strains	and	160	
h	for	R.	solanacearum.	Data	was	processed	in	order	to	construct	growth	kinetics	curves.	
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3.2.9 Siderophores	CAS	assay	

Siderophores	production	by	Bacillus	sp.	 strains	 in	 the	presence	and	absence	of	TTC	was	
determined	 by	 the	 previously	 described	 colorimetric	 assay	 established	 by	 Schwyn	 and	

Neilands	 (141).	 Briefly,	 pre-solutions	 of	 10	mM	hexadecyltrimethyl	 ammonium	bromide	

(HDTMA),	 10	mM	 Iron	 III	 in	 1	N	HCl	 and	 0.12%	 Chrome	Azurol	 S	 (CAS)	were	 prepared.	

Afterwards,	blue	agar	plates	were	prepared	by	mixing	in	a	1:5	ratio	of	Iron	III	acid	solution	

with	the	aqueous	CAS	solution,	before	addition	of	a	diluted	(5	mM)	HDTMA	in	a	1:1.5	ratio.	

100	mL	of	this	final	solution	were	added	to	900	mL	of	blue	agar	(15	g	agarose,	32.24	g	PIPES,	

12	g	NaOH)	and	left	at	incubation	for	maintaining	at	semi-solid	temperature	(40	±	2	ºC).	The	
trial	consisted	of	placing	agar	discs	of	the	strain	to	test	for	siderophores	production	on	top	

of	BGA	and	BGTA	plates,	 incubating	for	24	h	at	optimal	growth	temperature	(37	ºC) and	
afterwards	overlay	with	15	mL	of	previously	prepared	blue	agar.	These	plates	were	dried	

for	2	h	on	biosafety	cabinet	and	incubated	for	24	h		at	30ºC,	until	orange	zones	were	visible	

around	colonies	of	producing	strain.	

	

	

3.2.10 Statistical	Analysis	

All	datasets	for	each	experiment	were	analyzed	in	R	package	(142)	and	Microsoft	Excel,	this	

last	only	for	Student	t-test	for	two	conditions	datasets.	As	a	first	step	for	R	package	analysis,	

datasets	 were	 tested	 for	 their	 fitting	 to	 ANOVA	 (analysis	 of	 variance)	 assumptions:	

independence	of	observations,	 normal	distribution	of	 residuals	 and	homoscedasticity	or	

homogeneity	in	variance	of	residuals.	If	assumptions	were	met,	a	one-way	ANOVA	analysis	

followed,	finding	statistically	significant	differences	across	means	of	treatments	if	P-value	≤	
0.05.	Tukey	multiple	range	test	was	applied	in	order	to	find	homogeneous	groups.	If	ANOVA	

assumptions	 were	 not	 met,	 a	 Kruskal-wallis	 non-parametric	 test	 was	 performed,	 and	

homogeneous	groups	were	found	if	P-value	≤	0.05,	by	applying	Dunn	post-hoc	analysis.		
	

	

3.3 Results	

3.3.1 Growth	 on	 TTC	 induces	 antimicrobial	 activity	 of	 different	 AEFB	 species	
from	Bacillales	order	against	R.	solanacearum		

Representative	strains	belonging	to	diverse	AEFB	genera	(Table	3-1)	were	tested	for	their	

ability	to	produce	inducible	inhibition	zones	in	the	presence	of	TTC	(Table	3-4).	Antagonistic	

activity	was	 tested	 in	BGA	medium	as	well	 (0	mg/L	of	TTC),	as	a	negative	control.	 From	

overall	 results,	 an	 inducible	 activity	 is	 observed	 in	 a	 great	 variety	 of	 Bacillales	 genera,	

evidencing	no	inhibition	zone	production	when	TTC	is	absent	in	the	medium	(0	mg/L	TTC)	

and	 finding	 statistically	 significant	 inhibition	 zones	 when	 TTC	 is	 present	 (50	 mg/L)	
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(supplementary	material	Fig.	S-1).	A	greater	inducible	activity	was	observed	in	B.	cereus	and	
B.	pumilus	strains	above	others,	with	 inhibition	zones	produced	by	 them	being	 larger	 to	

species	 and	 genus	 like	 B.	 megaterium,	 M.	 marinus	 and	 P.	 pasadenensis,	 according	 to	
statistical	analysis.	It	is	interesting	to	note	that	the	only	exception	of	antagonistic	activity	in	

the	 absence	 of	 TTC,	 meaning	 a	 non-TTC	 inducible	 activity,	 was	 observed	 for	 B.	
amyloliquefaciens,	 with	 no	 statistically	 significant	 difference	 found	 when	 comparing	

inhibition	zone	sizes	 in	of	negative	control	to	the	ones	produced	when	TTC	was	present.	

Although	B.	subtilis	strains	evidenced	low	inhibition	zones	without	inducer,	its	dimension	

was	significantly	different	to	the	ones	produced	under	TTC	presence	according	to	statistical	

analysis.	

	

	

3.3.2 Growth	on	TTC	induces	antimicrobial	activity	of	different	Gram	negative	
species	against	R.	solanacearum		

In	order	to	asses	if	inducible	antimicrobial	behavior	against	R.	solanacearum	was	exclusive	
to	AEFB	species,	other	Gram	negative	strains	(Table	3-1)	were	randomly	selected	to	assess	

their	ability	to	produce	inhibition	zones	in	the	presence	(BGTA)	and	absence	of	TTC	(BGA)	

(Table	3-5).	B.	cereus	EA-CB1047	was	used	as	a	positive	control	for	its	high	production	of	
inducible	inhibition	zones.	Results	suggest	that	the	phenomenon	of	induced	antimicrobial	

activity	may	not	be	exclusive	to	AEFB	genera,	since	strains	of	species	like	S.	marcescens	and	
B.	 cepacea	produce	 larger	halos	 in	 the	presence	of	 the	 inducer	 and	no	activity	or	 small	

inhibition	zones	in	the	absence	of	it.	Although	further	trials	are	needed	in	order	to	assure	

that	 inducible	antagonistic	potential	 is	 restricted	 to	some	microbial	 families,	 it	 is	 indeed	

observable	that	some	species,	are	as	for	instance	D.	tsuruhatensus	and	P.	putida,	produce	
smaller	 or	 equally	 large	 halos	 when	 the	 inducer	 compound	 is	 present	 in	 the	 medium,	

indicating	either	a	repression	in	the	production	of	non-induced	antibiotic	substances	or	a	

non-induction	by	TTC	in	certain	species.	Such	is	the	case	for	H.	seropedicae	which	displays	
no	antibiotic	potential	against	the	target	pathogen	neither	in	the	presence	or	absence	of	

TTC,	although	 it	grows	normally	 in	both	culture	media,	BGA	and	BGTA.	But	even	for	the	

Gram	 negative	 strains	 which	 exhibit	 inducible	 inhibition	 zones	 as	 is	 the	 case	 for	 S.	
marcescens,	 potential	 remains	 low	 when	 compared	 with	 B.	 cereus	 EA-CB1047,	 which	
presents	 statistically	 significant	 differences	 when	 comparing	 the	 size	 of	 its	 inducible	

inhibition	 zones	 against	 the	 ones	 from	 other	 tested	 species.	 These	 result,	 indicate	 an	

intrinsic	capacity	of	Bacillus	species,	for	being	more	strongly	induced	than	Gram	negative	

species,	in	the	production	of	these	specific	antimicrobial	substances	in	the	presence	of		TTC.	
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Table	3-	 4.	 Effect	 of	 TTC	on	 the	 antagonistic	 activity	 of	 selected	AEFB	 strains	 against	R.	
solanacearum	

SPECIES	 STRAIN	
0	mg/L	TTC	 50	mg/L	TTC	

INHIBITION	ZONE	(mm)	 INHIBITION	ZONE	(mm)	

B.	cereus	
EA-CB1047	 0.0	±	0.0	*	 22.7	±	1.4	abc	

EA-CB0012	 0.0	±	0.0	*	 21.2	±	0.0		

B.	pumilus	
EA-CB0009	 0.0	±	0.0	*	 22.6	±	0.4	a	

EA-CB0177	 0.0	±	0.0	*	 26.8	± 0.6	

B.	megaterium	
EA-CB0185	 0.0	±	0.0	*	 14.0	±	0.4	e	

EA-CB1057	 0.0	±	0.0	*	 15.0	±	0.0	f	

P.	pasadenensis	 EA-CB0840	 0.0	±	0.0	*	 7.3	±	0.6	

B.	subtilis	

EA-CB0015	 4.7	±	0.8	*	 16.3	±	0.0		

EA-CB0575	 2.8	±	0.8	*	 12.8	±	2.5	

NCIB-3610	 3.2	±	0.8	*	 15.5	±	0.4	cdef	

SMY	 0.0	±	0.0	*	 15.3	±	0.5		

B.	amyloliquefaciens	 EA-CB0959	 18.0	±	1.3		 19.7	±	0.4	b	

B.	altitudinis	
EA-CB1450	 0.0	±	0.0	*	 21.0	±	3.5	abcd	

EA-CB0686	 0.0	±	0.0	*	 16.8	±	0.5		

B.	licheniformis	 ATCC14580	 0.0	±	0.0	*	 22.4	±	2.9	abcdef	

B.	simplex	 ZK5093	 0.0	±	0.0	*	 17.2	±	0.2	cdef	

B.	thuringiensis	 ZK5165	 0.0	±	0.0	*	 19.2	±	2.8 abcdef	

B.	coagulans	 ZK5189	 0.0	±	0.0	*	 22.0	±	0.0	abcdef	

B.	lentus	 ZK5173	 0.0	±	0.0	*	 16.2	±	1.2 cdef	

M.	marinus	 ZK5187	 0.0	±	0.0	*	 13.7	±	0.0 def	

B.	firmus	 ZK5172	 0.0	±	0.0	*	 15.0	±	2.0 cdef	

A.	palidus	 ZK5191	 0.0	±	0.0	*	 22.2	±	2.8 abcdef	
Intervals	represent	standard	errors	of	the	mean	(n	=	3).	*	denote	a	statistically	significant	difference	(P	<	0.05)	between	the	conditions	0	mg/L	and	50	mg/L	

for	each	strain,	according	to	Student	t-test.	Species	sharing	letters	do	not	differ	statistically	in	their	values	at	50	mg/L,	by	Kruskal-Wallis	and	Post-hoc	Duncan-

test	for	multiple	comparisons.	Treatments	which	do	not	present	letters	were	tested	independelty	from	the	group	and	not	included	in	the	statistical	test.	

	

	

3.3.3 Growth	on	TTC	induces	antimicrobial	activity	of	different	Bacillus	species	
against	other	Gram	positive	and	Gram	negative	strains	

Expanding	the	spectrum	of	action	of	potentially	novel	antimicrobial	compounds	is	crucial	

for	determining	is	further	exploration	and	research.	Thus,	the	spectrum	of	activity	of	the	

inducible	 antagonism	 produced	 by	 two	 of	 the	most	 inducible	 species,	B.	 cereus	 and	B.	
subtilis,	 was	 determined	 against	 other	 strains	 of	 diverse	 genera.	 Although	 in	 smaller	
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magnitude	 than	against	R.	 solanacearum,	activity	of	 these	compounds	can	be	expanded	

beyond	the	genus	Ralstonia	sp.	to	E.	coli,	S.	aureus	and	S.	enterica	(Fig.	3-1).	
	

	

Table	 3-5.	 Effect	 of	 TTC	 on	 the	 antagonistic	 activity	 of	 different	 Gram	 negative	 strains	

against	R.	solanacearum	

		 		 0	mg/L	TTC	 50	mg/L	TTC	

SPECIES	 STRAIN	 INHIBITION	ZONE	

(mm)	

INHIBITION	ZONE	

(mm)	

D.	tsuruhatensis		 UA-1537	 13.8	±	2.1	*	 9.5	±	1.3	b	

P.	putida		 UA-0095	 11.6	±	1.9	 11.4	±	2.8	b	
S.	marcescens		 UA-1538	 7.0	±	0.3	 11.8	±	0.1	b	

B.	cepacea		 UA-1541	 0.0	±	0.0	*	 9.3	±	1.0	b	

H.	seropedicae		 UA-1542	 0.0	±	0.0	 0.0	±	0.0	c	
B.	cereus		 EA-CB1047	 0.0	±	0.0	*	 20.8	±	2.8	a	

Intervals	represent	standard	errors	of	the	mean	(n=3).	*	denote	a	statistically	significant	difference	(P	<	0.05)	between	the	conditions	0	mg/L	and	

50	mg/L	for	each	strain,	according	to	Student	t-test.	Species	sharing	letters	do	not	differ	statistically	in	their	values	at	50	mg/L,	by	one-way		

ANOVA	and	Tukey	multiple	range-test.	

	
Figure	3-1.	Effect	of	TTC	on	the	antagonistic	activity	of	B.	subtilis	NCIB-3610	(a)	and	B.	cereus	
EA-CB1047	(b)	against	several	target	strains	

	
Intervals	represent	standard	errors	of	the	mean	(n	=	3).	+I	denotes	50	mg/L	TTC	amendment	in	the	medium,	-I	denotes	TTC	absence	in	the	medium.		

*	denote	a	statistically	significant	difference	(P	<	0.05)	between	the	conditions	-I	and	+I	for	each	antagonistic	strain,	according	to	Student	t-test.		
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3.3.4 Inducible	antimicrobial	activity	of	Bacillus	strains	is	TTC-dose	dependent	
The	strains	that	evidenced	higher	inducible	antimicrobial	activity,	these	being	B.	cereus	EA-
CB1047	and	B.	pumilus	EA-CB0009,	were	tested	to	determine	if	the	inducible	activity	was	

TTC	dose	dependent	 (Fig.	3-2),	 in	BGTA	plates	with	different	TTC	concentrations	ranging	

from	0	to	400	ppm,	increasing	2-fold	each	time.	Other	well	studied	Bacillus	species	were	
also	 tested	 (B.	 amyloliquefaciens	EA-CB0959,	B.	 subtilis	EA-CB0015	 and	B.	 subtilis	NCIB-
3610)	in	order	to	verify	their	antagonistic	behavior	under	different	TTC	doses.	

	
Figure	3-2.	Effect	of	different	TTC	concentrations	in	the	size	of	inducible	inhibition	zones	
produced	by	selected	AEFB	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Intervals	represent	standard	errors	of	the	mean	(n	=	3).	Bars	sharing	capitalized	or	non-capitalized	letters	do	not	differ	statistically	in	their	values,	by	Kruskal-

Wallis	rank	test	and	Post-hoc	Duncan-test	for	multiple	comparisons.	

	

	

From	Fig.	3-2,	it	can	be	deduced	that	both	species,	B.	cereus	EA-CB1047	and	B.	pumilus	EA-
CB0009,	have	the	highest	antimicrobial	inducible	potential	when	compared	to	other	AEFB	

and	do	not	produce	any	antimicrobial	activity	against	R.	solanacearum	 in	the	absence	of	
TTC,	supporting	 the	hypothesis	 that	 the	 inhibition	zones	are	a	consequence	of	 inducible	

antimicrobial	 compounds	 being	 produced.	 Besides,	 their	 highest	 inducible	 potential	 is	

between	 50-100	 mg/L	 of	 TTC,	 which	 denotes	 a	 dose-dependent	 capacity	 for	 inducible	

compounds	production.	Above	concentrations	of	100	mg/L	of	TTC,	B.	cereus	specifically,	
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suffers	an	inhibition	which	is	evidenced	as	an	impaired	growth	at	concentrations	of	200	-	

400	 mg/L	 of	 TTC	 (supplementary	 material	 Fig.	 S-2),	 thus	 resulting	 in	 lower	 inducible	

inhibition	zones	(Fig.	3-2a)	statistically	different	 in	size	to	the	ones	produced	at	50	-	100	

mg/L	 of	 TTC,	 denoting	 that	 the	 optimum	dose	 for	 producing	 inducible	 antagonism	 falls	

within	this	range.		

	

Regarding	 the	 other	 three	 tested	 strains	 of	 well-studied	 Bacillus	 species,	 significant	
differences	were	found	for	both	of	B.	subtilis	strains	between	zones	produced	at	0	ppm	and	

the	rest	of	TTC	concentrations	(Fig.	3-2d),	but	not	for	B.	amyloliquefaciens	(Fig.	3-2b).	These	
results	suggest,	that	B.	subtilis	generates	both	naturally	produced	antagonistic	compounds	

and	inducible	ones	against	R.	solanacearum,	but	inducible	ones	have	higher	activity	against	

R.	solanacearum.	In	the	other	hand,	B.	amyloliquefaciens	evidences	a	strong	production	of	
naturally	 crafted	 antibiotic	 substances	 that	 have	 high	 probability	 of	 belonging	 to	 the	

lipopeptides	families	of	compounds,	as	we	have	previously	demonstrated	(data	not	shown	

and	under	publication).	These	substances	appear	to	have	the	same	strong	activity	against	

R.	solanacearum	as	the	inducible	compounds	have,	since	no	statistical	differences	are	found	

for	the	size	of	inhibition	zones	in	the	presence	or	absence	of	TTC.	Otherwise,	these	naturally	

crafted	substances	could	be	mixed	with	the	inducible	compounds	in	the	inhibition	zones,	

without	 a	 synergy	 between	 the	 two	 classes	 of	 substances	 happening,	 thus	 not	 creating	

larger	 inhibition	zones	against	the	target	pathogen.	Another	hypothesis	would	be	a	non-

induction	 of	 B.	 amyloliquefaciens	 strains	 by	 TTC.	 A	 suppression	 in	 the	 production	 of	
naturally	crafted	antagonistic	compounds	in	the	presence	of	TTC	could	be	occurring	as	well,	

and	 the	 inhibition	 zones	 generated	at	 0	ppm	by	naturally	 crafted	 compounds	are	being	

replaced	 by	 the	 inducible	 compounds	 at	 higher	 TTC	 concentrations.	 Nonetheless,	 all	

inducible	inhibition	zones	are	TTC	dose-dependent,	the	higher	production	observed	within	

the	range	of	50	-	100	mg/L	for	all	Bacillus	species	tested.	
	

	

3.3.5 R.	solanacearum	viability	is	not	affect	by	different	concentrations	of	TTC		
Growth	curves	of	R.	solanacearum	EAP09	in	the	presence	of	different	concentrations	of	TTC	
were	 established	 (supplementary	 material	 Fig.	 S-3)	 and	 their	 biomass	 concentration	 in	

CFU/mL	determined	at	the	end-point	of	each	fermentation	(Fig.	3-3).	Results	shown	in	Fig.	

S-3	indicate	that	R.	solanacearum	EAP09	has	an	exponential	growth	between	8	and	96	hours	
of	fermentation	in	the	presence	of	different	TTC	concentrations	ranging	from	0	-	400	ppm,	

reaching	stationary	phase	at	140	h.	During	exponential	phase,	specific	growth	rate	(µx),	was	

estimated	finding	that	it	oscilates	between	0.0589	h
-1
	(36.7	h	of	doubling	time)	and	0.0892	

h
-1	
(32.4	h	of	doubling	time)	for	0	ppm	and	400	ppm	TTC	respectively.	Eventhough	different	

in	 value	 and	 appearing	 to	 have	 a	 faster	 growth	 when	 TTC	 concentration	 is	 higher,	
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differences	are	not	significant	across	the	two	conditions.	Maximum	O.D	reached	for	each	

TTC	 concentration	 differs	 as	 well,	 the	 highest	 being	 reached	 under	 the	 highest	 TTC	

concentration	(400	ppm).	This	result	suggests	that	higher	TTC	concentrations	could	affect	

growth	or	that	TTC	reduction	into	TPF	is	incrementing	the	O.D	measurement,	given	that	TPF	

absorbs	at	595	nm.	Due	to	these	observations,	CFU/mL	was	determined	at	the	end	of	each	

fermentation	 (168	h)	 finding	 that	values	do	not	differ	statistically	among	conditions	and	

thus,	differences	found	between	O.D	and	µx	values	could	be	attributed	to	TPF	absorption.	

As	previously	sated,	Fig.	3-3	evidences	that	a	homogeneous	biomass	production	is	reached	

at	the	end	of	all	R.	solanacearum	fermentations	under	TTC	values	from	0-400	ppm.	

	

Figure	 3-3.	 R.	 solanacearum	 EAP09	 viability	 after	 168	 h	 of	 growth	 in	 the	 presence	 of	

different	TTC	concentrations	

	

	

	

	

	

	

	

	

	

	

	
Intervals	represent	standard	errors	of	the	mean	(n	=	3).	No	statistically	significant	differences	were	found	(P-value	�0.05)	according	to	Kruskal-Wallis	test		
	

	

3.3.6 R.	solanacearum	sensitivity	to	antibiotics	is	not	affected	at	50	mg/L	TTC		

Antibiotic	sensitivity	of	R.	solanacearum	EAP09	was	measured	qualitatively,	in	the	presence	

of	 50	 ppm	of	 TTC	 (BGTA	medium)	 and	 in	 the	 absence	 of	 it	 (BGA	medium)	 through	 the	

application	 of	 four	 antibiotics	 active	 against	 Gram	 negative	 bacteria:	 streptomycin,	

ampicillin,	rifampicin	and	kanamycin	B,	reaching	a	final	concentration	of	20	ppm	of	each	

one.	It	was	observed	that	R.	solanacearum	was	not	sensitive	to	three	of	the	drugs	tested	

(streptomycin,	ampicillin	and	kanamycin	B)	neither	in	presence	nor	absence	of	the	inducer,	

suggesting	that	its	sensitivity	to	the	antibiotics	tested	was	not	increased	by	TTC	presence.	

Besides,	 rifampicin	 tested	 at	 20	 ppm,	 evidenced	 inhibition	 zones	 of	 similar	 magnitude	

across	both	conditions	(Supplementary	material	Fig.	S-4).	Although	a	broader	spectrum	of	

concentrations	and	antibiotic	substances	should	be	tested	to	clearly	asses	R.	solanacearum	
sensitivity	in	TTC	presence,	this	result	 indicates	that	it	 is	not	increased.	Besides	this	trial,	
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another	test	was	performed	were	a	concentrated	TTC	solution	was	applied	in	the	wells	of	a	

well-diffusion	 antagonism	 test,	 before	 cell	 suspensions	 of	 B.	 cereus	 EA-CB1047	 were	
inoculated.	 After	 incubation	 for	 48	 h,	 inhibition	 zones	 of	 19.5	 ±	 0.9	 mm	 against	 R.	
solanacearum	were	observed	for	this	treatment	compared	to	23.7	±	1.3	mm	for	a	normal	

antagonism	test	in	BGTA,	where	TTC	was	present	in	an	homogeneous	concentration	across	

the	 medium	 (Supplementary	 material	 Fig.	 S-5).	 These	 results	 altogether	 indicate	 that	

inhibition	zones	produced	by	Bacillus	sp.	strains	in	the	presence	of	TTC	are	not	due	to	an	
increased	sensitivity	of	R.	solanacearum	in	the	presence	of	TTC.	

	

	

3.3.7 TTC	is	the	stronger	inducer	within	other	tetrazolium	salts	tested	

In	order	to	assess	the	role	of	TTC	as	an	inductor	in	the	culture	medium,	within	this	observed	

phenomenon	of	 inducible	antimicrobial	 substances	production,	other	compounds	of	 the	

same	family	of	tetrazolium	salts	were	added	one	a	time	to	the	culture	medium,	on	the	same	

concentrations	that	were	previously	evaluated	for	TTC.	The	tested	tetrazolium	salts	were	

XTT,	INT	and	NBT	(names	and	structures	in	Table	2-1)	which	form	orange,	purple	and	blue	

formazans	respectively.	By	the	observation	of	the	antagonism	trials	and	the	color	of	the	

colonies	of	B.	cereus	EA-CB1047	growing	in	the	presence	of	each	tetrazolium	salt	(Fig.	3-4),	

it	can	be	concluded	that	specifically	TTC,	INT	and	NBT	are	being	reduced	to	its	respective	

formazans.	Besides,	 the	 three	of	 them	are	 considered	monotetrazolium	salts	with	a	net	

positive	charge	(Table	2-1),	a	trait	that	allows	them	to	enter	the	cells,	due	to	a	naturally	

occurring	negative	charge	 in	 the	 internal	part	of	 the	plasma	membrane	which	creates	a	

difference	in	electric	potential	(membrane	potential),	making	the	incorporation	of	positive	

ions	of	certain	size	take	place	through	ion	channels	(143).		

	

Although	not	 in	 the	magnitude	of	TTC,	 small	 inhibition	zones	produced	by	B.	cereus	EA-
CB1047	against	the	target	pathogen	are	observed	in	the	presence	of	INT	and	NBT,	indicating	

a	low	induction	of	activity	in	the	presence	of	these	compounds.	Although,	TTC	remains	the	

stronger	inducer	of	antimicrobial	substances,	as	the	first	observations	of	this	phenomenon	

suggested.	 Respects	 to	 its	 reduction	 mechanism,	 it	 has	 been	 deduced	 by	 some	

experimentation	in	the	area	that	monotetrazolium	salts	that	more	readily	enter	cells,	as	are	

TTC,	MTT	and	INT,	are	reduced	by	NADPH-dependent	oxidoreductases	and	dehydrogenases	

of	metabolically	active	cells,	more	than	by	Complex	I	and	Complex	II	or	flavin-containing	

enzymes.	In	the	other	hand,	XTT	salt,	which	has	a	negative	net	charge,	does	not	appear	to	

be	activated	by	cells	since	they	remain	white	and	no	inducible	inhibition	zones	against	R.	
solanacearum	were	observed.	
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Figure	3-4.	Effect	of	other	tetrazolium	salts	on	the	inducible	inhibition	zones	generated	by	

B.	cereus	EA-CB1047	

	

	

	

3.3.8 Inducible	 compounds	 are	 diffusible	 and	 produced	 in	 the	 absence	 of	 the	

target	pathogen	R.	solanacearum		
	

In	 order	 to	 determine	 if	 inducible	 antagonistic	 activity	 was	 dependent	 of	 the	 target	

pathogen,	 so	 that	 an	 interspecies	 interaction	would	be	 the	one	 triggering	 the	antibiotic	

behavior,	the	ability	of	B.	cereus	EA-CB1047	to	produce	inhibition	zones	before	entering	in	
contact	 with	 R.	 solanaceraum	 was	 established	 by	 growing	 B.	 cereus	 EA-C1047	 and	 B.	
pumilus	EA-CB0009	on	top	of	polyamide	(Nylon)	sterile	membranes	placed	over	BGTA	and	

BGA.	Fig.	3-5	evidences	that	inhibition	zones	of	R.	solanacearum,	are	still	observable	after	

removing	Bacillus	sp.	strains	growing	on	top	of	nylon	membranes	for	24	h	(supplementary	

material	Fig.	S-6).	Besides,	the	size	of	these	inhibition	zones	does	not	differ	from	the	ones	

produced	by	the	positive	control.	These	results	suggest	that	the	inducible	compounds	are	

diffusible,	since	the	formation	of	an	inhibition	zone	is	observable	were	Bacillus	cells	grew	
over	nylon	membranes	and	that	the	inducible	antagonistic	behavior	is	probably	not	due	to	

an	 interaction	of	Bacillus	cells	with	 the	 target	microorganism,	R.	solanacearum.	Besides,	

nylon	membranes	 could	 be	 impeding	 to	 a	 certain	 extent	 the	 diffusion	 of	 the	 inducible	

compounds	produced	by	Bacillus,	 as	membranes	 control	 treatment	produces	 a	 reduced	

inhibition	zone	against	R.	solanacearum.	An	additional	treatment	with	nutrients	reposition,	

indicates	that	the	cause	of	observed	inhibition	zones	is	the	presence	of	diffused	inducible	

antibiotic	compounds	produced	by	Bacillus	cells,	and	not	due	to	a	nutrients	deprivation	in	
the	culture	medium.	 It	appears	then,	 that	 inducible	antimicrobial	compounds	are	 in	 fact	
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being	diffused	through	the	culture	medium	by	Bacillus	cells	in	the	presence	of	TTC.	In	order	
to	see	if	this	phenotype	was	only	observable	in	solid	cultures,	liquid	co-cultures	and	mono-

cultures	were	established.	

	

Figure	3-5.	 Inhibition	 zones	produced	by	B.	 cereus	 EA-CB1047	across	Nylon	membranes	

against	R.	solanacearum	

	

	

	

Intervals	represent	standard	errors	of	the	mean	(n	=	3).	Bars	sharing	letters	do	not	differ	statistically	in	their	values,	by	Kruskal-Wallis	rank	test	and	Post-hoc	

Duncan-test	for	multiple	comparisons.	Positive	control:	normal	antagonism	test	with	B.	cereus	EA-CB1047.	Membrane	control:	B.	cereus	EA-CB1047	growing	
over	nylon	membranes	for	48h	over	plated	target	strain.	Diffused	compounds:	B.	cereus	EA-CB1047	growing	for	48h	over	nylon	membranes	before	plating	

target	 strain.	Diffused	compounds	+	nutrients	 reposition:	diffused	compounds	 treatment	+	100	µL	of	concentrated	 fresh	medium	were	membrane	was	

placed.	Non-induction	 control	 (BGA):	B.	 cereus	EA-CB1047	growing	over	nylon	membranes	 in	a	medium	without	TTC	before	plating	 target	 strain.	Non-

inducible	strain:	H.	seropedicae	UA-1542	growing	over	nylon	membranes	in	BGTA	medium.	

	

	

3.3.9 TTC	Induces	antimicrobial	activity	of	Bacillus	strains	in	liquid	co-cultures	
and	mono-cultures	

	

As	inducible	antimicrobial	activity	was	well	evidenced	in	solid	media	containing	TTC	(BGTA)	

and	it	was	observed	that	Bacilllus	sp.	strains	produce	inducible	inhibition	zones		that	inhibit	
R.	solanacearum	growth,	the	ability	of	B.	cereus	EA-CB1047	to	inhibit	R.	solanacearum	in	

liquid	medium	was	tested.	As	a	first	step,	growth	in	co-cultures	with	R.	solanacearum	was	
assessed.	 In	 Fig.	 3-6a,	 a	 typical	 bacterial	 growth	 curve	 with	 exponential	 and	 stationary	

phases	is	evidenced	for	B.	cereus,	while	the	target	pathogen	R.	solanacearum	evidenced	a	

decrease	of	19-fold	in	its	population	that	matches	the	start	of	stationary	phase	for	B.	cereus.	
Such	a	pronounced	decrease	in	the	population	was	not	observable	for	R.	solanacearum	in	

control	fermentations	where	the	inducer	compound	was	not	present,	only	decreasing	1.6-

fold	 (Fig.	 3-6b).	 These	 results,	 altogether	 with	 the	 ones	 illustrated	 in	 supplementary	

material	Fig.	S-2,	evidence	that	B.	cereus	is	not	affected	in	its	growth	at	a	concentration	of	
50	mg/L	of	TTC,	and	remains	unaffected	until	100	mg/L	as	well	as	in	the	presence	of	up	to	

a

b
ab

ab

c c

0

5

10

15

20

25

Positive	control Membrane		

control

Diffused	

compounds

Diffused	

compounds	+	

Nutrients	

reposition

Non-induction	

control	(BGA)

Non-inducible	

strain

In
hi
bi
ti
on

	Z
on

e	
(m

m
)



Chapter	3	–	Characterization	of	the	Inducible	Antimicrobial	System	

	

58	

400	mg/L	of	extracellular	TPF	(supplementary	material	Fig.	S-7),	which	is	TTC	intracellular	

reduction	product.	The	production	of	inducible	antimicrobial	activity	in	liquid	medium	when	

TTC	 is	 present,	 and	 the	punctual	 decrease	of	R.	 solanacearum	populations	 suggest	 that	
inducible	compounds	can	be	produced	in	TTC	presence	both	in	liquid	and	solid	media.	

	

Figure	 3-6.	 Growth	 curves	 of	B.	 cereus	 EA-CB1047	 and	R.	 solanacearum	 EAP09	 in	 a	 co-

culture	in	TTC	presence	(a)	and	absence	(b)	
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Mono-cultures	of	B.	cereus	in	the	presence	(+I)	and	absence	(-I)	of	TTC	in	BG	medium	were	
established	as	well,	in	order	to	recover	cell-free	supernatants	(CFS)	and	test	their	activity	

against	R.	solanacearum.	An	inhibition	zone	of	8	mm	approximately,	was	observed	when	

recovering	CFS	from	B.	cereus	growing	in	TTC	presence,	but	no	activity	was	observed	from	

CFS	of	B.	cereus	growing	without	TTC	(supplementary	material	Fig.	S-8).	

