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ABSTRACT	

Comparison	of	disarmed	Pseudomonas	syringae	and	beneficial	Enterobacter	

SA187	for	enhancing	salt	stress	tolerance	in	Arabidopsis	thaliana.	

Rewaa	Sauod	Jalal	

	

Abiotic	 stresses	 such	 as	 salt	 stress	 are	 the	 major	 limiting	 factors	 for	 agricultural	

productivity,	and	cause	global	food	insecurity.	It	is	well	known	that	plant	associated	

beneficial	 microorganisms	 can	 stimulate	 plant	 growth	 and	 enhance	 resistance	 to	

abiotic	 stresses.	 In	 this	 context,	 bacterial	 endophytes	 are	 a	 group	 of	 bacteria	 that	

colonize	 the	host	plant	and	play	a	 fundamental	 role	 in	plant	growth	enhancement	

under	 stress	 condition.	 Recently,	 our	 group	 reported	 that	 the	 beneficial	 bacteria	

Enterobacter	 sp.SA187	 induces	 plant	 growth	 in	 Arabidopsis	 under	 salt	 stress	

conditions	by	manipulation	of	 the	plant	ethylene	 signaling	pathway.	We	 therefore	

compared	inoculation	of	plants	by	SA187	with	virulent	and	non-virulent	strains	Pst	

DC3000.	Although	both	strains	inhibit	plant	growth	at	ambient	conditions,	Pst	DC3000	

hrcC-,	but	not	Pst	DC3000,	induced	salt	stress	tolerance,	suggesting	that	Pst	DC3000	

hrcC-	 also	 contains	 plant	 growth	 promoting	 activity	 under	 stress	 conditions.	 Our	

results	 indicate	 that	Pst	DC3000	hrcC-	 shares	 features	with	 beneficial	 bacteria	 by	

inducing	 salt	 tolerance	 through	 reduction	 of	 the	 shoot	 and	 root	 Na+/K+	 ratio.	 To	

further	 elucidate	 the	 underlying	mechanisms	 of	 this	 interaction	with	Arabidopsis,	

RNAseq,	 hormone	 and	 biochemical	 analyses	were	 performed.	Genetic	 studies	 also	

show	 that	 Pst	 DC3000	 hrcC-	 induced	 salt	 stress	 tolerance	 involving	 several	
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phytohormone	pathways,	including	auxin,	ethylene	and	salicylic	acid.	Transcriptome	

and	 genetic	 analyses	 indicate	 that	 glucosinolates	 play	 an	 important	 role	 in	 this	

beneficial	interaction.	We	found	that	indolic	and	alkyl	glucosinolates	act	as	negative	

factors	 on	 Pst	 DC3000	 hrcC-,	 alkyl	 glucosinolates	 are	 positive	 and	 indolic	

glucosinolates	 negative	 regulators	 in	 SA187	 interaction	 with	 Arabidopsis.	 These	

results	reveal	that	besides	a	repertoire	of	effectors,	Pst	DC3000	hrcC-	also	produces	

factors	 that	 can	 be	 beneficial	 for	 plant	 growth	 under	 certain	 stress	 conditions,	 as	

observed	with	Enterobacter	sp.	SA187.	
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CHAPTER1.	INTRODUCTION	

	

1.1.	Plant	–	bacteria	interactions			

1.1.1.	Global	Food	Security	

With	the	world	bracing	for	increasing	food	requirements,	the	productivity	reductions	

are	a	major	concern	globally	(Shanker	AK	2011).	A	significant	increase	of	the	global	

population	 is	 anticipated	by	2050	 to	be	up	 to	 9.6	billion	 compared	 to	 the	 current	

number	of	7.2	billion	people	(Gerland	et	al.	2014).	Thus	agricultural	sustainability	is	

under	 threat	 when	 coupling	 the	 global	 population	 growth	 with	 the	 decline	 of	

available	land	for	cultivation	(Shahbaz	and	Ashraf	2013).		

The	 future	 of	 global	 food	 production	 from	 crop	 plants	 is	 challenged	 by	 several	

additional	 factors	 (Rosegrant	 and	 Cline	 2003;	 Brown	 and	 Funk	 2008).	 First,	 non-	

continual	 farming,	 soil	stripping,	 and	degradation	are	 impacting	 the	availability	of	

arable	land	negatively	(Stocking	2003).	Second,	water	as	a	source	for	agriculture	is	

declining	(Rosegrant	and	Cline	2003).	Third,	the	preservation	of	cultivated	land	and	

crop	 growth	 are	 both	 being	 substantially	 impacted	 by	 global	 climate	

changes(Christensen	2007;	Meehl	and	Intergovernmental	2007).	

Moreover,	70%	reduction	of	production	and	yield	of	crops	are	predicted	to	occur	as	

a	 result	 of	 various	 abiotic	 stresses	 such	 as	 high	 salinity,	 drought,	 cold,	 and	 heat	

(Vorasoot	 N	 2003;	 Kaur	 G	 2008;	 Ahmad	 P	 2010a;	 Thakur	 P	 2010;	 Mantri	 2012;	

Ahmad	P	2012).	Moreover,	biotic	stresses	such	as	diseases,	pests	and	pathogens	affect	

crop	 loss	by	about	28–40%	worldwide,	 indicating	that	biotic	stress	 is	significantly	
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less	important	when	compared	to	abiotic	stress	crop	losses		(Ashraf	et	al.	2012).	

Amongst	other	abiotic	stresses,	drought	is	the	most	important	factor	that	causes	crop	

production	 reductions	 for	 the	 primary	 crops	 such	 as	 maize,	 wheat,	 and	 rice	 as	

foreseen	in	arid	and	semi-arid	regions	during	the	next	two	decades	(Lobell	et	al.	2008;	

Ashraf	 et	 al.	 2012;	Saranga	 et	 al.	 2001).	 The	 second	most	prevalent	 abiotic	 stress	

affecting	 plant	 growth	 is	 salt	 stress.	 Soil	 salinization	 is	 an	 issue	 with	 global	

implications	 affecting	 agricultural	 output	 (Svistoonoff,	 Hocher,	 and	 Gherbi	 2014;	

Streng	et	al.	2011).	

New	 agricultural	 technologies	 aimed	 to	 produce	 stress-tolerant	 crops	 to	 ensure	

future	 global	 food	 security	 must	 be	 established	 in	 the	 future	 to	 overcome	 this	

drawback	(Newton,	 Johnson,	and	Gregory	2011;	Takeda	and	Matsuoka	2008).	One	

approach	 to	 improving	 resistance	 to	different	 stresses	 involves	 the	exploitation	of	

rhizosphere	 microorganisms.	 For	 example,	 beneficial	 bacteria	 and	 fungi	 enhance	

plant	 growth	 under	 stress	 conditions	 and	 enhance	 crops	 production	 (Dimkpa,	

Weinand,	and	Asch	2009).	The	main	focus	of	this	study	is	to	understand	and	highlight	

the	different	mechanisms	used	by	beneficial	bacteria	to	enhance	plant	growth	under	

salt	stress	condition.	

1.1.2.	Plant-microbe	interactions	

Hiltner	in	1904	described	‘rhizosphere’	as	the	region	of	the	soil	where	root	system		

influence	microorganism	mediated	processes	(Gabriele	Berg	2009).	The	rhizosphere	

is	 a	 narrow	 zone	 that	 surrounds	 plant	 roots	 and	 can	 be	 considered	 as	 a	 complex	

dynamic	interface	for	different	biological	interactions	(Hinsinger	P	2006;	Pierret	A	
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2007;	P	2008;	Hinsinger	P	et	al.	2009;	Raaijmakers	JM	2009)(Figure1.1)	(McNear	Jr.	

2013).	

	

	

	

	

	

	

Figure	1.1	Schematic	of	a	root	section	showing	 the	structure	of	 the	rhizosphere	(McNear	 Jr.	
2013).	

	

Naturally,	it	is	estimated	that	108	to	109	bacterial	cells	exist	per	gram	of	soil	(Dunbar	

et	 al.	 2002).	 The	 rhizosphere	 is	 an	 important	 environment	 for	 the	 plant	 bacteria	

interactions	 (Lynch	 and	 M.	 Whipps	 1990;	 Gray	 and	 Smith	 2005)	 and	 is	 an	

environment	which	 helps	 the	 plant	 to	 establish	 a	 relationship	with	 the	 free-living	

pathogenic	and	beneficial	microorganisms	that	constitute	a	main	influence	on	plant	

benefits	 (Lynch	 and	 M.	 Whipps	 1990).	 Different	 microbial	 groups	 found	 in	 the	

rhizosphere	 community	 include	 bacteria,	 fungi,	 nematodes,	 protozoa,	 algae	 and	

microarthropods	(Lynch	and	M.	Whipps	1990;	Raaijmakers	et	al.	2009).	One	of	the	

key	 factors	 for	 a	 microbial	 population	 enrichment	 in	 the	 rhizosphere	 are	 root	
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exudates.	 They	 typically	 contain	 ions,	 enzymes,	 oxygen,	 water,	 mucilage	 and	 an	

assorted	 range	of	 carbon-containing	both	primary	and	secondary	metabolites	 (NC	

2000).	 The	 plant	 also	 secretes	 various	 nutrients	 that	 are	 exploited	 by	 many	

rhizosphere	 microbiome	 members.	 The	 plants	 adapt	 the	 association	 with	 the	

rhizosphere	 to	 their	 benefit.	 This	 benefit	 is	 attainable	 to	 plant	 health	 and	 growth	

(Hartmann	A	 et	 al.	 2009;	Dennis	 PG	 and	PR	2010;	 Choudhary,	 Prakash,	 and	 Johri	

2007).	Microbes	possess	a	series	of	microbe/pathogen	associated	molecular	patterns	

(MAMPs/PAMPs),	 which	 may	 also	 correspond	 to	 plant-host	 derived	 DAMPs	

(Damage-Associated	Molecular	Patterns)	resulting	 from	the	action	of	 the	pathogen	

(Figure	1.2).		MAMPs	and	DAMPs	are	sensed	by	plant	receptors	and	activate	immune	

responses	which	form	the	first	level	of	defense	against	cell	attack	by	microbes	(Boller	

and	Felix	2009;	Jones	and	Dangl	2006;	Michiel	J.	C.	Pel	2013).	The	defense	responses	

start	with	the	recognition	of	the	infecting	pathogen	by	pattern	recognition	receptors	

(PRRs)	 that	 recognize	 PAMPs,	 MAMPs	 and	 DAMPs	 (Bittel	 and	 Robatzek	 2007;	

Segonzac	 and	 Zipfel	 2011;	Boller	 and	 Felix	2009;	Nicaise,	 Roux,	 and	 Zipfel	2009).	