	

Therefore	according	to	observations,	the	production	of	 inducible	antimicrobial	activity	in	

liquid	takes	place	before	the	antagonistic	B.	cereus	enters	the	stationary	phase,	decreasing	
the	population	of	R.	 solanacearum	 in	more	 than	19	 fold.	This	observation	 suggests	 that	

albeit	 inducible	antimicrobial	compounds	are	being	produced	intracellularly,	they	can	be	

secreted	and	liberated	extracelullary.	The	onset	of	stationary	phase	is	characterized	by	a	

lysis	of	cells	and	a	liberation	of	intracellular	compounds,	which	could	be	allowing	a	furher	

liberation	of	antimicrobial	compounds	into	the	medium.	The	behavior	of	R.	solanacearum,	

which	 restarts	 its	growth	after	being	 inhibited,	 suggests	a	 short-lived	or	 liable	nature	of	

inducible	compounds,	which	should	be	constantly	 secreted	 into	 the	medium	 in	order	 to	

maintain	 inhibition	of	 the	pathogen.	R.	 solanacearum	 cells	 lysis	 could	 also	 be	 liberating	
nutrients	 into	the	aready	spent	medium,	which	could	allow	the	remaining	viable	cells	to	

thrive	again.	This	observations	overall	suggest	that	although	R.	solanacearum	inhibition	by	
Bacillus	sp.	cells	growing	under	TTC	presence	 is	observed	both	 in	solid	and	 liquid	media	

fermentations,	the	variability	observed	in	the	obtention	of	active	CFS	suggests	once	more	

that	 inducible	 active	 compounds	 are	 sensible	 and	 susceptible	 to	 degradation.	 For	 that	

reason,	further	exploration	of	the	phenomenon	was	performed	in	solid	media	(BGTA	and	

BGA).	

	

	

3.3.10 Extracellular	 TPF	 does	 not	 have	 antibacterial	 activity	 against	 against	 R.	
solanacearum	

Growth	curves	of	R.	solanacearum	EAP09	were	constructed	in	the	presence	and	absence	of	
extracellular	 TPF	 in	 order	 to	 determine	 its	 effect	 on	 the	 growth	 of	 this	 microorganism	

(supplementary	material	Fig.	S-9).	From	the	curves,	 it	can	be	observed	that	even	though	

O.D	values	become	higher	as	TPF	concentrations	increase,	reaching	a	maximum	at	93.5	h	

with	400	ppm	of	TPF,	 total	CFU/mL	counts	at	 the	end	of	 fermentations	of	93.5	h	 for	R.	
solanacearum	 (Fig.	 3-7),	 do	 not	 report	 statistically	 significant	 differences	 among	

treatments.	Higher	O.D	measures	are	due	to	TPF	absorbance	a	595	nm	and	not	to	a	higher	

biomass	 concentration	 of	 the	microorganisms.	 Antagonism	 tests	 by	well-diffusion	 assay	

with	application	of	concentrated	TPF	solutions	(100,	200	and	400	ppm)	dissolved	in	100%	

methanol	(MeOH),	confirmed	that	this	compound	has	no	antimicrobial	activity	against	R.	
solanacearum	 or	 any	 diffusion	 is	 observed	 along	 the	 culture	 medium	 (supplementary	
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material	Fig.	S-10).	These	results	altogether,	strongly	suggest	that	external	presence	of	TPF,	

is	not	directly	responsible	for	the	observed	inducible	antagonism,	although	by	contrary,	its	

formation	inside	Bacillus	cells,	due	to	TTC	reduction,	is	possibly	involved	in	triggering	the	
induced	antagonism,	something	that	is	further	broaden	in	discussion	section.	

	

	
Figure	3-7.	R.	solanacearum	EAP09	viability	after	93	h	of	growth	in	the	presence	of	different	

TPF	concentrations	

Intervals	represent	standard	errors	of	the	mean	(n	=	2)	and	no	statistically	significant	differences	were	found	among	treatments	(p-value	³	0.05)	by	Kruskal-
Wallis	test.	

	

	

3.3.11 Exploration	of	the	chemical	nature	of	inducible	compounds	

In	order	to	give	a	step	closer	into	unveiling	the	chemical	nature	of	the	substances	produced	

under	 the	presence	of	 the	 inducer,	 several	 trials	were	performed	 (Fig.	3-8	 to	Fig.	3-10).	

Testing	for	siderophores	presence	in	the	inhibition	zones	observed	against	R.	solanacearum,	
the	 effect	 of	 adding	 antioxidant	 compounds	 and	 the	 assessment	 of	 the	 inducible	

antagonistic	capacity	of	knockout	mutants	from	B.	subtilis	NCIB-3610,	give	more	insight	on	

the	chemical	nature	of	the	active	substances.	

	

	

• Siderophores	are	deregulated	in	the	presence	of	TTC	

Since	Bacillus	sp.	species	have	been	widely	studied	for	their	active	metabolites	production,	

and	siderophores	such	as	bacillibactin	and	other	chatecolate-type	metabolites	are	part	of	

the	bioactive	molecules	produced	by	these	microbial	species,	CAS	assay	(method	3.2.9)	was	

set	with	strain	B.	subtilis	NCIB-3610	(Fig.	3-8)	in	order	to	evaluate	in	a	qualitative	manner	

its	 capacity	 to	 produce	 siderophores	 under	 the	 presence	 and	 absence	 of	 the	 inducer.	

Siderophores	production	by	 a	microbial	 species	has	been	proven	 to	be	 able	 to	produce	
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inhibition	zones	of	other	bacterial	species	in	certain	cases,	thus	the	involvement	of	these	

substances	 in	 the	 inducible	antagonism	was	 tested.	By	observation	of	Fig.	3-9,	 it	 can	be	

concluded	that	siderophores	from	B.	subtilis	NCIB-3610,	are	being	produced	both	under	the	
presence	and	absence	of	the	inducer	compound,	since	the	characteristic	orange	halos	 in	

blue	 agar	 from	CAS	assay,	 are	 visible	 across	both	 conditions.	 Even	a	 suppression	of	 the	

siderophores	producing	capacity	can	be	suggested	in	the	presence	of	TTC	for	B.	subtilis,	due	
to	the	observed	smaller	halos.	This	leads	to	the	suggestion	of	siderophores	not	being	the	

chemical	 family	 to	which	 the	 inducible	compounds	belong,	 though	 it	will	be	 further	and	

more	rigorously	demonstrated	in	further	chapters.	

	

Figure	3-8.	CAS	assay	for	siderophores	production	of	B.	subtilis	NCIB-3610	in	the	presence	
and	absence	of	TTC	

	

	

• Antioxidants	addition	does	not	alter	the	size	of	inhibition	zones	

Free-radicals,	 reactive	 oxygen	 species	 (ROS)	 or	 reactive	 nitrogen	 species	 (RNS),	 such	 as	

superoxide	ion,	hydroxyl	radical,	hydrogen	peroxide,	are	well	known	for	its	cell	damaging	

effects.	Since	high	reductive	activity	is	taking	place	inside	the	cells	due	to	TTC	reduction	to	

formazan,	ROS	and	RNS	production	could	be	happening	and	producing	the	inhibition	of	R.	
solanacearum.	 Antioxidant	 compounds	 were	 then	 added	 to	 the	 culture	 medium	 were	

antagonism	trials	were	performed,	to	test	if	inhibition	zones	were	altered	by	their	presence.	

No	statistically	significant	differences	were	reported	for	inhibition	zones	in	the	presence	of	

these	four	strong	antioxidants	(Fig.	3-9),	indicating	that	inducible	compounds	probably	do	

not	belong	to	these	classes	of	compounds.			

	

+	TTC -	TTC 
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Figure	3-9.	Inhibition	zones	against	R.	solanacearum	produced	by	B.	cereus	EA-CB1047	in	
the	presence	of	antioxidant	compounds	

	

	

	

Intervals	represent	standard	errors	of	the	mean	(n		=3)	and	no	statistically	significant	differences	were	found	among	treatments	(p-value	³	0.05)	by	one-way	
ANOVA.	Final	concentrations	in	culture	medium	for	antioxidant	compounds	are:	10	ppm	for	α-tocopherol	and	uric	acid,	100	ppm	for		ascorbic	acid	and	18	

ppm	for	L-glutathione.	Positive	control	consisted	on	a	BGTA	plate	with	0	ppm	of	antioxidants.	

	

	

• Knockout	mutants	of	B.	subtilis	NCIB-3610	activity	against	R.	solanacearum	

In	order	 to	assess	 the	 role	of	other	well	 studied	BGC	or	antibiotic	metabolites	naturally	

crafted	by	Bacillus	sp.	in	the	inhibition	zones	produced	under	the	presence	of	the	inducer,	
selected	strains	from	a	collection	of	mutants	of	B.	subtilis	NCIB-3610	strains	(Table	3-2)	were	
screened	against	two	strains	of	R.	solanaceraum,	AW1	and	EAP09	(Fig.	3-10).	Although	no	

strain	was	defective	in	producing	the	phenotype	of	inducible	antagonism,	results	suggest	

that	 statistically	 larger	 inhibition	 zones	 are	 being	 produced	 by	 B.	 subtilis	 NCIB-3610	
spo0A::erm	 and	 by	 B.	 subtilis	 NCIB-3610	 kinA::mls,	 kinB::kan,	 KinC::cat,	 indicating	 an	
involvement	of	these	genes	in	metabolic	routes	that	repress	the	inducible	antagonism,	since	

their	 activation	 in	 the	 WT	 strain	 is	 producing	 smaller	 inhibition	 zones	 and	 thus,	 less	

concentration	of	inducible	antimicrobial	compounds.		
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Figure	 3-10.	 B.	 subtilis	 NCIB-3610	 Knockout	 mutants	 Inducible	 inhibition	 zones	 in	 TTC	

presence	against	R.	solanacearum	AW1	(a)	and	R.	solanacearum	EAP09	(b)	

	

Intervals	represent	standard	errors	of	the	mean	(n	=	3)	and	no	statistically	significant	differences	were	found	among	treatments	(p-value	³	0.05)	by	one-way	
ANOVA.	

	

	

3.4 Discussion	

A	general	 observation	of	 the	 results	 from	 this	 chapter,	 allows	 the	 suggestion	of	 various	

important	 traits	 about	 the	 inducible	 antagonism:	 Bacillus	 sp.	 have	 more	 inducible	

antagonistic	capacity	than	other	strains	from	Gram	negative	genera	(Tables	3-4	and	3-5),	

inducible	antagonism	is	observed	against	other	bacterial	species	beside	R.	solanacearum	
(Fig.	3-1),	the	observed	inducible	antagonism	is	TTC	dose-dependent	(Fig.	3-2)	and	insght	

into	the	chemical	nature	of	the	inducible	antimicrobial	compounds	indicate	that	they	are	

diffused	in	the	culture	medium	(Fig.	3-5)	produced	as	well	 in	liquid	cultures	(Fig.	3-6	and	

supplementary	material	Fig.	S-8),	 	and	are	not	 related	to	siderophores	 (Fig.	3-8),	ROS	or	

other	oxidative	stress	substances	(Fig.	3-9)	or	traditionally	active	compounds	such	as	PKs	

and	LPs	previously	identified	in	Bacillus	sp.	(Fig.	3-10),	as	knockout	mutants	in	central	routes	

to	some	of	these	NPs	from	Bacillus	sp.	were	no	defective	in	producing	inducible	inhibition	
zones.	

	

When	zeroing	in	on	results	from	Tables	3-4	and	3-5,	strains	from	B.	cereus	group	species	(B.	
cereus	EA-CB1047,	B.	 thurigiensis	ZK5165)	and	B.	pumilus	outstand	as	the	ones	with	the	
higher	 inducible	 antagonism	 potential.	 As	 different	 microorganisms	 have	 diverse	

dehydrogenase	systems,	it	may	be	possible	that	not	all	dehydrogenase	systems	are	capable	

of	using	TTC,	or	not	be	able	to	use	it	as	electron	acceptor	(115).	The	case	for	B.	cereus	groups	
species	 or	 B.	 pumilus	 strains	 would	 be	 the	 opposite,	 suggesting	 that	 their	 special	
dehydrogenases	 can	more	 readily	 reduce	 TTC	 and	 thus,	 trigger	 the	 induction	 promptly,	
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evidencing	larger	inhibition	zones	than	other	species.	This	higher	potential	for	producing	

inducible	substances	in	these	strains	highlights	a	possible	novel	chemical	nature	for	these	

inducible	compounds,	since	specifically	these	two	species,	B.	cereus	and	B.	pumilus,	are	not	
renowned	for	being	the	greatest	producers	of	the	already	characterized	collection	of	NPs	

from	 Bacillales,	 which	 have	 been	 mostly	 isolated	 from	 Paenibacillus,	 B.	 subtilis	 and	 B.	
amyloliquefaciens	species	(144).	
	

In	 the	 same	 line,	 specifically	 B.	 cereus	 EA-CB1047	 is	 the	 most	 affected	 strain	 in	 its	

development	under	TTC	concentrations	above	100	ppm	(Fig.	3-2a).	B.	pumilus	EA-CB0009	
evidenced	toxicity	as	well	beyond	200	ppm	of	TTC	(Fig.	3-2b),	instead	B.	amyloliquefaciens	
EA-CB0959	and	B.	subtilis	strains	EA-CB0015	and	NCIB-3610	(Fig.	3-2	c-d)	proved	to	be	more	

tolerant,	 evidencing	 growth	 and	 development	 up	 to	 400	 ppm	of	 TTC	 and	 producing	 no	

statically	different	 inhibition	zones	across	all	 these	TTC	values.	But	regardless	of	Bacillus	
strains	evidencing	a	dose-dependency	of	TTC	 for	producing	 inducible	 inhibition	 zones,	 a	

higher	 sensitivity	of	R.	 solanacearum	 in	 the	presence	of	 TTC	 is	not	observed,	 as	 growth	
control	curves	of	this	microorganism	denote	similar	kinetics	(supplementary	material	Fig.	S-

3)	and	end-point	CFU/mL	measurements	prove	no	differences	under	TTC	concentrations	

ranging	from	0-400	ppm	(Fig.	3-3).		

	

Subsequently	 and	 in	 accordance	 with	 the	 stated	 above,	R.	 solanacearum	 is	 among	 the	

species	of	phytopathogenic	bacteria	that	tolerates	some	of	the	higher	TTC	concentrations	

in	the	medium,	up	to	5	g/L	(5000	mg/L)	according	to	the	study	from	Lovrekovich	&	Klement	

(1960)	(145)	and	with	no	evidence	of	developmental	inhibition	at	conditions	of	up	to	400	

mg/L	in	this	study.	This	result	draws	interest	on	the	great	magnitude	of	the	inhibition	zones	

produced	 against	 this	 pathogen	 by	 Bacillus	 sp.	 strains	 in	 TTC	 presence	 (Fig.	 3-1,	
supplementary	material	Fig.	S-1),	denoting	a	powerful	antagonism	taking	place.	The	report	

from	Lovrekovich	&	Klement	(145)	provides	evidence	as	well	for	other	Gram	negative	strains	

tolerating	 high	 concentrations	 of	 TTC,	 as	 are	 pathogenic	 Pseudomonas	 species	 like	 P.	
aeruginosa	and	P.	syringae	var.	capsici	and	Erwinia	chrysanthemi	var.	philodendroni.	Even	
though,	other	reports	(146)	provide	support	for	the	opposite	behavior	happening	for	Gram	

positive	 strains	 as	 the	ones	belonging	 to	Bacillus,	 reporting	 a	 certain	 toxicity	happening	
above	100	ppm	of	TTC.	Activity	trials	against	R.	solanacearum	of	various	Bacillus	sp.	strains	
in	the	presence	of	TTC	concentrations	ranging	from	0	-	400	mg/L	(Fig.	3-3	a-d)	show	that	

nearly	all	species	have	a	maximized	inhibition	zone	production	between	50	-	100	ppm	of	

the	inducer	compound,	but	decreased	growth	and	inhibition	zone	sizes	are	observed	for	

concentrations	above	100	-	400	ppm	of	TTC,	depending	on	the	species.		
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It	 is	 well	 known,	 that	 due	 to	 plasma	 membrane	 potential	 (104),	 positively	 charged	

tetrazolium	salts,	the	functional	group	to	which	TTC	belongs	(Fig.	2-3)	enter	the	cells	and	

are	reduced	to	colored	formazans	by	respiratory	activity	(115).	This	happens	due	specially	

to	dehydrogenases	activity	in	the	respiratory	chain,	at	different	extents	depending	on	the	

bacterial	species,	since	there	is	a	relatively	variable	nature	of	prokaryotic	respiratory	chains	

compared	 to	 eukaryotes,	 allowing	 for	 differences	 in	 tetrazolium	 reduction	 between	

organisms	 to	 be	 expected	 (109).	 As	 tetrazolium	 salts	 act	 as	 an	 electron	 acceptor	 in	 the	

respiratory	 chain	 (115),	 insoluble	 formazan	 crystals	 accumulate	 inside	 the	 cells	 as	 their	

reduced	 product;	 although	 its	 effect	 on	 cells	 has	 not	 been	 characterized	 and	 literature	

reports	on	formazan	detection	inside	cells	are	only	limited	to	quantifying	and	monitoring	

respiratory	activity	(109,	147).	Given	this	and	the	observed	behavior	of	induced	antagonism	

produced	by	TTC-reducing	Bacillus	cells,	it	is	suggested	here	that	TTC	could	be	acting	as	the	
indirect	inducer	of	the	production	of	the	diffused	antimicrobial	substances.	This	could	be	

happening	as	a	consequence	of	its	reduction	process	to	TPF	and	the	accumulation	of	the	

later	inside	cells.	

	

Chained	with	 results	 presented	 above	 and	 despite	 toxicity	 of	 TTC	 happening	 at	 certain	

concentrations	 for	 Bacillus	 sp.	 cells,	 end-point	 CFU/mL	 measurement	 of	 B.	 cereus	 EA-
CB1047	demonstrate	no	statistically	 significant	difference	on	 the	behavior	or	number	of	

viable	cells	growing	with	extracellular	presence	of	TPF,	at	concentrations	from	0	-	400	ppm	

(supplementary	material	 Fig.	 S-7	 and	 Fig.	 S-11).	 These	 results	 indicate	 that	 extracellular	

accumulation	of	the	reduction	product	of	TTC	may	not	be	the	cause	of	toxicity,	even	though	

the	effect	of	intracellular	accumulation	of	the	formazan,	possibly	forming	crystals,	could	be	

causing	toxicity	and	inducing	the	antagonistic	response	from	Bacillus	cells.		
 
Afterwards,	other	tetrazolium	salts	were	tested	in	order	to	assess	the	effect	of	intracellular	

reduction	of	compounds	with	chemical	similarity	to	TTC.	The	compounds	that	are	reduced	

in	an	intracellular	fashion	because	of	the	positive	net	charge	of	the	molecule	(NBT	and	INT;	

Table	2-1)	appear	to	have	low	antagonism	inducer	effect	on	B.	cereus	EA-CB1047	(Fig.	3-5)	
and	B.	subtilis	NCIB-3610	strains	against	R.	solanacearum	EAP09	and	R.	solanacearum	AW1.	

Even	 though	 as	measured	 by	 the	 size	 of	 the	 inhibition	 zones	 they	 produce	 against	 the	

pathogen	 (less	 than	 5	mm),	 it	 can	 be	 concluded	 that	 they	 are	 negligible	 and	 it	 can	 be	

suggested	that	TTC	is	acting	as	the	strongest	inducer.	

 
Furthermost,	inhibition	zones	are	observable	when	Bacillus	cells	are	grown	over	polyamide	

(nylon)	membranes	placed	on	top	of	BGTA	plates,	and	nutrients	are	restored	after	removing	

them	but	before	plating	R.	solanacearum	(Fig.	3-5,	supplementary	material	Fig.	S-6).	These	

results	suggest	that	a	diffusion	of	compounds	produced	by	Bacillus	cells	in	the	presence	of	



Chapter	3	–	Characterization	of	the	Inducible	Antimicrobial	System	

	

66	

TTC	is	taking	place,	and	specifically	the	membranes	assay	demonstrates	that	an	interaction	

between	 Bacillus	 sp.	 strains	 and	 R.	 solanacearum	 is	 not	 needed	 for	 the	 production	 of	
inducible	 inhibition	 zones.	 As	 demonstrated	 in	 various	 studies	 (148,	 149),	 microbial	

interactions	by	chemical	exchange	of	signals	might	trigger	the	production	of	antagonistic	

substances	in	another	species.	Although,	these	results	suggest	that	it	is	not	the	case	for	this	

particular	antagonism	and	support	the	hypothesis	of	the	antimicrobial	substances	induction	

in	Bacillus	cells	 be	 either	mediated	by	 intermediate	products	 of	 TTC	 reduction	or	 by	 its	

reduction	product,	TPF.	

	

Bacillus	sp.	strains	and	related	genera	in	the	Bacillales	within	the	Firmicutes,	as	Paenibacillus	
sp.,	are	widely	known	for	being	one	the	most	prolific	antimicrobial	or	bioactive	compounds	

producing	microorganisms,	harboring	a	variety	of	secondary	metabolite	gene	clusters	or	

BGC	 in	 their	 genomes	 and	 producing	 substances	 suitable	 for	 medical	 and	 agricultural	

applications	(150).	These	compounds	comprise	diverse	secondary	metabolites	with	a	wide	

spectrum	 of	 antibiotic	 and	 other	 bioactive	 properties,	 among	 the	 most	 notable	 are	

polyketides	(PKs)	and	 lipopeptides	(LPs),	produced	by	encoded	polyketide	synthases	and	

non-ribosomal	 peptide	 synthetases	 respectively,	 and	 being	 molecules	 of	 modular	

architecture,	formed	by	these	enzymes	by	adding	together	building	blocks	until	forming	a	

larger	multi-functional	compound	(151,	152).	The	repertoire	of	bioactive	components,	of	

chemically	diverse	structures,	produced	by	strains	of	these	genera	includes	other	peptide	

antibiotics	 produced	 by	 NPRS,	 as	 bacilysin	 and	 other	 D-aminoacid	 residues	 containing	

dipeptides	 (diketopiperazines	or	DKPs);	other	non-peptide	products	by	PKS	synthases	as	

bacillaene	 and	macrolactins;	 ribosomically	 synthetized	 compounds,	 as	 L-antibiotics,	 and	

diverse	bioactive	proteins,	as	cell-wall	degrading	enzymes	(CWDE)	(132).	Bacteriocins	are	

proteins	 produced	 by	 prokaryotes	 that	 are	 bactericidal	 and/or	 bacteriostatic	 against	

organisms	 related	 to	 the	 producer	 strain	 (153).	 Species	 belonging	 to	 Bacillales	 produce	

known	bacteriocins	as	are	cerein	7	(154)	and	cerein	8A	(155)	 	from	B.	cereus	 ,	thuricin	7	
(156)	and	thuricin	17	(157)	from	B.	thurigiensis. 
	

But	 could	 the	 inducible	 substances	be	 an	overproduction	of	 already	 known	metabolites	

from	 Bacillus	 species?	 It	 is	 well	 known	 that	 the	 Bacillales,	 specially	 Bacillus	 sp.	 and	
Paenibacillus	 sp.	 are	 considered	 a	 gold	 mine	 that	 represents	 a	 rich	 source	 for	 diverse	

secondary	 metabolite	 gene	 clusters	 and	 produce	 a	 great	 range	 of	 active	 compounds.	

Specifically,	PKs	and	LPs	have	played	an	essential	role	for	applications	in	agriculture.	They	

are	vital	for	bacterial	activities	in	suppressing	disease	pressure	in	plants	by	their	production	

of	antimicrobial	substances	and	by	activating	plant	defense,	as	well	as	being	important	for	

biofilm	 formation	and	root	colonization	of	crop	plants	 (82,	158).	Bacteriocins,	which	are	
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mostly	active	against	Gram	positive	strains,	have	not	been	as	highly	employed	in	agriculture,	

but	are	employed	as	food	preservatives	(157).	

	

As	a	first	observation	for	answering	the	question,	it	can	be	noted	that	B.	amyloliquefaciens	
strains	are	inducible	and	producing	inhibition	zones	against	R.	solanacearum	EAP09	and	R.	
solanacearum	 AW1	 at	 different	 TTC	 concentrations	 (Table	 3-4),	 but	 their	 antagonistic	

potential	 in	TTC	absence	 is	equally	 large.	This	particular	species	 is	 reknown	as	being	the	

most	prolific	from	the	point	of	view	of	LPs	and	PKSs	production	(144),	and	it’s	interesting	to	

note	 that	 it	 is	not	outstanding	 in	 this	particular	 form	of	antagonism	 (Table	3-4).	On	 the	

contrary,	B.	subtilis	species	are	highly	inducible	(Table	3-4,	Table	3-5,	Fig.	3-3	c-d),	with	B.	
subtilis	SMY	and	B.	subtilis	NCIB-3610	being	indeed	used	as	model	organisms	for	molecular	

and	metabolomics	analysis	 in	further	chapters	of	this	research.	Even	if	B.	subtilis	natural	
antibiotics	 production	 capacity	 has	 been	 well	 documented	 in	 the	 literature	 (130),	 the	

inhibitory	capacity	of	these	natural	substances	against	R.	solanacearum	is	significantly	lower	
than	 the	 one	 produced	 by	 TTC	 –inducible	 ones,	 demonstrating	 that	 the	 inducible	

compounds	may	have	a	different	chemical	nature	and	that	traditional	NPs	from	Bacillus	sp.	
are	 not	 the	 main	 responsible	 substances	 for	 this	 particular	 class	 of	 antagonism.	 Thus,	

complementary	to	these	observations,	the	inducible	antimicrobial	activity	of	mutant	strains	

from	B.	subtilis	NCIB-3610	(Table	3-3)	was	tested,	revealing	that	mutants	on	some	of	the	

most	widely	known	biosynthetic	routes	for	Bacillus	(surfA,	pksX,	bacA,	sunA,	ppsB,	among	

others)	 are	 not	 defective	 in	 the	 production	 of	 the	 inducible	 	 antagonism	 (Fig.	 3-10),	

suggesting	that	the	chemical	nature	of	these	inducible	compounds	may	not	be	attributed	

to	these	families	and	that	new	biosynthetic	routes	not	being	detected	or	taken	into	account	

may	 be	 triggered	 by	 the	 reduction	 of	 TTC,	 an	 accumulation	 of	 TPF	 inside	 the	 cells	 or	 a	

greater	nitrogen	availability	in	the	cytoplasm.		

	

Besides	this,	other	two	genes	displayed	a	greater	inhibition	zone	against	R.	solanacearum	

EAP09	and	R.	solanacearum	AW1.	These	are	spo0A	and	the	triple	mutant	kinABC,	both	of	
them	 intimately	 related,	 since	 these	 kinases,	 specifically	 kinA,	 phosphorylate	 the	
sporulation-regulatory	 proteins	 Spo0A	 and	 Spo0F	 through	 a	 phosphotransfer	 pathway,	

known	as	the	phosphorelay,	composed	of	Spo0F,	Spo0B,	and	at	least	four	histidine	kinases,	

KinA,	KinB,	KinC,	and	KinD	(159).	This	same	study	by	Quisel	et	al.	(2001)	reveals	that	in	order	
for	spo0A	to	be	activate	and	initiate	sporulation,	it	highly	depends	on	the	phosphorylating	

activity	of	 these	 kinases.	 This	 explains	why	 these	 two	mutants	 are	presenting	 the	 same	

behavior	 of	 increased	 induced	 activity,	 since	 they	 are	 different	 steps	 from	 the	 same	

pathway	 of	 the	 onset	 of	 sporulation,	 suggesting	 that	 sporulation	 might	 repress	 the	

production	 of	 inducible	 substances	 and	 that	 they	 are	 generated	 during	 the	 exponential	

growth	 phase	 or	 before	 entering	 stationary	 phase,	 a	 result	 observed	 as	well	 in	 the	 co-
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cultures	of	B.	cereus	EA-CB1047	with	R.	solanacearum	EAP09	(Fig.	3-6).	This	result	could	
indicate	that	genes	downstream	of	this	pathway,	which	are	repressed	by	spo0A,	might	be	

involved	in	the	production	of	the	inducible	compounds;	as	Molle	et	al		(2001)	identified	81	
genes	 under	 its	 negative	 control	 (160).	 Interestingly,	 some	 of	 these	 genes	 encode	

components	 of	 the	 DNA	 replication	 machinery	 and	 govern	 flagellum	 biosynthesis	 and	

chemotaxis,	among	other	important	transcriptional	regulators	as	abrB,	which	is	an	essential	
regulator	 in	the	transition	between	vegetative	growth	and	the	onset	of	stationary	phase	

and	sporulation.		

	

While	many	of	the	active	compounds	from	B.	subtilis	and	B.	amyloliquefaciens	have	been	
already	identified	and	some	of	them	are	deeply	studied	as	are	LPs	and	PKSs,	there	is	still	a	

great	amount	of	their	metabolites	producing	potential	that	remains	unexplored	as	well	as	

the	one	from	other	Bacillales	species	(151).	Most	of	these	products	have	been	studied	and	

isolated	from	B.	subtilis,	B.	amyloliquefaciens,	P.	polimyxa,	B.	thurigiensis	strains	(144),	and	
identified	using	traditional	natural	products	discovery	methods	as	the	Waksman	platform,	

also	employed	for	the	discovery	of	a	large	amount	of	the	known	active	compounds	from	

microbial	sources	(41).	It	is	estimated	that	more	than	31%	of	the	known	Bacillales	species	

have	the	ability	to	produce	bioactive	metabolites,	although	many	of	these	microbes	remains	

untapped,	undiscovered	and	unexploited	(151).	This	pool	of	novel	active	metabolites	can	

be	 even	 broader	 taking	 into	 account	 that	 other	 genes	 responsible	 for	 many	 common	

secondary	metabolite	classes	(e.g.	oligosaccharides)	are	not	even	detected	by	widely	used	

prediction	tools	from	genomes,	such	as	antiSMASH	(161).	

	

In	the	other	hand,	the	effect	of	TTC	presence	in	the	medium	on	the	production	of	other	

intermediate	 metabolites	 and	 important	 organic	 compounds,	 as	 are	 free	 radicals	 and	

siderophores,	was	tested.	Antioxidant	addition	to	the	culture	medium	(Fig.	3-9)	proved	that	

the	 inhibition	 zones	produced	by	B.	 cereus	EA-CB1047	 in	 the	presence	of	 TTC	were	not	
affected	in	its	size	compared	to	a	control	not	growing	in	the	presence	of	any	antioxidant	

substance,	indicating	that	an	overproduction	of	ROS,	that	could	be	being	produced	as	by-

products	of	intracellular	reduction	of	TTC,	may	not	the	ones	causing	the	antagonism,	and	in	

fact,	 tetrazolium	salts	are	known	 for	acting	as	neutralizers	of	 superoxide	and	other	 free	

radicals,	as	they	act	as	intermediate	electron	acceptors	(104).		

	

Besides,	 the	 production	 of	 other	 bioactive	 substances	 such	 as	 siderophores,	 has	 been	

observed	to	produce	 large	 inhibition	zones	when	 in	conjugation	with	other	metabolites,	

depending	on	the	nature	and	the	producing	strain	of	the	iron-chelating	substances	(162).	