Different	 plants	 recognize	 various	 subsets	 of	 PAMPs	 to	 induce	 PAMP-triggered	

immunity	 (PTI).	 PTI	 signaling	 begins	 by	 formation	 of	 PRR-PAMP	 complexes,	 is	

transmitted	by	at	least	two	different	and	overlapping	signaling	cascades	mediated	by	

MAP	 kinases	 and	 calcium	 dependent	 protein	 kinases	 (CDPKs)	 (Asai	 et	 al.	 2002;	

Boudsocq	et	 al.	2010).	The	resulting	modification	 in	the	phosphorylation	status	of	

downstream	regulators	and	enzymes	 leads	 to	 the	production	of	 antimicrobial	 and	

signaling	molecules,	like	reactive	oxygen	species	(ROS),	ethylene	(ET),	jasmonic	acid	

(JA),	and	salicylic	acid	(SA).	This	defensive	response	may	be	strong	enough	to	turn	off	
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infection	before	the	invader	microbe	becomes	established	(Pieterse	et	al.	2009;	Tena,	

Boudsocq,	and	Sheen	2011).	The	ensuing	PTI	defense	response	might	be	enough	to	

turn	off	infection	before	the	invading	microbe	becomes	established.	However,	some	

pathogens	 overcome	 this	 resistance	 response	 by	 delivering	 virulence	 effector	

proteins	or	DNA	into	host	cells.	These	specific	elicitors	inhibit	signaling	pathways	or	

the	synthesis	of	defense	compounds	by	the	host	plant	and	thus	suppress	this	first	type	

of	immunity	(PTI).	In	response	to	this	challenge,	some	plant	varieties	have	developed	

a	second	defense	response	through	specific	disease	resistance	(R)	genes,	the	so-called	

effector-triggered-immunity	(ETI).	R	proteins	recognize	effectors,	which	are	called	

avirulence	(Avr)	proteins.	R	gene-mediated	resistance	is	established	through	similar	

defense	 responses	 as	 those	 that	 are	 activated	 in	 primary	 defense	 responses.		

Therefore,	PTI	and	ETI	are	considered	as	primary	and	secondary	 innate	 immunity	

respectively	(Pieterse	et	al.	2002;	Jones	and	Dangl	2006;	Henry,	Thonart,	and	Ongena	

2012).	
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Figure	1.2		Elicitors	classified	in	two	class.	

	(A)	General	effectors	do	not	significantly	differ	in	their	impact	on	various	cultivars	in	a	plant	and	are	
involved	 in	 primary	 innate	 immunity.	 They	 contain	 chemicals,	 Microbes-Associated	 Molecular	
Patterns	 (MAMPs)	 from	 non-pathogenic	 microorganisms,	 Damage-Associated	 Molecular	 Patterns	
(DAMPs)	from	plant	surfaces	resulting	from	the	action	of	the	infect	agent	and	Pathogen-Associated	
Molecular	Patterns	(PAMPs)	from	pathogenic	microorganisms.	(B)	Specific	effectors	are	created	by	
specialized	pathogens	and	function	only	in	plant	carrying	the	corresponding	disease	resistance	gene.	
Effectors	 typically	 lead	 to	 the	 secondary	 innate	 immunity	 after	an	 intracellular	 receptor-mediated	
perception	(Henry,	Thonart,	and	Ongena	2012).	

	

Symbiotic	microbes	engage	with	 the	potential	plant	hosts	 in	a	molecular	dialog	 to	

create	 symbiosis	 and	 evade	 innate	 immune	 responses.	 To	 establish	 the	 symbiosis	

relationships,	key	microbial	signals	such	as	 lipochitooligosaccharides	(LCOs)	allow	

entry	 of	 the	microbes	 into	 the	 plant	 root	 system	 (Streng	 et	 al.	 2011;	 Svistoonoff,	

Hocher,	 and	Gherbi	2014).	LCOs	are	 structurally	 related	 to	MAMPs	such	as	 chitin-	
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oligosaccharides	and	peptidoglycans.	Recently,	it	has	become	clear	that	perception	of	

all	these	chitin-like	molecules	involves	related	LysM	(lysin	motif)-domain-containing	

receptor-like	proteins.	Moreover,	recent	data	illustrate	that	perception	of	symbiotic	

LCOs	 is	 associated	 with	 innate	 immune	 signaling	 (Limpens,	 van	 Zeijl,	 and	 Geurts	

2015).	

1.1.3.	Beneficial	rhizobacteria	

Several	 beneficial	 microorganisms	 can	 be	 found	 in	 the	 rhizosphere	 including	

nitrogen-fixing	 bacteria,	 endo-	 and	 ectomycorrhizal	 fungi,	 and	 plant	 growth-

promoting	 rhizobacteria	 (PGPR)	and	 fungi	 (Somers,	Vanderleyden,	 and	Srinivasan	

2004).	Endocellular	and	 intracellular	microorganisms	both	colonize	plants	 in	 their	

natural	environments	(Gray	2005).	

Plant	growth	promoting	rhizobacteria	(PGPR)	are	beneficial	free-living	soil	bacteria	

that	colonize	roots	and	cause	a	positive	effect	on	plants	through	direct	and	indirect	

mechanisms	 (De	 Gregorio,	Michavila,	 Ricciardi	Muller,	 de	 Souza	 Borges,	 Pomares,	

Saccol	de	Sá,	et	al.	2017).	PGPR	belong	to	different	families	which	includes	Rhizobium,	

Bacillus,	 Pseudomonas	 and	 Burkholderia.The	 main	 source	 of	 nutrients	 for	 this	

bacterium	is	root	exudates	and	in	return	the	bacteria	will	enhance	the	plant	growth	

and		improve	the		stress	management	(Yang,	Kloepper,	and	Ryu	2009).	PGPR	increase	

the	root	surface	area,	and	also	increase	mineral	uptake	including	N,	P,	K,	efficiently	

from	the	soil,	by	stimulating	the	ion	uptake	systems	(Buchanan,	B.B.,	and	Gruissem	

2000.).	 Further	 to	 directly	 facilitating	 plant	 growth	 and	 development,	 PGPB	 can	

promote	plant	growth	by	modifying	the	plant	physiology	such	as:	osmotic	pressure	
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regulation,	regulate	the	stomatal	responses,	modify	the	root	size	and	morphology	and	

adjustment	of	nitrogen	accumulation	and	metabolism	(Compant,	Duffy,	et	al.	2005;	

Compant,	Reiter,	et	al.	2005;	Rajkumar	et	al.	2006)	.	

1.1.4.	Various	mechanisms	used	by	PGPR	

PGPR	promote	plant	growth	and	develop	by	direct	and	indirect	mechanisms,	which	

involve	enhancing	plant	physiology	and	resistance	to	different	phytopathogens	and	

stress			using	several	modes	and	actions	(Figure	1.3).	
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Figure	1.3	Different	mechanism	induced	by	plant	growth	promoting	rhizobacteria.	

http://www.ecologiemicrobiennelyon.fr/spip.php?article78&lang=enhow		

Beneficial	microbe	impact	may	be	direct,	when	 the	bacteria	 stimulate	 root	growth	or	activate	host	
defense	responses	(Induced	Systemic	Resistance),	or	indirect,	when	controlling	plant	pathogens.	At	
the	applied	level,	the	PGPR	might	increase	yield,	reduce	the	use	of	nitrogen	inputs	and	plant	protection,	
biological	control	and	plant	health.	
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1.1.5.	Direct	mechanisms	

PGPR	direct	mechanisms	 facilitate	plant	growth	 in	a	 forward	and	direct	way.	This	

includes	nitrogen	fixation,	phytohormone	production,	phosphate	solubilization	and	

increasing	iron	availability	(Zaidi	et	al.	2009).	

	

1.1.5.1.	Nitrogen	fixation	

Nitrogen	 is	 one	 of	 the	 most	 important	 nutrients	 for	 plant	 development	 and	

productivity.	About	78%	of	nitrogen	in	the	atmosphere	is	unavailable	for	a	growing	

plant.	The	atmospheric	N2	is	transformed	to	a	plant-utilizable	form	by	biological	N2-

fixation	 (BNF)	 which	 changes	 nitrogen	 to	 ammonia	 by	 nitrogen	 fixing	

microorganisms	 using	 a	 complex	 enzyme	 system	known	 as	 nitrogenase	 (Kim	 and	

Rees	 1994).	 BNF	 occurs	 generally	 at	 moderate	 temperatures	 by	 nitrogen	 fixing	

microorganisms,	 which	 are	 widely	 distributed	 in	 nature	 (Raymond	 et	 al.	 2004).	

Moreover,	 BNF	 represents	 an	 economically	 beneficial	 and	 environmentally	 sound	

alternative	to	chemical	fertilizers	(Ladha,	de	Bruijn,	and	Malik	1997).	This	biological	

process	 is	 carried	 out	 either	 by	 symbiotic	 or	 non-symbiotic	 interactions	 between	

microbes	 and	 plants	 (Shridhar	2012).	 Inoculation	 of	 biological	N2-fixing	 PGPR	on	

crops	and	crop	fields	revitalizes	growth	promoting	activity,	disease	management,	and	

maintains	the	nitrogen	level	in	agricultural	soil	(Damam	et	al.	2016)	.	
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1.1.5.2.	Phosphate	solubilization	

A	 second	 important	 plant	 growth-limiting	 nutrient	 after	 nitrogen	 is	 phosphorus,	

since	it	plays	a	major	role	in	different	metabolic	processes	(Khan	et	al.,	2009).	The	

low	availability	of	(P)	to	plants	is	due	to	the	limited	free	amount	of	soil	P.		There	are	

only	two	forms	of	P	that	can	be	absorbed	by	the	plant,	namely	H2PO-4	and	HPO42-	ions	

and	 phosphate	 solubilizing	 microorganisms	 (PSM)	 may	 provide	 the	 plant	 with	

soluble	 forms	 (Bhattacharyya	 and	 Jha	 2012).	 PSB	 are	 considered	 as	 promising	

biofertilizers	in	agriculture	(Zaidi	et	al.	2009).	

	

1.1.5.3.	Siderophore	production	

Siderophores	are	small	peptide	molecules	secreted	from	microorganisms	under	iron	

deficit	conditions	consisting	of	side	chains	and	functional	groups	that	can	provide	a	

high-affinity	set	of	ligands	to	coordinate	Fe+3	ions	(Saha	et	al.	2016;	Crosa	and	Walsh	

2002).	 The	 production	 of	 siderophores	 in	 the	 soil	 plays	 an	 important	 role	 in	

determining	the	capability	of	various	microorganisms	to	enhance	plant	development.	

Plants	that	are	able	to	recognize	the	bacterial	ferric-siderophore	complex,	especially	

in	the	existence	of	other	metals,	like	nickel	and	cadmium	(Masalha	et	al.	2000;	Katiyar	

and	Goel	2004;	Beneduzi,	Ambrosini,	and	Passaglia	2012).	

	

1.1.5.4.	Auxin	production	

Phytohormones	 are	 compounds	 that	 stimulate	 and	 affect	 plant	 growth	 and	
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development,	and	are	divided	into	five	main	classes:	auxins,	cytokinins,	gibberellins,	

abscisic	 acid,	 and	 ethylene	 (Santner	 and	 Estelle	 2009).	Microbial	 synthesis	 of	 the	

phytohormone	 auxin	 (indole	 acetic	 acid/IAA)	 has	 been	 well	 studied.	 80%	 of	

microorganisms	isolated	from	the	rhizosphere	of	different	crops	have	the	ability	to	

synthesize	and	secrete	auxins	as	secondary	metabolites	(Patten	and	Glick	1996).	IAA	

secreted	by	rhizobacteria	 intervenes	with	different	plant	developmental	processes	

because	the	endogenous	pool	of	plant	IAA	may	change	by	the	acquisition	of	IAA	that	

has	 been	 excreted	 by	 the	 living	 bacteria	 in	 the	 soil	 (Glick	 2012;	 Spaepen,	

Vanderleyden,	 and	Remans	2007).	Apparently,	 IAA	also	acts	as	alternate	 signaling	

molecule	affecting	gene	expression	in	various	microorganisms.	Therefore,	IAA	plays	

an	 important	 role	 in	 plant-rhizobacteria	 interactions	 (Spaepen	 and	 Vanderleyden	

2011).	

	

1.1.5.5.	ACC	deaminase	production	

Ethylene	(ET)	is	a	fundamental	metabolite	for	plant	growth	and	development	(Khalid	

et	al.	2006).	ET	plays	an	important	role	in	diverse	processes,	including	senescence,	

abscission,	 and	 pathogen-defense	 signaling.	 Under	 various	 stresses,	 ethylene	

biosynthesis	is	stimulated,	inhibiting	root	growth	and	plant	growth	(Abeles,	Morgan,	

and	Saltveit	Jr	1992).	PGPR	can	divert	ACC	from	the	ethylene	biosynthesis	pathway	

in	the	root	system	by	using	their	1-amino	cyclopropane-1-carboxylic	acid	deaminase	

activity	(De	Gregorio,	Michavila,	Ricciardi	Muller,	de	Souza	Borges,	Pomares,	Saccol	

de	Sa,	et	al.)	and	enhance	the	plant	growth	and	development	by	decreasing	ethylene	
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levels	especially	under	stress	conditions	(Desbrosses	et	al.	2009;	Nadeem	et	al.	2007;	

Zahir	 et	 al.	 2008).	The	main	 effects	of	 ACC	deaminase	producing	 rhizobacteria	on	

plants	 are	 root	 elongation,	 enhanced	 shoot	 growth	 and	 increased	 rhizobial	

nodulation	and	N,	P	and	K	uptake	(Glick	2012;	Nadeem	et	al.	2009,	2007;	Shaharoona	

et	al.	2008).		

	

1.1.6.	Indirect	mechanisms	

Plant	growth	promoting	rhizobacteria	can	also	function	to	control	disease,	which	is	a	

form	 of	 biological	 control.	 PGPR	 contribute	 to	 this	 mechanism	 by	 antibiotic	

production	 and	 enzymes	 in	 response	 to	 plant	 pathogen	 or	 disease	 resistance,	

induction	 of	 systematic	 resistance	 against	 various	 pathogens	 and	 pests,	 HCN	

production,	VOCs,	EPSs,	etc.)	(Nivya	2015;	Gupta	et	al.	2015).	

	

1.1.6.1.	Antibiotic	production	and	lytic	enzymes	production	

Antibiotic	production	 is	one	of	 the	most	 important	 functions	 that	PGPR	 to	defend	

against	different	phytopathogens.	There	are	various	types	of	antibiotics	produced	by	

PGPR	such	as	butyrolactones,	zwittermycin	A,	kanosamine,	oligomycin	A,	oomycin	A,	

phenazine-1-carboxylic	acid,	pyoluteorin,	pyrrolnitrin,	viscosinamide,	xanthobaccin,	

and	 2,4-	 diacetyl	 phloroglucinol	 (2,4-DAPG)	 (Whipps	 2001).	 Amongst	 them,	 2,4-

DAPG	is	one	of	the	most	functional	antibiotics	in	the	control	of	plant	pathogens	and	it	

is	 produced	 by	 several	 Pseudomonas	 strains	 (Fernando,	 Nakkeeran,	 and	 Zhang	
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2006).	Selected	PGPR	strains	secrete	lytic	enzymes	that	can	reduce	pathogen	growth	

and	 activities	 (Compant,	 Duffy,	 et	 al.	 2005).	 Lytic	 enzymes	 can	 decrease	 various	

polymeric	 substances	 such	 as	 	 chitin,	 proteins,	 cellulose,	 hemicellulose	 and	 DNA	

(Vivekananthan	et	al.	2004).	

	

1.1.6.2.	Biocontrol	Agents	-	Induced	Resistance	(IR)	

Induced	 resistance	 (IR)	 is	 the	 event	 when	 preconditioned	 plant	 defenses	 are	 set	

before	infection	or	treatment	enhancing	resistance	against	subsequent	pathogenic	or	

parasitic	 challenges.	 Induced	 resistance	 appears	 in	 two	 types	 “Systemic	 Acquired	

Resistance"	(SAR)	and	“Induced	Systemic	Resistance”	(ISR).	Both	 forms	of	induced	

resistance	 grant	 plant	 resistance	 to	 a	wide	 range	 of	 plant	 pathogens	 (Choudhary,	

Prakash,	 and	 Johri	 2007).	 Vaccination	 of	 plants	 with	 nonpathogenic	 bacteria	 can	

stimulate	the	resistance	against	a	wide	range	of	pathogenic	organisms	in	both	below-	

and	above-ground	areas.	Selected	strains	of	PGPR	inhibit	diseases	by	ISR	against	both	

root	rhizosphere	and	soil	borne	pathogens	(Choudhary,	Prakash,	and	Johri	2007).	ISR	

and	SAR	are	mediated	by	various	signaling	pathways.	Induction	of	SAR	is	via	salicylic	

acid	(SA)	and	ISR	through	jasmonic	acid	(JA)	and	ethylene	(ET)	signaling	pathways	

(Pieterse	et	al.	1998).	The	combination	between	these	signaling	molecules	regulate	

the	defense	responses	(Ryals	et	al.	1996).	Furthermore,	the	contribution	of	ISR	and	

SAR	provides	better	protection	than	ISR	or	SAR	alone	(van	Wees	et	al.	2000)(Figure	

1.4).	
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Figure1.4	Systemic	resistance	types	(Pieterse	et	al.	2009)	modified	by	(Burketova	et	al.	2015).	

The	systemic	acquired	resistance	 (SAR)	 is	 triggered	upon	pathogen	attack,	plants	 treatments	with	
MAMPs,	DAMPs,	plant	phytohormones	or	chemical	activators.	After	the	recognition	by	a	sensor,	the	
plant	cell	 triggers	complex	signaling	and	defense	responses,	 including	production	of	pathogenesis-
related	(PR)	proteins	which	activate	the	defense	response.	Induced	systemic	resistance	(ISR	can	be	
triggered	by	root	colonization	with	plant-growth-promoting	rhizobacteria	(PGPR)	or	fungi	(PFPF).	ISR	
is	SA-independent,	regulate	mainly	by	jasmonic	acid	(JA)	and	ethylene	(ET).	Both	SAR	and	ISR	prime	
for	enhanced	the	plants	defenses	upon	biotic	and	abiotic	stresses.		
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1.1.6.3.	VOCs	Production	

VOCs	that	are	produced	by	PGPR	enhance	plant	growth	by	inhibiting	bacterial	and	

fungal	pathogens	and	nematodes,	and	induce	ISR	in	plants	against	phytopathogens	

(Raza,	Yousaf,	and	Rajer	2016).	VOCs	from	PGPR	strains	mediate	disease	resistance,	

abiotic	 stress	 tolerance,	 and	 enhance	 plant	 growth	 (Kanchiswamy,	 Malnoy,	 and	

Maffei	2015).	

	

1.1.7.	Rhizobacteria	can	alleviate	salt	stress	in	plants	

One	 of	 the	 ultimate	 severe	 factors	 restraining	 crop	 growth	 and	 production	 is	 salt	

stress	(Szabolcs	and	Intézet	1974).	Inhibited	and	slower	plant	growth	is	an	adaptive	

survival	feature	that	allows	plants	to	draw	on	multiple	resources	to	be	more	resistant,	

and	is	likely	one	of	the	plant	responses	to	many	other	abiotic	stresses	(Zhu	2001).The	

detrimental	 effects	 of	 salinity	 are	 recognized	 at	 the	 whole-plant	 level	 through	

mortality	or	decreases	in	productivity.	Product	yield	is	effected	by	salt	stress	along	

with	 other	 major	 physiological	 plant	 actions	 such	 as	 germination,	 growth,	

photosynthetic	pigments	and	photosynthesis,	water	 relation,	nutrient	homeostasis	

and	oxidative	stress	(Parihar	et	al.	2015).	Many	strategies	have	been	used	to	minimize	

the	toxic	 impact	of	salt	stress	on	plant	growth	such	us	genetic	engineering	(Wang,	

Vinocur,	and	Altman	2003),	or	beneficial	PGPR	activity	(Dimkpa,	Weinand,	and	Asch	

2009).	 Beneficial	 microorganisms	 promote	 plant	 growth	 through	 different	

mechanisms	 and	 colonize	 the	 rhizosphere/endorhizosphere	 of	 plants	 (Nia	 et	 al.	