Bacillus	 specifically,	 produce	 a	 wide	 variety	 of	 siderophores	 such	 as	 bacillibactin,	
pyoverdine,	pyochelin,	schizokinen,	petrobactin,	which	play	a	crucial	role	 in	 its	existence	



Chapter	3	–	Characterization	of	the	Inducible	Antimicrobial	System	

	

69	

(163),	 although	 the	 most	 studied	 ones	 are	 catechol-type	 siderophores	 with	 variant	

hydroxylation	 patterns,	 these	 being	 bacillibactin	 first	 identified	 in	 B.	 subtilis	 (164)	 and	
petrobactin,	inherent	but	not	exclusive	to	the	B.	cereus	group	species	(165).	In	this	research,	
siderophores	 production	 from	 B.	 subtilis	was	 tested	 through	 the	 CAS	 assay	 (Fig.	 3-8),	
suggesting	not	only	 that	 siderophores	are	not	 the	ones	 responsible	 for	halo	production,	

since	an	observable	orange	halo	 characteristic	of	 siderophores	production	 is	observable	

around	 non-TTC	 exposed	 cells	 as	 well	 as	 in	 TTC	 growing	 ones,	 but	 that,	 siderophores	

production	in	the	presence	of	TTC	might	be	repressed	since	halo	size	is	smaller	than	the	

control	condition.	

	

	

3.5 Conclusion	

Redox	 indicator	 TTC	 is	 acting	 as	 a	 dose-dependet	 inducer	 of	 diffusible	 antagonistic	

compounds	in	Bacillus	sp.	strains	belonging	to	B.	cereus,	B.	pumilus	and	B.	subtilis	species.	
These	compounds	are	highly	active	against	R.	solanacearum	and	mildly	active	against	other	

bacterial	strains	belonging	to	pathogenic	genera.	Result	from	this	chapter	suggest	that	the	

chemical	 nature	 of	 these	 substances	 apparently	 differs	 from	 other	well-studied	 natural	

compounds	produced	by	Bacillus	and	the	induction	of	different	biosynthetic	gene	cluster	or	
a	biotransformation	of	TPF	could	be	occurring,	due	to	its	intracellular	accumulation.	
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CHAPTER	4		
	 	 	 	 	 	 	 	 	 	 	 	 	

4. Transcriptomic	Analysis	
	

Abstract	

Aiming	to	establish	changes	in	the	overall	gene	expression	of	Bacillus	sp.	cells	during	the	
production	of	inducible	antimicrobial	substances,	the	transcriptomic	profiles	of	B.	subtilis	
NCIB-3610	 and	 SMY	 strains,	 under	 the	 presence	 and	 absence	 of	 the	 inducer	 TTC	 were	

established.	Data	obtained	by	two	differential	gene	expression	techniques,	evidences	two	

distinct	 but	 interconnected	 results.	 According	 to	 total-RNA	 sequencing,	 the	 L-histidine	

biosynthetic	pathway	 is	highly	upregulated	 in	B.	subtilis	NCIB-3610	cells	exposed	to	TTC,	
with	expression	ratios	of	genes	hisB, hisD, hisIE, hisF, hisH	being	more	than	4-fold	higher	

in	TTC	exposed	cells.	Nanostring	gene	expression	analysis,	evidenced	that	pyrimidine	and	

purine	nucleotides	de	novo	synthesis	(genes	pyrC	and	pyrP)	and	salvage	and	interconversion	
routes	(xpt),	display	expression	ratios	between	1.6	to	3	fold	higher	on	TTC	induced	Bacillus	
sp.	cells	compared	to	others	growing	under	non-TTC	conditions.	These	results	strongly	imply	

an	increased	production	of	nitrogen-derived	compounds,	from	central	nitrogen	metabolism	

biosynthetic	pathways	in	the	cells.	Transcriptomic	profiling	results	merge	with	biochemical	

characterization,	specifically	in	siderophores	production	down-regulation	and	characterized	

antimicrobials	 from	Bacillus	 sp.	 not	 being	 induced	 in	 cells	 growing	under	 TTC	presence.	
Siderophores	biosynthesis	appears	to	be	under-expressed	in	B.	subtilis	SMY	cells,	as	genes	

yxeB,	dhbB	and	dhbC	central	to	bacillibactin	production	are	4	to	5	fold	downregulated	when	
growing	in	TTC	presence.	Most	of	the	central	genes	of	known	antimicrobials	biosynthetic	

routes	appear	to	be	non-altered	in	TTC	presence,	supporting	the	suggestion	of	lipopeptides	

and	other	 known	antimicrobials	 from	Bacillus	 sp.	 not	 being	 responsible	 for	 the	 induced	
antagonism.		

	

	

4.1 Introduction	

Microorganisms	produce	a	wealth	of	structurally	diverse	specialized	metabolites,	which	are	

used	 either	 in	 their	 natural,	 semisynthetic	 derivatives	 form	 or	 synthetic	 analogues	 in	 a	

remarkable	 range	 of	 applications	 in	medicine	 and	 agriculture,	 such	 as	 the	 treatment	 of	

infectious	 diseases	 and	 cancer,	 and	 the	 prevention	 of	 crop	 damage	 (80,	 166).	 Genome	

sequencing	reveals	that	each	strain	of	actinomycetes	can	produce	around	20–40	secondary	

metabolites,	many	of	which	have	not	yet	been	characterized	and have	high	probabilities	of	
presenting	antibiotic	activity	(11).	Most	of	these	are	not	readily	produced	under	laboratory	
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settings	and	are	 therefore	not	 tested	 in	 traditional	assays	of	extracts.	Efforts	 to	awaken	

these	so-called	 ‘cryptic’	or	 ‘silent’	BGC	have	been	pursued	 including	altering	 the	growth	

conditions,	the	overexpression	of	genetic	regulators,	the	addition	of	chemical	elicitors,	and	

the	capture	of	BGC	for	expression	in	heterologous	hosts	(11).		

	

Thus,	 in	these	modern	days,	antibacterial	drug	discovery	is	highly	 influenced	by	genomic	

data,	technology	and	innovation.	This	influence	started	in	the	early	2000s	when	complete	

genome	sequences	became	more	accessible	and	several	ones	obtained	for	actinobacteria	

and	 filamentous	 fungi,	 the	 two	 major	 microbial	 sources	 for	 clinically	 approved	 and	

agriculturally	used	antibiotics,	began	to	reveal	a	far	greater	potential	to	produce	structurally	

complex,	specialized	metabolites	than	suggested	by	traditional	bioactivity-based	screening	

approaches	(167,	168).	These	genome	wide	studies	are	based	on	search	for	sequences	of	

gene	 clusters	 that	 encoded	 enzymes	 typically	 involved	 in	 specialized	 metabolite	

biosynthesis,	 such	 as	 nonribosomal	 peptide	 synthetases	 (NRPSs),	 polyketide	 synthases	

(PKSs),	terpene	synthases	and	NRPS-independent	siderophore	synthetases	(56).		

	

Complete	 genome	 sequences	 of	 several	 other	 actinobacteria	 have	 revealed	 that	 they	

contain,	besides	the	characterized	ones,	numerous	cryptic	BGCs	that	probably	encode	novel	

specialized	metabolites	(169),	broadening	the	perspective	for	discovery	of	microbial	natural	

products	and	setting	a	start	for	what	is	now	called	the	new	field	of	genomics-driven	natural	

product	 discovery	 (170).	 A	widely	 used	 tool	 through	which	 this	 type	 of	 analysis	 can	 be	

readily	made	is	antiSMASH	(antibiotics	and	secondary	metabolite	analysis	shell)	(171).	But	

although	 this	 and	 similar	 platforms	 perform	well	 in	 the	 identification	 of	 BGCs	 encoding	

ubiquitous	classes	of	biosynthetic	enzymes	(such	as	PKSs	and	NRPSs),	are	less	reliable	for	

the	identification	of	BGCs	that	encode	pathways	involving	more	enigmatic	or	less	explored	

enzymes	and	final	products	(172).	

	

Bacillus	 species	 have	 not	 escaped	 the	 exploration	 of	 their	 active	 metabolite	 producing	

potential	from	the	perspective	of	this	modern	technique,	that	allows	for	a	whole	genome	

exploration of potential	metabolites.	Since	many	Bacillus	draft	genome	sequences	as	well	

as	the	ones	for	several	other	prokaryotes	have	been	performed	over	the	years	(161)	it	is	

easy	nowadays	to	obtain	these	type	of	analysis.	In	example,	the	study	by	Cheng	et	al.	(173)	
analyzed	 the	 pan-genome	 of	 44	 B.	 amyloliquefaciens	 strains,	 using	 the	 workflow	
BGDMdocker,	and	revealed	its	BGC	content	and	features.	Main	findings	suggest		a	total	of	

997	 known	 BGC	 for	 the	 entire	 pan-genome	 of	 this	 species	 and	 553	 unknown	 ones,	

evidencing	that	more	than	30%	of	the	total	BGC	of	B.	amyloliquefaciens	strains,	one	the	
most	profilic	species	in	producing	active	NPs,	remains	uncharacterized	and	unexplored	by	

traditional	methods.	
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In	the	same	line,	the	transcriptome,	which	is	the	complete	set	of	transcripts	in	a	cell	and	

their	 quantity,	 for	 a	 specific	 developmental	 stage	 or	 physiological	 condition,	 has	 been	

largely	used	as	a	target	for	studies	looking	to	understand	what	are	the	essential	causes	for	

a	determined	phenomenon	(174)	either	in	prokaryotic	or	eukaryotic	cells.	The	quantity	of	

mRNA	produced	of	a	specific	gene	is	quantified	and	that	is	called	the	gene	expression	for	

that	specific	genomic	portion	under	those	conditions	(175).	

	

In	accordance,	measuring	the	expression	of	genes	in	bacterial	genomes	has	a	very	broad	

range	 of	 applications,	 from	 developing	 treatments	 for	 infections	 to	 creating	 synthetic	

genomes	 (176).	Gene	expression	 studies	 in	bacteria	have	been	used	 to	 study	metabolic	

pathways,	identify	properties	of	mutants,	and	otherwise	better	understand	the	molecular	

processes	in	their	genomes	(177).		

	

For	 instance,	 the	 study	by	Pavlidi	et	 al	 (178),	 exemplifies	 the	use	of	 transcriptomics	 for	

deciphering	the	molecular	processes	taking	place	during	an	interspecies	interaction.	In	this	

particular	case,	the	interaction	between	Bactrocera	oleae,	a	fly	that	constitutes	olive	crops’	
most	devastating	pest,	and	its	host,	was	investigated	at	the	molecular	level	in	the	study	by	

Pavlidi	et	al	(178).	Authors	used	both	microarray	and	sequencing	techniques	to	determine	

the	genes	which	enabled	the	fly	to	cope	with	high	levels	of	toxic	phenolic	compounds,	as	

Oleuropein	(179),	present	in	green	olives.	Findings,	point	to	the	production	of	detoxification	

and	digestive	enzymes	in	B.	oleae	larvae,	indicating	a	potential	association	with	the	ability	
of	 the	 insect	 larval	 stage,	 to	 cope	with	 green	olives	 toxic	 environment.	 Besides,	 several	

biological	 processes	 seem	 to	 be	 activated	 in	 Ca.	 Erwinia	 dacicola,	 an	 uncultivated	 gut	
obligate	symbiotic	bacterium	of	B.	oleae,	during	the	development	of	larvae	in	olives,	with	

the	most	notable	being	the	activation	of	amino-acid	metabolism,	which	probably	influence	

the	larvae’s	nitrogen	utilization	and	aid	in	development		

	

But	besides	transcriptomics	use	to	uncover	the	principal	molecular	processes	taking	place	

during	 a	 biological	 interaction	 in	 a	 living	 organism,	 one	 of	 the	 principal	 uses	 of	

transcriptomics	in	drug	discovery	is	based	on	its	ability	to	provide	information	on	the	effect	

of	a	determined	compound	once	it	enters	in	contact	with	an	organism,	providing	data	that	

conveys	 more	 information	 about	 its	 properties	 and	 allows	 lead	 optimization	 in	

pharmaceutical	discovery	projects	(180).	This	is	called	a	multi-dimensional	assay,	meaning	

that	 it	measures	 a	wide	 diversity	 of	 biological	 effects	 during	 lead	 optimization	 stage	 of	

bioactive	candidate	compounds	screening.	The	focus	of	these	multidimensional	assays	that	

use	RNA	as	response	variable,	is	to	decode	the	gene	expression	profile	of	a	living	organism	

during	the	interaction	with	the	drug	candidate	and	give	a	comprehensive	snapshot	of	the	
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biological	state	of	the	living	system	(180).	In	fact,	the	popularity	that	transcriptomics	has	

acquired	 in	 the	 last	 decade	 in	 drug	 discovery	 platorms	 is	 due	 to	 the	 ability	 of	 gene	

expression	to	be	measured	in	a	high	throughput	fashion	and	to	identify	drug-induced	genes	

in	 the	 target	 which	 allow	 drug	 repurposing	 and	 discovery	 among	 a	 battery	 of	 tested	

compounds,	refining	the	uses	of	lead	susbtances	and	detecting	novel	active	ones	(181).	

	

The	 first	 step	 in	 a	 differential	 gene	 expression	 analysis	 process	 is	 to	 quantify	 gene	

expression	 for	all	 the	genes	expressed	 in	a	particular	experiment	 (176).	 For	 this	matter,	

diverse	techniques	have	been	devolved	and	employed	over	the	years,	with	hybridization	or	

sequence-based	 approaches	 being	 the	 most	 prolific	 ones	 (174).	 Hybridization-based	

approaches	 typically	 involve	 incubating	 fluorescently	 labelled	 cDNA	 with	 custom-made	

microarrays	or	commercial	high-density	oligo	microarrays,	which	makes	them	suitable	for	

high	 throughput	 analysis	 and	 are	 relatively	 cost-efficient	 (182).	 They	 have	 several	

limitations	as	well,	as	the	reliance	upon	the	existence	knowledge	on	a	determined	genome	

sequence,	 the	 high	 background	 levels	 due	 to	 cross-hybridization	 or	 saturation	 of	 signal	

(183).	Meanwhile,	RNA	sequencing	(RNA-seq)	has	been	rapidly	adopted	for	the	profiling	of	

transcriptomes	 in	 many	 areas	 of	 biology,	 including	 studies	 into	 gene	 regulation,	

development	and	disease,	but	 there	are	a	number	of	subtle	yet	crucial	aspects	of	 these	

analyses,	 such	 as	 read	 counting,	 appropriate	 treatment	 of	 biological	 variability,	 quality	

control	checks	and	appropriate	setup	of	statistical	modeling	that	difficult	the	reaching	of	

conclusions	(184).	Besides,	for	properly	analyzing	datasets	of	such	volume	and	complexity	

as	the	ones	generated	from	RNA-seq,	scalable,	fast	and	mathematically	principled	analysis	

software	or	bioinformatic	pipelines	are	fundamentally	needed	(185),	compared	to	the	easy	

access	and	readily	analysis	offered	by	the	companion	software	of	hybridization	platforms	

(186).	

	

The	main	objective	of	this	chapter	was	to	establish	a	differential	gene	expression	profile	

and	derived	analysis	of	B.	subtilis	NCIB-3610	and	B.	subtilis	SMY,	two	model	strains	of	a	TTC-

inducible	 Bacillus	 species,	 growing	 in	 the	 presence	 and	 absence	 of	 TTC	 in	 the	 culture	
medium.	

	

	

4.2 Methods	

4.2.1 Cell	cultures	for	RNA-extraction	

B.	subtilis	NCIB-3610	and	SMY	both	belong	to	BGSC	collection	and	a	copy	of	each	one	was	

stored	in	0.5X	TSB	plus	20%	glycerol	at	-80	ºC.	The	strains	were	activated	in	50%	TSA	(Merck)	

or	 LB	agar	 (composition	 for	1	 L:	 tryptone	 (Oxoid)	10	g,	NaCl	 (Merck)	10	g,	 yeast	extract	

(Oxoid)	5	g,	agar	(BD)	15	g)	and	incubated	for	48h	at	30	°C	before	any	experimental	use.		
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For	 liquid	 cultures	 destined	 for	 total	 RNA	 extraction	 used	 in	 RNA-seq	 technique,	 two	

colonies	 of	 each	 strain	were	 inoculated	 into	 2	mL	 of	 BG	medium	on	 a	 15	mL	 tube	 and	

incubated	 at	 30	 ºC	 until	 an	 O.D	 (600	 nm)	 of	 1	 was	 reached,	 approximately	 for	 15	 h.	

Afterwards,	1	mL	of	 this	pre-inoculum	was	 inoculated	 into	each	50	mL	 flasks	containing	

either	 fresh	 BGT	 (+TTC)	 or	 BG	 (-TTC)	 media.	 Two	 flasks	 were	 used	 per	 conditions	 and	

incubation	was	performed	at	150	rpm	and	30	±	2	ºC	for	14h. 
 
For	 solid	 cultures,	 destined	 to	 extract	 total	 RNA	 for	 NanoString	 expression	 profiling,	

preinoculums	of	B.	subtilis	NCIB-3610	antagonistic	strain	were	prepared	by	resuspending	
two	colonies	into	2	mL	of	BG	medium	on	a	15	mL	tube,	and	incubating	overnight	at	37	ºC	at	

150	 rpm.	 Afterwards,	 antagonism	 tests	 by	 well	 diffusion	 assay	 (method	 3.2.4.2)	 were	

prepared	in	BGTA	(+TTC)	and	its	respective	negative	control	BGA	(-TTC).	After	24	h	of	RT	(22	

±	 1	 ºC)	 incubation	 two	colonies	were	 scraped	 from	each	plate	 for	 total	RNA	extraction.	

Three	biological	replicates	were	established	per	condition	each	time	the	experiment	was	

perfomed,	twice	in	different	times.	

	

	

4.2.2 Total	RNA	extraction	

500	µL	of	liquid	cultures	of	Bacillus	sp.	strains	growing	under	each	condition	(+TTC/-TTC)	
were	harvested	at	14h	post-inoculation,	at	O.D	(600	nm)	of	1.6	and	2.0,	respectively	 for	

+TTC	and	-TTC	cultures,	measured	at	600	nm.	Fermentations	samples	were	 immediately	

treated	with	2	volumes	(2v)	of	RNAprotect	cell	reagent	(Qiagen,	Netherlands),	in	order	to	

provide	RNA	stabilization	without	removing	culture	medium.	Afterwards,	every	step	of	the	

RNeasy	RNA	isolation	kit	(Qiagen,	Netherlands)	was	followed,	with	a	modification	in	the	cell	

disruption	 procedure,	 employing	 sonication	 (Branson,	 Emerson,	 USA)	 at	 30%	 amplitude	

with	1s	on,	1s	off	pulses,	performing	a	total	of	25	pulses,	on	ice.	RNA	yields	after	isolation	

and	 purification	 were	 determined	 by	 Nanodrop	 (ThermoFisher,	 USA)	 and	 total	 DNA	

digestion	followed	using	Turbo	DNA-free	(ThermoFisher,	MA)	DNAse	treatment.	

	

A	PCR	amplification	was	done	following	DNase	treatment	in	order	to	check	DNA	absence.	

5F	 (5’-	 AGAGTTTGATCCTGGCTCAG-3’)	 and	 519R	 (5’-GWATTACCGCGGCKGCTG-3’)	 primers	

(187)	were	employed.	Genomic	DNA	from	B.	subtilis	NCIB-3610	and	B.	subtilis	SMY	strains	

was	extracted	with	Wizard	genomic	DNA	Kit	(Promega,	USA)	and	used	as	positive	control	

for	DNA	presence.	The	PCR	mixtures	(50		µL)	contained	2	µmol	of	each	appropriate	primer,	

200	µM	of	each	deoxynucleoside	triphosphate,	Taq	extender	PCR	buffer	diluted	to	1X	of	

original	 concentration,	 	 1.5	 mM	 of	 MgCl2,	 and	 0.5	 U	 of	 Taq	 polymerase	 (Qiagen,	

Netherlands).	Approximately	25	ng	of	genomic	DNA	were	added	to	each	PCRs	mix.	Reaction	
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conditions	were:	initial	denaturing	at	96	°C	for	2	min,	followed	by	40	cycles	at	94	°C	for	20s,	

64	°C	for	20s,	72	°C	for	30s	and	a	final	extension	period	at	72	°C	for	5	min	in	a	thermal	cycler	

(Biorad).	PCR	products	were	visualized	by	agarose	gel	electrophoresis.	After	checking	DNA	

absence	 RiboZero	 ribosomal	 RNA	 removal	 kit	 (Illumina,	 USA)	 was	 employed	 to	 remove	

other	RNA	types	besides	mRNA.	

	

	

4.2.3 Library	construction		

Library	construction	for	RNA	sequencing	(RNA-seq)	was	performed	using	the	purified	mRNA	

from	steps	above	and	using	the	RNA	 library	prep	kit	 for	 illumina	NEBNext	 (New	England	

Biolabs,	USA).	The	starting	material	for	this	kit	was	5	ng	–	1	µg	and	briefly,	the	steps	followed	
were:	RNA	fragmentation,	priming	and	cDNA	synthesis,	followed	by	purification	of	double	

stranded	cDNA,	end	repair	and	adaptor	ligation,	with	a	final	step	of	PCR	enrichment	and	

purification	of	product.	Quality	was	checked	through	bioanalyzer	before	sequencing.	

	

	

4.2.4 Sequencing	

Libraries	were	 sequenced	at	 TUCF	Genomics	 (Tufts	University	Core	 Facility).	All	 samples	

(two	samples	per	condition	in	two	time-independent	replicates,	for	a	total	of	8	samples)	

were	submitted	in	bar	coded	tubes	to	ensure	accurate	sample	handling	and	tracking	and	

sequenced	at	an	HiSeq	2500,	rendering	single-end	reads	of	51	nucleotide	and	getting	an	

average	coverage	of	1000X	for	each	sequence,	of	either	B.	subtilis	SMY	or	B.	subtilis	NCIB-
3610,	under	each	condition	(+TTC/-TTC).	

	

4.2.5 NanoString		

The	quantification	of	mRNAs	in	cell	lysates	of	B.	subtilis	NCIB-3610	was	performed	via	the	
nanoString	nCounter	analysis	system	(NanoString	technologies,	USA)	 	 (186).	Cell	cultures	

were	established	as	described	above	(4.2.2).	Afterwards,	two	colonies	of	each	sample	from	

each	condition	were	scraped	with	a	pipet	tip	from	each	plate	at	the	edge	of	growth	and	

immediately	suspended	in	250	µL	RNAlater	(ThermoFisher,	USA;	diluted	1:1	in	water).	Cell	

clumps	 were	 mechanically	 disrupted	 with	 mortar	 at	 RT	 for	 15	 min	 and	 followed	 by	

sonication	on	ice	bath	with	30%	amplitude	with	25	pulses,	1s	on,	1s	off.	Cells	were	then	

centrifuged	at	13.000	 rpm	 for	1	min	and	washed	with	500	µL	PBS	buffer.	After	another	

centrifugation,	pellets	were	resuspended	in	100	µ	of	15mg/mL	lysozyme	(Qiagen,	37.5mM	

in	2mM	Tris-EDTA,	pH7.5),	pipetting	thoroughly	to	resuspend	cells	and	incubating	at	RT	for	

1	h.	Finally,	200	µL	of	RLT	buffer	 (Qiagen,	Netherlands)	+	2	µL	ß-mercaptoethanol	were	

added	to	each	tube	and	1	µL	of	a	1:10	dilution	in	RLT	buffer	was	used	for	hybridization.		
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Probe	hybridization	was	done	overnight.	Briefly,	10	µL	of	hybridization	buffer	were	mixed	

with	10	µL	of	reporter	probe	from	original	codeset	(codeset	names:	Pascale2,	Traxler1)	and	

4	µL	water,	per	reaction.	A	master	mix	was	prepared	for	all	reactions	and	aliquoted	into	

each	tube,	to	finally	add	1	µL	of	cell	lysate	to	each,	with	minimal	pipetting	to	avoid	probe	

degradation.	Tubes	were	 taken	 to	pre-heated	 thermocycler	 (65	ºC)	 and	5	µL	of	capture	
probe	were	added	to	each	one,	inverting	to	mix	and	briefly	spinning,	before	letting	them	

for	overnight	incubation	(approx.	16	h).	

	

For	 the	 nCounter	 to	 asses	 gene-expression,	 preparation	 plates	 with	 6	 reactions	 were	

stabilized	to	RT	and	centrifuged	for	2	min	at	1800	rpm	to	collect	liquid.	Cartridges	were	also	

stabilized	to	RT	before	applying	solution	from	hybridization	tubes	and	setting	the	nCounter	

run	(3	h).	After	nCounter,	cartridge	was	transferred	to	reader	(4	h)	and	results	datasets	were	

collected	for	further	analysis.	

	

	

4.2.6 Bioinformatic	analysis	

RNA-seq	data	was	downloaded	from	TUCF	server	onto	Apolo	computational	center	at	EAFIT	

university.	 Afterwards,	 analysis	were	 performed	 through	 a	 bioinformatic	 pipeline	which	

employed	three	different	methodologies:	Tuxedo	suite,	specifically	CuffDiff	tool	(185),	R-

package	DE-seq	(188)	and	EDGE-pro	(176)	in	order	to	calculate	differential	gene	expression	

(DE)	 through	 the	normalized	parameter	RPKM	 (read	per	million	 reads	per	million	bases	

sequenced).	Fold	change	was	calculated	by	finding	the	ratio	of	the	RPKM	parameter	on	TTC	

presence	vs	TTC	absence,	and	 its	 significance	was	evaluated	by	 the	statistic	p-adj	 value.	
Statistical	 analysis	 using	 PCA	 (principal	 component	 analysis)	 and	 Venn	 diagrams	 was	

performed	 prior	 and	 after	 analysis,	 respectively.	 PCA	 was	 done	 to	 asses	 replicates	

dispersion	and	Venn	diagrams	to	find	common	DE	genes	across	methodologies.	

	

Nanostring	results	were	analyzed	in	its	companion	software	nSolver	package	(nanoString	

technologies,	USA).	Briefly,	total	transcript	counts	were	normalized	using	internal	controls	

with	 background	 subtraction.	 Transcript	 counts	 for	 housekeeping	 genes	 def,	 folB,	 glpF,	
gsaB,	 ptsG	 were	 used	 for	 normalization	 to	 correct	 for	 differences	 in	 total	 mRNA	

concentration.	 All	 data	 were	 collected	 from	 three	 biological	 replicate.	 Two	 time	

independent	experiments	were	done	for		Pascale2	codeset	and	one	for	Traxler1	codeset.	

Gene	 expression	was	 considered	 significantly	 altered	 if	 LOG2	of	 expression-ratio	 counts	

were	1.5	units	above	or	below	zero	(189).		
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4.3 Results	

4.3.1 Total	RNA	extraction	yields	are	higher	in	+TTC	condition	

Following	 RNA	 extraction,	 total	 transcriptional	material	 was	 quantified	 (Table	 4-1).	 The	

main	 observation	 from	 these	 results,	 coming	 from	 two	 time-independent	 extractions,	

relays	on	the	higher	average	of	total	RNA	from	strains	growing	under	+TTC	condition.	This	

result	 is	 further	 discussed	 in	 the	 next	 section,	 but	 could	 be	 attributed	 to	 higher	

concentrations	 of	 nucleic	 acids	 that	 are	 being	 produced	 in	 TTC	 induced	 cells,	 or	 other	

related	compounds	such	as	nucleotides,	which	absorb	at	a	wavelength	close	to	the	one	used	

for	measuring	double	stranded	nucleic	acids	concentration	(260	nm)	(190)	in	a	Nanodrop	

spectrophotometer.	This	result	could	be	also	associated	to	membrane	permeabilization	in	

TTC	exposed	cells,	allowing	major	quantities	of	nucleic	acid	material	to	be	extracted.	This	

scenario	is	further	considered	in	discussion	section.	

	

	

Table	4-1.	B.	subtilis	NCIB-3610	and	B.	subtilis	SMY	RNA	extractions	yields	

	STRAIN	 +I	(ng/µL)	 -I	(ng/µL)	

B.	subtilis	NCIB-3610	 157.8	± 94.5	 	60.8	± 13.1	

B.	subtilis	SMY	 307.7	± 41.4	 19.3		± 1.4	
Intervals	represent	standard	errors	of	the	mean	(n=3).		

+I	denotes	50	mg/L	TTC	amendment	in	the	medium	-I	denotes	TTC	absence	in	the	medium.		

	

	

	

4.3.2 Histidine	 biosynthesis	 is	 upregulated	 and	 siderophores	 synthesis	 is	 down-

regulated	in	Bacillus	sp.	cells	growing	with	TTC	in	a	liquid	fermentation		

The	 results	 obtained	 from	 total	 RNA-seq	 followed	 by	 bioinformatic	 analysis	 using	 three	

different	 bioinformatic	 packages,	 as	 stated	 in	 methods	 section	 4.2.6	 section,	 are	

summarized	in	Fig.	4-1,	4-2	and	Table	4-2.	In	a	general	fashion,	eight	common	genes	were	

found	differentially	expressed	across	the	three	methodologies	for	B.	subtilis	NCIB-3610	(Fig	
4-1a),	while	six	were	found	for	B.	subtilis	SMY	(Fig	4-1b).		
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Figure	4-1.	Differentially	expressed	genes	under	TTC	presence	based	on	three	bioinformatic	

approaches	for	B.	subtilis	NCIB-2610	(a)	and	B.	subtilis	SMY	(b).			

	

	

Data	dispersion	(supplementary	material	Fig.	S-13),	quality	check	and	correction	prior	to	

analysis	 support	 the	 statistically	 significant	difference	 in	expression	 levels	 stated	 for	 the	

group	of	common	DE	genes	of	each	strain,	leading	to	confidently	compare	expression	ratios	

among	 methodologies	 (Table	 4-2).	 Besides	 the	 significantly	 expressed	 genes	 common	

across	 the	 three	 bioinformatic	 packages	 used,	 expression	 ratio	 values	 for	 other	 genes,	

independently	 found	 to	 be	 significant	 by	 each	 methodology	 (Fig.	 4-1,	 supplementary	

material	Table	S-2),	serve	as	reinforcement	of	the	observed	alterations	in	specific	metabolic	

pathways.	

	

Differentially	expressed	genes	suggest	that	histidine	biosynthetic	pathway	is	upregulated	in	

B.	subtilis	NCIB-3610	cells	 (Fig.	4-2,	Table	4-2),	since	all	 the	major	his	biosynthetic	genes	
(hisB,	hisD,	hisI,	hisF,	hisH)	are	overexpressed	with	values	for	log2	of	fold-ratios	ranging	from	

4.7	 to	 5.2,	 when	 TTC	 is	 present	 in	 the	 culture	 medium	 and	 thus,	 when	 producing	 the	

inducible	 antagonistic	 compounds.	 As	 for	 B.	 subtilis	 SMY,	 iron	 transport	 appears	 to	 be	

downregulated	 in	 cells	 growing	under	TTC	presence	 (Fig.	 4-2,	 Table	4-2),	 since	 the	yxeB	
gene,	 responsible	 for	 processes	 involving	 iron	 3

+
-hydroxamate	 complex	 import	 and	

required	 for	 transport	 of	 siderophore	 desferrioxamine	 (138,	 191),	 is	 notably	 under-

expressed.	Another	important	result	is	the	under-expression	of	genes	thisS	and	thisG,	which	
produce	synthase	proteins	involved	in	the	biosynthetic	pathway	of	thiamine	diphosphate,	

which	is	itself	part	of	the	larger	cofactor	biosynthesis	(138).	

Tuxedo
Tuxedoba
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Besides	these	differentially	expressed	genes	represented	in	the	figure	(Fig.	4-2)	and	table	

(Table	4-2),	which	outstand	the	major	functions	in	the	cells	that	are	being	affected	in	either	

over	or	under-expression	when	the	cells	are	subjected	to	growth	in	TTC	presence,	there	are	

other	genes	which	reinforce	the	suggestion	of	alteration	for	these	pathways.	These	genes	

have	 been	 independently	 found	 to	 be	 significant	 by	 each	methodology	 (supplementary	

material	Table	S-2).	For	instance,	in	B.	subtilis	NCIB-3610	the	gene	hisA,	which	is	also	part	
of	hisitidine	biosynthetic	pathway	(138,	192)	was	found	to	be	significantly	over-expressed	

from	DE-seq	and	Tuxedo	methodologies	(supplementary	material	Table	S-2).	The	gene	trxA	
responsible	 for	 thioredoxin,	 a	 protein	 crucial	 in	 various	 redox	 reactions,	 regulation	 of	

oxidative	 stress	 in	 the	 cells	 and	 part	 of	 electron	 transport	 chain	 (193),	 was	 found	

significantly	underregulated	by	DE-seq	tool	and	nadB,	responsible	for	L-aspartate	oxidase	
involved	in	NAD

+	
and	cofactor	biosynthesis	(194)	was	found	underegulated	as	well	by	EDGE-

pro	methodology	(supplementary	material	Table	S-2).	As	for	B.	subtilis	SMY,	dhbB	and	dhbC	
genes,	 responsible	 for	 isochorismatase	 and	 thus,	 involved	 in	 bacillibactin	 and	 other	

cathecol-type	 siderophores	 production	 (164)	 appear	 under-expressed	 (supplementary	

material	Table	S-2).	