2012;	Ramadoss	et	al.	2013)	(Yao	et	al.	2010)	suggested	that	PGPBs	are	a	promising	
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alternative	 for	 alleviating	 plant	 salt	 stress(Figures1.5).	 The	 utilization	 of	 these	

symbioses	has	great	 environmental	 and	economic	value	 in	natural	 and	agronomic	

environments	 (Bonfante	and	Anca	2009).	PGPR	can	enhance	both	plant	and	other	

crop	yields	under	abiotic	stress	conditions	by	facilitating	rooting	directly	or	indirectly	

(Mayak,	 Tirosh,	 and	 Glick	 1999;	 Egamberdieva	 2009).	 Indirect	 plant	 growth	

stimulation	is	achieved	through	a	variable	mechanism,	whereby	phytopathogens	are	

prevented	 by	 beneficial	 bacteria	 to	 inhibit	 plant	 development	 (Glick	 and	 Bashan	

1997;	 O'Donnell	 PJ1	 1996;	 A.	 Sivan	 1992).	 On	 the	 other	 hand,	 direct	 stimulation	

includes	 supplying	 plants	 with	 essential	 factors	 such	 as	 nitrogen,	 iron,	 and	

phytohormones	such	as	auxins,	cytokinins,	gibberellins,	abscisic	acid	(Kloeppe	et	al.)	

and	ethylene.	These	hormones,	together	with	other	bacterial	secondary	metabolites,	

can	protect	plant	growth	under	various	stresses	(De	Gregorio,	Michavila,	Ricciardi	

Muller,	de	Souza	Borges,	Pomares,	Saccol	de	Sá,	et	al.	2017;	Patten	and	Glick	1996;	

Dobbelaere,	Vanderleyden,	and	Okon	2003).	Rhizobacteria	secrete	other	compounds	

that	may	 be	 responsible	 for	 indirect	 effects	 including	 the	 inhibition	 of	 pathogens	

attack,	enzymes,	nitric	oxide,	osmolytes,	siderophores,	organic	acids	and	antibiotics	

(Chakraborty,	Chakraborty,	 and	Basnet	2006;	Kloeppe	et	 al.	 1999;	Sikora,	 Schäfer,	

and	Dababat	2007)	.	
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Figure	 1.5	 Different	 mechanisms	 used	 by	 plant	 growth	 promoting	 rhizobacteria	 (PGPR)	 to	
induce	salt	tolerance	in	the	plants.	(Ilangumaran	and	Smith	2017).	

	Root	surfaces	are	colonized	by	PGPR	and	the	extracellular	polysaccharide	matrix	play	important	role	
to	protect	the	plants	against	salt	stress.	Some	extracellular	molecules	function	as	signaling	molecules	
to	manipulate	phytohormonal	status	in	plants.	Enhanced	root-to-shoot	communication	enhance	water	
and	 nutritional	 balance,	 source-sink	 relations	 and	 stomatal	 conductance.	 Stimulating	 osmolyte	
accumulation,	carbohydrate	metabolism	and	antioxidant	activity	delay	leaf	senescence,	which	inturn	
contribute	to	photosynthesis.	Regulation	of	physiological	processes	are	indicated	by	black	arrows	and	
signaling	pathways	are	indicated	by	purple	arrows.	
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1.1.8.	Plant-	pathogen	interaction	under	abiotic	stress	

Plants	are	exposed	 to	various	and	complex	 types	of	 interactions	 involving	diverse	

environmental	factors.	They	have	developed	specific	mechanisms	allowing	them	to	

adapt	and	survive	stressful	condition.	Exposure	of	plants	to	biotic	and	abiotic	stress	

induces	an	interruption	in	plant	metabolism	entailing	some	physiological	costs	(Heil	

and	Bostock	2002;	Massad,	Dyer,	and	Vega	C	2012)	that	lead	to	reduce	plant	fitness	

and	 productivity	 (Shao	 et	 al.	 2008).	 Abiotic	 stress	 is	 one	 of	 the	most	 substantial	

features	of	and	has	an	enormous	impact	on	plant	growth.	Thus,	it	is	responsible	for	

severe	 losses	 in	 the	 field	 (Wang,	 Vinocur,	 and	 Altman	 2003).	 Furthermore,	 biotic	

stress	is	an	additional	challenge	inducing	a	strong	pressure	on	plants	and	adding	to	

the	 damage	 through	 pathogen	 or	 herbivore	 attack	 (Mordecai	 2011;	 Brown	 and	

Hovmoller	 2002).	 Abiotic	 stress	modifies	 the	 susceptibility	 of	 plants	 to	 pathogens	

attack	(Cho	et	al.	2009).	Therefore,	cross-tolerance	between	abiotic	and	biotic	stress	

might	 stimulate	 a	 positive	 influence	 and	 enhanced	 resistance	 in	 plants	 and	 have	

significant	agricultural	indication.	Interestingly,	abiotic	stress	regulates	the	defense	

mechanisms	 at	 the	 site	 of	 pathogen	 infection	 as	 well	 as	 in	 systemic	 parts,	

consequently	 ensuring	 an	 enhancement	 of	 the	 plant’s	 innate	 immunity	 system	

(Yasuda	et	al.	2008).	Abiotic	stress	prior	to	infection	revealed	the	plant	to	be	more	

susceptible	to	disease	(Bostock,	Pye,	and	Roubtsova	2014).The	increased	sensibility	

to	 pathogens	 under	 stress	 in	 response	 to	multiple	 stress	might	 be	 related	 to	 the	

changed	phytohormone	imbalance,	reduced	defense	genes	expression	and	the	down-

regulation	of	primary	metabolism	 (Mohr	and	Cahill	2003a;	Prasch	and	Sonnewald	

2013)	.		
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1.1.9.	Phytohormone	imbalance	in	plant	response	to	stress		

The	timely	perception	of	plant	defense	in	response	to	stress	to	respond	rapidly	and	

efficiently	 is	 a	 crucial	 step.	 After	 recognition	 of	 the	 stressful	 condition,	 the	 plant	

induces	the	primary	defense	mechanisms	(Andreasson	and	Ellis	2010),	which	lead	to	

activate	different	signaling	cascades	of	defense	(Abuqamar	et	al.	2009;	Chinnusamy,	

Schumaker,	and	Zhu	2004).	Moreover,	the	exposure	to	abiotic	and/or	biotic	stress,	

activates	specific	ion	channels	and	kinase	cascades	(Saúl	Fraire-Velázquez	2011	

)	 reactive	 oxygen	 species	 (ROS)	 (Laloi,	 Apel,	 and	 Danon	 2004)	 and	 various	

phytohormones	such	as	abscisic	acid	(ABA),	salicylic	acid	(SA),	jasmonic	acid	(JA)	and	

ethylene	(ET)	(Spoel	and	Dong	2008)(Figure	1.6).	Concomitantly,	the	reprogramming	

of	 gene	 expression	 results	 in	 defense	 responses	 in	 order	 to	 reduce	 the	 biological	

damage	 induced	by	the	stress	(Fujita	et	al.	2006).	The	phytohormone	abscisic	acid	

(ABA)	is	considered	the	primary	hormone	in	the	response	to	different	abiotic	stresses	

(Cramer	et	 al.	 2011).	ABA	accumulates	 rapidly	 in	 roots	and	 shoots	as	an	adaptive	

response	 to	 abiotic	 stresses,	 but	 also	 contributes	 to	 the	 increased	 disease	

susceptibility	of	the	plants	(Mohr	and	Cahill	2003b;	Thaler	and	Bostock	2004;	Fan	et	

al.	2009;	DiLeo	et	al.	2010).	Meanwhile,	biotic	stress	responses	are	controlled	by	the	

antagonism	between	 other	 stress	hormones	 such	 as	 SA	 and	 acid	 JA/ET.	However,	

under	 abiotic	 stress,	 ABA	 increases	 and	 induces	 stomatal	 closure,	 preventing	 the	

entry	 of	 biotic	 assailants	 via	 plant	 stomata.	 Under	 this	 circumstance,	 the	 plant	 is	

protected	from	both	type	of	stress	(Melotto	et	al.	2006).	After	stress	detection,	many	

changes	 in	 gene	 expression	 occur,	 leading	 to	 the	 reprogramming	 the	 molecular	

machinery	 by	 transcription	 factors.	 The	 modification	 of	 gene	 expression	 is	 a	 key	
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action	in	plants	to	start	an	effective	defensive	response	and	is	mediated	by	ABA,	SA,	

JA	and	ET.	For	example,	the	activity	of	the	BOTRYTIS	SUSCEPTIBLE1	(BOS1)	gene	is	

mediated	 by	 ABA	 and	 JA	 to	 stimulate	 resistance	 versus	 osmotic	 stress	 and	

necrotrophic	pathogen	attack	and	bos1	mutant	plants	show	more	 susceptibility	 to	

biotic	and	abiotic	stresses	(Mengiste	et	al.	2003;	Ramirez	et	al.	2009;	Swindell	2006).	

	

	

Figure	 1.6	 Possible	 elements	 involved	 in	 cross-tolerance	 between	 biotic	 and	 abiotic	 stress	
(Rejeb,	Pastor,	and	Mauch-Mani	2014).	

First	the	plant	cell	have	to	sense	both	biotic	and	abiotic	stress,	and	then	the	information	is	transduced	
to	 suitable	 downstream-located	 pathways	 (Rejeb,	 Pastor,	 and	Mauch-Mani	 2014).Reactive	 oxygen	
species	 (ROS)	 and	 Ca++	 are	 known	 amongst	 others	 to	 play	 an	 important	 role	 as	 transducers,	 and	
mitogen-activated	protein	kinases	(MAPK)	cascades	have	been	revealed	to	be	used	by	both	types	of	
stresses.	Abscisic	acid	(ABA)	is	generally	involved	in	abiotic	stress	adaptation,	salicylic	acid	(SA)	and	
jasmonate/ethylene	(JA/ET)	are	mostly	involved			in	plant	responses	to	biotic	stress.	The	interaction	
between	SA,	JA,	and	ET	signaling	increases	plant	resistance	to	pathogens.	Arrows:	induction;	flat-ended	
lines:	suppression.		
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1.1.10.	Regulation	of	 biosynthesis	 and	 signaling	 of	 secondary	metabolites	 in	
plant	defense	

Glucosinolates,	 a	 class	 of	 secondary	 metabolites,	 contain	 nitrogen-	 and	 sulfur	

compounds	and	it	is	found	in	in	Brassicaceae,	including	the	model	plant,	Arabidopsis	

thaliana	 (Fahey,	Zalcmann,	 and	Talalay	2001;	Wittstock	and	Halkier	2002).	Under	

normal	conditions,	glucosinolates	are	chemically	stable	but	when	plant	tissues	under	

damaged,	 they	 are	 hydrolysed	 by	 the	 enzyme	 myrosinase,	 resulting	 in	 several	

degradation	 products,	 including	 isothiocyanates,	 nitriles,	 thiocyanates,	

epithionitriles	and	oxazolidines	(Bones	and	Rossiter	2006).	Glucosinolates	play	a	role	

in	plant	defense	against	insects	(KUŚNIERCZYK	et	al.	2008;	Martin	and	Müller	2007),	

some	food	bacteria	(BRANDI	et	al.	2006),	and	some	fungi	(Brader	et	al.	2006;	Galletti	

et	 al.	 2008),	 and	 are	 considered	 as	 biofunigants	 (Bhardwaj	 and	 Hamama	 2003;	

Tripathi	 and	 Dubey	 2004).	 In	 Arabidopsis,	 36	 various	 glucosinolates	 have	 been	

identified	 with	 aliphatic	 or	 indolic	 side-chains	 (Brown	 et	 al.	 2003;	 Reichelt	 et	 al.	