	

These	 results	 overall	 reinforce	 the	 previously	 observed	 alteration	 in	 the	 pathway	 of	

chatecol-type	 siderophores	 biosynthesis,	 as	 well	 as	 in	 nitrogen	 metabolism	 through	

histidine	 over	 production	 and	 cofactor	 biosynthesis.	 Besides	 these	 results,	 other	 genes	

relevant	to	diverse	cellular	processes	in	both	strains,	B.	subtilis	NCIB-3610	and	B.	subtilis	
SMY,	as	are	membrane	transport	systems	(inositol	transporter	lolT),	DNA	repair	(p-450,	DNA	
repair	protein)	and	redox	equilibrium	in	the	cell	appear	to	be	negatively	altered	when	TTC	

is	present,	according	to	RNA-seq	results	 (supplementary	material	Table	S-2).	Specifically,	

the	 major	 inositol	 transporter	 IolT	 is	 interesting	 since	 it	 is	 in	 charge	 of	 transporting	
alternative	carbon	sources	inside	the	cells,	as	is	sugar	alcohol	myo-inositol,	but	this	gene	
product	has	significant	similarity	with	many	bacterial	sugar	transporters	in	the	databases	

(195)	
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Figure	4-2.	B.	subtilis	SMY	and	B.	subtilis	NCIB-3160	differentially	expressed	genes	in	the	
presence	of	TTC:	RNA-seq		
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Table	4-2.	RNA-seq	-	B.	subtilis	NCIB-3610	and	B.	subtilis	SMY	differentially	expressed	genes,	biological	function	and	expression	ratios	

	

	

STRAIN	 GENE	

FOLD	RATIO	(+I/-I)	

BIOLOGICAL	FUNCTION*	
TUXEDO	 EDGE-PRO	 DE-SEQ	 AVERAGE	

STANDARD	

ERROR	

B.	subtilis	

SMY	

thiS	 -4,4	 -4,2	 -4,2	 -4,2	 0,1	
Sulfur	carrier	protein	ThiS	adenylyltransferase	

(thiamine	metabolism)	

SMY_RS11645	 -4,4	 -4,2	 -4,3	 -4,3	 0,1	 Hypothetical	protein	

SMY_RS11695	 -4,4	 -4,0	 -4,0	 -4,1	 0,1	 Hypothetical	protein	

SMY_RS11655	 -4,4	 -3,8	 -3,9	 -4,1	 0,2	 Hypothetical	protein	

yxeB	 -5,1	 -4,2	 -4,3	 -4,5	 0,3	 Iron(3+)-hydroxamate-binding	protein	yxeB	

thiG	 -4,4	 -4,2	 -4,3	 -4,3	 0,1	 Thiazole	synthase	ThisG	(thiamine	metabolism)	

B.	subtilis	

NCIB-3610	

BS3610_RS12370	 -4,1	 -4,3	 -4,4	 -4,3	 0,1	 Hypothetical	protein	

hisH	 	6,1	 	4,4	 	4,5	 	5,0	 0,6	 Imidazole	glycerol	phosphate	synthase	subunit	HisH	

hisD	 	5,5	 	4,7	 	4,9	 	5,0	 0,3	 Histidinol	dehydrogenase	HisD	

hisG	 	4,7	 	4,5	 	5,5	 	4,9	 0,3	 ATP	phosphoribosyltransferase	HisG	

hisH	 	ND	 	4,6	 	ND	 	4,7	 0,0	 Imidazole	glycerol	phosphate	synthase	subunit	HisH	

hisI	 	6,1	 	4,6	 	5,0	 	5,2	 0,4	 Histidine	biosynthesis	bifunctional	protein	HisIE	

hisB	 	5,5	 	4,2	 	4,4	 	4,7	 0,4	 Imidazoleglycerol-phosphate	dehydratase	HisB	

BS3610_RS12405	 -4,0	 -3,9	 -4,1	 -4,0	 0,1	 Hypothetical	protein	
	

*
Source:	uniprot	http://www.uniprot.org/uniprot	
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4.3.3 	Purine	and	pyrimidine	biosynthetic	routes	are	upregulated	and	siderophores	
synthesis	is	downregulated	according	to	nanoString	methodology	

Transcriptomic	profiling	 from	nano-String	 analysis	 is	 displayed	 in	 Fig.	 4-3	 and	Table	4-3,	
where	 significantly	 altered	 genes	 evidence	 an	 upregulation	 of	 the	 nitrogen	metabolism	
mainly	through	the	genes	involved	in	pyrimidines	and	purines	de	novo	synthesis	and	salvage	
and	interconversion	routes	(pyrP,	pyrC,	purF,	xpt),	as	well	as	an	onset	on	the	DNA	damage-
machinery	(mutS),	which	is	related	to	DNA	repair	during	oxidative	stress.	The	utmost	under-
expressed	 genes,	 mainly	 related	 to	 exopolysaccharide	 synthesis	 (epsA)	 and	 membrane	
fluidity	 and	 stability	 (sqhC),	 denote	a	diminished	biofilm	production	 in	 TTC	presence,	 as	
evidenced	by	epsA	repression,	as	well	as	a	diminished	squalene	(sqhC)	and	thus,	hopanoids	
production,	these	being	the	sterol	homologs	in	bacteria	and	its	under-expression	denoting	
membranes	structural	perturbations	 in	Bacillus	growing	under	TTC	presence.	Other	non-
significantly	expressed	genes,	when	comparing	expression	levels	for	the	two	conditions	of	
presence	 and	 absence	 of	 TTC,	 are	 related	 to	 traditional	 natural	 products	 already	
characterized	 in	B.	 subtilis	 strains,	 precisely	 bacillaene	 (pks),	 sublancin	 (sunA),	 surfactin	
(srfAA),	plispastatin	(ppsA),	subtilisin	(aprE)	and	bacilysin	(bacA),	demonstrating	that	these	
pathways	are	not	over	nor	under	expressed	and	probably	are	not	directly	involved	in	the	
inducible	antagonism	observed.	
 
	
4.3.4 Differentially	 expressed	 genes	 from	 the	 two	 transcriptomic	 analysis	

methodologies	converge	in	metabolic	pathways	
RNA-seq	 and	 nanoString	 techniques,	 the	 two	 transcriptomic	 analysis	 methodologies	
performed	for	Bacillus	cells	growing	under	TTC	presence,	report	results	which	converge	in	
the	upregulation	of	a	 specific	metabolic	 route:	 the	purines	and	pyrimidines	biosynthesis	
(Fig.	4-2	and	4-3).	RNA-seq	results,	highlight	the	upregulation	of	the	aminoacid	L-histidine	
biosynthesis	 (Fig-	 4-2,	 Table	 4-2),	while	 nanoString	 evidences	 an	 over-expression	 of	 the	
purine	 and	 pyrimidine	 biosynthetic	 and	 salvage	 routes	 (Fig-	 4-3,	 Table	 4-3).	 The	 highly	
upregulated	metabolic	pathways	are	represented	in	the	KEGG	maps	(196)	under	Figs.	4-4,	
4-5	and	4-6,	where	upregulated	genes	identified	by	transcriptomic	analysis	are	highlighted	
in	 red	 boxes.	 Observation	 of	 the	 interconnectedness	 of	 L-histidine	 (Fig.	 4-4)	 and	 other	
amino	 acids	 biosynthesis	 (Fig.	 4-7)	 with	 purine	 and	 pyrimidine	 nitrogenous	 bases	
biosynthesis	(Fig.	4-5;	Fig.	4-6)	is	highlighted	in	blue	boxes,	expressing	a	common	end	for	
much	of	the	cell	pool	or	excess	of	nitrogen.		
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Figure	 4-3.	Differentially	 expressed	 genes	 of	B.	 subtilis	 NCIB-3610	 under	 TTC	 conditions	
according	to	nanostring		

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
			 		*Colors	indicate	under	(red	tones),	over	(blue	tones)	or	non-altered	(grey)	expression	of	the	gene
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Table	4-3.	NanoString	 -	 selected	differentially	expressed	and	other	 relevant	genes,	biological	 function	and	expression	ratios	 for	B.	
subtilis	NCIB-3610	

	

METABOLIC	PATHWAY	 GENE	NAME	 *	BIOLOGICAL	FUNCTION	 **LOG2	(FOLDRATIO)		

	

Nitrogen	

	

	

	

mutS	 DNA	damage	machinery	 2,8	

purF	 purine	biosynthesis	 1,5	

pyrC	 Dihydroorotase	from	de	novo	pyrimidine	metabolism.	 3,0	

pyrP	 Uracil	transporter	from	pyrimidine	salvage	pathway	 2,4	

tnrA	 Transcriptional	repressor,	active	under	N-limitation	 -0,4	

xpt	 Xanthine	phosphoribosyltransferase	from	purine	salvage	pathway	 1,6	

Development	

		

epsA	 Polysaccharide	component	of	matrix	 -2,2	

sqhC	 Hopanoid	metabolism	involved	in	membrane	synthesis	 -1,9	

Antimicrobials	production	 pksA	 Bacillaene	production	 -0,3	

sunA	 Sublancin	lantibiotic	precursor	peptide	 -0,4	

bacA	 Bacilysin;	first	gene	in	operon	 0,1	

ppsA	 Plipastatin	synthetase	 -0,6	

aprE	 Subtilisin	E	serine	alkaline	protease	 1,0	

srfAA	 Surfactin	production	and	competence	 0,6	

Sporulation	&	stationary	

phase	general	regulators	

abrB	 Regulation	of	transition	state	genes,	pleiotropic	 -0,5	

spo0A	 Stage	0	sporulation	protein	(central	role	in	sporulation)	 -0,3	

kinA	 Sporulation	Kinase	A	 -0,3	

kinB	 Sporulation	Kinase	B	 -0,9	

kinC	 Sporulation	Kinase	C		 -0,3	

Other	processes	 hmp	 flavohemoglobin:	involved	in	nitric	oxide	stress	 -1,5	

licH	 6-phospho-beta-glucosidase	 -1,7	
*Source:	uniprot	http://www.uniprot.org/uniprot	
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Figure	4-4.	KEGG	map	for	L-histidine	metabolic	pathway	

	
Red	boxes-continous	border:	upregulated	genes	identified	by	transcriptomic	analysis.	
Blue	boxes-dashed	border:	interconnectedness	of	biosynthetic	pathway	represented	in	KEGG	map	with	of	other	nitrogen	metabolism	pathways		

	

	

The	metabolism	of	some	amino	acids,	as	L-histidine,	glutamate	and	alanine	appears	to	be	

destined	to	feed	the	highly	upregulated	purine	and	pyrimidine	biosynthesis.	While	other	

metabolic	routes,	which	appear	as	well	connected	to	these	nitrogen	derives	compounds	

from	 KEGG	 maps	 observation	 (Fig.	 4-5,	 4-6),	 are	 evidenced	 as	 downregulated	 from	

transcriptomic	analysis,	these	being	thiamine	cofactor	biosynthesis	(thiS,	thiG)	(Fig.	4-2)	and	
pentose	phosphate	pathway	(licH)	(Fig.	4-3).	
	

	



Chapter	4	–	Transcriptomic	profiling	

	

86	

Figure	4-5.	KEGG	map	for	purines	nitrogenous	bases	metabolic	pathway		

	

	
Red	boxes-continous	border:	upregulated	genes	identified	by	transcriptomic	analysis.	
Blue	boxes-dashed	border:	interconnectedness	of	biosynthetic	pathway	represented	in	KEGG	map	with	of	other	nitrogen	metabolism	pathways		
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Figure	4-6.	KEGG	map	for	pyrimidines	nitrogenous	bases	metabolic	pathway.	

	
Red	boxes-continous	border:	upregulated	genes	identified	by	transcriptomic	analysis.	
Blue	boxes-dashed	border:	interconnectedness	of	biosynthetic	pathway	represented	in	KEGG	map	with	of	other	nitrogen	metabolism	pathways		
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Figure	 4-7.	 KEGG	 map	 for	 L-aspartate,	 L-glutamate,	 L-alanine	 amino	 acids	 metabolic	
pathways	

	

Blue	boxes-dashed	border:	interconnectedness	of	biosynthetic	pathway	represented	in	KEGG	map	with	of	other	nitrogen	metabolism	pathways		
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4.4 Discussion	
Results	from	this	chapter	clearly	suggest	an	increased	expression	of	two	principal	metabolic	

routes	in	B.	subtilis	NCIB-3610	cells	when	growing	in	TTC	amended	media	and	a	repressed	

expression	 in	 two	 routes	of	B.	 subtilis	SMY	cells	under	 the	 same	condition.	 For	 the	 first	

strain,	synthesis	of	amino	acid	L-histidine	(Fig.	4-2,	Table	4-2),	and	pyrimidines	and	purines	

de	novo	synthesis,	salvage	and	interconversion	(Fig.	4-3,	Table	4-3)	are	highly	up-regulated.		
	

When	specifically	regarding	all	kingdoms	of	life,	cellular	replication	relies	on	the	presence	

of	nucleosides	and	nucleotides,	the	building	blocks	of	nucleic	acids	and	the	main	sources	of	

energy	(197).	Both	types	of	molecules,	have	as	structural	basis	a	nitrogenous	base,	either	

of	purine	or	pyrimidine	type,	a	deoxyribose	sugar	and	a	phosphate	group,	 in	the	case	of	

nucleotides,	with	nitrogenous	bases	being	nitrogen-rich	molecules	with	5	atoms	of	nitrogen	

in	the	case	of	purines,	and	2	atoms	per	molecule,	in	the	case	of	pyrimidines		(198).	The	two	

classes	of	molecules	can	serve	both	as	nitrogen	and	carbon	sources	for	growth	in	a	variety	

of	 microorganisms	 (199,	 200)	 and	 are	 constantly	 being	 formed	 and	 degraded	 in	 the	

biosphere	 by	 all	 living	 organisms	 (200).	 Specifically	 in	 bacteria,	 purine	 nucleotides	 are	

synthesized	de	novo	 from	phosphoribosylpyrophosphate,	amino	acids,	CO2,	and	formate	

and	when	nucleotides	are	degraded,	either	aerobically	or	anaerobically	to	nucleobases	and	

nucleosides,	they	may	be	reutilized	via	purine	salvage	pathways	or	further	degraded	(201). 
Oxidative	purine	degradation	in	microorganisms	involves	up	to	seven	transformation	steps	

before	release	of	the	end	products,	either	urea	or	allantoin	(198).	Specifically	in	Bacillus,	
catabolism	of	purines	takes	places	through	the	involvement	of	xanthine	dehydrogenases,	

expressed	by	the	operon	pucABCDE	and	several	other	genes	(200).		
	

For	pyrimidines,	according	to	Vogels	&	van	der	Drift		(201),	some	bacteria	possess	reductive	

pathways	for	its	degradation	into	NH4+	and	amino	acid	or	its	derivative	β-alanine and	β-
aminoisobutyric	 acid,	 but	 the	 reactions	 are	 energy-demanding	 and	 require	 NADPH.	

Alternatively, other bacteria utilize oxidative	pathways	in	which	pyrimidines	are	degraded	

to	NH4+,	urea	and	organic	acids,	but	only	 in	 the	absence	of	NH4+.	This	 last	 is	 the	most	

common	pathway,	forming	orotic	acid	or	orotate	and	then	following	subsequent	oxidative	

steps	which	render	L-aspartic	acid	as	a	final	product.	

	

In	the	other	hand,	the	biosynthetic	route	for	pyrimidines	in	bacteria	parts	from	glutamine	

and	L-aspartate	and	is	followed	up	by	enzymatic	conversion	of	dihydro-orotate	to	orotate	

(202).	It	is	usually	a	constitutive	route,	for	instance	in	E.	coli	it	has	been	demonstrated	to	be	

composed	 of	 particle-bound	 enzymes,	 linked	with	 the	 respiratory	 chain	 (202).	 For	 both	

types	 of	 nitrogenous	 basis	 the	 biosynthetic	 routes	 are	 presented	 below,	 adopted	 from		

KEGG	platform	(196).	
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It	 also	has	been	proven	 that	 the	expression	of	enzymes	and	proteins	 involved	 in	purine	

salvage,	biosynthesis,	 and	uptake	 in	bacteria	are	directly	 regulated	by	 the	availability	of	

metabolites	or	small-molecules,	through	riboswitches;	these	are	portions	of	mRNA	that	can	

control	 gene	expression	by	 conformational	 changes	 in	 response	 to	 ligand	binding	 (197).	

Besides	this,	closely	related	to	purines	metabolism	is	the	co-factor	Nicotinamide	adenine	

dinucleotide	 (NAD+	 in	 its	oxidized	 form)	or	NADH	 in	 its	 reduced	 form,	 a	 low-molecular-

weight	 substance	discovered	more	 than	100	years	ago	 (203)	 that	plays	a	 central	 role	 in	

cellular	respiration,	the	cascade	of	reactions	that	generate	adenosine	triphosphate	(ATP)	

from	 nutrient	 breakdown,	 by	 acting	 as	 a	 coenzyme	 for	 oxidoreductases	 and	

dehydrogenases	 (204).	 This	 molecule	 is	 composed	 by	 a	 purine	 base	 (adenine)	 and	

nicotinamide	bonded	by	two	phosphate	groups;	its	biosynthesis	is	done	either	de	novo	from	

media	 supplemented	 nutrients	 as	 tryptophan	 and	 nicotinic	 acid	 plus	 several	 enzymes	

involved,	or	by	a	salvage	pathway	from	intracellular	recovered	nicotinamide	dinucleotide	

(205).	

	

From	observation	of	KEGG	metabolic	pathway	maps	of	these	mentioned	routes	(Fig.	4-4,	4-

5	and	4-6),	it	becomes	evident	that	other	amino	acids	metabolisms	are	interconnected	with	

nucleotides	biosynthesis,	as	amino	acids	are	themselves	precursors	of	nucleotides,	a	trait	

very	conserved	among	all	 forms	of	 life	 (206).	For	 instance,	biosynthesis	of	L-aspartate	 is	

narrowly	related	with	L-histidine	synthesis,	and	L-aspartate	itself	is	an	essential	precursor	

of	pyrimidine	de	novo	synthesis,	with	the	action	of	dihydroorotase	(pyrC)	acting	directly	on	
N-carbamoyl-L-aspartate	 to	 produce	 dihydroorotate	 (207)	 (Fig.	 4-6).	 Consequentially,	 L-

alanine,	 L-glycine,	 L-asparagine,	 L-lysine,	 L-arginine,	 L-serine,	 L-threonine,	 which	 are	

interconnected	to	L-aspartate	synthesis	(Fig.	4-7),	are	possibly	presenting	alteration	in	their	

concentrations	 in	 B.	 subtilis	 NCIB-3610	 cells,	 this	 being	 suggested	 as	 a	 downstream	

consequence	 of	 his	 genes	 overexpression.	 In	 the	 same	 line,	 L-histidine	 intermediate	 5-

aminoimidazole-4-carboxamide	 ribonucleotide	 (AICAR,	 Fig.	 4-4,	 4-5)	 is	 an	 essential	

precursor	of	purines	biosynthesis	(143),	and	PRPP	(5-phosphoribosyl	diphosphate)	is	a	key	

intermediate	in	the	de	novo	synthesis	of	purines,	pyrimidines	nucleotides	and	histidine	(Fig.	

4-4,	4-5,	4-6)	(206)	these	facts	supporting	the	overall	interconnectedness	of	these	routes.	

In	the	same	line,	Bazurto	et	al.	(208)	demonstrated	in	bacteria,	that	pyrimidine	moiety	of	

central	 metabolites,	 as	 cofactor	 thiamine	 for	 instance,	 is	 derived	 from	 aminoimidazole	

ribotide	 (AIR),	 an	 intermediate	 in	 purine	 biosynthesis.	 The	 same	 authors	 provide	 other	

findings	to	demonstrate	that	these	intermediates	in	purines	and	pyrimidines	biosynthetic	

routes	 are	 produced	 from	 various	 and	 diverse	 metabolic	 routes,	 which	 are	 sometimes	

redundant	but	essential	for	nucleotide	and	coenzyme	biosynthesis	(208).		
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These	results	suggest	either	an	accumulation	of	intermediates	in	these	routes,	which	can	

be	 possibly	 causing	 an	 antagonism	 due	 their	 large	 concentrations.	 Results	 as	 the	 ones	

attained	 by	 Bazurto	 et	 al	 (208)	 suggest,	 that	 accumulation	 of	 AICAR	 is	 known	 to	 affect	

diverse	areas	of	bacterial	and	animal	cells	metabolism,	 including	adenosine	homeostasis	

and	gluconeogenesis	(209,	210).	In	Salmonella	enterica,	AICAR	has	been	shown	to	indirectly	
inhibit	thiamine	synthesis	at	the	ThiC	step	(211)	and	directly	inhibit	pantothenate	synthesis	

at	the	PanC-catalyzed	step	(208).	This	connects	with	observations	by	Andrade-Dominguez	

et	al	(212)	on	the	antagonistic	effect	of	other	nucleotides	biosynthetic	routes	intermediates	

as	 orotic	 acid,	 produced	 by	 a	 yeast	 strain	 	 of	 Saccharomyces	 cerevisiae	 and	 acting	 as	 a	
growth	inhibitor	of	bacterium	Rhizobium	etli	CE3	during	liquid	co-cultures.	All	these	results	
suggest	 that	 the	 possible	 accumulation	 of	 intermediates,	 specifically	 imidazoles,	

aminoimidazoles,	from	the	overexpressed	routes,	could	be	causing	the	observable	induced	

antagonism,	since	presence	of	imidazole	nucleus	in	several	categories	of	therapeutic	agents	

such	as	anti-microbials,	anti-virals,	anti-cancer,	has	been	widely	reported	and	made	it	a	vital	

anchor	for	the	development	of	new	therapeutic	agents	(213).	

	

Parallel	to	these	results	in	NCIB-3610,	SMY	strain	evidenced	deregulation	on	siderophores	

biosynthesis	and	thiamine	cofactor	biosynthesis	routes.	The	first	metabolic	route	is	related	

to	catecholate-type	siderophores	production,	mainly	petrobactin	and	bacillibactin,	as	these	

are	the	principal	compounds	produced	by	Bacillus	species	of	such	family	of	molecules	(163,	

214).	 Results	 suggest	 a	 repression	 in	 the	 expression	 of	 genes	 yxeB	 (Fig.	 4-2,	 Table	 4-2,	
codifying	 for	 iron(3+)-hydroxamate-binding	 protein)	 and	 dhbB	 (supplementary	 material	

Table	S-2),	 codifying	 for	 isochorismatase),	both	of	 them	 implied	 in	 iron	 transport,	either	

through	membrane	transporters	or	bacillibactin	biosynthesis	respectively.	This	coherently	

overlaps	 with	 results	 from	 biochemical	 characterization	 of	 this	 inducible	 antagonism	

(Chapter	3),	were	a	reduced	production	of	siderophores	is	observed	in	the	presence	of	TTC	

for	 strain	 B.	 subtilis	 NCIB-3610.	 These	 results	 altogether	 strongly	 evidence	 that	
siderophores	production	 in	B.	subtilis	cells	 is	downregulated	 in	TTC	amended	media	and	

thus,	this	class	of	compounds	are	not	responsible	for	the	inducible	antagonism	observed.		

		

In	 the	 other	 hand,	 thiamine	 cofactor	 (vitamin	 B1)	 biosynthesis	 is	 closely	 related	 to	

pyrimidines	as	half	of	its	structure	is	formed	by	these	nucleotides	derivatives	(215).	It	is	also	

indispensable	for	the	activity	of	the	carbohydrate	and	branched-chain	amino	acid	metabolic	

enzymes	 in	 its	 active	 form	 thiamin	 diphosphate	 (ThDP)	 (215,	 216).	 Concretely,	

downregulation	of	genes	thisS	and	thisG	in	B.	subtilis	SMY,	both	central	in	thiamine	cofactor	

biosynthesis,	implies	a	deviation	of	nitrogen	metabolism	into	forming	more	nucleotides	and	

thus,	 distancing	 its	 fate	 of	 forming	 thiamine	 and	 other	 cofactors,	 possibly	 causing	 a	

downstream	 repression	 of	 carbohydrate	 forming	 enzymes	 and	 amino	 acids	 like	 valine,	
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leucine	and	isoleucine	(branched	chain).	This	aligns	with	the	downregulation	of	gene	licH	
(Fig.	4-3,	Table	4-3),	whose	product	 is	a	presumed	phospho-beta-glucosidase	 involved	 in	

alternative	carbon	sources	utilization	(217)	which	reportedly	has	NAD	and	metal	binding	

sites	for	becoming	active	(138).	It	is	known	that	pentose	phosphate	pathway,	which	feeds	

itself	from	carbohydrate	metabolism	in	the	cells,	is	responsible	for	supplying	ribose	for	PRPP	

synthesis,	a	key	intermediate	in	L-histidine,	pyrimidines	and	purines	biosynthesis	(Fig.	4-4,	

4-5,	4-6).	Thus,	these	results	in	sum	suggest	a	sufficient	pool	of	carbohydrates	in	the	cells	

for	 the	 synthesis	 of	 ribose	 intermediates,	 repressing	 the	 expression	 of	 genes	 from	

alternative	carbon	sources	utilization	involved	in	its	synthesis,	possibly	by	carbon	catabolite	

repression	(217).	In	the	same	line,	an	apparent	higher	use	of	salvage	pathways	to	produce	

key	ribose-containing	intermediates	for	purines,	pyrimidines	and	L-histidine	synthesis	might	

be	 taking	 place.	 Besides,	 the	 increased	 production	 of	 these	 nitrogen	 derives	 products	

without	the	need	in	the	cells	for	increasing	carbohydrate	production,	indicates	a	need	for	

utilizing	excess	nitrogen,	conceivably	coming	from	excess	reduction	product	TPF	open	ring	

(Fig.	2-1,	Chapter	2).	

	

NAD+/NADH	 balance	 in	 the	 cells	 is	 fundamental	 for	 the	 energy	 metabolism,	 it	 and	 its	

phosphorylated	products	being	central	molecules	in	cells	functioning	and	hydride	acceptors	

and	donors	in	a	variety	of	cellular	redox	reactions	(218).	Among	NAD	precursor	are	nitrogen	

derived	compounds	including	aspartate	and	tryptophan	(219).	Bacillus	cells	growing	in	TTC	
amended	media	could	see	their	redox	metabolism	altered,	due	to	the	pressure	posed	by	

the	reduction	of	the	tetrazolium	ring	into	TPF,	hence	altering		the	intracellular	NAD+/NADH	

pool,	since	redox	dies	reduction,	as	the	ones	taking	place	inside	the	cells	from	TTC	presence,	

has	been	observed	to	be	done	by	respiratory	chain	dehydrogenases	which	use	NADH	as	

electron	donor	(104).	This	could	explain	the	significant	over-expression	of	genes	related	to	

DNA-repair	and	DNA-damage	machinery	in	B.	subtilis	NCIB-3610,	as	is	mutS.	The	product	of	
this	 gene,	 is	 protein	 MutS	 is	 involved	 in	 the	 repair	 of	 mismatches	 in	 DNA,	 specifically	

activated	during	oxidative	stress	(138).	This	result	could	justify	results	from	higher	nucleic	

acids	 content	 (Table	 4-1)	 in	 cells	 growing	 in	 TTC	 amended	 media,	 supporting	 the		

upregulation	in	nucleotides	overproduction	in	order	to	form	more	nucleic	acids	in	the	face	

of	oxidative	stress	conditions.		

	

Other	 relevant	 downregulated	 genes	 in	B.	 subtilis	NCIB-3610	 are	 related	 to	membrane	

stability	 and	 biofilm	 formation,	 with	 epsA,	 first	 gene	 of	 the	 operon	 responsible	 for	
exopolysaccharide	biosynthetic	route	being	downregulated	in	Bacillus	cells	growing	on	TTC	
amended	media	as	well	as	sqhC	(Fig.	4-3,	Table	4-3),	responsible	for	producing	sporulenol	
synthase,	a	key	enzyme	in	hopanoids	metabolism.	These	two	processes	denote	a	somehow	

impaired	 ability	 to	 secrete	 exopolysaccharide	 and	 form	 biofilms,	 in	 cells	 under	 this	
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condition,	 along	 with	 plasma	 membrane	 alterations,	 since	 hopanoids	 are	 considered	

functional	 analogues	 of	 cholesterol	 in	 bacterial	 membranes,	 playing	 a	 central	 role	 in	

membrane	order	and	fluidity,	through	interaction	with	glycolipids	in	outer	membranes	to	

form	 a	 highly	 ordered	 bilayer	 in	 a	manner	 analogous	 to	 the	 interaction	 of	 sterols	 with	

sphingolipids	 in	 eukaryotic	 plasma	 membranes	 (220).	 Interestingly,	 Sáenz	 et	 al	 (221)	
demonstrated	that	a	hopanoid-deficient	mutant	of	the	gram	negative	Methylobacterium	
extorquens,	had	higher	antibiotic		sensitivity,	introducing	a	link	between	membrane	order	

and	 an	 energy-dependent,	 membrane-associated	 function	 in	 prokaryotes,	 ligated	 to	 an	

impaired	drug-efflux	mechanism.	This	could	signify	an	impaired	capacity	of	B.	subtilis	cells	
growing	under	TTC	presence	to	detoxify	themselves	from	sub-inhibitory	concentrations	of	

the	 substance	 and	 could	 explain	 as	 well	 the	 results	 of	 higher	 nucleic	 acid	 content	 in	

extractions	 from	cells	 growing	 in	TTC	amended	media	 (Table	4-1),	possibly	presenting	a	

leakage	 of	 overproduced	 nitrogenous	 bases,	 nucleic	 acids	 and	 nitrogen	 metabolism	

intermediates	across	perturbed	membranes. 
	

Several	other	genes,	associated	to	sporulation	and	stationary	phase	general	regulation	and	

to	 characterized	 antimicrobials	 production	 (Fig.	 4-3,	 Table	 4-3)	 are	 non-DE	 in	B.	 subtilis	
NCIB-3610	 growing	 on	 TTC	 amended	 media,	 coherently	 meeting	 biochemical	

characterization	results	that	tested	the	inducible	antagonism	capacity	of	knockout	genes	

from	 this	 strain,	 in	 some	 of	 these	 same	 genes	 (Chapter	 3).	 Non-DE	 could	 indicate	 that	

entering	 stationary	 phase	 and	 sporulation	 is	 not	 switched	 off	 or	 altered	 when	 the	

expression	of	the	inducible	antagonism	phenotype	takes	place,	as	genes	from	this	pathway,	

especially	 spo0A	 and	 others	 downstream,	 have	 a	 central	 role	 in	 sporulation	 (160).	
Interestingly,	some	of	these	genes	encode	components	of	the	DNA	replication	machinery	

and	govern	chemotaxis,	among	which	are	transcriptional	regulators	as	abrB,	which	controls	
the	 transition	 between	 vegetative	 growth	 and	 the	 onset	 of	 stationary	 phase	 and	

sporulation.		

	

In	the	overall	results,	 is	 interesting	to	note	that	 inducible	antagonism	in	B.	subtilis	NCIB-
3610	 is	 higher	 than	 in	 SMY	 strain,	meaning	 that	 larger	R.	 solanacearum	AW1	 inhibition	

zones	were	observed	for	the	first	strain	as	producer	of	inducible	compounds,	suggesting	a	

larger	 involvement	of	upregulated	genes	from	B.	subtilis	NCIB-3610	 in	the	production	of	
inducible	compounds	and	possibly,	of	DE	genes	from	transcriptomic	analysis	for	SMY	being	

more	relevant	to	the	basic	biological	processes	which	are	being	altered	in	the	cells	when	

dealing	with	intracellular	TTC	reduction	and	accumulation	of	TPF.	Besides,	specially	for	SMY	

strains,	several	hypothetical	proteins,	which	account	for	open	reading	frames	(ORF)	in	B.	
subtilis	genome	that	have	been	identified	as	possible	proteins	but	no	biological	substance	

has	been	isolated	and	attributed	to	that	particular	genomic	sequence,	are	downregulated	
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in	the	presence	of	TTC,	denoting	that	there	is	still	an	abundant	biological	universe	to	explore	

coming	from	the	cellular	processes	unchained	by	this	observed	phenomenon	of	inducible	

antagonism.	