2002).	 The	 indolic	 glucosinolates	 are	 derived	 from	 tryptophane,	 while	 aliphatic	

glucosinolates	are	derived	from	methionine	(Kliebenstein	et	al.	2001).	Under	biotic	

and	 abiotic	 stress	 responses,	 Glucosinolates	 (GS)	 biosynthesis	 is	 regulated	 by	

transcription	 factors	 (TFs)	belonging	 to	 the	R2R3-MYB	 family(Celenza	et	 al.	 2005;	

Sønderby	 et	 al.	 2007).	 MYB28,	 MYB76,	 and	 MYB29	 regulate	 the	 biosynthesis	 of	

aliphatic	AGSs(Sønderby	et	al.	2007;	Gigolashvili	et	al.	2007),	while	MYB51,	MYB122,	

and	MYB34,	 alternatively	 regulate	 indolic	 IGSs	 (Celenza	 et	 al.	 2005;	 Skirycz	 et	 al.	

2006;	Gigolashvili	et	al.	2007;	Malitsky	et	al.	2008).	Moreover,	other	compounds,	such	

as	camalexin,	a	brassicaceous	indolic	phytoalexin,	also	contribute	to	plant	resistance	

against	herbivores	(Kettles	et	al.	2013;	Kusnierczyk	et	al.	2008;	Prince	et	al.	2014;	
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Schlaeppi	et	al.	2008)	Cross-talk	between	the	glucosinolate	pathway	and	camalexin	

metabolic	 pathways	 may	 influence	 the	 glucosinolate	 profile	 production	 (Yan	 and	

Chen	2007).	Generally,	when	plants	are	under	abiotic	stresses,	secondary	metabolism	

might	increase,	since	plant	growth	is	limited	more	than	photosynthesis,	and	carbon	

fixation	is	generally	invested	in	secondary	metabolites	production.	Meanwhile,	their	

physiological	function	in	response	to	abiotic	stress	is	not	known	(Endara	and	Coley	

2011;	Engelen-Eigles	et	al.	2006;	Velasco	et	al.	2007;	Qasim,	Ashraf,	Rehman,	et	al.	

2003;	Lopez-Berenguer	et	al.	2009;	Radovich,	Kleinhenz,	and	G.	Streeter	2005;	Del	

Carmen	Martinez-Ballesta,	Moreno,	and	Carvajal	2013).	A	recent	study	suggested	that	

the	allocation	of	glucosinolates	might	be	one	mechanism	used	by	the	plant	to	adapt	

to	stressful	conditions	with	relative	low	energy	cost.	However,	the	biological	function	

of	glucosinolates	in	specific	tissues	under	different	stress	conditions	requires	more	

investigation	(Del	Carmen	Martinez-Ballesta,	Moreno,	and	Carvajal	2013).	
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Figure	1.7	Glucosinolate	biosynthesis	and	degradation	pathway	(Yi	et	al.	2015).	

The	biosynthesis	of	glucosinolates	constitute	three	independent	phases.	(1),	some	amino	acids,	such	
as	methionine	and	Typtophan,	are	elongated	by	one	or	several	methylene	groups.	(2),	the	precursor	
amino	acids	are	converted	to	the	parent	glucosinolates,	and,	(3),	the	parent	glucosinolates	can	undergo	
secondary	modifications.	
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CHAPTER	2.	RATIONALE	AND	OBJECTIVES	

The	 research	 on	 plant	 growth	 promoting	 bacteria	 as	 biological	 control	 agents	

stimulating	plant	growth,	develop	and	managing	soil	and	plant	health	has	been	an	

impressive	field	to	study.	The	application	of	PGPR	to	manage	both	biotic	and	abiotic	

stress	 factors	 are	 considered	 an	 eco-friendly	 strategy	 to	 increase	 crop	 yield	 and	

produce	 more	 healthy	 crops	 on	 land	 suffering	 from	 environmental	 stress.	 Novel	

approaches	are	needed	to	understand	PGPR	functional	mechanisms	to	enhance	plant	

growth,	 especially	 under	 abiotic	 stress	 conditions	 since	 they	 reduce	 crop	 yield	

production	by	about	70%.	Our	group	started	the	Darwin	21	project	and	has	identified	

stress	tolerance-promoting	bacteria	(STPB)	from	desert	plants	(Andrés-Barrao	et	al.	

2017).	The	main	objective	of	my	PhD	thesis	is	a	functional	analysis	of	the	beneficial	

versus	pathogenic	plant-microbe	interaction.	For	this	purpose,	the	mode	of	action	of	

the	 beneficial	 Enterobacter	 sp.	 SA187	 was	 compared	 to	 the	 avirulent	 strain	

Pseudomonas	syringae	pv.	tomato	DC3000	in	the	absence	and	presence	of	salt	stress.		

The	detailed	objectives	were:		

A. To	 characterize	 the	 interaction	 of	 Arabidopsis	 thaliana	 (Col-0)	 the	 non-

virulent	Pst	DC3000	hrcC-	and	beneficial	SA187	bacteria	under	normal	and	salt	

stress	conditions.	

B. Perform	RNA-seq	on	Arabidopsis	plants	colonized	with	Pst	DC3000	hrcC-	or	

SA187	 in	order	to	see	which	pathways	are	 involved	 in	the	 induction	of	salt	

tolerance	in	Arabidopsis	thaliana.	
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CHAPTER	3.	MATERIAL	AND	METHODS	

3.1.	Material	

3.1.1.	Plant	materials	

All	 experiments	were	 performed	using	Arabidopsis	 thaliana	 (A.	 thalina)	wild-type,	

mutant	in	the	ecotype	Columbia-0	(Col-0)	background,	NASC	ID:	N1092.	

Mutant	allele	 Gene	name		 Accessio
n	

Mutage
n	

Reference/Sour
ce	

MYB28-1/MYB29-1	 MYB	 domain	
protein	28/29	

	

Col-0	 T-DNA	 (Sønderby	 et	 al.	
2010)	

myb34/myb51/myb
122	

MYB	 domain	
protein	
34/51/122	

	

Col-0	 T-DNA	 Paul	 Schulze	
Lefert	Lab	

ein2	 Ethylene	
insensitive2	

Col-0	 T-DNA	 (Guzmán	 and	
Ecker	1990)	

ein3	 Ethylene	
insensitive3	

Col-0	 T-DNA	 (Roman	 et	 al.	
1995)	

acs	 1-
Aminocyclopropa
ne-1-carboxylate	
synthase	

Col-0	 T-DNA	 (Tsuchisaka	et	al.	
2009)	

sid2-1	 Salicylic	 acid	
induction	
deficient2	

Col-0	 T-DNA	 (Wildermuth	 et	
al.	2001b)	

npr1	 Nonexpresser	 of	
PR	gene1	

Col-0	 T-DNA	 (Scott	 et	 al.	
2004)	
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yuc1-4	 flavin-containing	
monooxygenase	
YUCCA1	

Col-0	 T-DNA	 (Cheng,	 Dai,	 and	
Zhao	2006)	

arf7/arf19	 Auxin	 response	
factor7/9	

	

Col-0	 T-DNA	 (Okushima	 et	 al.	
2007)	

jar-1	 Jasmonate	
resistant	1	

Col-0	 T-DNA	 (Staswick,	 Su,	
and	 Howell	
1992)	

aba2	 ABA	deficient	2		 Col-0	 T-DNA	 (Schwartz	 et	 al.	
1997)	

	

3.1.2.	Bacteria	strains	

Bacteria	strains	used	in	this	study	are	listed	below		

		

endophytic	bacterium	

Strain	 Purpose	 Source	

Enterobacter	sp.	SA187	 Inoculation	of	A.	thalina	 (Andrés-Barrao	et	al.	2017)	

GFP-expressing	SA187		 Inoculation	of	A.	thalina	 (de	Zélicourt	et	al.	2018)	

	

Pseudomonas	syringae	pv.	tomato	

Strain	 Purpose	 Source	

Pst	DC3000	hrcC-	

Pst	DC3000	

Inoculation	 of	 A.	

thalina	

Jane	Barker	Lab	
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GFP-expressing	 Pst	 DC3000	

hrcC-	

Inoculation	 of	 A.	

thalina	

Institute	 of	 Plant	 Sciences,	

Paris		

	

	

3.1.3.	Oligonucleotides	

Oligonucleotides	 used	 in	 this	 study	 are	 listed	 in	Annexure	Table	 (S1).	Lyophilised	

primers	were	 synthesized	 by	 sigma-Aldrich,	 resuspended	 in	 sterile	water	 to	 final	

concentration	of	100	μM.	Used	stock	were	diluted	in	ddH2O	to	10	μM.	

3.1.4.	Enzymes	

3.1.4.1.	nucleic	acid	modifying	enzymes		

Standard	PCR	reactions	were	performed	using	hot	star	DNA	polymerase.	Enzymes	

and	suppliers	are	listed	below:	

hot	 star	 DNA	

polymerase	

250	units	HotStarTaq	DNA	Polymerase,	10x	PCR	Buffer,	5x	

Q-Solution,	25	mM	MgCl2	

3.1.5.	Antibiotics	

3.1.6.	Media	

Media	 were	 sterilized	 by	 autoclaving	 for	 the	 growth	 of	 bacteria	 and	 Arabidopsis.	

Antibiotics	and	bacteria	were	added	into	the	media	after	cooling	down	to	40-37°C.	

Rifampicin	(Rif)	 100mg/ml	in	DMSO	
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3.2.	Methods	

3.2.1.	Bacterial	methods	

3.2.1.1	Bacterial	strains	and	growth	conditions	

SA187	culture	was	started	from	bacteria	grown	in	LB	agar	plates	for	24	hours	at	28°C.	

One	day	before	 inoculation,	bacterial	strains	were	grown	in	LB	broth	medium	and	

incubated	for	overnight	at	28°C	shaker,	concentration	of	SA187	bacteria	was	adjusted	

to	OD600	0.21(2.105CFU/ml)	in	100	mM	LB	medium.	Pst	culture	of	the	denoted	strains	

was	started	from	bacteria	grown	on	NYG	broth	medium	containing	Rif	antibiotic	and	

incubated	 for	48	hours	at	28°C.	One	day	before	 inoculation,	bacterial	strains	were	

grown	in	LB	broth	medium	containing	Rif	antibiotic	and	incubated	for	overnight	at	

28°C	shaker,	concentration	of	Pst	bacteria	was	adjusted	to	OD600	0.21(2.105CFU/ml)	

in	100	mM	LB	medium.	

	

Arabidopsis	thaliana	media		 Murashige	and	skoog	basal	salt	maxture	

(MS)agar	plates		

SAS187	media		 LB	broth	with	or	without	agar	(lennox)			

Pst	DC3000	hrcC-	and	Pst	DC3000	 NYG	 (5g/L	 bactopeptone,	 3g/L	 yeast	

extract,	 20	 mL/L	 glycerol,	 and	 15	 g/L	

agar)	 plates	 containing	 50	 mg/ml	

rifampicin.	
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3.2.2.	Plant	methods	

3.2.2.1.	 Generating	 plant	 material:	 A.	 thaliana	 seed-surface	 sterilization,	

germination	and	growing	conditions.	

Seeds	sterilization	was	applied	prior	to	in	vitro	sowing	of	Arabidopsis	thaliana	seeds.	

Seeds	were	distributed	 into	1.5	ml	microcentrifuge	 tubes,	 incubated	 in	70%	EtOH	

+0.05%	tritron	for	10	min	in	the	vortex,	washed	in	95-99%	EtOH	three	times	and	dry	

on	 sterile	 Whatman	 paper	 in	 a	 sterile	 hood.	 Seeds	 were	 sown	 on	 ½	 MS	 plates	

(Murashige	 and	 Skoog	 basal	 salts,	 Sigma)	 containing	 either	 no	 bacteria,	 SA187,	

PstDC3000hrcC-,	stratified	for	2	days	at	4	̊C	in	the	dark	after	that	plates	were	placed	

vertically	for	5	days	at	22°C	with	a	16	h	light	/	8	h	dark	period	(long	day	conditions)	

in	the	growth	chambers	(Percival).	Principal	root	length,	lateral	root	and	lateral	root	

density,	pictures	were	taking	using	the	Epson	Perfection	V800	Photo	Scanner	the	root	

measure	 were	 done	 using	 ImageJ	 software	 (https://imagej.net/Welcome).lateral	

roots	were	 counting	using	 the	ZEISS,	 Stemi2000	microscope.	 	 Shoots	and	 roots	of	

control	 and	 salt-treated	plants	grown	 for	12	 to	15	days	were	 separated,	 the	 fresh	

weight	was	determined	before	drying	the	samples	using	sensitive	balance	(METTLER	

TOLEDO).	
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Figure	3.1	Phenotyping	essay	workflow.	

	

3.2.3	RNA	methods	

3.2.3.1.	RNA	extraction,	cDNA	synthesis	and	qPCR	of	A.	thalina	

Total	RNA	was	extracted	from	5-day-old	plants	non-inoculated	and	inoculated	with	

SA187/pst	strains	and	transferred	for	9	more	days	on	1⁄2	MS	plates	with	or	without	

100	mM	NaCl.	For	each	A.	thalina	lines	2-3	seedlings	were	harvested.	Nucleospin	RNA	

plant	kit	(Macherey-Nagel)	was	used	RNA	extraction,	followed	with	DNaseI	treatment	

as	 manufacturer’s	 recommended.	 Total	 RNA	 concentrations	 were	 measured	 by	

NanoDrop	spectrophotometer	(Thermo	Fisher	Scientific).	cDNA	synthesis	was	done	

with	 1	 μg	 total	 RNA,	 oligo-	 dT	 primers	 and	 SuperScript	 III	 reverse	 transcriptase	

(Invitrogen/	 Thermo	 Fisher	 Scientific).	 The	 relative	 expression	 values	 were	

determined	using	CFX96	Touch	Real-Time	PCR	Detection	System	(Bio-Rad)	following	

this	condition:	50	̊C	for	2	minutes,	95	̊C	for	10	minutes;	40×	(95	̊C	for	10	seconds	and	

seed sterilization Day 0

Day
12

• Scan and 

measure 

PR length

• Fresh 

weight

• Dry weight

•Scan, measure PR length and 

count lateral roots

• Transfer 5 days seedling in 

(control, stress plates)
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• Germination 1/2MS+B
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Day 9

Germination –B+B 5 days seedling 

Salt-Control Salt-SA187
Pst DC3000hrcC

• Scan and 

measure PR 

length

• Fresh weight

• Dry weight

Control Control-SA187
Pst DC3000hrcC

Day
15
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60	̊C	 for	 40	 seconds);	 and	 a	 dissociation	 step	 to	 validate	 PCR	 products.	 Three	

biological	 replicates	were	performed	 in	all	 reactions,	 and	 technical	 triplicate	were	

performed	 each	 reaction.	 For	 A.	 thalina	 gene	 expression	 analyses,	 ACTIN2	

(At3g18780)	 and	UBIQUITIN10	 (At4g05320)	were	 used	 as	 reference	 genes.	 Gene	

levels	of	expression	were	calculated	using	the	Bio-Rad	CFX	manager	software.	Primer	

sequences	used	in	this	q-PCR	analysis	are	listed	in	table	(S3.1).	

	

3.2.3.2.	RNA-Seq	assay	and	data	analysis																																																																																								

RNA-seq	 was	 carried	 out	 on	 three	 independent	 biological	 replicates.	 Library	

preparation	and	sequencing	was	performed	on	HiSeq	2500	platform	using	Illumina	

1.9	encoding	resulting	in	125bps	paired-end	reads.	About	50	million	reads	per	sample	

was	 generated.	 Sequenced	 reads	 were	 checked	 for	 quality	 using	 FASTQC	 v0.11.5	

(Andrews	 2012).	 Adapters	 and	 low-quality	 reads	 or	 bps	 were	 filtered	 using	

Trimmomatic	0.36(Bolger,	Lohse,	and	&	Usadel	2014)	,retaining	first	100	bps	and	by	

using	 the	 default	 settings	 available	 for	 paired-end	 reads	 in	 Trimmomatic.	 The	

trimmed	 reads	 were	 then	 cross-checked	 for	 quality	 and	 were	 aligned	 to	 the	

Arabidopsis	thaliana	reference	genome	(TAIR10)	using	Tophat	v2.1.1(Kim	et	al.	2013;	

Trapnell	et	al.	2012;	Trapnell,	Pachter,	and	&	Salzberg	2009)	with	2bp	mismatches	

reporting	one	maximum	hit.	The	annotation	file	was	provided	as	reference	for	reads	

alignment.	MultibamSummary	 from	deepTools2	package	 (Ramírez	et	 al.	 2016)was	

used	to	check	for	the	correlation	between	the	replicates.	Summary	of	read	counts	per	

gene	was	calculated	using	featureCounts	v1.5.1(Liao,	Smyth,	and	&	Shi	2014).	FPKM	
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for	individual	replicates	was	calculated	using	Cufflinks	v.2.2.1	(Trapnell	et	al.	2012).	

Differentially	expressed	genes	between	two	conditions	were	identified	using	CuffDiff	

tool	from	Cufflinks	package	v2.2.1	(Trapnell	et	al.	2012)using	quartile	normalization.	

Genes	 with	 2-fold	 change	 and	 P	 value	 <=	 0.05	 were	 considered	 as	 significantly	

different	 between	 samples	with	 and	without	 PstDC3000hrcC-	 treatment,	 with	 and	

without	 SA187	 treatment,	 under	 normal	 conditions	 against	 salt	 stress	 conditions.	

Hierarchical	 clustering	 of	 the	 differentially	 expressed	 genes	was	 performed	 using	

Mev	v4.8.1	(Howe	et	al.	2011)using	Pearson	correlation	method.	GO	term	enrichment	

in	 each	 gene	 list	 was	 carried	 out	 using	 AgriGO	 (Du	 et	 al.	 2010)	with	 a	 cutoff	 for	

significant	enrichment	 is	P	value	<	0.01	and	calculation	 false	discovery	 rate	<	0.5.	

Venn	 diagrams	 were	 generated	 using	 the	 BioVenn	 online	 tools	 (Oliveros	 (2007-

2015))	(http://bioinfogp.cnb.csic.es/tools/venny/).	

	

3.2.4.	Functional	analysis	

3.2.4.1.	Na+/K+	measurement	using	ICP	analysis	

Shoots	 and	 roots	of	 control	 and	 salt-treated	 plants	 grown	 for	12	 to	15	 days	were	

separated,	the	dry	weight	was	determined,	all	samples	were	measured	individually	

except	for	salt-treated	plants,	where	pools	of	3	samples	for	the	measurements.	Plant	

material	was	dried	at	65°C	for	2	days	and	dry	weight	were	recorded	using	(METTLER	

TOLEDO).	 Samples	were	 digested	 by	 adding	 2	ml	 1%	nitric	 acid	 for	 24-48	h.	 The	

concentrations	 of	 Sodium	 and	 Potassium	 were	 determined,	 using	 Inductively	
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Coupled	Plasma	Optical	Emission	Spectrometer	(Varian	720-ES	ICP	OES,	Australia).	

Na+/	K+	values	were	normalized	to	plant	dry	weight.	

	

3.2.4.2.	Bacteria	colonization	in	different	time	courses	

To	compare	plant	colonization	on	the	shoot	and	root	by	the	different	tested	bacteriain	

different	time	point,	shoots	and	roots	of	control	and	salt-treated	plants	grown	for	9	

to	 15	 days	were	 separated,	 in	 1.5	ml	 Eppendorf	 tube.	 Fresh	weight	was	 recorded	

using	 sensitive	balance	 (METTLER	TOLEDO).	Samples	were	grinding	using	Qiagen	

TissueLyser	 II	Sample	(Disruption	-11843)	 for	2	minutes	with	500	μl	of	extraction	

buffer	(10mM	MgCl2+	0.01%	silwet	77),	samples	were	incubated	for	1hour	at	28°C	

with	shaking	at	300	rpm	(eppendrof,	ThermoMixer	C).	Samples	were	diluted	10-fold,	

and	then	spread	on	LB	agar	or	LB	agar	with	Rif	antibiotic	plates,	and	colony	forming	

units	(CFUs)	were	counted	after	overnight	incubation	at	28	̊C.	Calculated	number	of	

CFUs	was	normalized	to	plant	fresh	weight.	