	
	

4.5 Conclusion	
An	 upregulation	 of	 L-histidine,	 purine	 and	 pyrimidine	 nitrogenous	 bases	 biosynthetic	

pathways		is		taking	place	in	B.	subtilis	cells	growing	under	TTC	presence,	altering	the	general	
nitrogen	and	other	amino	acids	metabolism,	suggesting	a	concentration	of	intermediates	

and	 end	 products	 from	 these	 routes	 in	 the	 cytoplasm	 and	 negatively	 affecting	 the	

expression	 of	 other	 associated	 pathways	 as	 are	 thiamine	 cofactor,	 pentose	 phosphate	

routes	and	affecting	other	important	biological	processes	as	siderophores	production,	DNA-

repair	and	membrane	fluidity	and	stability.	
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CHAPTER	5	
	 	 	 	 	 	 	 	 	 	 	 	 	

5. Metabolomics	
	

Abstract	
Metabolomics	 is	 a	 powerful	 tool	 to	 systematically	 and	 simultaneously	 analyse	 the	

composition	and	features	of	the	chemical	space	of	a	determined	active	extract.	Therefore,	

in	order	to	determine	which	compounds	were	differentially	produced	during	the	inducible	

antagonism	 assay	 with	 B.	 subtilis	 NCIB-3610,	 an	 active	 extract	 was	 subjected	 to	
metabolomic	 analysis.	 Extractions	 from	 plates	 were	 B.	 subtilis	 NCIB-3610	 was	 growing	
under	non-TTC	presence	and	from	fresh	culture	medium	plates	acted	as	negative	controls	

for	constructing	the	background	metabolic	composition	of	this	strain.	Data	obtained	from	

UPLC-MS	detection	of	metabolites	was	subjected	to	bioinformatic	treatment	through	GNPS	

platform,	 Cytoscape	 spectral	 network	 analysis	 and	 final	 curation	 and	 annotation	 of	 the	

metabolic	 networks	 using	 available	 literature	 and	 online	 chemical	 databases.	 Result	

indicates	that	95	specific	precursor	ions	are	more	abundant	or	unique	for	the	active	extract.	

The	more	abundant	compounds,	cluster	in	network	analysis	among	a	group	of	82	nodes,	

while	the	uniquely	produced	ones	are	individual,	most	of	them	non-clustered	nodes.	Other	

nodes	 were	 found	 to	 correspond	 to	 identified	 natural	 products	 from	 Bacillus	 as	 are	
surfactins,	fengycins	and	siderophores.	All	of	them	were	equally	produced	by	Bacillus	cells,	
under	inducible	antagonism	conditions	with	TTC	presence	and	in	negative	controls,	growing	

without	TTC.	Data	mining	in	chemical	databases,	of	unique	and	over-expressed	compounds	

using	their	molecular	mass	values	and	analyzing	potential	hits,	suggests	that	these	unique	

or	 over	 produced	molecules	 in	 TTC	 presence	 are	 potentially	 related	 to	 products	 of	 the	

nitrogen	 metabolism	 as	 aminoacids,	 ribonucleotides,	 dipeptides	 and	 polipeptides,	 or	

contain	functional	groups	realted	to	nitrogenous	compounds	or	its	biosynthetic	pathways	

intermediates	 as	 are	 imidazoles,	 pyrrols,	 carboxamides.	 This	 result	 indicates	 a	 possible	

induction	 of	 nitrogen	 metabolism	 biosynthetic	 pathways	 which	 produce	 nitrogenated	

compounds.	The	induction	may	be	caused	by	intracellular	accumulation	of	TPF,	the	product	

of	reduced	TTC	inside	the	cells.		

	

	

5.1 Introduction	
Amid	 the	 search	 for	 new	 drugs	 and	 active	 compounds	 coming	 from	 natural,	 including	

microbial,	sources	it	is	recognized	that	diversity	within	biologically	relevant	chemical	space	

(the	 space	 occupied	 by	 all	 the	 chemical	 compounds	 produced	 under	 a	 determined	
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circumstance)	 is	 more	 important	 than	 other	 attributes	 (9),	 as	 could	 be	 the	 natural	

concentrations	or	the	amount	produced	of	certain	substance.	In	the	quest	for	characterizing	

and	 identifying	 the	 chemical	 output	 of	 a	 precise	 biological	 sample,	 the	 term	 ‘metabolic	

fingerprint’	was	first	coined	to	illustrate	all	the	individual	metabolites	contained	in	it	(36),	

but	later	on	it	was	replaced	by	‘metabolite	profiling’ or ‘metabolomics’ which	absolutely	
requires	the	 identification	of	each	class	of	metabolites	and	 its	 levels	 (222),	thus	creating	

more	complex	data	sets.		

	

Almost	the	entire	set	of	data	for	metabolomic	analysis	is	obtained	using	chromatography	

and	mass	spectrometry	(MS)	as	the	main	technologies	available,	although	nuclear	magnetic	

resonance	(NMR)		has	also	been	widely	employed	for	analyzing	metabolite	concentration	

and	 fluxes,	 beside	 MS	 (61).	 Both	 metabolite	 analyzers,	 although	 more	 powerful	 every	

passing	day	still	have	limitations	in	their	capacity	to	resolve	very	structurally	close	metabolic	

species	 (61).	 In	addition,	 for	 instance	MS	techniques	are	well-suited	for	high-throughput	

characterization	of	NPs,	but	there	is	a	pressing	need	for	an	infrastructure	to	enable	sharing	

and	 curation	 of	 data	 (70),	 to	 correctly	 characterize	 the	 large	 amount	 of	 information	

retrieved	from	the	biological	sample.	

	

Thus,	in	order	to	be	able	to	obtain	the	greatest	amount	of	information	from	these	large	data	

sets,	metabolomics	analysis	are	most	frequently	performed	through	molecular	networks,	

these	being	visual	displays	of	 the	 chemical	 space	present	 in	 tandem	mass	 spectrometry	

(MS/MS)	experiments.	This	visualization	approach	can	detect	sets	of	spectra	from	related	

molecules,	deriving	in	the	term	spectral	networks,	even	when	the	spectra	themselves	are	

not	matched	to	any	known	compounds	available	in	public	databases	or	online	libraries	(73).	

This	 becomes	 highly	 valuable	 given	 the	 fact	 that	 comprehensive	 software	 and	 proper	

computational	infra-structure	are	not	readily	available	nowadays	and	only	low-throughput	

sharing	of	either	raw	or	annotated	spectra	is	feasible,	leaving	potentially	useful	information	

in	MS/MS	spectra	behind	and	unexploited	(70).	

	

Available	 NP	 databases	 nowadays	 among	 non-free	 access	 and	 public	 ones,	 include		

Dictionary	of	Natural	Products	(223)		and	similar	dereplication	assistants		which	aid	in	the	

identification	of	known	compounds,	as	well	as	other	MS	databases	like	MassBank	(224)	and	

MZcloud	(225),	which	host	MS/MS	spectra	but	limit	their	availability	for	comparing	against	

metabolomics	 data.	 A	 more	 complete	 and	 free-access,	 community	 sharing	 option,	 is	

presented	by	 the	platform	Global	Natural	 Products	 Social	Molecular	Networking	 (GNPS;	

http://gnps.ucsd.edu),	which	consists	of	data-driven	platform	for	the	storage,	analysis,	and	

knowledge	 dissemination	 of	MS/MS	 spectra.	 The	 visualization	 of	molecular	 networks	 in	

GNPS	represents	each	MS/MS	spectrum	as	a	node,	and	spectrum-to-spectrum	relatedness	



Chapter	5	–	Metabolomics	

	

97	

as	edges	(connections)	between	nodes	(70),	allowing	a	visual	comprehension	by	clusters	of	

chemically	related	compounds	and	thus,	aiding	for	a	correct	final	interpretation	of	data.	

	

The	main	objective	of	 this	 chapter	was	 to	perform	a	metabolomic	analysis	of	B.	 subtilis	
NCIB-3610	 growing	 under	 TTC	 presence,	 in	 order	 to	 identify	 the	 compounds	 that	were	

differentialy	produced	in	the	inhibition	zones	and	to	characterize	the	chemical	outcome	of	

B.	subtilis	cells	during	the	production	of	the	inducible	antagonism	in	TTC	amended	media.	

	

	

5.2 Methodology	
5.2.1 Microorganisms	and	culture	media	
B.	subtilis	NCIB-3610,	belonging	to	BGSC	collection	(Table	3-1),	was	stored	in	0.5X	TSB	plus	
20%	glycerol	at	-80	ºC.	It	was	streaked	on	LB	agar	and	incubated	for	24h	at	37	°C	before	any	

experimental	use.	R.	solanacearum	AW1	(Table	3-2),	employed	for	antagonism	tests,		was	

stored	in	BG	medium	plus	20%	glycerol	and	activated	in	BG	agar	(118)	at	30	ºC	for	48	-	72	h 
before	any	experimental	use.	Culture	media	employed	for	antagonism	tests	from	B.	subtilis	
NCIB-3610,	active	extracts	and	control	extract	against	R.	solanacearum	AW1	was	always	

BGT	(+TTC)	and	BG	(-TTC)	(118).	

	

	

5.2.2 Inducible	compounds	extraction	
B.	 subtilis	NCIB-3610	 antagonism	 test	were	 performed	 in	 BGTA	 following	 the	 agar	 plug	

method	(described	in	section	3.2.4.1).	Briefly	it	consists	of	a	modified	version	of	a	previously	

described	method	(126),	where	an	inoculum	of	R.	solanacearum	AW1	of	1x106	CFU/mL	was	

plated	onto	BGTA	plates	for	inducible	activity	production	and	onto	BGA	plates	for	negative	

controls.	On	top	of	the	plated	strains	a	0.5	cm	(diameter),	plug	containing	the	antagonistic	

strain	grown	in	LB,	was	placed	in	the	center	or	the	outer	part	of	the	plate,	placing	a	total	of	

3	discs	per	plate.	After	48	h	of	incubation	under	environmental	conditions	or	RT	(22	±	1	ºC),	
the	 presence	 and	 size	 of	 inhibition	 zones	 were	 registered	 and	 cut	 with	 a	 sterile	 razor,	

copleting	up	 to	 20	 g	 of	 agar	 containing	 inducible	 zones.	 Four	 volumes	 (80	mL)	 of	 100%	

methanol	were	added	to	the	total	amount	of	agar	containing	inhibition	zones,	followed	by	

sonication	at	20%	amplitude	in	water	bath	for	20	min	and	a	final	extraction	was	performed	

under	agitation	at	150	rpm	and	dark	conditions,	for	4	h.	Afterwards,	centrifugation	at	5000	

rpm	 for	 15	min	was	 done	 to	 remove	 agar	 pieces	 and	methanol	 was	 evaporated	 under	

vacuum	on	a	rotary	evaporator	(Buchi, CH)	at	45	ºC. The	residue	was	suspended	on	2	mL	

of	50%	methanol,	centrifuged	for	10	min	at	14000	rpm	and	transferred	into	a	sterile	amber	

glass	vial.	Control	extracts	were	obtained	in	the	same	fashion	but	extracting	from	B.	subtilis	
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NCIB-3610	grown	on	BGA	plates	with	no	TTC	presence	and	no	R.	solanacearum	inoculation	
(non-induced	 control).	Media	 control	 extract	 (negative	 control)	was	 obtained	 extracting	

directly	 from	 20	 g	 of	 BGTA.	 Activity	 evaluation	 of	 each	 extract	 followed	 prior	 to	

metabolomic	analysis.	

	

	

5.2.3 Antagonism	tests	
All	 extracts	 were	 subjected	 to	 activity	 evaluation	 following	 agar	 well	 diffusion	method,	

described	in	section	3.2.4.2	(226),	with	R.	solanacearum	AW1	 inoculated	both	by	plating	
and	submerged	method.	Briefly,	100	µL	of	an	inoculum	of	1x106	CFU/mL	of	R.	solanacearum	
AW1	was	plated	onto	BGA	and	BGTA	plates.	Wells	of	0.5	mm	diameter	were	punched	with	

a	sterile	pasteur	pipette	following	the	application	of	100	µL	of	each	extract;	incubation	was	

done	 for	 48	 h	 at	 RT	 (22	 ±	 1	 ºC)	 followed	 by	 measurement	 of	 inhibition	 zones	 of	 the	

pathogen.	For	 the	submerged	method	the	same	 inoculum	of	R.	 solanacearum	AW1	was	

added	to	sterilized	BG	or	BGT	agar	before	solidifying,	at	40	±	2	ºC,	mixed	well	for	30	s	and	

poured	into	sterile	plates.	The	same	methodology	was	followed	for	other	target	bacteria	

employed	 in	 susceptibility	 test	 to	 potentially	 active	 compounds.	 Individual	 inoculums	

containing	 1x106	 CFU/mL	 of	 strains	 of	 E.	 coli,	 Staphylococcus	 sp.,	 S.	 enterica	 and	
Xanthomonas	sp.		from	(Table	3-3,	chapter	3)	were	added	by	submerged	fashion	to	sterile	

BG	and	BGT	agar	before	solidifying.	Wells	of	0.5	mm	diameter	were	punched	with	a	sterile	

pasteur	pipette	following	the	application	of	100	µL	of	each	extract	or	a	determined	volume	

of	a	1M	compound	stock	solution	in	sterile	destilled	water,	followed	by	incubation	at	30ºC	

for	24h,	after	which	inhibition	zones	were	measured.		

	

	

5.2.4 Metabolomic	data	acquirement	
Two	replicates	of	each	extract,	the	one	containing	inducible	substances	(active)	and	each	

control	 (non-induced	Bacillus	and	control	media	or	negative	control),	were	 subjected	 to	

UHPLC/MS	analysis.	Two	additional	negative	control	were	included	in	the	analysis,	these	

being	 50%	 methanol	 and	 a	 50	 mg/L	 of	 the	 inducer	 TTC	 dissolved	 in	 methanol.	 The	

equipment	for	acquiring	metabolomic	data	consisted	of	an	UHPLC	system	(Dionex	UltiMate	

3000,	ThermoFisher,	USA)	coupled	to	a	Thermo	Scientific	Q-Exactive	Quadrupole-Orbitrap	

mass	 spectrometer	 with	 a	 Heated	 Electrospray	 Ionization	 (HESI)	 source.	 Sample	 was	

injected	(0.5	mL)	into	a	C18	column	(50	mm	x	2.1	mm,	2.2	µm	particle	size,	Thermo	Scientific	

AcclaimTM	RSLC)	at	0.4	mL/min	flow	rate	and	30	°C.	Separation	was	carried	by	a	gradient	

of	solvent	A	(water	+	0.1%	TFA)	and	solvent	B	(methanol	+	0.1%	TFA),	starting	at	10%	B	for	

0-1.5	min,	then	increasing	from	10%-100%	from	1.5-11.5	min,	then	at	100%	B	from	11.5-

14.5	min,	lowering	from	100%-10%	from	14.5-15	and	ending	at	10%	B	from	15-18	min. Peak	
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detection	was	done	at	214	nm	on	a	universal	diode	detector,	 followed	by	 injection	 into	

coupled	MS	equipment.	MS	runs	were	done	in	a	positive	ion	mode,	with	a	scan	range	of	

150-2000	m/z.	Full	scan	parameters	were:	resolution	of	70,000	full	width	at	half-maximum	

(FWHM),	automatic	gain	control	(AGC)	target	of	3	x	10e6	ions	and	a	maximum	ion	injected	

time	(IT)	of	100	ms.	The	injection	capillary	temperature	was	300	ºC, sweep	gas	was	N2	and	

spray	voltage	was	3.5	kV.	MS/MS	parameters	were:	resolution	of	17,500	FWHM,	AGC	target	

of	1	x	10e5	ions,	maximum	IT	of	50	ms,	quadrupole	isolation	window	of	4.0	m/z,	normalized	

collision	energy	(NCE)	of	30%.	Tandem	MS	was	acquired	using	the	data-dependent	Top5	

method	 considering	 precursor	 ion	 abundance.	 Data	 obtained	 from	 UHPLC	 and	MS	was	

visualized	using	Xcalibur™	software.		

	

	

5.2.5 Bioinformatic	data	treatment	
Data	files	were	obtained	from	the	UHPLC-MS	unit	on	a	.raw	extension	and	were	converted	

to	.mzXML	extension	using	MSconvert	(ProteoWizard).	Once	this	procedure	was	followed,	

files	were	uploaded	to	the	Mass	Spectrometry	Interactive	Virtual	Environment	(MassIVE)	

data	 repository	 for	 further	 analysis	 through	 Global	 Natural	 Products	 Social	 Molecular	

Networking	(GNPS)	web	platform	(70).	Once	the	files	were	uploaded,	a	network	analysis	

was	done	using	the	following	parameters:	data	was	filtered	by	removing	all	MS/MS	peaks	

within	+/-	17	Da	of	the	precursor	m/z.	MS/MS	spectra	were	window	filtered	by	choosing	

only	the	top	6	peaks	in	the	+/-	50Da	window	throughout	the	spectrum.	The	data	was	then	

clustered	with	MS-Cluster	with	a	parent	mass	tolerance	of	2.0	Da	and	a	MS/MS	fragment	

ion	 tolerance	 of	 0.5	 Da	 to	 create	 consensus	 spectra.	 Further,	 consensus	 spectra	 that	

contained	 less	than	5	spectra	were	discarded.	A	network	was	then	created	where	edges	

were	filtered	to	have	a	cosine	score	above	0.75	and	more	than	6	matched	peaks.	Further	

edges	 between	 two	 nodes	 were	 kept	 in	 the	 network	 if	 and	 only	 if	 each	 of	 the	 nodes	

appeared	in	each	other's	respective	top	10	most	similar	nodes.	The	spectra	in	the	network	

were	then	searched	against	GNPS'	spectral	libraries.	The	library	spectra	were	filtered	in	the	

same	manner	 as	 the	 input	 data.	All	matches	 kept	 between	network	 spectra	 and	 library	

spectra	were	 required	 to	have	 a	 score	 above	0.7	 and	at	 least	 6	matched	peaks.	Analog	

search	was	enabled	against	the	library	with	a	maximum	mass	shift	of	100.0	Da. 
	

	

5.2.6 Spectral	network	curation	and	annotation	
Complementary	data	analysis	was	performed	using	Cytoscape	3.5	(72).	For	this,	complete	

datasets	for	the	GNPS	network	analysis	were	downloaded	and	uploaded	onto	Cytoscape	

platform.	Network	was	 generated	 using	 precursor	 ion	mass	 as	 the	 node	 value	 and	m/z	

difference	(deltaMZ	parameter)	and	cosine	as	the	edge	values.	Group	discrimination	was	
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enabled	by	assigning	a	color	for	each	treatment	or	group,	later	clearing	nodes	from	negative	

control	 groups.	 Self-loops,	 corresponding	 to	 non-clustering	 precursor	 ions	 were	 also	

displayed.	Finally,	the	generated	network	was	manually	curated	by	filtering	nodes	which	

only	included	files	from	the	two	replicates	for	each	treatment.	Manual	annotation	followed,	

identifying	BGC	for	B.	subtilis	NCIB-3610	by	AntiSmash	(supplementary	material	S-4)	and	

then	identifying	clusters	in	the	network	which	displayed	precursor	ions	with	the	same	MS	

value	 (m/z	value)	as	 the	predicted	compound	(BGC).	Once	 identified,	 their	MS/MS	were	

analyzed	and	a	match	with	a	 literature	reported	compound	was	called	when	one	of	 the	

precursor	ions	from	the	cluster	shared	the	same	molecular	weight	(m/z)	±	0.5	Da	and	six	or	
more	peaks	of	its	MS/MS	spectra	with	the	literature	reported	compound	(supplementary	

material	Table	S-4). 
	

	

5.2.7 Data	mining	
A	final	step	was	carried	for	important	sub-networks	or	specific	nodes,	denoting	a	unique	

presence	or	a	higher	abundance	on	the	active	extracts.	The	m/z	value	of	these	nodes	was	

extracted	manually	or	using	Cytoscape	exportation	tools	into	a	spreadsheet	Microsoft	Excel 
file. These	 unknown	m/z	 values	 were	 used	 as	 a	 query	 on	molecular	 weight	 search	 on	

Chemspider	 (227)	 and	 PubChem	 (228)	 databases	 using	 a	 source	 code	 (supplementary	

material	 Fig.	 S-14).	 Tolerance	 for	 calling	a	match	was	0.01	Da	of	 the	original	 compound	

molecular	 weight.	 The	 first	 compound	 to	 appear	 in	 the	 list	 of	 hits	 in	 the	 databse	 was	

selected	as	a	potential	chemical	nature	for	that	particular	molecule.	

	

	

5.3 Results	
5.3.1 Activity	is	retained	in	the	extract	obtained	from	inducible	inhibition	zones	
Antagonistic	activity	of	all	extracts	was	evaluated	by	well	diffusion	methodology,	using	R.	
solanaceraum	AW1	as	the	target	strain.	Activity	was	retained	in	crude	extracts	coming	from	

inducible	inhibition	zones	produced	by	B.	subtilis	NCIB-3610,	but	not	from	control	extracts	

coming	from	Bacillus	cells	growing	in	non-TTC	amended	media	or	from	control	media	alone	

(Table	5-1;	supplementary	material	Fig.	S-15).	

	

The	quantity	of	active	extracts	applied	(100	µL)	produces	inhibition	zones	of	smaller	size	

(5.0	±	0.1)	than	the	original	inhibition	zones	produced	by	B.	subtilis	NCIB-3610	cells	growing	
under	 TTC	 presence,	 which	 are	 of	 7.7	 ±	 0.2	 or	 15.3	 ±	 0.7,	 in	 antagonism	 trials	 with	

submerged	and	surface	plated	inoculation	of	R.	solanacearum	AW1,	respectively.	Although,	
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activity	observed	is	sufficient	to	proceed	with	a	metabolomic	analysis	and	determine	the	

compounds	that	were	differentialy	produced	in	the	inducible	antagonism	assay.	
	
Table	 5-1.	 Antagonistic	 activity	 against	 R.	 solanacearum	 AW1	 from	 active	 and	 control	
extracts	used	in	metabolomic	analysis	

	

	

	

	

	

	

	
Intervals	represent	standard	errors	of	the	mean	(n=3).		
+I	denotes	50	mg/L	TTC	amendment	in	the	medium	-I	denotes	TTC	absence	in	the	medium.	
Submerged	or	surface	plated	trial	mean	the	way	R.	solanacearum	AW1	(target	strain)	was	added	to	the	antagonism	trial	
	
	

5.3.2 Spectral	 networking	 metabolomic	 analysis	 for	 B.	 subtilis	 NCIB-3610	 in	
GNPS	 platform	 evidences	 a	 complex	 network	 with	 54	 library	 hits	 and	
compounds	only	present	in	the	active	extract	

	

Results	 from	 GNPS	 spectral	 networking	 analysis	 of	 metabolomic	 data	

(https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=3a62050b552d4281ab438b649c70bd

3e), summarize	 UPLC-MS	 information	 obtained	 from	 two	 time-independently	 obtained	

active	 extracts	 and	 controls.	 Given	 that	 molecular	 networks	 are	 visual	 displays	 of	 the	

chemical	space	present	in	MS	experiments,	the	statistics	of	a	specific	analysis	evidence	the	

complexity,	purity	and	other	variables	such	as	interrelatedness	of	compounds	and	chemical	

diversity,	from	the	dataset	obtained.		

	

In	this	particular	networking	analysis,	statistics	(Table	5-2)	evidence	that	a	great	number	of	

nodes	 (2513)	 is	obtained	 from	all	extracts,	denoting	a	complex	mixture	when	compared	

with	other	studies	(75),	specifically	in	the	number	of	nodes.	Besides,	only	54	clusternodes	

were	identified	when	comparing	MS/MS	spectra	against	NPs	libraries,	thus	the	importance	

of	doing	further	network	annotation	using	other	tools,	as	BGC	prediction	using	AntiSmash	

(supplementary	material	Table	S3).		

	

GNPS	can	be	used	for	molecular	networking	(70,	229),	which	is	a	spectral	correlation	and	

visualization	approach	that	detects	and	clusters	sets	of	spectra	from	related	molecules	even	

when	 the	 spectra	 themselves	 are	 not	 matched	 to	 any	 known	 compounds.	 The	 results	

	TREATMENT	
INHBITION	ZONE	(mm)	

Submerged	trial	 Surface	plated	trial	

B.	subtilis	NCIB-3610	 7.7±0.2 	 15.3	±0.7	

Extract	from	B.	subtilis	NCIB-3610	inhibition	zones		 5.0	±	0.1	 12.5	±	2.5	

Extract	from	non-induced	B.	stubilis	NCIB-3610		 0.0	±	0.0	 0.0	±	0.0 	

Extract	from	BGTA	medium	 0.0	±	0.0	 0.0	±	0.0 	
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obtained	 for	 this	 particular	 network	 evidence	 that	 only	 1.274	 sepctra	 were	 identified	

against	NPs	libraries	on	GNPS,	this	being	less	than	3%	of	the	total	spectra	in	consideration	

(43.940).	Thus,	the	molecular	networking	element	of	the	analysis	becomes	highly	important	

since	grouping	nodes	by	chemical	structure	similary	(clustering)	based	on	their	MS/MS	data,	

facilitates	 annotation	 of	 the	 network,	 by	 assumption	 that	 neighbor	 molecules	 (nodes)	

fragment	in	similar	ways	reflected	in	their	MS/MS	patterns,	according	to	the	cosine	value	

employed	 in	 the	 analysis	 (0.75,	 methods	 5.2.5).	 The	 number	 of	 unidentified	 neighbor	

spectra	for	this	analysis	was	of	1.287,	being	accordingly	annotated	based	on	the	neighbor	

node	that	presented	the	match	in	the	NPs	libraries.	This	molecular	network	analysis	allowed	

the	 identification	 of	 known	 compounds	 inside	 the	 chemical	 space	 of	 this	 metabolomic	

analysis	 to	 raise	 to	19.6%,	adding	 the	7.421	spectra	belonging	 to	 identified	components	

which	denote	 spectral	 families	 of	 compounds,	 respesented	 as	well	 by	 clusters	 of	 nodes	

interconnected	by	edges,	based	on	their	MS/MS	spectra	similary	and	annotated	as	specific	

chemical	families.	These	statistics	apply	to	the	original	networking	analysis,	before	manual	

annotation	using	AntiSmash	and	Cytoscape	whole	network	visualization.	

	

	
Table	5-2.	GNPS	Spectral	networking	analysis	summary		

PARAMETER	 VALUE	

Number	of	nodes	 2.513	

Number	of	pairs	 1.693	

Number	of	ID'd	clusternodes	 54	

Number	of	ID'd	clusternodes	not	in	components	 25	

Number	of	connected	components	identified	 16	

Number	of	clusternodes	in	identified	components	 262	

Number	of	spectra	in	consideration	 43.940	

Number	of	spectra	in	network	 21.546	

Number	of	ID'd	spectra	 1.274	

Number	of	ID'd	spectra	not	in	components	 118	

Number	of	unidentified	neighbor	spectra	 1.287	

Number	of	spectra	in	identified	components	 7.421	

Nodes:	a	specific	precursor	ion	with	a	m/z	value	associated	for	which	one	or	more	spectra	have	been	identified	by	MS	
Clusternodes:	group	of	nodes	connected	by	edges	based	on	a	calculated	value	(cosine)	according	to	their	structural	similarity	(MS/MS	spectra	similarity)	
Pairs:	pairs	of	nodes	
Components:	spectral	families	of	compounds	(nodes	and	clusters	interconnected),	based	on	their	MS/MS	spectra	similarity	
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5.3.3 The	active	extract	presents	unique	and	more	abundant	compounds	than	

The	non-induced	control	extract		
Following	extraction,	metabolomic	data	aquisition	and	GNPS	spectral	networking	of	crude	

extracts	of	inducible	inhibition	zones	and	controls,	a	final	spectral	network	was	obtained	

(Fig.	5-1).	Manual	curation	and	annotation	followed,	marking	compounds	identified	both	

by	 GNPS	 NPs	 libraries	 and	 by	 AntiSmash	 predicition,	 with	 later	 manual	 curation	

(supplementary	 material	 Table	 S-4).	 The	 network	 only	 displays	 grey	 nodes	 (containing	

spectra	found	in	control	extracts,	from	BGTA	medium	or	50%	methanol)	that	evidenced	a	

highly	abundant	number	of	spectra	in	the	active	extract,	outnumbering	the	maximum	two	

spectra	found	in	control	extracts	for	that	specific	precursor	ion.		

	

When	 specifically	 regarding	 network	 clusters	 and	 components,	 formed	 by	 the	 nodes	

structural	relatedness,	 is	 interesting	to	note	that	29	multinode	clusters	(containing	more	

than	3	nodes)	are	found	in	the	network.	Six	of	them	are	annotated,	representing	already	

characterized	NPs	and	most	of	them	composed	by	cyan	nodes,	which	include	spectra	from	

both	active	and	non-induced	control	extracts.	 Iterestingly	and	coherently,	 these	clusters	

represent	compounds	reported	to	be	naturally	produced	by	Bacillus	cells,	as	surfactins	and	
bacilysin.	 It	 can	 be	 suggested	 for	 these	 compounds,	 that	 they	 are	 not	 induced,	 neither	

repressed	 in	 TTC	 presence,	 but	 that	 still	 can	 play	 a	 role	 in	 the	 inducible	 antagonism,	

although	 are	 not	 the	 directly	 responsible	 for	 the	 inducible	 antagonism	 phenomenon	

observed.	This	 result	 correlates	with	what	has	been	observed	and	discussed	 in	previous	

chapters	(3	and	4),	where	either	by	biochemical	or	molecular	experimentations,	the	same	

conclusion	is	reached.	Traditional	and	largely	characterized	NPs	produced	by	Bacillus		can	
no	be	associated	as	the	compounds	responsible	of	the	inducible	inhibition	zones	produced	

by	Bacillus	sp.	cells	in	TTC	presence.	
	