	

3.2.4.3.	Hormone	content	analysis	A.	thaliana	

Plants	were	harvested	at	day	12,	immediately	frozen	in	liquid	nitrogen,	freeze-dried	

overnight	 in	 a	 Liophylazer	 (LABCONCO).	 They	 were	 aliquoted	 in	 1.5	 mL	 tubes	

(around	10	mg)	and	extracted	with	1.0	mL	of	70%	methanol	containing	the	respective	

phytohormones	internal	standards	(IAA-	ABA-d6-JA	and	d5-SA).	The	measurements	

were	performed	on	an	Agilent	1100	HPLC	system	(Agilent	Technologies,	Böblingen,	
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Germany)	 connected	 to	 an	 LTQ	 Iontrap	 mass	 spectrometer	 (Thermo	 Scientific,	

Bremen,	Germany),	 and	 the	quantification	was	based	on	a	 calibration	 curve	using	

original	IAA,	ABA,	SA,	JA	and	JA-Ile	standards.	

	

3.2.4.4.	Glucosinolates	Analysis	in	A.	thaliana	plants																																																									

	The	glucosinolates	in	were	measured	as	described	by	(Badenes-Perez,	Reichelt,	and	

Heckel	2010).	After	harvested,	plant	material	was	freeze-dried,	aliquoted	in	1.5	mL	

tubes	(around	10	mg)	and	extracted	with	1	mL	of	80%	aqueous	methanol	containing	

50�m	of	 4-hydroxybenzylglucosinolate	 as	 an	 internal	 standard.	 After	 shaking	 (10	

minutes)	the	samples	were	centrifuged	(at	3200	rpm	for	10	min),	and	the	supernatant	

was	transferred	into	pre-conditioned	DEAE	sephadex	columns,	followed	by	sulfatase	

treatment	 and	 elution	 of	 desulfoglucosinolates	 with	 500	 µL	 dd-Water.																																																			

Desulfoglucosinolates	were	separated	in	an	EC	250/4.6	Nucleodur	Sphinx	RP	5	µm	

column	(Macherey	Nagel),	using	acetonitrile	water	as	mobile	phase,	and	quantified	

with	 a	 diode	 array	 detector	 at	 229	 nm	 (Agilent	 1100	 HPLC	 system,	 Agilent	

Technologies,	 Waldbronn,	 Germany),	 using	 a	 relative	 response	 factor	 of	 2.0	 for	

aliphatic	and	0.5	for	indole	glucosinol.	

	

3.2.4.5.	Generation	of	GFP-	Pst	DC3000	hrcC-		

GFP	expressed	by	assembled	the	mini-Tn7	transposon	system	was	used	to	labeled	Pst	

DC3000	hrcC-(Choi	 et	 al.	 2005).	Pst	DC3000	hrcC-	rifampicin	 resistant	mutant	was	

selected	by	plating	 the	bacteria	on	LB	plates	 contains	75	and	 then	100	µg	/ml,	 an	
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overnight-grown	culture	of	Pst	DC3000	hrcC-	was	plated	on	LB	agar	plates	contains	

50µg/mL	 rifampicin,	 plates	 were	 incubated	 at	 28°C	 for	 24	 h,8-10	 colonies	 were	

applied	on	a	spontaneous	Rifampicin	resistant	strain.	Pst	DC3000	hrcC-	were	streaked	

twice	on	LB	plates	 containing	100	μg.	mL-1	 rifampicin	and	after	 that	 twice	on	LB	

plates	supplemented	with	200	μg.	mL-1	of	rifampicin.	GFP	cassette	was	introduced	to	

Pst	DC3000	hrcC-	resistant	mutant	by	conjugation	(Lambertsen,	Sternberg,	and	Molin	

2004).	109	cells	 for	E.	coli	SM10λpir	harboring	the	helper	plasmid	pUX-BF13	pUX-

BF13,	a	mini-Tn7(GFP	donor)	plasmid	and	mobilizer	pRK600	plasmid	and	1010	cells	

of	the	strain	were	mixed	gently	and	incubated	16hrs	on	sterile	nitrocellulose	filter.	

Bacteria	cell	conjugation	culture	was	resuspended	in	saline	buffer	(9	g/L	NaCl)	and	

spread	 on	 LB	media	with	 rifampicin	 antibiotics	 to	 select	 transformed	Pst	DC3000	

hrcC-.	 Positive	 colonies	 were	 visualization	 by	 fluorescence	 microscopy	 for	 GFP	

fluorescence	and	genotype	by	16S	rRNA	gene	sequencing	for	conformation.	

	

3.2.4.6.	Confocal	microscopy		

A.	thaliana	seedlings	colonized	with	GFP-labeled	PstDC3000hrcC-	were	imaged	using	

an	 inverted	 ZEISS	 LSM	 880	 with	 Airyscan.	 Samples	 were	 mounted	 in	 propidium	

iodide	(PI)	and	images	were	acquired	using	an	LD	LCI	Plan-Apochromat	40×/1.20	W	

Korr	water-immersion	objective	DIC	M27.	GFP	fluorescence	was	excited	with	a	488	

laser,	detected	with	509-550	nm	wave	length	a.	PI	was	excited	using	a	543	nm	laser	

and	emission	collected	with	the	605-660nm.	Images	were	processed	using	the	Zen	

software	(Black	edition).	
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3.3.	Supplementary		

Table	S	3.1	Primer	pairs	used	for	qPCR	validation	

Oligonucleotides	used	in	this	study	

Name	 Purpose	 Sequence5’								3’	

RJ32-MAM1-F3	 qPCR	analysis	 AATTCGGAGAACTCGTGGCCT	

RJ33-MAM1-R3	 qPCR	analysis	 GCTCCCGCACATATACCGGAT	

M0503-MYB28-F	 qPCR	analysis	 TCCCTGACAAATACTCTTGCTGAT	

M0504-MYB28-R	 qPCR	analysis	 CATTGTGGTTATCTCCTCCGAATT	

AE-IGMT3-F	 qPCR	analysis	 TCCCATTGCCAGTTTGTTTGC	

AE-IGMT3-R	 qPCR	analysis	 CTCGAAAGACAAAGAGAGGCAT	

AE-CYP71A12-F	 qPCR	analysis	 AACGAACCGCCAACAAAGTG	

AE-CYP71A12-R	 qPCR	analysis	 TGGTCCGTACCGAAGGCTTA	

M0495-MYB122-F	 qPCR	analysis	 CACGCCATTCATGGCAACAA	

M0496-MYB122-R	 qPCR	analysis	 GGGATTTGTGGGTCAACGGA	

M0503-MYB28-F	 qPCR	analysis	 TCCCTGACAAATACTCTTGCTGAT	

M0504-MYB28-R	 qPCR	analysis	 CATTGTGGTTATCTCCTCCGAATT	

AZ-MYB122-F3	 qPCR	analysis	 CACGCCATTCATGGCAACAA		

AZ-MYB122-R3	 qPCR	analysis	 GGGATTTGTGGGTCAACGGA		

AZ-	HKT1	-F	 qPCR	analysis	 TCTTCTTGGAGTGACGGTGC		

AZ-	HKT1	-R	 qPCR	analysis	 TAGTTTCTCCGGTGTGTCGC		
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HA292	-WRY70-F	 qPCR	analysis	 TGCTCTTGGGAGTTTCTGCGTTG		

HA293	-WRY70-R	 qPCR	analysis	 TGAGCTCGAACCCAAGATGTTCAG		

HA294-	IAA6-F	 qPCR	analysis	 GGATGGTGTGCCATACATGA	

HA295-	IAA6-R	 qPCR	analysis	 GCATCCAGTCTCTATCCTTG	

AZ-IGMT1-F3	 qPCR	analysis	 GCTCTGTAGACCCTCTCGC	

AZ-IGMT1R3	 qPCR	analysis	 GCTCTGTAGACCCTCTCGC	

AZ-CYP83A1-F3	 qPCR	analysis	 ATCCCTCGTGCTTGCATTCA	

AZ-CYP83A1-R3	 qPCR	analysis	 AGTCCGTGCCTTTGAAGTCA	

RJ30-BCAT4-F	 qPCR	analysis	 CAGAAGATGGTCGGATTCTGCTA		

RJ31-BCAT4-R	 qPCR	analysis	 GGCAAAAGCTGTGAAGGTGGT		
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CHAPTER	4.	Disarmed	Pseudomonas	syringae	enhances	salt	tolerance	in	

Arabidopsis	thaliana	
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4.1.	Abstract	

Plants	can	respond	to	multiple	abiotic	and	biotic	stresses	simultaneously,	but	biotic	

stress	can	also	interfere	with	plant	resistance	to	abiotic	stress.	In	the	present	study,	

we	compared	the	beneficial	bacterium	Enterobacter	sp.	SA187	to	virulent	and	non-

virulent	Pst	DC3000	strains	to	study	how	Arabidopsis	plants	that	have	been	inoculated	

with	these	pathogenic	or	non-pathogenic	strains	behave	under	salt	stress	conditions.	

In	 contrast	 to	Pst	 DC3000,	 Pst	 DC3000	 hrcC-,	 which	 is	 unable	 to	 deliver	 effectors,	

enhanced	plant	salt	stress	tolerance	by	inducing	salt	tolerance	through	reduction	of	

the	 shoot	 Na+/K+	 ratio.	 Transcriptome	 analyses	 indicate	 that	 Pst	 DC3000	 hrcC-	

modulates	a	number	of	pathways	under	salt	stress	conditions.	Of	major	importance	
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seems	to	be	the	biosynthesis	of	alkyl	glucosinolates.	The	phytohormones	JA,	SA,	IAA	

and	 ET	 also	 modulate	 the	 beneficial	 activity	 of	 Pst	 DC3000	 hrcC-	 on	 salt	 stress	

tolerance	in	Arabidopsis.	These	results	reveal,	that	besides	a	repertoire	of	effectors,	

Pst	 DC3000	 also	 produces	 factors	 that	 beneficially	 influence	 plant	 growth	 under	

certain	abiotic	stress	conditions.	

	

4.2.	Introduction		

Various	 abiotic	 stresses	 (drought,	 salinity,	 heat,	 cold,	 etc.)	 and	 biotic	 stresses	

(Pathogens	(viruses,	bacteria	and	fungi),	Insects,	Nematodes	etc.)	affect	plant	growth	

in	all	stages	and	crop	productivity	worldwide	(Atkinson	and	Urwin,	2012,	Ben	Rejeb	

et	 al.,	 2014,	 Suzuki	 et	 al.,	 2014).	 Abiotic	 stresses	 can	 reduce	 the	 average	 plant	

productivity	 by	 66%	 to	 75%,	 while	 the	 biotic	 stresses	 can	 reduce	 average	 plant	

productivity	only	 by	5%	 to	10%,	 depending	 on	 the	 crop	 (Buchanan	 et	 al.	 2000.	 ).	