A	total	of	31	pair	clusters	(containing	two	nodes)	are	found	in	the	network,	among	which	a	

small	cluster	of	two	pairs	(four	nodes)	is	found,	corresponding	to	the	inducer	compound	

TTC,	 including	a	node	with	 the	exact	 inducer	 compound	molecular	mass	 (334.1	+	 [H]+	=	

335.125).	These	nodes	(red),	detected	in	a	50	mg/L	TTC	solution	in	50%	methanol,	are	not	

related	or	clustered	to	unique	nodes	from	the	active	extract	(blue	nodes)	or	nodes	from	

compounds	found	overexpressed	in	the	active	but	shared	with	non-induced	control	(cyan	

nodes).	Besides	this	cluster,	other	chemical	families	are	able	to	be	recognized	inside	these	

pairs,	 as	 are	 other	 NPs	 already	 characterized	 in	 Bacillus:	 fengycins	 and	 siderophores	
bacilibactin	and	desferrioxamine-related	compounds	(supplementary	material	Table	S-4).	
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Figure	5-1.	Curated	and	annotated	spectral	network	for	B.	subtilis	NCIB-3610	crude	extracts	
(active	and	controls)	

	

	

	

	

	
	
	
	
	
	

	
	

Other	identified	compounds	were	among	the	non-clustered	nodes,	which	have	no	identified	

structural	similarity	to	other	compounds	in	the	chemical	space	and	thus,	are	not	clustered	

or	grouped	in	components	of	spectral	families.	Among	these	are	most	of	the	unique	nodes	

(blue),	detected	only	in	the	active	extract,	none	of	them	identified	as	known	compounds,	

889.417

802.0

818.708

440.341

320.161

865.118

705.338

314.199

233.064

370.706

327.976

260.235

342.219

331.666357.842

404.3

388.502 376.352

643.961

416.403

658.412

670.408

496.455

484.695

547.761

522.202

755.978

1031.92

561.203

1789.14

1772.14

1810.98

1642.9

1571.85

1528.69

1753.93

1828.76 1682.89

1848.83

1717.98

440.957

498.141

954.054

836.444

781.348

586.492

527.599

442.499

1491.2

1525.57

1476.64

1462.88

1447.31

768.949

1520.11

1510.86

501.161830.728
526.312685.542

615.421 724.175
553.551

569.722

640.291

774.672

784.666

556.313

517.638

429.987

529.128

626.05

618.623

544.441

558.199

457.565

542.77

589.05

487.904

470.989

740.575

752.755

471.373

923.516

603.666

695.881

671.833

571.897

711.641

1484.69

753.197

1505.84

1052.6

1036.69

1039.34

1022.52

653.955
632.735

584.022

611.545

751.754 745.965

413.453

505.933

599.364

426.678400.579

512.133

742.252659.438

286.112

382.635

529.298

572.996

635.638

599.458 715.518 1279.94 675.648 1478.59652.512 1049.33 2110.54

557.715

508.8361379.62 1016.61275.735 925.012

1281.15 595.842

782.491

646.996

310.589 1010.83762.526 1216.551706.44 631.727 317.7581303.11 397.146 2190.122176.231088.541081.031076.642148.982123.92 2123.43 1106.141106.07

332.1441002.7442.553906.433570.384700.4893400.61359.776 335.125 830.605

619.396614.36743.343 690.042 537.0491309.141295.16 553.139

228.709

614.881 680.243

615.525 1619.8705.364

1504.781562.83

393.225

653.138 390.453392.854639.112

1030.89352.003330.902 784.508 883.791436.64

551.558607.5841030.64

407.24

1498.74 887.574

287.0982136.4837.5962471.45389.184682.769

554.346 477.645 425.414 2544.53 851.611 2308.24 2251.1 393.407678.282724.41 2487.32

342.733871.854428.718922.047714.5053421.08335.103 844.003601.929347.732

237.467247.128

400.565360.332189.003244.375

545.166587.369739.541044.64231.144

1059.95537.87573.369578.202915.601901.5861073.51228.602 270.961 1512.51 1527.92 1058.82

1108.69

1081.22 1098.49

203.117

253.118

376.223

994.354

1067.07 260.42 278.252 439.277 415.232 281.113

1052.411095.621008.66

348.763 351.979 354.074 353.249 353.386694.57337.152 336.248 681.648337.513 339.268 341.961328.462327.814640.69321.328318.72

429.27213.16213.761214.097211.138210.052

275.151 276.073 279.693 284.11 288.266 290.693

359.828354.231 355.137 725.042359.148355.965 746.062372.112 375.269367.848367.893367.968730.47365.127 798.78394.947392.742379.644 385.403 400.899758.106 383.36755.356 767.712765.862 382.245 389.163

430.238 905.212449.9890.422440.638440.344428.063 866.34429.26857.586427.594427.636407.297 424.267

1146.021126.56 1712.821705.37563.347566.186 1202.011794.031188.49591.495 592.6531722.7 1151.77 579.712 580.955575.548573.094572.217 1162.77 1162.19 581.51 1171.22 589.033 589.831 1179.61 592.9191739.73

2308.12 1544.23 2323.42 1573.721556.9

991.521 1023.47999.259996.422 997.613 1007.42 2095.08

1655.77828.387823.173817.58813.182811.395809.951804.758 1672.871650.54

959.922950.372949.563 956.418898.068879.6471744.58 895.261871.452864.824 867.674 899.652 937.21931.8591841.831826.65

736.127730.607729.374722.33 1448.71

807.828

626.714 634.294 1901.5 636.235 1270.731259.99

679.177 683.632 685.508 1376.62 2085.38 697.623

1344.551324.3 661.836 1333.19668.015

762.5681513.73757.428756.353734.371

1685.781676.09 843.839

636.468 637.735 1276.09 641.262 1285.27 644.08 654.297 1308.72

979.159

677.3721351.38

1536.421527.71

857.254

975.618

1712.82

1397.48 702.458 703.806 1421.28 1420.88 1429.17 716.742 1435.981416.63

625.972622.18615.638613.5171832.03601.014

943.557 947.294 1901.88 960.527 968.5261836.68917.438 972.66952.501

1606.571593.22797.368790.141787.3531550.44

522.7341044.261556.51518.5141035.56515.5651027.521026.0511.8531018.741014.55505.362506.585 509.423493.23 496.584 495.606 1980.0 498.694 995.132

1049.61 1050.3 1058.54 1060.68 530.918 530.305 531.39 1062.411058.75 545.288 1094.52 1106.24 1115.31 559.017 1122.52544.579 1104.12 1105.981085.461074.6537.7671073.811068.45533.046 539.565536.023 1084.42

1000.71501.333501.342500.539995.412499.491 1010.43

1776.86 1302.6 1233.14 383.474 465.389276.144 1462.54635.6141278.85302.685440.277940.461200.55760.511 546.122

1701.65

248.149

1149.933442.081131.97 1160.52

218.683

514.386

236.573

1490.63 619.891 1824.4

258.278 260.788

833.513 328.845

264.148263.591

533.771

261.13

315.127

256.79255.121

614.613995.998964.1

309.204 312.107

250.218

312.392

253.019

294.156 302.17 303.739

221.092

291.976

228.051 232.475

617.842 309.838

205.097195.092193.395190.243188.071185.084

266.096 266.172 266.46 271.054 270.82 274.273

984.854979.594978.852488.451 490.444480.296 960.438 484.298 969.716 969.158 1455.25 978.676 487.977944.514459.57 928.894 1397.7465.06 935.346455.262 1414.5459.352 481.252958.934478.83477.258472.98

405.186 406.213 1636.84 411.941 826.43 838.054 418.235 422.853821.36 911.292906.054426.112 853.73

889.417

802.0

818.708

440.341

320.161

865.118

705.338

314.199

233.064

370.706

327.976

260.235

342.219

331.666357.842

404.3

388.502 376.352

643.961

416.403

658.412

670.408

496.455

484.695

547.761

522.202

755.978

1031.92

561.203

1789.14

1772.14

1810.98

1642.9

1571.85

1528.69

1753.93

1828.76 1682.89

1848.83

1717.98

440.957

498.141

954.054

836.444

781.348

586.492

527.599

442.499

1491.2

1525.57

1476.64

1462.88

1447.31

768.949

1520.11

1510.86

501.161830.728
526.312685.542

615.421 724.175
553.551

569.722

640.291

774.672

784.666

556.313

517.638

429.987

529.128

626.05

618.623

544.441

558.199

457.565

542.77

589.05

487.904

470.989

740.575

752.755

471.373

923.516

603.666

695.881

671.833

571.897

711.641

1484.69

753.197

1505.84

1052.6

1036.69

1039.34

1022.52

653.955
632.735

584.022

611.545

751.754 745.965

413.453

505.933

599.364

426.678400.579

512.133

742.252659.438

286.112

382.635

529.298

572.996

635.638

599.458 715.518 1279.94 675.648 1478.59652.512 1049.33 2110.54

557.715

508.8361379.62 1016.61275.735 925.012

1281.15 595.842

782.491

646.996

310.589 1010.83762.526 1216.551706.44 631.727 317.7581303.11 397.146 2190.122176.231088.541081.031076.642148.982123.92 2123.43 1106.141106.07

332.1441002.7442.553906.433570.384700.4893400.61359.776 335.125 830.605

619.396614.36743.343 690.042 537.0491309.141295.16 553.139

228.709

614.881 680.243

615.525 1619.8705.364

1504.781562.83

393.225

653.138 390.453392.854639.112

1030.89352.003330.902 784.508 883.791436.64

551.558607.5841030.64

407.24

1498.74 887.574

287.0982136.4837.5962471.45389.184682.769

554.346 477.645 425.414 2544.53 851.611 2308.24 2251.1 393.407678.282724.41 2487.32

342.733871.854428.718922.047714.5053421.08335.103 844.003601.929347.732

237.467247.128

400.565360.332189.003244.375

545.166587.369739.541044.64231.144

1059.95537.87573.369578.202915.601901.5861073.51228.602 270.961 1512.51 1527.92 1058.82

1108.69

1081.22 1098.49

203.117

253.118

376.223

994.354

1067.07 260.42 278.252 439.277 415.232 281.113

1052.411095.621008.66

348.763 351.979 354.074 353.249 353.386694.57337.152 336.248 681.648337.513 339.268 341.961328.462327.814640.69321.328318.72

429.27213.16213.761214.097211.138210.052

275.151 276.073 279.693 284.11 288.266 290.693

359.828354.231 355.137 725.042359.148355.965 746.062372.112 375.269367.848367.893367.968730.47365.127 798.78394.947392.742379.644 385.403 400.899758.106 383.36755.356 767.712765.862 382.245 389.163

430.238 905.212449.9890.422440.638440.344428.063 866.34429.26857.586427.594427.636407.297 424.267

1146.021126.56 1712.821705.37563.347566.186 1202.011794.031188.49591.495 592.6531722.7 1151.77 579.712 580.955575.548573.094572.217 1162.77 1162.19 581.51 1171.22 589.033 589.831 1179.61 592.9191739.73

2308.12 1544.23 2323.42 1573.721556.9

991.521 1023.47999.259996.422 997.613 1007.42 2095.08

1655.77828.387823.173817.58813.182811.395809.951804.758 1672.871650.54

959.922950.372949.563 956.418898.068879.6471744.58 895.261871.452864.824 867.674 899.652 937.21931.8591841.831826.65

736.127730.607729.374722.33 1448.71

807.828

626.714 634.294 1901.5 636.235 1270.731259.99

679.177 683.632 685.508 1376.62 2085.38 697.623

1344.551324.3 661.836 1333.19668.015

762.5681513.73757.428756.353734.371

1685.781676.09 843.839

636.468 637.735 1276.09 641.262 1285.27 644.08 654.297 1308.72

979.159

677.3721351.38

1536.421527.71

857.254

975.618

1712.82

1397.48 702.458 703.806 1421.28 1420.88 1429.17 716.742 1435.981416.63

625.972622.18615.638613.5171832.03601.014

943.557 947.294 1901.88 960.527 968.5261836.68917.438 972.66952.501

1606.571593.22797.368790.141787.3531550.44

522.7341044.261556.51518.5141035.56515.5651027.521026.0511.8531018.741014.55505.362506.585 509.423493.23 496.584 495.606 1980.0 498.694 995.132

1049.61 1050.3 1058.54 1060.68 530.918 530.305 531.39 1062.411058.75 545.288 1094.52 1106.24 1115.31 559.017 1122.52544.579 1104.12 1105.981085.461074.6537.7671073.811068.45533.046 539.565536.023 1084.42

1000.71501.333501.342500.539995.412499.491 1010.43

1776.86 1302.6 1233.14 383.474 465.389276.144 1462.54635.6141278.85302.685440.277940.461200.55760.511 546.122

1701.65

248.149

1149.933442.081131.97 1160.52

218.683

514.386

236.573

1490.63 619.891 1824.4

258.278 260.788

833.513 328.845

264.148263.591

533.771

261.13

315.127

256.79255.121

614.613995.998964.1

309.204 312.107

250.218

312.392

253.019

294.156 302.17 303.739

221.092

291.976

228.051 232.475

617.842 309.838

205.097195.092193.395190.243188.071185.084

266.096 266.172 266.46 271.054 270.82 274.273

984.854979.594978.852488.451 490.444480.296 960.438 484.298 969.716 969.158 1455.25 978.676 487.977944.514459.57 928.894 1397.7465.06 935.346455.262 1414.5459.352 481.252958.934478.83477.258472.98

405.186 406.213 1636.84 411.941 826.43 838.054 418.235 422.853821.36 911.292906.054426.112 853.73

G1	– G2:	Bacillus	+	/– TTC	

G1:	Bacillus	+	TTC

G2:	Bacillus	- TTC

G3:	TTC	in	50%	MeOH

G1		– G3:	Bacillus	+TTC/	
TTC	in	50%	MeOH

G1-G2-G3-G4-G5:	nodes shared
with Media	components &	50%	

MeOH-H2O

Glycyl-Leucine

cyclo(-L-Phe-D-6-Hyp)	
N- acetyl D-galactosamine
(cell wall component)

Bacillibactin

Surfactins C14	and	
analogs

Fengycins

Diglycosyl diacylglycerol
Bacilysin

N-acetyl-phenylalanyl-valine

Subnetwork -1

Subnetwork- 1	+	Selfloop
nodes are	the selected
ones to	look	in	detail:	
higher G1	abundance

Tryphenil Tetrazolium Chloride (TTC)

Surfactin C-15	&	analogs

Cyclo (L-Val-L-Pro)

L-arginine/	L-Citrulline

L-aspartyl-L-
phenylalanine

Desferrioxamine-
related

compounds

N-acetylprimaquines

Surfactins C13-C15	potassium adducts

Cyclo-(Ala-4-Hyp)

889.417

802.0

818.708

440.341

320.161

865.118

705.338

314.199

233.064

370.706

327.976

260.235

342.219

331.666357.842

404.3

388.502 376.352

643.961

416.403

658.412

670.408

496.455

484.695

547.761

522.202

755.978

1031.92

561.203

1789.14

1772.14

1810.98

1642.9

1571.85

1528.69

1753.93

1828.76 1682.89

1848.83

1717.98

440.957

498.141

954.054

836.444

781.348

586.492

527.599

442.499

1491.2

1525.57

1476.64

1462.88

1447.31

768.949

1520.11

1510.86

501.161830.728
526.312685.542

615.421 724.175
553.551

569.722

640.291

774.672

784.666

556.313

517.638

429.987

529.128

626.05

618.623

544.441

558.199

457.565

542.77

589.05

487.904

470.989

740.575

752.755

471.373

923.516

603.666

695.881

671.833

571.897

711.641

1484.69

753.197

1505.84

1052.6

1036.69

1039.34

1022.52

653.955
632.735

584.022

611.545

751.754 745.965

413.453

505.933

599.364

426.678400.579

512.133

742.252659.438

286.112

382.635

529.298

572.996

635.638

599.458 715.518 1279.94 675.648 1478.59652.512 1049.33 2110.54

557.715

508.8361379.62 1016.61275.735 925.012

1281.15 595.842

782.491

646.996

310.589 1010.83762.526 1216.551706.44 631.727 317.7581303.11 397.146 2190.122176.231088.541081.031076.642148.982123.92 2123.43 1106.141106.07

332.1441002.7442.553906.433570.384700.4893400.61359.776 335.125 830.605

619.396614.36743.343 690.042 537.0491309.141295.16 553.139

228.709

614.881 680.243

615.525 1619.8705.364

1504.781562.83

393.225

653.138 390.453392.854639.112

1030.89352.003330.902 784.508 883.791436.64

551.558607.5841030.64

407.24

1498.74 887.574

287.0982136.4837.5962471.45389.184682.769

554.346 477.645 425.414 2544.53 851.611 2308.24 2251.1 393.407678.282724.41 2487.32

342.733871.854428.718922.047714.5053421.08335.103 844.003601.929347.732

237.467247.128

400.565360.332189.003244.375

545.166587.369739.541044.64231.144

1059.95537.87573.369578.202915.601901.5861073.51228.602 270.961 1512.51 1527.92 1058.82

1108.69

1081.22 1098.49

203.117

253.118

376.223

994.354

1067.07 260.42 278.252 439.277 415.232 281.113

1052.411095.621008.66

348.763 351.979 354.074 353.249 353.386694.57337.152 336.248 681.648337.513 339.268 341.961328.462327.814640.69321.328318.72

429.27213.16213.761214.097211.138210.052

275.151 276.073 279.693 284.11 288.266 290.693

359.828354.231 355.137 725.042359.148355.965 746.062372.112 375.269367.848367.893367.968730.47365.127 798.78394.947392.742379.644 385.403 400.899758.106 383.36755.356 767.712765.862 382.245 389.163

430.238 905.212449.9890.422440.638440.344428.063 866.34429.26857.586427.594427.636407.297 424.267

1146.021126.56 1712.821705.37563.347566.186 1202.011794.031188.49591.495 592.6531722.7 1151.77 579.712 580.955575.548573.094572.217 1162.77 1162.19 581.51 1171.22 589.033 589.831 1179.61 592.9191739.73

2308.12 1544.23 2323.42 1573.721556.9

991.521 1023.47999.259996.422 997.613 1007.42 2095.08

1655.77828.387823.173817.58813.182811.395809.951804.758 1672.871650.54

959.922950.372949.563 956.418898.068879.6471744.58 895.261871.452864.824 867.674 899.652 937.21931.8591841.831826.65

736.127730.607729.374722.33 1448.71

807.828

626.714 634.294 1901.5 636.235 1270.731259.99

679.177 683.632 685.508 1376.62 2085.38 697.623

1344.551324.3 661.836 1333.19668.015

762.5681513.73757.428756.353734.371

1685.781676.09 843.839

636.468 637.735 1276.09 641.262 1285.27 644.08 654.297 1308.72

979.159

677.3721351.38

1536.421527.71

857.254

975.618

1712.82

1397.48 702.458 703.806 1421.28 1420.88 1429.17 716.742 1435.981416.63

625.972622.18615.638613.5171832.03601.014

943.557 947.294 1901.88 960.527 968.5261836.68917.438 972.66952.501

1606.571593.22797.368790.141787.3531550.44

522.7341044.261556.51518.5141035.56515.5651027.521026.0511.8531018.741014.55505.362506.585 509.423493.23 496.584 495.606 1980.0 498.694 995.132

1049.61 1050.3 1058.54 1060.68 530.918 530.305 531.39 1062.411058.75 545.288 1094.52 1106.24 1115.31 559.017 1122.52544.579 1104.12 1105.981085.461074.6537.7671073.811068.45533.046 539.565536.023 1084.42

1000.71501.333501.342500.539995.412499.491 1010.43

1776.86 1302.6 1233.14 383.474 465.389276.144 1462.54635.6141278.85302.685440.277940.461200.55760.511 546.122

1701.65

248.149

1149.933442.081131.97 1160.52

218.683

514.386

236.573

1490.63 619.891 1824.4

258.278 260.788

833.513 328.845

264.148263.591

533.771

261.13

315.127

256.79255.121

614.613995.998964.1

309.204 312.107

250.218

312.392

253.019

294.156 302.17 303.739

221.092

291.976

228.051 232.475

617.842 309.838

205.097195.092193.395190.243188.071185.084

266.096 266.172 266.46 271.054 270.82 274.273

984.854979.594978.852488.451 490.444480.296 960.438 484.298 969.716 969.158 1455.25 978.676 487.977944.514459.57 928.894 1397.7465.06 935.346455.262 1414.5459.352 481.252958.934478.83477.258472.98

405.186 406.213 1636.84 411.941 826.43 838.054 418.235 422.853821.36 911.292906.054426.112 853.73

889.417

802.0

818.708

440.341

320.161

865.118

705.338

314.199

233.064

370.706

327.976

260.235

342.219

331.666357.842

404.3

388.502 376.352

643.961

416.403

658.412

670.408

496.455

484.695

547.761

522.202

755.978

1031.92

561.203

1789.14

1772.14

1810.98

1642.9

1571.85

1528.69

1753.93

1828.76 1682.89

1848.83

1717.98

440.957

498.141

954.054

836.444

781.348

586.492

527.599

442.499

1491.2

1525.57

1476.64

1462.88

1447.31

768.949

1520.11

1510.86

501.161830.728
526.312685.542

615.421 724.175
553.551

569.722

640.291

774.672

784.666

556.313

517.638

429.987

529.128

626.05

618.623

544.441

558.199

457.565

542.77

589.05

487.904

470.989

740.575

752.755

471.373

923.516

603.666

695.881

671.833

571.897

711.641

1484.69

753.197

1505.84

1052.6

1036.69

1039.34

1022.52

653.955
632.735

584.022

611.545

751.754 745.965

413.453

505.933

599.364

426.678400.579

512.133

742.252659.438

286.112

382.635

529.298

572.996

635.638

599.458 715.518 1279.94 675.648 1478.59652.512 1049.33 2110.54

557.715

508.8361379.62 1016.61275.735 925.012

1281.15 595.842

782.491

646.996

310.589 1010.83762.526 1216.551706.44 631.727 317.7581303.11 397.146 2190.122176.231088.541081.031076.642148.982123.92 2123.43 1106.141106.07

332.1441002.7442.553906.433570.384700.4893400.61359.776 335.125 830.605

619.396614.36743.343 690.042 537.0491309.141295.16 553.139

228.709

614.881 680.243

615.525 1619.8705.364

1504.781562.83

393.225

653.138 390.453392.854639.112

1030.89352.003330.902 784.508 883.791436.64

551.558607.5841030.64

407.24

1498.74 887.574

287.0982136.4837.5962471.45389.184682.769

554.346 477.645 425.414 2544.53 851.611 2308.24 2251.1 393.407678.282724.41 2487.32

342.733871.854428.718922.047714.5053421.08335.103 844.003601.929347.732

237.467247.128

400.565360.332189.003244.375

545.166587.369739.541044.64231.144

1059.95537.87573.369578.202915.601901.5861073.51228.602 270.961 1512.51 1527.92 1058.82

1108.69

1081.22 1098.49

203.117

253.118

376.223

994.354

1067.07 260.42 278.252 439.277 415.232 281.113

1052.411095.621008.66

348.763 351.979 354.074 353.249 353.386694.57337.152 336.248 681.648337.513 339.268 341.961328.462327.814640.69321.328318.72

429.27213.16213.761214.097211.138210.052

275.151 276.073 279.693 284.11 288.266 290.693

359.828354.231 355.137 725.042359.148355.965 746.062372.112 375.269367.848367.893367.968730.47365.127 798.78394.947392.742379.644 385.403 400.899758.106 383.36755.356 767.712765.862 382.245 389.163

430.238 905.212449.9890.422440.638440.344428.063 866.34429.26857.586427.594427.636407.297 424.267

1146.021126.56 1712.821705.37563.347566.186 1202.011794.031188.49591.495 592.6531722.7 1151.77 579.712 580.955575.548573.094572.217 1162.77 1162.19 581.51 1171.22 589.033 589.831 1179.61 592.9191739.73

2308.12 1544.23 2323.42 1573.721556.9

991.521 1023.47999.259996.422 997.613 1007.42 2095.08

1655.77828.387823.173817.58813.182811.395809.951804.758 1672.871650.54

959.922950.372949.563 956.418898.068879.6471744.58 895.261871.452864.824 867.674 899.652 937.21931.8591841.831826.65

736.127730.607729.374722.33 1448.71

807.828

626.714 634.294 1901.5 636.235 1270.731259.99

679.177 683.632 685.508 1376.62 2085.38 697.623

1344.551324.3 661.836 1333.19668.015

762.5681513.73757.428756.353734.371

1685.781676.09 843.839

636.468 637.735 1276.09 641.262 1285.27 644.08 654.297 1308.72

979.159

677.3721351.38

1536.421527.71

857.254

975.618

1712.82

1397.48 702.458 703.806 1421.28 1420.88 1429.17 716.742 1435.981416.63

625.972622.18615.638613.5171832.03601.014

943.557 947.294 1901.88 960.527 968.5261836.68917.438 972.66952.501

1606.571593.22797.368790.141787.3531550.44

522.7341044.261556.51518.5141035.56515.5651027.521026.0511.8531018.741014.55505.362506.585 509.423493.23 496.584 495.606 1980.0 498.694 995.132

1049.61 1050.3 1058.54 1060.68 530.918 530.305 531.39 1062.411058.75 545.288 1094.52 1106.24 1115.31 559.017 1122.52544.579 1104.12 1105.981085.461074.6537.7671073.811068.45533.046 539.565536.023 1084.42

1000.71501.333501.342500.539995.412499.491 1010.43

1776.86 1302.6 1233.14 383.474 465.389276.144 1462.54635.6141278.85302.685440.277940.461200.55760.511 546.122

1701.65

248.149

1149.933442.081131.97 1160.52

218.683

514.386

236.573

1490.63 619.891 1824.4

258.278 260.788

833.513 328.845

264.148263.591

533.771

261.13

315.127

256.79255.121

614.613995.998964.1

309.204 312.107

250.218

312.392

253.019

294.156 302.17 303.739

221.092

291.976

228.051 232.475

617.842 309.838

205.097195.092193.395190.243188.071185.084

266.096 266.172 266.46 271.054 270.82 274.273

984.854979.594978.852488.451 490.444480.296 960.438 484.298 969.716 969.158 1455.25 978.676 487.977944.514459.57 928.894 1397.7465.06 935.346455.262 1414.5459.352 481.252958.934478.83477.258472.98

405.186 406.213 1636.84 411.941 826.43 838.054 418.235 422.853821.36 911.292906.054426.112 853.73

G1	– G2:	Bacillus	+	/– TTC	

G1:	Bacillus	+	TTC

G2:	Bacillus	- TTC

G3:	TTC	in	50%	MeOH

G1		– G3:	Bacillus	+TTC/	
TTC	in	50%	MeOH

G1-G2-G3-G4-G5:	nodes shared
with Media	components &	50%	

MeOH-H2O

Dipeptides - Cyclic Dipeptides

cyclo(-L-Phe-D-6-Hyp)	 N- acetyl D-galactosamine
(cell wall component)

Bacillibactin

Surfactins

Fengycins

Diglycosyl diacylglycerol
Bacilysin

N-acetyl-phenylalanyl-valine

Subnetwork -1

Subnetwork- 1	+	Selfloop
nodes are	the selected
ones to	look	in	detail:	
higher G1	abundance

Tryphenil Tetrazolium Chloride (TTC)

Surfactin C-15	&	C-14

Cyclo (L-Val-L-Pro)

L-arginine/	L-Citrulline

L-aspartyl-L-
phenylalanine

Desferrioxamine-
related

compounds

N-acetylprimaquinaes

Surfactins



Chapter	5	–	Metabolomics	

	

105	

thus	representing	challenging	data	to	further	analyse.	Besides	these	results,	other	identified	

compounds	are	surfactin	C-13	(1076)	and	surfactin	C-15	(1081)	potassium	adducts,	single	

aminoacids,	dipeptides	and	cyclic	dipeptides,	as	well	as	cell	wall	components	like	N-acetyl	

D-galactosamine	and	diglycosyl	diacylglycerol.	

	

	Among	other	interesting	chemical	families	found	in	the	network	as	multinode	clusters	are	

the	 N-acetylprimaquines	 cluster	 and	 the	 Glycyl-Leucine	 and	 Cyclo-(Ala-4-Hyp)	 cluster,	

which	denotes	compounds	from	the	nitrogen	metabolism	being	overexpressed	in	the	active	

extract	 (information	 supported	 in	 the	 GNPS	 spectral	 networking	 analysis	 report:	

https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=3a62050b552d4281ab438b649c70bd3

e),	either	in	the	dipeptides	and	cyclic	depeptides	families	(two	times	more	abundant	in	the	

active	 extract)	 or	 in	 the	 primaquines	 or	 8-aminoquinolones	 synthetic	 derivatives	 (three	

times	more	 abundant	 in	 the	 active	 extract).	 The	 finding	of	 these	 compounds	 inside	 the	

metabolomic	network	for	B.	subtilis	NCIB-3610	induced	bioactivity	is	further	discussed.	
	

	

5.3.4 Spectral	 networking	 analysis	 presents	 a	 subnetwork	 with	 interrelated	
unidentified	compounds	significantly	more	abundant	in	the	active	extracts	

Selected	 subnetwork-1	 (Fig.	5-2),	evidences	an	 interesting	behavior	being	 the	only	 large	

cluster	 that	 does	 not	 present	 homology	 to	 any	 predicted	 compounds.	 Besides,	 the	

particularity	of	 this	network	 is	 that	all	82	nodes	are	structurally	 realted,	since	molecular	

networking	analysis	connected	them	all	 in	a	component	or	spectral	family.	The	nodes	or	

compounds	which	 form	 this	 subnetwork,	 even	 though	 shared	 between	 active	 and	 non-

induced	control	extracts,	are	more	abundant	in	the	active	extract,	rising	the	value	of	this	

selected	cluster.		

	

Information	for	all	nodes	from	this	subnetwork	has	been	withdrawn	from	GNPS	spectral	

networking	report	and	processed	(Table	5-3,	supplementary	material	Table	S-5).	For	all	the	

nodes,	detailed	information	on	the	number	of	spectra	for	the	active	extract	and	for	the	non-

induced	control	(supplementary	material	Table	S-5)	was	taken	as	a	basis	for	calculating	an	

abundance	ratio,	later	selecting	only	11	nodes	which	were	minimun	3-fold	more	abundant	

in	the	active	extract	than	in	the	non-induced	control	extract	(Table	5-3).	Of	special	attention	

is	compound	presenting	an	m/z	value	of	802.000,	since	it	is	also	the	only	unique	node	from	

the	cluster	(blue	node	in	Fig.	5-2),	meaning	it	was	found	exclusively	in	the	active	extract.	
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Figure	 5-2.	 Subnetwork-1	 of	 non-annotated	 and	 more	 abundant	 compounds	 in	 from	
spectral	network		analysis	

	

	

	

	

The	selected	nodes	(Table	5-3),	which	were	unique	for	the	active	extracts	or	above	three	

times	more	abundant	 in	 it,	were	all	subjected	to	data	mining	 in	the	two	public	chemical	

databases	which	have	the	more	abundant	selection	of	the	chemical	space	(230)	(Pubmed		

and	 Chemspider)	 using	 the	 source	 code	 (supplementary	 material	 Fig.	 S-14).	 The	 nodes	

which	returned	hits	in	the	databases	presenting	the	same	molecular	weight	(MW)	values	±	

0.01	Da	were	carefully	analyzed	and	a	potential	match	compound	was	selected	(method	

5.2.7),	for	which	its	structure,	name	and	molecular	formula	was	recorded	(Table	5-4).	

	

Besides	the	more	abundant	precursor	ions,	a	total	of	17	unique	nodes	(including	the	one	

from	subtenwork-1)	were	found	for	the	active	extract	(blue	nodes),	representing	molecular	

entities	present	exclusively	in	the	two	replicates	of	active	extracts	(Table	5-3).	These	nodes	

were	also	subjected	to	data	mining	using	the	source	code	(supplementary	material	Fig.	S-

14)	and	exclusively	the	ones	presenting	matches	in	chemical	databases	for	the	molecular	
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weight	(MW)	values	±	0.01	Da	were	analyzed	and	their	main	functional	groups	or	chemical	

classification	identified	(Table	5-4).	

	

	
Table	5-3.	Selected	nodes	for	data	mining	from	spectral	networking	analysis	of	B.	subtilis	
NCIB-3610	extracts	

	

PRECURSOR	MASS	 NUMBER	OF	
SPECTRA	FOR	
ACTIVE	EXTRACT*	

NUMBER	OF	SPECTRA	
FOR	NON-INDUCED	
EXTRACT*	

OVEREXPRESSION	RATIO	
(ABUNDANCE	IN	ACTIVE	EXTRACT)	

(m/z	value)	or	[M+H]+	

195.092	 5	 0	 5.0	

248.149	 5	 0	 5.0	

253.019	 5	 0	 5.0	
275.151	 6	 0	 6.0	

312.107	 5	 0	 5.0	

320.161	 7	 2	 3.5	
337.152	 17	 0	 17.0	

379.664	 5	 0	 5.0	

382.635	 6	 2	 3.0	
385.403	 6	 0	 6.0	
394.947	 5	 0	 5.0	
416.403	 10	 3	 3.3	
496.455	 12	 4	 3.0	
498.141	 18	 6	 3.0	
529.298	 5	 1	 5.0	
571.897	 29	 8	 3.6	
573.369	 5	 0	 5.0	
581.510	 5	 0	 5.0	
614.881	 7	 0	 7.0	
615.525	 6	 0	 6.0	
670.408	 10	 2	 5.0	
676.192	 7	 0	 7.0	
705.338	 9	 3	 3.0	
802.000	 9	 0	 9.0	
889.417	 9	 2	 4.5	
956.418	 8	 0	 8.0	
979.159	 5	 0	 5.0	
995.998	 5	 0	 5.0	

	

All	selected	nodes	were	detected	in	two	time-independently	obtained	active	extracts	
	[M+H]+		means	that	molecular	mass	value	of	each	compound	is		[M+H]+-1.	
Number of spectra for each metabolite were obtained for each condition from GNPS network analysis 
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When	looking	specifically	into	the	functional	groups	that	data	mining	displays	as	a	match	for	the	selected	nodes	(Table	5-4),	it	is	not	
possible	to	determine	which	compounds	are	of	synthetic	or	natural	origin.	Thus,	in	order	to	narrow	the	possible	functional	groups	
associated	to	the	inducible	antimicrobial	activity,	only	the	ones	associated	to	a	natural	origin	were	selected	by	further	data	mining,	
using	the	chemical	name	of	the	compound	or	 its	main	functional	groups	found	in	Chemspider.	The	database	Dictionary	of	Natural	
products	(DNP)	was	employed	for	this	purpose:	(http://dnp.chemnetbase.com/faces/chemical/ChemicalSearch.xhtml).	
	
	
Table	5-4.	Subnetwork-1	and	unique	precursor	ions	data	mining	in	Chemspider	and	Pubchcem	
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5.3.5 The	 inducible	 antagonistic	 compounds	 potentially	 include	 selected	
functional	groups	associated	to	intermediates	or	products	of	the	nitrogen	
metabolism		

A	list	of	semisynthetic	and	naturally	produced	compounds	has	been	established	based	on	a	

combined	analysis	 of	 the	 functional	 groups	obtained	 from	data	mining	 in	Pubchem	and	

Chemspider,	with	a	further	refinement	of	their	natural	origin	 in	DNP	(Table	5-5).	Several	

other	compounds	found	as	potentially	involved	in	the	inducible	antagonism	were	included,	

as	 L-histidine,	 AICAR	 and	 orotic	 acid,	 which	 are	 intermediates	 of	 nitrogen	 metabolism	

pathways	found	upregulated	in	Bacillus	cells	during	the	production	of	this	phenomenon	of	

inducible	antagonistic	activity.	The	rest	of	compounds	included	in	the	list,	were	found	to	be	

part	of	common	on	these	two	conditions:	found	through	metabolomic	analysis	as	well	as	

being	products,	derivatives	or	intermediates	of	the	biosynthetic	pathways	of	aminoacids,	

purines,	pyrimidines.	

	
These	list	of	potential	compounds	(Table	5-5)		includes	a	broad	chemical	classification	and	

the	CAS	number	of	the	substances,	in	order	to	conform	a	natural	and	semisynthetic	battery	

of	 products	 which	 can	 be	 tested	 for	 their	 antibiotic	 in	 vitro	 potential	 against	 R.	
solanacearum	and	other	target	pathogens	of	the	inducible	antagonism.	

	

	

5.3.6 Selected	potential	compounds	from	Table	5-5	present	activity	only	against	
pathogens	sensitive	to	the	inducible	antagonistic	compounds		

Selected	metabolites	from	Table	5-5,	specifically	Imidazole,	L-Arginine	and	L-Hisitidine	were	

tested	 in	 concentrations	 of	 100	 µm,	 100	 mM	 and	 1	 M	 against	 the	 pathogens	 R.	
solanacearum,	Staphylococcus	sp.,	E.	coli,	Xanthomonas	sp.	and	S.	enterica.	
	

Results	 area	 illustrated	 in	 Fig.	 5-3,	 were	 it	 can	 be	 observed	 that	 inihibition	 zones	 of	R.	
solanacearum	growth	were	produced	by	the	three	compounds:	Imidazole,	L-Arginine	and	

L-Histidine	at	concentrations	of	1	M	and	only	by	Imidazole	and	L-Arginine	at	concentrations	

of	100	mM.	Staphylococcus	sp.	cells	were	sensitive	as	well	to	two	of	the	tested	compounds,	

Imidazole	and	L-Histidine,	only	at	concentrations	of	1	M	(Fig.	3-5).	This	results	contrats	with	

the	lack	of	activity	of	these	compounds	against	the	pathogens	X.	campestris,	S.	enterica	and	
E.	 coli,	 connecting	 this	 results	 with	 the	 sensitivity	 of	 tested	 pathogens	 to	 the	 inducible	
antimicrobial	compounds	produced	by	Bacillus	sp.	The	inducible	compounds	were	active	

only	against	R.	solanacearum,	Staphylococcus	sp.	and	E.	coli.	
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Table	 5-5.	 List	 of	 metabolites	 to	 which	 the	 inducible	 antagonisitic	 compounds	 are	
chemically	related	

	
NAMES	 CHEMICAL	CLASSIFICATION	 CAS	Nº	
2-amino	5-guanidinovaleric	acid	

Aminoacid	 74-79-3	
L-arginine	

Aicar	

Adenosine	analog	 2627-69-2	5ʹ-phosphoribosyl-5-aminoimidazole-4-
carboxamide	

Quinazoline	 Aromatic	heterocycle	 253-82-7	

Pyrrol	

Aromatic	heterocycle	 109-97-7	Azole	

1-H	pyrrol	

L-Histidine	
Aminoacid	

71-00-1	

(S)-2-Amino-3-(4-imidazolyl)	propionic	acid	 	

L-aspartyl-L-phenylalanine	 Dipeptide	 13433-09-5	

Glycyl-Leucine	

Dipeptide	

869-19-2	

Gly-Leu	 	

GLycyl-L-Leucine	 	

L-aspartyl-L-phenylalanine	 Dipeptide	 13433-09-5	

cyclo(L-Phe-trans-4-hydroxy-L-Pro)	
Piperazinedione/	
Diketopiperazines	

118477-06-8	

Orotic	acid	 Heterocyclic	compound	 50887-69-9	

Imidazole	 Aromatic	heterocycle	 288-32-4	

Glycinamide	 Amide	derivative	 598-41-4	

L-Phenylalaninamide	 Amide	derivative	 5241-58-7	

2-Aminobenzoate	 Rare	aminoacid	 118-92-3	

Indol	
Aromatic	heterocycle	 120-72-9	

2,3-Benzopyrrole	

Pyrimidine	
Aromatic	heterocycle	 289-95-2	

1,3-Diazine	

1,1-Dimethylguanidine	 Amidines	and	ureas	 6145-42-2	

Uracil	
Pyrimidine	derivative	 66-22-8	

2,4(1H,3H)-pyrimidinedione	
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Figure	5-3.	Metabolites	obtained	as	candidate	compounds	from	metabolomic	data	mining	

evidence	antibiotic	activity	against	R.	solanacearum	and	Staphylococcus	sp.	
	

	

	
	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

5.1 Discussion		
Comparative	metabolomic	 analysis	 of	 B.	 subtilis	NCIB-3610	 active	 and	 control	 extracts,	
obtained	 from	 inducible	 and	 non-inducible	 conditions,	 rendered	 a	 substantially	 large		

collection	of	compounds.	It	has	been	properly	clustered	and	visualized,	through	molecular	

networking	 analysis	 as	 well	 curated	 and	 annotated	 so	 that	 only	 consistent	 nodes	

(compounds),	obtained	in	two	time-independent	replicates	of	the	extratcs	were	included	

and	identified	in	the	network	(Fig	5-1).		

	

An	 interesting	 finding,	 which	 not	 only	 provides	 evidence	 of	 the	 validity	 of	 the	method	

employed,	to	detect	and	identify	NPs	from	Bacillus	in	complex	mixtures,	is	the	presence	of	

already	 identified	metabolites	 from	B.	 subtilis	as	are	 surfactins,	 fengycins,	bacilysin,	and	
bacillibactin	in	the	network.	Equally	interesting	is	the	finding	of	them	in	equal	proportions,	

in	terms	of	numbers	of	scans	found	for	each	precursor	ion	associated	to	the	spectral	families	

of	 these	 compounds,	 in	 active	 and	 control	 extracts.	 This	 result	 strongly	 correaltes	with	

previous	conclusions,	reported	in	other	chapters	of	this	research,	on	which	is	stated	that	

traditional	 NPs	 from	 B.	 subtilis,	 largely	 studied	 and	 identified,	 may	 not	 be	 the	 direct	

responsibles	of	the	inducible	antagonism.	Experimentation	from	differents	techniques	as	

are	 the	 inducible	 antagonism	 produced	 by	 knockout	 mutants	 in	 central	 routes	 for	 the	
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production	 of	 the	 mentioned	 compounds	 and	 differential	 gene	 expression,	 as	 well	 as	

metabolomic	analysis	of	the	chemical	space	of	this	strain,	connect	in	this	particular	results.	

Althoguh	

		

The	study	by	Watrous	et	al	(229),	features	a	metabolomic	analysis	for	the	same	model	strain	

B.	subtilis	NCIB-3610,	although	obtained	from	cells	growing	in	nutrient	agar	(NA).	Data	is	

collected	 using	 nanoDESI	 as	 the	 MS	 technique	 and	 the	 study	 contains	 findings	 which	

correlate	with	the	present	study.	For	 instance,	the	detection	of	surfactins	C-14	and	C-15	

among	the	main	compounds	of	the	library,	as	well	as	diglycosyl	diglycerides,	like	diglycosyl	

diacylglycerol.	 The	 finding	 of	 these	 compounds	 in	 two	 independent	 studies,	 although	

deciphering	 the	 chemical	 space	 of	B.	 subtilis	NCIB-3610	 under	 very	 distinct	 growth	 and	
development	 circumstances,	 as	 well	 as	 using	 two	 different	 MS	 techniques,	 denotes	 a	

validity	of	the	metabolomics	and	molecular	networking	approach	for	rendering	an	accurate	

view	of	the	parvome	or	set	of	secreted	natural	products	produced	by	B.	subtilis	cells.	
	

Data	visualization	using	molecular	networks	allows	one	to	discover	molecules	that	are	still	

unclassified	but	may	be	biologically	relevant	especially	when	comparing	samples	from	two	

states	(229).	This	is	the	particular	case	for	subnetwork-1	(Fig	5-2)	in	this	study,	which	allows	

the	identification	inside	the	network	(Fig.	5-1)	of	overproduced	compounds	in	the	active	

extract	which	were	not	identified	in	NPs	libraries.	These	spectral	correlation	permitted	the	

reduction	of	relevant	molecules	involved	in	the	inducible	antagonism,	and	their	selection	

for	further	data	mining.	Although	the	network	statistics	(Table	5-2)	denote	a	complex	set	of	

compounds	and	given	that	robust	and	intelligible	molecular	networks	can	be	cataloged	by	

the	number	of	nodes	and	edges	(231),	 it	was	possible	in	the	present	experimentation	to	

identify	outstanding	compounds	due	to	a	high	cosine	score	value	(0.75)	employed	which	

admitted	 the	clustering	of	 similar	products.	As	other	 studies	have	demonstrated,	 cosine	

value	parameter	is	an	important	statistic,	which	should	be	above	0.7	in	order	to	provide	a	

good	network	quality	and	should	be	maximized	(75,	231).	On	the	same	line,	self-loop	nodes,	

representing	isolated	MS2	spectra,	should	be	minimed.	The	finding	of	371	self-loop	nodes	

in	the	present	network	denotes	the	complexity	of	the	extract	and	the	need	to	further	purify	

through	collection	of	 fractions	 from	purification	columns,	 it	 in	order	 to	provide	a	better	

resolution	for	the	chemical	space	of	this	phenomenon.	
	

Despite	 the	 importanceof	 the	 study	 and	 the	 applied	 potential	 for	 biotechnology	 and	

medicine	of	the	diverse	chemistries	present	in	natural	products	(NP),	a	large	portion	of	it	

remains	untapped	because	NPs	databases	are	not	searchable	with	raw	data	and	the	NPs	

community	has	no	way	to	share	data	other	than	in	published	papers	(70).	Although	mass	

spectrometry	(MS)	techniques	are	well-suited	to	high-throughput	characterization	of	NP,	
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there	is	a	pressing	need	for	an	infrastructure	to	enable	sharing	and	curation	of	data.	Thus,	

the	strategy	followed	in	this	research	to	assess	the	chemical	nature	of	selected	substances	

in	subnetwork-1	(Fig.	5-2,	Table	5-3)	and	in	unique	nodes	for	the	active	extract	(blue	nodes,	

Fig.	 5-1,	 Table	 5-3)	was	 to	 search	within	 the	 available	 public	 chemical	 databases,	 using	

intrinsic	properties	of	the	compounds,	as	their	exact	molecular	weight	and	main	functional	

groups.	 The	 main	 findings	 from	 this	 data	 mining	 exercise	 are	 potential	 metabolites	 or	

naturally	 produced	 compounds	 to	 which	 each	 selected	 precursor	 ion	 can	 be	 related	

(supplementary	material	 Table	S-6,	Table	5-4),	 although	a	match	can	not	be	 called	until	

comparing	their	MS/MS	spectra.	But	this	information	is	hardly	available	using	only	instrinsic	

properties	of	the	molecules	and	as	said	before,	is	not	still	an		raw	spectral	data	in	libraries	

not	linked	to	the	spectral	networking	platform.	

	

The	chemical	space	of	the	inducible	antagonism	phenomenon	contains	single	aminoacids,	

dipeptides	and	cyclic	depeptides	found	in	small	clusters	and	as	self-loop	nodes	as	are	(Fig.	

5-1):	 L-aspartyl-L-Phenylalanine,	 N-acetyl-phenylalanyl-valine,	 cyclo(L-Phe-trans-4-

hydroxy-L-Pro),	 L-arginine,	 Cyclo-L-Val-Pro,	 Glycyl-Leucine	 and	 Cyclo-(Ala-4-Hyp).	 The	

presence	of	this	compounds	in	the	network,	most	of	them	slightly	more	abundant	in	the	

active	extract,	denotes	the	presence	of	compounds	which	are	final	product	or	derivatives	

of	 the	 aminoacids	 metabolism.	 This	 result	 implies	 the	 upregulation	 of	 the	 nitrogen	

metabolism	in	TTC	exposed	cells.	This	result	couples	as	well	with	the	data	mining	results	

(Table	5-4)	for	the	more	abundant	and	unique	compounds	for	the	active	extract	present	in	

the	network.	

	

Although	 synthetic,	 nubiotics	 or	 non-natural	 oligoucletides	 with	 nuclease-resistant	

backbones	(232)	have	gained	an	important	place	among	potential	novel	drug	candidates,	

since	they	are	nucleoside	analogs	that	can	be	recognized	as	physiological	molecules	and	be	

incorporated	 into	 DNA	 and	 RNA,	 consequently	 inhibiting	 cellular	 division	 and	 viral	

replication	(233).	In	this	sense,	some	nucleoside	analogs	are	actually	used	as	therapeutic	

agents	 in	 inhibition	 of	 cancer	 cell	 growth,	 inhibition	 of	 viral	 replication	 or	

immunosuppression.	There	 is	a	high	upregulation	of	 the	nitrogen	metabolism	 in	Bacillus	
cells	during	the	production	of	this	phenomenon	of	 inducible	antimicrobial	activity	 in	the	

presence	of	TTC,	observed	thtough	transcriptomics	 (chapter	4).	There	 is	as	well,	a	more	

abundant	production	of	aminoacids	and	related	products	observable	in	the	chemical	space,	

through	 metabolomics.	 Besides,	 TTC	 is	 a	 synthetic	 nitrogenous	 compound	 which	 once	

reduced	 to	 TPF	 inside	 the	 cells	 is	 accumulated	 (146).	 Parallel	 to	 this	 observations,	 the	

artificial	 synthesis	 of	 non-natural	 nucleosides	 derivatives	 has	 been	 done,	 in	 a	 more	

environmentally	 friendly	 alternative	 to	 chemical	 synthesis,	 through	 enzymatic	 synthesis	

using	nucleoside	phosphorylases,	as	well	as	nucleoside	2'-deoxyribosyltransferases	(NDTs)	
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(233).	These	are	multimeric	enzymes,	which	can	be	employed	in	the	enzymatic	synthesis	of	

nucleosides	by	mediating	 the	 transfer	of	glycosyl	 residues	 to	acceptor	bases	 (234).	 	 The	

main	microbial	source	of	NDTs	for	nucleoside	enzymatic	synthesis	are	different	species	of	

Lactobacillus,	 as	 well	 as	 extremophiles	 among	 which	 other	 species	 of	 Firmicutes	 are	

reported	to	be	good	producers	of	NDTs,	as	the	psychrophilic	Bacillus	psychrosaccharolyticus	
(233,	235).	These	findings	suggest	that	Bacillus	sp.	strains	used	in	this	study	could	be	a	NDT	
source	and	be	transforming	their	nucleotides	 into	semi-synthetic	derivatives	using	these	

enzymes,	in	the	presence	of	a	toxic	and	excess	of	nitrogen	environment	as	is	intracellular	

accumulation	of	TPF.	

	

In	this	same	line	are	the	compounds	identified	in	a	small	cluster	in	the	network	as	the	N-

acetylprimaquines	 cluster.	 These	 compound	 has	 been	 proved	 to	 be	 produce	 by	

microorganisms	 via	 a	 biotransformation	 of	 a	 sythetic	 antibiotic	 and	 antimalarial	 drug	

primaquine.	The	specific	case	is	for	a	strain	of	Streptomyces	rimosus	which	was	recognized,	
during	metabolic	studies	with	microorganisms,	as	the	author	of	converted	primaquine	to	

the	 previously	 reported	 N-acetyl	 derivative	 (236).	 In	 another	 study,	 an	 N-acetylated	

metabolite	 and	a	methylene-linked	dimeric	product,	both	of	which	had	been	previously	

reported,	were	produced	by	Streptomyces	roseochromogenus	(ATCC	13400)	processing	a	
dose	of	primaquine.	Besides	a	novel	sulfur-containing	microbial	metabolite	was	identified	

as	well	as	a	product	of	the	metabolizing	of	this	synthetic	compound	(237).	A	similar	situation	

could	 be	 occurring	 with	 TPF:	 a	 biotransformation	 of	 this	 open	 tetrazoles	 ring	 into	

nitrogenous	derivatives	with	antimicrobial	activity.	

	

Antismash	analysis	evidences	31	total	compounds	produced,	of	which	only	6	are	detected	

by	MS,	thus	representing	an	expression	of	aproximately	20%	of	biosynthetic	potential	under	

these	 culture	 conditions	 (supplementary	material	 Table	 S-3).	 These	 correaltes	 with	 the	

largerly	 reported	 activation	of	 only	 a	 reduced	number	of	 BGC	 in	 bacteria	 under	 normal	

culture	conditions	(170).	

	

The	 above	 reported	 findings	 allow	 to	 suggest	 that	 a	 possible	 induction	 of	 nitrogen	

metabolism	 biosynthetic	 pathways	 which	 produce	 nitrogenated	 compounds	 and	

derivatives	 is	 taking	place	during	 this	 inducible	antagonism	phenomenon.	 The	 induction	

may	be	caused	by	intracellular	accumulation	of	TPF,	the	product	of	reduced	TTC	inside	the	

cells	and	the	secreted	metabolites,	inhibit	the	growth	of	certain	sensitive	bacteria.	

	

	



Chapter	5	–	Metabolomics	

	

123	

5.2 Conclusion		
Compounds	 found	 to	 be	 uniquely	 produced	 or	 more	 abundant	 in	 the	 active	 extracs	

obtained	from	B.	subtilis	NCIB-3610	growing	under	TTC	containing	media	potentially	belong	

to	chemical	 families	 from	the	nitrogen	metabolism	as	amionacids,	modified	aminoacids,	

dipeptides,	 cyclic	 dipeptides	 or	 derivatives	 of	 purines	 and	 pyrimidines	 with	 functional	

groups	 as	 imidazoles,	 carboxamides,	 amidines	 and	 indols,	 according	 to	 metabolomic	

analysis,	with	certain	of	them	as	Imidazole,	L-Arginine	and	L-Histidine	being	active	against	

the	main	 sensitive	pathogen,	R.	 solanacearum.	 These	 results	 suggest	 that	 the	 identified	

compounds	 could	 be	 implied	 in	 the	 observed	 inducible	 antimicrobial	 activity	 against	R.	
solanacearum	and	other	target	strains.	
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6. Concluding	remarks	and	suggestions	
	

The	 findings	 of	 this	 research	 present	 a	 model	 for	 the	 induced	 production	 of	 antibiotic	

substances	from	Aerobic	Endospore	Forming	Bacterial	cells	in	the	presence	of	the	synthetic	

chemical	compound	TTC.	The	model	has	been	validated	in	a	broad	number	of	species	from	

the	order	Bacillales	and	a	TTC	dose-dependant	production	of	the	inducible	compounds	was	

identified,	besides	detecting	that	the	inducible	antibiotic	susbtances	did	not	belong	to	the	

traditional	classes	of	natural	products	already	described	in	Bacillus	sp.	as	are	lipopeptides,	
poliketides,	 siderophores	 and	 certain	bacteriocins.	 The	phenomenon	was	 studied	at	 the	

molecular	and	chemical	composition	levels,	finding	that	nitrogen	metabolism	is	significantly	

altered	 due	 to	 TTC	 reduction	 into	 TPF	 by	 AEFB	 cells	 or	 by	 the	 metabolizing	 of	 TPF	

accumulated	 intracellularly.	 From	 this	 stage	 of	 biochemical	 characterization,	 a	 further	

experimental	 step	 could	 shed	 some	 light	 on	 the	 amount	of	 TPF	being	 accumulated	 and	

metabolized	inside	AEFB	cells:	

	
• The	observation	of	active	Bacillus	sp.	cells	growing	in	the	presence	of	TTC	by	electron	

microscopy	(SEM),	would	allow	time	measurements	of	the	dimension	of	formazan	

crystals	being	formed	inside	the	cells.	Thus,	this	would	allow	a	measurement	of	their	

kinetics	during	all	stages	of	a	fermentation.	

	

From	the	molecular	analysis	through	transcriptomic	techniques,	and	the	construction	of	a	

differential	 gene	expression	profile	 for	Bacillus	sp.	 growing	 in	both	 conditions,	with	and	
without	the	inducer,	three	highly	upregulated	metabolic	pathways	were	found.	These	were	

L-Hisitidine,	purines	and	pyrimidines	biosynthetic,	salvage	and	interconversion	processes,	

indicating	 an	 accumulation	 of	 intermediates	 of	 these	 pathways,	 which	 was	 further	

investigated	 through	 metabolomics.	 Although,	 following	 the	 actions	 suggested	 below,	

would	 further	 validate	 the	 gene-expression	 profiles	 under	 this	 induced	 bioactivity	

conditions:	

	

• By	 selecting	 specific	 biosynthetic	 genes	 of	 the	 nitrogen	 metabolism	 implied	

biosyntethtic	 pathways,	 as	 for	 insance	 the	 ones	 responsible	 for	 producing	 the	

intermediates	 AICAR	 (purH)	 and	 Imidazole-glycerol-3-P	 (hisH	 and	 hisF),	 a	 qPCR	
analysis	could	be	performed	in	the	presence	and	absence	of	TTC	in	B.	cereus	EACB-
1047	and	B.	pumilus	EACB-0009	native	strains.	This	assay	would	highly	validate	the	
findings	since	these	two	strains	present	a	high	induced	bioactivity.	
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Following	transcriptomic	and	gene-expression	analysis,	spectral	networking	analysis	using	

UHPLC-MS	 obtained	 data	 from	 active	 and	 control	 extracts,	 of	 this	 induced	 antagonistic	

activity	 in	 Bacillus	 sp.	 cells,	 evidenced	 that	 a	 group	 of	 interrelated	 metabolites	 were	

uniquely	 present	 or	 more	 abundant	 in	 the	 active	 extract	 than	 in	 controls.	 These	

metabolites,	 unidentified	 by	 the	 natural	 products	 libraries	 from	 GNPS	 platform,	 were	

further	explored	through	data	mining	using	their	molecular	mass.	Analysis	of	the	first	hits	

and	validation	 in	the	Dictionary	of	Natural	Products	 indicates	that	these	metabolites	are	

either	 nitrogen	 metabolism	 intermediates,	 derivatives	 as	 are	 aminoacids,	 dipeptides,	

nitrogenous	bases,	or	have	within	their	structure,	functional	groups	from	these	metabolic	

pathways	as	are	imidazoles,	carboxamides,	amidines,	 indoles.	Some	of	these	compounds	

were	tested	against	the	main	sensitive	pathogens	to	the	inducible	antibiotics	from	Bacillus	
sp.,	finding	that	Imidazole,	L-Arginine	and	L-Hisitidine	were	active.	

Despite	the	interesting	findings,	further	work	here	would	greatly	clarify	the	chemical	nature	

of	 these	 inducible	 antibiotic	 substances.	 Some	 experimental	 activites	 that	 should	 be	

pursued	are	described	below:	

	

• The	extraction	protocol	of	 the	 inducible	 antimicrobial	 substances	 from	 inhibition	

zones	should	be	optimized	in	order	to	be	able	to	further	purify	the	extract	by	HPLC,	

avoiding	to	the	maximum	the	lost	of	bioactivity.	

• When	 optimized,	 the	 active	 extract	 must	 be	 submitted	 to	 a	 bio-assay	 guided	

fractioning.	This	could	increase	the	resolution	of	the	metabolomic	analysis	and	can	

be	reached	by	changing	the	extraction	solvent	for	a	mixture	of	polar	and	non-polar	

ones,	as	for	instance	acetonitrile:water:trifluoroacetic	acid	(79.95:20:0.05),	which	is	

largely	employed	for	proteins,	aminoacid	and	nitrogenous	compounds.		

• A	softer	concentration	technique	for	liable	compounds,	as	lyophilisation,	should	be	

implemented	 as	 well	 for	 the	 obtention	 of	 stonger	 active	 extracts,	 and	 compare	

results	against	vaccum	drying.	

• Performing	a	metabolomic	analysis	of	active	extracts	obtained	from	B.	cereus	EA-
CB1047	native	strains	and	comparing	results	against	the	ones	obtained	for	B.	subtilis	
NCIB-3610,	would	allow	for	futher	refinement	of	common	and	important	clusters	of	

metabolites.	

	

Finally,	 bedides	 a	 clear	 elucidation	 of	 the	 chemical	 nature	 of	 the	 inducible	 antibiotic	

susbtances,	 there	 is	 an	 important	 step	 towards	 the	 future	 application	 of	 these	 induced	

antimicrobial	 metabolites	 in	 real	 agricultural	 or	 clinical	 solutions.	 This	 is	 about	 the	

optimization	 of	 of	 the	 production	 of	 the	 inducible	 antimicrobial	 compounds	 in	 liquid	

fermentations	of	AEFB.	
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7. Supplementary	material	
	
	

• Table	S-1.	Initial	Screening	of	AEFB	strains	collection	
	

STRAINS	 MOLECULAR	ID	BY	16S	
rDNA	

Serratia	marcescens	 Ralstonia	solanacearum	
BGTA	(+TTC)	 BGTA	(+TTC)	 BGA	(-TTC)	

INHIBITION	ZONE	
(mm)	 INHIBITION	ZONE	(mm)	 INHIBITION	ZONE	(mm)	

EA-CB1451	 		 		 +	 		 15,9	 ±	 0,4	 10,9	 ±	 0,9	
EA-CB1452	 		 		 +	 		 12,9	 ±	 1,7	 11,3	 ±	 0,8	
EA-CB1468	 		 		 +	 		 11,6	 ±	 2,2	 11,0	 ±	 0,5	
EA-CB1469	 		 		 +	 		 9,9	 ±	 0,5	 12,0	 ±	 2,0	

EA-CB1478	 		 		 +	 		 13,0	 ±	 0,1	 10,3	 ±	 0,8	
EA-CB1479	 		 		 +	 		 12,0	 ±	 1,8	 11,3	 ±	 0,3	
EA-CB1483	 		 		 +	 		 10,2	 ±	 0,8	 10,9	 ±	 0,1	
EA-CB0486	 		 7,5	 ±	 0,3	 12,2	 ±	 0,9	 10,8	 ±	 0,8	
EA-CB0846	 		 6,7	 ±	 0,4	 9,6	 ±	 0,3	 11,5	 ±	 0,9	
EA-CB0018	 		 6,5	 ±	 0,3	 12,2	 ±	 1,0	 9,6	 ±	 0,7	
EA-CB1023	 		 6,5	 ±	 0,3	 11,3	 ±	 0,9	 10,1	 ±	 0,7	
EA-CB0843	 		 6,2	 ±	 0,3	 10,8	 ±	 0,7	 10,1	 ±	 0,6	
EA-CB1149	 		 5,8	 ±	 0,6	 11,8	 ±	 1,1	 11,0	 ±	 0,7	
EA-CB0847	 		 5,5	 ±	 0,3	 11,4	 ±	 0,5	 10,6	 ±	 0,7	
EA-CB0959	 		 5,5	 ±	 0,3	 11,7	 ±	 0,7	 10,6	 ±	 0,8	
EA-CB1329	 		 5,5	 ±	 1,2	 13,3	 ±	 0,1	 10,8	 ±	 0,5	
EA-CB1018	 		 5,3	 ±	 0,2	 6,9	 ±	 0,9	 5,5	 ±	 1,8	
EA-CB0489	 		 5,0	 ±	 0,3	 11,2	 ±	 0,7	 10,4	 ±	 0,5	
EA-CB0960	 		 5,0	 ±	 0,3	 13,9	 ±	 1,5	 11,1	 ±	 0,7	
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EA-CB1268	 		 4,8	 ±	 0,2	 11,9	 ±	 0,1	 10,8	 ±	 0,8	
EA-CB0123	 		 4,8	 ±	 0,2	 10,7	 ±	 0,8	 13,3	 ±	 1,8	
EA-CB0155	 		 4,6	 ±	 0,0	 12,4	 ±	 0,8	 8,5	 ±	 0,0	
EA-CB0622	 		 4,5	 ±	 0,1	 12,2	 ±	 0,2	 10,0	 ±	 1,5	
EA-CB0162	 		 4,5	 ±	 0,2	 11,9	 ±	 0,5	 8,5	 ±	 0,0	
EA-CB0158	 		 4,2	 ±	 0,2	 11,6	 ±	 0,9	 9,0	 ±	 0,0	
EA-CB0585	 		 4,0	 ±	 0,1	 12,8	 ±	 0,5	 11,5	 ±	 2,0	
EA-CB0652	 		 4,0	 ±	 0,1	 11,9	 ±	 0,6	 8,8	 ±	 1,8	
EA-CB0224	 		 3,9	 ±	 0,1	 13,1	 ±	 0,4	 9,0	 ±	 1,5	
EA-CB0087	 		 3,9	 ±	 0,1	 10,4	 ±	 1,0	 11,0	 ±	 1,5	
EA-CB0695	 		 3,9	 ±	 0,1	 12,4	 ±	 0,5	 10,3	 ±	 1,3	
EA-CB0176	 		 3,8	 ±	 0,2	 11,9	 ±	 0,5	 9,1	 ±	 1,6	
EA-CB0166	 		 3,8	 ±	 0,1	 12,7	 ±	 0,4	 9,1	 ±	 0,1	
EA-CB0303	 		 3,6	 ±	 0,1	 12,2	 ±	 0,9	 9,0	 ±	 0,0	
EA-CB0650	 		 3,6	 ±	 0,1	 11,8	 ±	 0,4	 7,5	 ±	 0,0	
EA-CB0318	 		 3,6	 ±	 0,2	 12,3	 ±	 1,0	 9,5	 ±	 0,0	
EA-CB0644	 		 3,6	 ±	 0,0	 11,2	 ±	 0,6	 9,1	 ±	 1,4	
EA-CB0651	 		 3,5	 ±	 0,1	 13,7	 ±	 0,6	 10,5	 ±	 0,0	
EA-CB0559	 		 3,4	 ±	 0,1	 12,2	 ±	 0,8	 10,0	 ±	 0,0	
EA-CB0595	 		 3,1	 ±	 0,1	 12,7	 ±	 0,2	 10,5	 ±	 1,0	
EA-CB1432	 		 3,1	 ±	 0,2	 12,5	 ±	 0,3	 10,4	 ±	 1,4	
EA-CB1439	 		 2,9	 ±	 0,2	 11,8	 ±	 0,4	 9,8	 ±	 1,3	
EA-CB1446	 		 2,9	 ±	 0,1	 11,6	 ±	 0,4	 9,1	 ±	 1,9	
EA-CB1419	 		 2,8	 ±	 0,2	 		 ND	 		 		 ND	 		
EA-CB1406	 		 2,6	 ±	 0,1	 11,0	 ±	 1,0	 9,0	 ±	 2,0	
EA-CB1433	 		 2,5	 ±	 0,0	 11,9	 ±	 1,2	 10,1	 ±	 1,1	
EA-CB1420	 		 2,5	 ±	 0,1	 11,7	 ±	 0,8	 8,8	 ±	 1,8	
EA-CB1434	 		 2,2	 ±	 0,2	 12,1	 ±	 0,5	 9,5	 ±	 1,5	
EA-CB0575	 B.	subtilis	 0,0	 ±	 0,0	 10,5	 ±	 0,1	 0,0	 ±	 0,0	
EA-CB0015	 B.	subtilis	 0,0	 ±	 0,0	 5,6	 ±	 0,4	 0,0	 ±	 0,0	
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EA-CB0083	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0086	 		 0,0	 ±	 0,0	 12,6	 ±	 1,6	 		 ND	 		
EA-CB0131	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0586	 B.	subtilis	 0,0	 ±	 0,0	 8,2	 ±	 2,2	 0,0	 ±	 0,0	
EA-CB0743	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0792	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0799	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0827	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0840	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0844	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0845	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0849	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0862	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0863	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0874	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0882	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0883	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0888	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0898	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0904	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0912	 		 0,0	 ±	 0,0	 		 ND	 		 		 ND	 		
EA-CB0913	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0921	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0933	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	

EA-CB0934	 ‘operational	group	B.	
amyloliquefaciens’	 0,0	 ±	 0,0	 11,0	 ±	 0,5	 11,3	 ±	 1,1	

EA-CB0937	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0946	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0975	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB0993	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
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EA-CB1005	 		 0,0	 ±	 0,0	 		 ND	 		 		 ND	 		
EA-CB1008	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB1009	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB1047	 B.	cereus	 0,0	 ±	 0,0	 11,6	 ±	 0,9	 0,0	 ±	 0,0	
EA-CB1057	 		 0,0	 ±	 0,0	 		 ND	 		 9,8	 ±	 1,3	
EA-CB1066	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	

EA-CB1121	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB1131	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB1146	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB1165	 		 0,0	 ±	 0,0	 		 ND	 		 11,0	 ±	 0,0	
EA-CB1216	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB1217	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB1230	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB1241	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB1273	 		 0,0	 ±	 0,0	 		 ND	 		 10,0	 ±	 1,0	
EA-CB1280	 		 0,0	 ±	 0,0	 		 ND	 		 9,5	 ±	 0,5	
EA-CB1287	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB1315	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB1384	 B.	pumilus	 0,0	 ±	 0,0	 11,2	 ±	 1,4	 11,6	 ±	 2,4	

EA-CB1418	 ‘operational	group	B.	
amyloliquefaciens’	 0,0	 ±	 0,0	 11,4	 ±	 0,8	 9,8	 ±	 2,3	

EA-CB1421	 ‘operational	group	B.	
amyloliquefaciens’	 0,0	 ±	 0,0	 10,8	 ±	 0,1	 9,8	 ±	 1,7	

EA-CB1423	 		 0,0	 ±	 0,0	 		 ND	 		 		 ND	 		

EA-CB1425	 ‘operational	group	B.	
amyloliquefaciens’	 0,0	 ±	 0,0	 13,7	 ±	 0,9	 8,5	 ±	 0,0	

EA-CB1436	 		 0,0	 ±	 0,0	 		 ND	 		 		 ND	 		

EA-CB1440	 ‘operational	group	B.	
amyloliquefaciens’	 0,0	 ±	 	 12,8	 ±	 0,5	 9,5	 ±	 1,5	

EA-CB1449	 ‘operational	group		B.	
amyloliquefaciens’	 0,0	 ±	 0,0	 13,9	 ±	 0,2	 7,5	 ±	 0,0	
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EA-CB1450	 		 0,0	 ±	 0,0	 		 ND	 		 0,0	 ±	 0,0	
EA-CB1461	 		 0,0	 ±	 0,0	  >25	 		 		 		 ND	 		
EA-CB1463	 		 0,0	 ±	 0,0	 20,2	 ±	 		 		 ND	 		
EA-CB1465	 		 0,0	 ±	 0,0	 >25	 		 		 0,0	 ±	 0,0	
EA-CB1466	 		 0,0	 ±	 0,0	 16,5	 ±	 0,3	 		 ND	 		
EA-CB1467	 		 0,0	 ±	 0,0	 14,7	 ±	 0,2	 		 ND	 		
EA-CB1470	 		 0,0	 ±	 0,0	 0,0	 ±	 0,0	 		 ND	 		
EA-CB1471	 		 0,0	 ±	 0,0	 18,0	 ±	 1,0	 		 ND	 		
EA-CB1472	 		 0,0	 ±	 0,0	 >25	 		 		 		 ND	 		
EA-CB1473	 		 0,0	 ±	 0,0	 >25	 		 		 0,0	 ±	 0,0	
EA-CB1475	 		 0,0	 ±	 0,0	 >25	 		 		 		 ND	 		
EA-CB1476	 		 0,0	 ±	 0,0	 18,9	 ±	 2,1	 		 ND	 		
EA-CB1480	 		 0,0	 ±	 0,0	 13,1	 ±	 0,1	 		 ND	 		
EA-CB1481	 		 0,0	 ±	 0,0	 15,3	 ±	 0,9	 		 ND	 		
EA-CB1482	 		 0,0	 ±	 0,0	 14,5	 ±	 1,0	 		 ND	 		
EA-CB1484	 		 0,0	 ±	 0,0	   >25	 		 		 		 ND	 		
EA-CB1485	 		 0,0	 ±	 0,0	 18,9	 ±	 2,3	 		 ND	 		
EA-CB1486	 B.	subtilis	 0,0	 ±	 0,0	 12,6	 ±	 1,0	 0,0	 ±	 0,0	
EA-CB1487	 		 0,0	 ±	 0,0	 11,4	 ±	 0,0	 		 ND	 		

EA-CB1490	 		 0,0	 ±	 0,0	 18,2	 ±	 0,0	 		 ND	 		
EA-CB1491	 		 0,0	 ±	 0,0	 15,0	 ±	 0,2	 		 ND	 		

	
		 B.	subtilis	UA321	 		 0,0	 ±	 0,0	 12,0	 ±	 1,0	 0,0	 ±	 0,0	
		 B.	subtilis	QST713		 		 2,1	 ±	 0,1	 12,2	 ±	 0,3	 11,0	 ±	 1,2	
		 Evaluated	Strains	 		 1496	 74	 104	

Antagonists	 47	 73	 58	
%	of	antagonists	 3,1	 98,6	 55,8	

Inhibition	Zone	average(mm)	 4,2	 ±	 0,2	a	 12,4	 ±	 0,3	 10,0	 ±	 0,2	b	
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Key	

		 47	strains	tested	against	S.	marcescens	and	R.	solanacearum	 		
	 8	strains	antagonists	only	in	TTC	presence	
		 7	strains	antagonists	both	in	the	presence	and	absence	of	TTC	
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• Figure	S-1:	Inhibition	zones	of	R.	solanacearum	AW1	produced	B.	cereus	EA-CB1047	

in	 the	presence	of	 inducer	compound	 (50	ppm)	and	non-	 induced	control,	 in	 the	

absence	of	TTC.	
	

	

	

	

	

	

	

• Figure	S-2:	B.	cereus	EA-CB1047	viability	after	68	h	of	fermentation	in	the	presence	

of	different	TTC	concentrations		
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• Figure	S-3:	R.	solanacearum	EAP09	growth	curves	in	the	presence	of	TTC	

	

	

• Figure	 S-4:	antibiotics	 sensitivity	 of	R.	 solanacearum	 EAP09	 in	 TTC	presence	 and	

absence		
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• Figure	 S-5:	 inhibition	 zone	produced	by	B.	 cereus	EA-CB1047	and	B.	 pumilus	EA-
CB0009	against	R.	solanacearum	EAP09	with	TTC	only	added	locally	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

• Figure	S-6:	Inhibition	zones	produced	by	B.	cereus	1047	growing	over	membranes	

for	48h,	before	plating	R.	solanacearum	AW1		
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• Figure	S-7:	Biomass	behavior	of	B.	cereus	in	the	presence	of	TPF		
	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

• Figure	S-8:	Inhibition	zones	from	B.	cereus	EA-CB1047	CFS	at	14	h	of	monoculture	

fermentation	in	TTC	presence		
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• Figure	S-9:	R.	solanacearum	EAP09	growth	curves	in	TPF	presence	
	

	

• Figure	 S-10:	 Extracellular	 TPF	 does	 not	 produce	 inhibition	 zones	 against	 R.	
solanacearum		
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• Figure	S-11:	B.	cereus	EACB-1047	viability	after	68h	of	fermentation	in	the	presence	

of	different	TPF	concentrations	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

• Figure	S-12:	statistical	analysis	for	Chapter	3	figures	and	tables	
	
Table	3-4	
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Table	3-5	

	

Figure	3-2	
	
B.	cereus	EA-CB1047	
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B.	pumilus		EA-CB0009	

	

B.	subtilis	EA-CB0015	
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B.	amyloliquefaciens		EA-CB0959	

	

	

• Figure	S-13:	RNA-seq	data	statistical	analysis	
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• Table	S-2:	RNA-seq	DE	analysis.	Expression	ratios	for	all	DE	genes	in	each	methodology	for	each	strain	
	

B.	subtilis	3610	

Gene	 Biological	Function	 DE-seq	 Tuxedo	 EDGE-pro	

BS3610_RS19690	 ATP	phosphoribosyltransferase	regulatory	subunit	 -	 5,50707	 0	

BS3610_RS12360	 hypothetical	protein	 -	 -4,09383	 0	

BS3610_RS21795	 transporter	 -4,490505116	 0	 -4,467074622	

BS3610_RS11850	 hypothetical	protein	 -4,759460796	 0	 0	

BS3610_RS12365	 hypothetical	protein	 -3,932743489	 -4,09383	 0	

BS3610_RS11810	 SPBc2	prophage-derived	HNH	homing	endonuclease	YosQ	 0	 0	 -4,16985419	

BS3610_RS12395	 hypothetical	protein	 -	 -4,09383	 0	

BS3610_RS12060	 hypothetical	protein	 -5,34704145	 0	 0	

BS3610_RS12390	 hypothetical	protein	 -	 -4,09383	 0	

BS3610_RS12375	 hypothetical	protein	 -	 -4,09383	 0	

BS3610_RS19665	 hisA:	1-(5-phosphoribosyl)-5-[(5-	

phosphoribosylamino)methylideneamino]	imidazole-4-carboxamide	

isomerase	

4,945763474	 6,06561	 0	

BS3610_RS12430	 hypothetical	protein	 -	 -5,04497	 0	

BS3610_RS12370	 hypothetical	protein	 -4,38486334	 -4,09383	 -4,314375812	

BS3610_RS12435	 phage	portal	protein	 -	 -5,04497	 0	

BS3610_RS19660	 imidazole	glycerol	phosphate	synthase	subunit	HisH	 4,48539529	 6,06561	 4,372750487	

BS3610_RS12410	 hypothetical	protein	 -	 -5,04497	 0	

BS3610_RS12350	 hypothetical	protein	 -	 -4,09383	 0	

BS3610_RS12415	 hypothetical	protein	 -	 -5,04497	 0	

BS3610_RS24045	 hypothetical	protein	 -5,364275472	 -5,04497	 0	
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BS3610_RS12355	 hypothetical	protein	 -	 -4,09383	 0	

BS3610_RS24005	 ribonucleotide-diphosphate	reductase	 0	 0	 -4,254304351	

BS3610_RS12450	 SPBc2	prophage-derived	recombinase-like	protein	YomM	 -	 -5,04497	 0	

BS3610_RS19680	 histidinol	dehydrogenase	 4,849383112	 5,50707	 4,676397657	

BS3610_RS19685	 ATP	phosphoribosyltransferase	 4,702523988	 5,50707	 4,53381139	

BS3610_RS11990	 hypothetical	protein	 -4,559446425	 0	 -4,482910651	

BS3610_RS12420	 hypothetical	protein	 -	 -5,04497	 0	

BS3610_RS11800	 thioredoxin	 -4,969376393	 0	 0	

BS3610_RS12385	 hypothetical	protein	 -	 -4,09383	 0	

BS3610_RS12445	 hypothetical	protein	 -	 -5,04497	 0	

BS3610_RS12380	 hypothetical	protein	 -	 -4,09383	 0	

BS3610_RS12425	 hypothetical	protein	 -	 -5,04497	 0	

BS3610_RS12500	 hypothetical	protein	 -3,849931142	 0	 -3,805814788	

BS3610_RS15915	 L-aspartate	oxidase	 0	 0	 -4,581510017	

BS3610_RS18470	 sugar	ABC	transporter	substrate-binding	protein	 -3,849931142	 0	 0	

BS3610_RS12505	 hypothetical	protein	 0	 0	 -3,929609046	

BS3610_RS04330	 major	myo-inositol	transporter	IolT	 -4,237730549	 0	 -4,267924935	

BS3610_RS19670	 imidazole	glycerol	phosphate	synthase	subunit	HisH	 4,735586803	 5,50707	 4,646752752	

BS3610_RS12400	 hypothetical	protein	 -	 -4,09383	 0	

BS3610_RS19655	 histidine	biosynthesis	bifunctional	protein	HisIE	 4,152334435	 6,06561	 4,784088256	

BS3610_RS12345	 hypothetical	protein	 -	 -4,09383	 0	

BS3610_RS19675	 imidazoleglycerol-phosphate	dehydratase	 4,405223657	 5,50707	 4,239612219	

BS3610_RS12405	 hypothetical	protein	 -3,956726263	 0	 -3,905595272	

BS3610_RS11985	 hypothetical	protein	 -4,367248768	 0	 -4,2527513	

BS3610_RS12440	 hypothetical	protein	 -	 -5,04497	 0	
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B.	subtilis	SMY	

Gene	 Biological	Function	 DE-seq	 Tuxedo	 EDGE	

SMY_RS17470	 2,3-dihydroxybenzoate-2,3-dehydrogenase	 -3,551665937	 0	 0	

SMY_RS17990	 serine	protease	 4,091449313	 0	 3,963728677	

SMY_RS04115	 membrane	protein	 -3,705965104	 0	 -3,684443746	

SMY_RS11270	 hypothetical	protein	 0	 0	 -4,39994528	

SMY_RS11740	 hypothetical	protein	 -4,314491816	 0	 0	

SMY_RS17455	 Isochorismatase	dhbB	 -4,590768178	 0	 -4,45538829	

SMY_RS23055	 DNA	repair	protein	 0	 -2,407679054	 0	

SMY_RS11640	 hypothetical	protein	 0	 -4,37195	 0	

SMY_RS11660	 hypothetical	protein	 0	 -4,37195	 0	

SMY_RS00780	 50S	ribosomal	protein	L14	 -3,96183139	 0	 0	

SMY_RS22045	 MFS	transporter	 5,46261842	 0	 5,26519812	

SMY_RS11665	 hypothetical	protein	 0	 -4,37195	 0	

SMY_RS19065	 cytochrome	P450	 -4,066116904	 0	 0	

SMY_RS11700	 hypothetical	protein	 -4,066116904	 -4,37195	 -4,147472547	

SMY_RS11725	 hypothetical	protein	 0	 -4,37195	 0	

SMY_RS20485	 1-pyrroline-5-carboxylate	dehydrogenase	 -3,609269112	 0	 0	

SMY_RS11650	 hypothetical	protein	 0	 -4,37195	 0	

SMY_RS17460	 enterobactin	synthase	subunit	E	 0	 0	 -3,827248887	

SMY_RS11070	 deoxyuridine	5'-triphosphate	nucleotidohydrolase	yncF	 0	 -7,442172194	 0	

SMY_RS07945	 hypothetical	protein	 -3,968947495	 0	 -3,90853085	

SMY_RS11645	 hypothetical	protein	 -4,322187374	 -4,37195	 0	

SMY_RS21230	 hypothetical	protein	 -3,860448289	 0	 -3,847718902	

SMY_RS11695	 hypothetical	protein	 -4,008773239	 -4,37195	 -3,961518285	
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SMY_RS14165	 Holin	xhlB	 0	 8,066175319	 0	

SMY_RS11795	 hypothetical	protein	 0	 0	 -4,588414953	

SMY_RS05740	 3-oxoacyl-ACP	synthase	 -4,868673866	 0	 -4,697672046	

SMY_RS17465	 isochorismate	synthase	 -3,890821806	 0	 -3,792912408	

SMY_RS11260	 hypothetical	protein	 -4,723542569	 0	 -4,592988487	

SMY_RS11630	 hypothetical	protein	 0	 -4,37195	 0	

SMY_RS11635	 hypothetical	protein	 0	 -4,37195	 0	

SMY_RS11085	 HNH	endonuclease	 -4,557644323	 0	 -4,388921183	

SMY_RS00790	 50S	ribosomal	protein	L5	 -4,206328078	 0	 -4,03864531	

SMY_RS11710	 hypothetical	protein	 0	 -4,37195	 0	

SMY_RS11715	 hypothetical	protein	 0	 -4,37195	 0	

SMY_RS11675	 hypothetical	protein	 0	 -4,37195	 0	

SMY_RS06050	 cell	wall-associated	protease	 -3,542105376	 0	 0	

SMY_RS00775	 30S	ribosomal	protein	S17	 -3,99720487	 0	 0	

SMY_RS00810	 50S	ribosomal	protein	L18	 -4,159036203	 0	 0	

SMY_RS11670	 hypothetical	protein	 0	 -4,37195	 0	

SMY_RS11655	 hypothetical	protein	 -3,940840424	 -4,37195	 -3,823905616	

SMY_RS11730	 hypothetical	protein	 0	 -4,37195	 0	

SMY_RS21200	 hypothetical	protein	 0	 0	 -3,715163464	

SMY_RS00670	 50S	ribosomal	protein	L10	 -4,048434484	 0	 0	

SMY_RS00805	 50S	ribosomal	protein	L6	 -4,301090808	 0	 -4,116855839	

SMY_RS00800	 30S	ribosomal	protein	S8	 -4,00568365	 0	 0	

SMY_RS21435	 iron(3+)-hydroxamate-binding	protein	yxeB	 -4,294769945	 -5,13856	 -4,173251344	

SMY_RS07940	 flavodoxin	 -4,470127127	 0	 -4,149235035	

SMY_RS11735	 recombinase	 0	 -4,37195	 0	
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SMY_RS11790	 hypothetical	protein	 -4,222256739	 0	 -4,06363315	

SMY_RS11685	 hypothetical	protein	 0	 -4,37195	 0	

SMY_RS11800	 N-acetylmuramoyl-L-alanine	amidase	lytC	 -3,763585868	 0	 0	

SMY_RS11690	 hypothetical	protein	 -3,763585868	 -4,37195	 -4,153821494	

SMY_RS11680	 hypothetical	protein	 0	 -4,37195	 0	
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• Figure	S-14:	Source	code	for	data	mining	in	chemical	databases	using	precursor	mass	
as	entry		

	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

CompoundSearch

August 8, 2017

In [40]: from chemspipy import ChemSpider
from IPython.display import display,Image

cs = ChemSpider('c306881c-e280-46f8-b91b-559df2b75182')

masses = []
with open("precursor_masses.txt") as mass_file:

for line in mass_file:
masses.append(float(line))

#def tol_setting(mass):
# tol = 0.01
# mass_results = cs.simple_search_by_mass(mass, tol)
# while len(mass_results) > 5:
# tol *= 0.95
# mass_results = cs.simple_search_by_mass(mass, tol)
# return tol

for mass, numcomp in zip(masses, range(len(masses))):
#tol = tol_setting(mass)
tol = 0.001
mass_results = cs.simple_search_by_mass(mass, tol)
print("Busqueda del compuesto " + str(numcomp + 1) + " de " + str(len(masses)))
print("Busqueda de una masa de " + str(mass) + " con una tolerancia de " + str(tol) + " arroja " + str(len(mass_results)) + " resultados.\n")

for compound,counter in zip(mass_results[0:5], range(len(mass_results[0:5]))):
print("Resultado " + str(counter + 1))
imagefilename = str(compound.csid) + ".png"
with open(imagefilename,"wb") as outimage:

outimage.write(compound.image)
print("Compuesto: " + str(compound.csid))
print("Formula molecular: " + compound.molecular_formula)
print("Peso molecular: " + str(compound.molecular_weight))
print("SMILES: " + compound.smiles)
print("Nombre comun: " + compound.common_name)
print(compound.image_url)
display(Image(imagefilename))

1
print("\n")

print("\n\n\n")

Busqueda del compuesto 1 de 82
Busqueda de una masa de 558.199 con una tolerancia de 0.001 arroja 40 resultados.

Resultado 1
Compuesto: 138879
Formula molecular: C_{23}H_{34}N_{4}O_{10}S
Peso molecular: 558.6019
SMILES: CCC1(C(NC(=O)C(NC(=O)C(C(c2cc(c(cc2S(=O)CCO)O)O1)O)NC)C)C(=O)NCC(=O)O)C
Nombre comun: N-({3-Ethyl-11,15-dihydroxy-13-[(2-hydroxyethyl)sulfinyl]-3,7-dimethyl-10-(methylamino)-6,9-dioxo-2-oxa-5,8-diazabicyclo[10.3.1]hexadeca-1(16),12,14-trien-4-yl}carbonyl)glycine
http://www.chemspider.com/ImagesHandler.ashx?id=138879

Resultado 2
Compuesto: 369177
Formula molecular: C_{27}H_{45}Cl_{5}N
Peso molecular: 560.9174
SMILES: CCCCCCCCCCCCCCCCCC[N+](C)(C)Cc1c(c(c(c(c1Cl)Cl)Cl)Cl)Cl
Nombre comun: N,N-Dimethyl-N-(pentachlorobenzyl)-1-octadecanaminium
http://www.chemspider.com/ImagesHandler.ashx?id=369177

2
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• 	Figure.	S-15:	Activity	of	extracts	against	R.	solanacearum	AW1	
	

	
• Table	S-3:	AntiSmash	analysis	results	for	B.	subtilis	NCIB-3610	

	
INPUT	ACCESSION	

NUMBER	
INPUT	NAME	 GENE	CLUSTER	TYPE	 MOST	SIMILAR	KNOWN	

CLUSTER	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

sactipeptide-head_to_tail	 Sporulation_killing_factor
_skfA_biosynthetic_gene_
cluster	(100%	of	genes	
show	similarity)	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

nrps	 Surfactin_biosynthetic_ge
ne_cluster	(82%	of	genes	
show	similarity)	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

cf_putative	 	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

cf_putative	 	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	

cf_putative	 	
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whole	genome	shotgun	
sequence	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

cf_putative	 	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

cf_fatty_acid	 	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

cf_putative	 	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

cf_putative	 Zwittermycin_A_biosynthe
tic_gene_cluster	(14%	of	
genes	show	similarity)	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

terpene	 	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

cf_fatty_acid	 Citrulline_biosynthetic_ge
ne_cluster	(27%	of	genes	
show	similarity)	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

cf_putative	 	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

nrps-transatpks-otherks	 Bacillaene_biosynthetic_g
ene_cluster	(100%	of	
genes	show	similarity)	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

nrps	 Fengycin_biosynthetic_ge
ne_cluster	(100%	of	genes	
show	similarity)	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

terpene	 	
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NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

glycocin	 Sublancin_168_biosynthet
ic_gene_cluster	(66%	of	
genes	show	similarity)	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

t3pks	 	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

cf_putative	 	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

cf_putative	 	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

cf_putative	 	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

cf_saccharide	 	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

nrps	 Bacillibactin_biosynthetic_
gene_cluster	(92%	of	
genes	show	similarity)	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

cf_putative	 	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

cf_saccharide	 	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

other	 	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	

cf_saccharide	 Teichuronic_acid_biosynth
etic_gene_cluster	(100%	
of	genes	show	similarity)	
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whole	genome	shotgun	
sequence	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

cf_putative	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

sactipeptide-head_to_tail	 	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

cf_saccharide	 Subtilosin_A_biosynthetic
_gene_cluster	(87%	of	
genes	show	similarity)	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

cf_putative	 Bacilysin_biosynthetic_ge
ne_cluster	(100%	of	genes	
show	similarity)	

NZ_CM000488.1	 NZ_CM000488.1	Bacillus	
subtilis	subsp.	subtilis	str.	
NCIB	3610	chromosome,	
whole	genome	shotgun	
sequence	

cf_putative	 Bacillomycin_biosynthetic
_gene_cluster	(40%	of	
genes	show	similarity)	

	
	

• Table	S-4:	supports	of	manual	annotation	for	network	(Fig.	5-1).	Data	from	GNPS	
library	hits,	from	in	silico	BGC	prediction	by	Antismash	and	reference	MS/MS	from	
available	literature	

	
in	silico	BGC	ANALYSIS	-	ANTISMASH	

Gene	Cluster	
Type	

Most	similar	
known	
cluster	

m/z+1	
[M+H]+												
values	-	
Literature	

Sources	

Similar	
m/z+1	
[M+H]+	
values	-	
Network	

library	ID	
Reporte
d	MS2	-	
Peaks	

Networks	
MS2	-	
Peaks	

Shared	
Peaks	

nrps	
(lipopetide)	

Surfactin	BGC	
(82%	of	genes	

show	
similarity)	

1031.75	 Al-Ajlani	et	
al,	2007.	
Microbial	

Cell	
Factories	
2007	

1030.64	

Surfactins	
C13-C15	

Identified	by	GNPS	 30	

1059.72	 1058.82	 Identified	by	GNPS	 26	

1075,	83	 1076.64	 Identified	by	GNPS	 25	

1081.3	
Chen	et	al,	
2008.	Let.	

Applied	Mic.	
1081.03	 Identified	by	GNPS	 24	

1036.34	 from	B.	
subtilis	 1036.69	 Identified	by	GNPS	 28	
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Sigma-
Aldrich	

cf_fatty	acid	
(alpha-

aminoacid)	

Citrulline	BGC	
(27%	of	genes	

show	
similarity)	

176.2	 L-Citrulline	
PubChem	 175.339	

Arginine|2-
amino-5-

(diaminome
thylideneam

ino)	
pentanoic	

acid	

61.1	 60.06	

8	

70.1	 70.07	

72.7	 72.08	

116.2	 116.07	

130.2	 130.09	

147.2	 147.01	

159.1	 159.1	

176.2	 176.06	

nrps	
(lipopetide)	

Fengycin	BGC	
(100%	of	

genes	show	
similarity)	

1462.70	

Villegas-
Escobar	et	
al,	2012.			J	
Nat	Prod	

1462.54	

No	Library	
ID	

1064.57	 1063.51	

8	

950.49	 949.45	

458.26	 457.24	

330.16	 330.17	

250.15	 249.16	

226.12	 226.12	

198.12	 198.12	

115.08	 115.09	

1477.60	 1478.59	

1344.78	 1343.16	

11	

1064.5	 1063.5	

950.49	 949.44	

561.3	 561.27	

475.22	 474.27	

412.30	 412.22	

226.12	 226.12	

198.12	 198.12	

169.13	 169.12	

115.08	 115.09	

102.05	 102.06	

nrps	
(Psiderophor

e)	

Bacillibactin	
biosynthetic	
gene	cluster	
(92%	of	genes	

show	
similarity)	

883.2	
Lee	et	al,	
2011.	Plos	

ONE	

-	

No	Library	
ID	

883.42	 883.42	

7	

587.0	 588.30	

883.79	

313.19	 313.1	

883	 Miethke	et	
al,	2006.	

295.1	 295.14	

293.1	 292.13	

883.79	
249.1	 250.12	

191.6	 192.16	

cf_saccharide	 Teichuronic	acid	BGC	(100%	of	genes	show	similarity)	 Identified	by	GNPS	 6	
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N-
acetylgalacto

samina	
221,089	 Chemspider	 276.07	 N-acetyl-D-

Galactosami
na	Glucuronic	

acid	 194,139	 Chemspider	 -	

cf_saccharide	
(dipeptide	
antibiotic)	

Bacilysin_BGC	
(100%	of	

genes	show	
similarity)	

270,285	 Pubchem	

270.96	
No	Library	

ID	

271.19	 271.1	

6	

225.17	 225.1	

200.11	 200	

182.16	 182.1	

270	

Özcengiz & 
Ogulur,	

2015.	New 
Biotechnolo

gy	

165.1	 165.1	

136.08	 136	

	 	

	
	
	

• Table	S-5:	Subnetwork-1	nodes,	precursor	ions	m/z	values	and	abudance	ratio	for	
the	active	extract		

	
PRECURSOR	MASS	 NUMBER	OF	

SPECTRA	FOR	ACTIVE	

EXTRACT	

NUMBER	OF	

SPECTRA	FOR	NON-

INDUCED	EXTRACT	

ABUNDANCE	RATIO	

558.199	 35	 20	 1,750	

571.897	 29	 8	 3,625	

611.545	 69	 35	 1,971	

781.348	 19	 10	 1,900	

382.635	 6	 2	 3,000	

865.118	 8	 5	 1,600	

489.264	 9	 5	 1,800	

429.987	 39	 22	 1,773	

487.904	 36	 14	 2,571	

501.161	 24	 19	 1,263	

584.022	 76	 37	 2,054	

659.438	 26	 13	 2,000	

784.666	 30	 14	 2,143	

724.175	 23	 8	 2,875	

818.708	 7	 5	 1,400	

889.417	 9	 2	 4,500	
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440.341	 9	 5	 1,800	

553.551	 23	 11	 2,091	

572.996	 6	 7	 0,857	

514.386	 11	 5	 2,200	

836.444	 17	 7	 2,429	

529.298	 5	 1	 5,000	

653.955	 73	 37	 1,973	

505.933	 5	 2	 2,500	

522.202	 15	 6	 2,500	

640.291	 32	 18	 1,778	

752.755	 42	 19	 2,211	

618.623	 31	 20	 1,550	

745.965	 5	 2	 2,500	

286.112	 21	 16	 1,313	

320.161	 7	 2	 3,500	

923.516	 49	 24	 2,042	

643.961	 9	 5	 1,800	

670.408	 10	 2	 5,000	

484.695	 11	 9	 1,222	

705.338	 9	 3	 3,000	

695.881	 28	 14	 2,000	

635.638	 6	 4	 1,500	

1069.9	 32	 17	 1,882	

498.141	 18	 6	 3,000	

442.499	 19	 10	 1,900	

751.754	 4	 2	 2,000	

599.364	 57	 23	 2,478	

711.641	 28	 15	 1,867	

561.203	 9	 6	 1,500	

685.542	 25	 15	 1,667	

589.05	 33	 20	 1,650	

586.492	 20	 14	 1,429	

755.978	 16	 7	 2,286	

529.128	 41	 26	 1,577	

527.599	 21	 8	 2,625	

457.565	 34	 17	 2,000	

626.05	 42	 23	 1,826	

512.133	 26	 12	 2,167	
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526.312	 24	 11	 2,182	

413.453	 66	 35	 1,886	

426.678	 21	 11	 1,909	

470.989	 45	 23	 1,957	

440.957	 18	 10	 1,800	

556.313	 32	 15	 2,133	

774.672	 39	 15	 2,600	

496.455	 12	 4	 3,000	

400.579	 26	 15	 1,733	

954.054	 19	 11	 1,727	

1031.92	 17	 12	 1,417	

387.346	 16	 11	 1,455	

569.722	 41	 24	 1,708	

544.441	 37	 13	 2,846	

615.421	 26	 9	 2,889	

830.728	 25	 22	 1,136	

671.833	 27	 18	 1,500	

416.403	 10	 3	 3,333	

547.761	 15	 8	 1,875	

471.373	 54	 29	 1,862	

603.666	 27	 17	 1,588	

632.735	 70	 30	 2,333	

658.412	 10	 4	 2,500	

542.77	 36	 30	 1,200	

802.0	 9	 0	 9,000	

742.252	 22	 8	 2,750	

517.638	 32	 17	 1,882	

740.575	 53	 26	 2,038	
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