Among	the	abiotic	stresses,	salt	stress	plays	a	major	role	in	limiting	plant	growth	and	

soil	salinity	is	a	global	issue	strongly	affecting	agricultural	output	(Svistoonoff	et	al.,	

2014,	Streng	et	al.,	2011).		

Most	research	concentrates	on	understanding	plant	responses	to	individual	abiotic	

or	 biotic	 stresses	 (Todaka	 et	 al.	 2012;	 Stotz	 et	 al.	 2014;	 Qin,	 Shinozaki,	 and	

Yamaguchi-Shinozaki	2011),	but	multiple	stress	combinations	that	frequently	occur	

in	 nature	 often	 produce	 surprising	 outcomes.	 For	 example,	 plants	 that	 resist	 to	

pathogen	infection	can	become	more	resistant	to	other	biotic	stresses	(Bowler	and	

Fluhr	2000),	but	biotic	stress	can	also	interfere	with		plant	resistance	to	abiotic	stress.	
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This	effect	is	detectable	when	plants	are	under	pathogen	attack,	since	infection	with	

pathogen	 may	 cause	 stomatal	 closure	 to	 prevent	 pathogen	 entry	 and	 as	 a	

consequence	the	water	loss	is	reduced	and	leads	to	enhanced	plant	resistance	(Goel	

et	al.	2008).	Many	strategies	have	been	used	to	minimize	the	impact	of	salt	stress	on	

plant	growth	 such	as	genetic	 engineering	 (Wang	et	 al.,	 2003)	and	 the	use	of	plant	

beneficial	 microorganisms	 (Dimkpa	 et	 al.,	 2009(Bulgarelli	 et	 al.	 2012;	 Bai	 et	 al.	

2015)).		

In	the	present	study,	we	aim	to	focus	on	the	cross-tolerance	between	a	biotic	stress	

(Pathogens)	and	an	abiotic	one	(salt	stress)	as	a	part	of	induced	salt	resistance	for	

defense	in	Arabidopsis	thaliana	plants.	We	tested	the	impact	of	nonvirulent	derivative	

Pst	 DC3000	 hrcC-	 on	 Arabidopsis	 thaliana	 subjected	 to	 a	 mild	 salt	 stress	 and	

demonstrate	that	in	contrast	to	pathogenic	Pst	DC3000	(which	reduces	plant	growth	

under	 non-salt	 and	 salt	 stress)	 the	 nonvirulent	 Pst	 DC3000	 hrcC-	 enhances	 plant	

growth	under	salt	stress	but	not	under	normal	conditions.		

Pst	DC3000	is	a	model	organism	for	studying	plant-pathogen	interactions	(Buell	et	al.,	

2003)	and	a	key	factor	in	the	pathogenicity	of	Pst	DC3000	and	many	other	plant	and	

animal	 bacteria	 is	 the	 type	 III	 secretion	 system	 for	 delivering	 virulence	 effector	

proteins	into	host	cells	(Bonas	and	Lahaye	2002).	P.	syringae	hrp/hrc	mutants,	which	

lack	a	functional	type	III	secretion	system,	lose	their	ability	to	elicit	the	hypersensitive	

response	(HR)	in	non-host	plants	and	pathogenicity	in	host	plants	(Boch	et	al.	2002;	

Worley	et	al.	2013).	Interestingly,	the	inoculation	of	the	non-virulent	Pst	DC3000	hrcC-	

strain	during	seed	germination	enhances	Arabidopsis	plant	growth	under	salt	stress.	
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Combining	 transcriptomic	 and	 biochemical	 approaches,	 it	 appeared	 that	 a	 set	 of	

glucosinolate	 (GS)	and	hormones	 related	genes	were	 induced	 in	plants	 inoculated	

with	Pst	DC3000	hrcC-.		

GS	are	plant	secondary	metabolites	that	contain	nitrogen	(N)	and	sulfur	(S)	(Zareba	

and	 Serradell,	 2004,	 Finley,	 2005).	 GSs	 are	 classified	 into	 aliphatic	 (derived	 from	

methionine,	named	AGSs),	aromatic	(derived	from	phenylalanine	or	 tyrosine),	and	

indolic	(derived	from	tryptophan,	IGSs)	glucosinolates	(Fahey	et	al.,	2001,	Wittstock	

and	Halkier,	2002).	Around	40	different	glucosinolates	have	been	reported	so	far	in	

A.	thaliana	(Reichelt	et	al.,	2002,	Brown	et	al.,	2003),	which	were	shown	to	play	a	role	

in	plant	defense	against	pathogens	and	herbivores	(Ishida	et	al.,	2014).	 It	has	also	

been	 reported	 that	 two	 R2R3-MYB	 transcription	 factors,	MYB28	 and	MYB29,	 are	

essential	 for	 aliphatic	 glucosinolate	 biosynthesis	 (AGSs)	 (Hirai	 et	 al.,	 2007,	

Gigolashvili	 et	 al.,	 2007),	 while	MYB34,	MYB51,	 and	MYB122	 regulate	 the	 indolic	

glucosinolate	biosynthesis	(IGSs)	(Gigolashvili	et	al.,	2007).	Here	we	report	that	Pst	

DC3000	hrcC-	significantly	increases	the	growth	of	Arabidopsis	under	salt	stress	while	

it	 reduces	plant	growth	under	 the	normal	 conditions.	These	 results	 show	 that	 the	

non-virulent	pathogen	Pst	DC3000	hrcC-	plays	an	important	role	in	helping	plants	to	

overcome	salt	stress.	
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4.3.	Results		

	4.3.1.	Pst	DC3000	hrcC-	enhances	salt	stress	tolerance	in	Arabidopsis	

We	compared	the	effects	of	the	virulent	Pst	DC3000,		non-virulent	Pst	DC3000	hrcC-		

and	 	 beneficial	 bacterial	 strain	 Enterobacter	 SA187	 (de	 Zélicourt	 et	 al.	 2018)	 on	

Arabidopsis	 plant	 growth	 cultured	 under	 normal	 and	 salt	 stress	 conditions.	 In	

contrast	to	beneficial	SA187,	Pst	DC3000	and	Pst	DC3000	hrcC-	severely	reduced	the	

growth	 of	 Arabidopsis	 plants	 cultured	 under	 normal	 conditions	 (Figure	 4.1A).	

However,	under	salt	stress	conditions,	SA187	and	Pst	DC3000	hrcC-,	but	not	Pst	DC	

3000,	enhanced	plant	growth.	

To	 further	analyze	 the	 impact	of	Pst	DC3000	hrcC-	on	plant	growth	we	performed	

different	 characterization	experiments	 (Figure	4.1B).	Under	normal	 conditions,	all	

morphological	parameters	were	reduced	in	the	plants	treated	with	Pst	DC3000	hrcC-

:	total	dry	weight	(-48%),	total	fresh	weight	(-56%),	the	principal	root	length	(-62%)	

and	root	fresh	weight	(-44%)	apart	from	lateral	root	density,	which	increased	by	8%	

(Figure	4.1C).	On	 the	other	hand,	under	 salt	stress	 conditions	 (1/2	MS	+	100	mM	

NaCl),	inoculated	plants	performed	better	than	the	non-inoculated	ones,	showing	an	

increase	 in	 plant	 fresh	weight	 (+25%)	 and	 total	 dry	weight	 (+24%).	 For	 the	 root	

parameters,	although	the	root	length	decreased	by	-24%	compared	to	non-inoculated	

plants,	the	root	fresh	weight	increased	by	6%	due	to	the	increase	in	the	lateral	root	

density,	(+43%),	(Figure	4.1	C).	
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Figure	4.1	Pst	DC3000	hrcC-	enhances	salt	stress	tolerance	in	Arabidopsis.	

	(A)	Arabidopsis	thaliana	(Col-0)	inoculated	with	SA187,	Pst	DC3000	hrcC-	and	Pst	DC3000	transferred	
from	1⁄2	MS	 to	1⁄2	MS	+	100	mMNaCl	 (5+12	days).	Pictures	 represent	means	of	 three	biological	
experiments.	(B)	Pst	DC3000	hrcC-	colonized	17-day-old	seedling	showing	enhanced	growth	under	salt	
stress	(1/2	MS	+	100mM	NaCl).	(C)	Total	plant	dry	weight	and	fresh	weight	of	17-20-day-old	seedlings	
as	well	as	root	length	and	lateral	root	density	of	14-day-old	seedlings	inoculated	by	Pst	DC3000	hrcC-	
or	mock-treated	transferred	5	days	after	germination	from	1/2	MS	to	1/2	MS	with	or	without	100mM	
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NaCl	are	plotted.	All	plots	represent	the	means	of	3	biological	replicates	(n	=36).	Error	bars	represent	
SE.	Asterisks	indicate	a	statistical	difference	based	on	the	Mann-Whitney	U	Test	(P	<	0.05;	P	<	0.01;	P	
<	0.001),	compared	to	the	mock	plants	in	the	same	condition.	

	

4.3.2.	Pst	DC3000	hrcC-	 reduces	 the	 shoot	Na+/K+	 ratio	of	Arabidopsis	 plants	
under	salt	stress	conditions.	

Under	salt	stress,	plants	must	maintain	low	Na+	and	high	K+	concentrations	in	the	

cytosol	to	ensure	proper	ion	homeostasis	(Zhu	2003;	Pardo	et	al.	2006).	Therefore,	

we	measured	Na+	and	K+	contents	in	shoots	and	roots	of	Pst	D3000	hrcC-	inoculated	

and	 non-inoculated	Arabidopsis	 plants,	 which	were	 grown	on	 1/2MS	 (for	 5	 days)	

before	 transfer	 to	 1/2MS	 +	 100	mM	 NaCl.	 Under	 this	 condition,	 the	 Na+	 content	

increased	in	both	roots	and	shoots	of	non-inoculated	plants	(Figure	4.2	A	and	D),	at	

the	same	time	as	the	K+	content	decreased	(Figure	4.2	B	and	E),	causing	an	increase	

in	 the	 Na+/K+	 ratio	 (Figure	 4.2	 C	 and	 F).	 Plants	 inoculated	with	Pst	 D3000	 hrcC-	

showed	a	reduced	increase	of	Na+	and	decrease	of	K+	in	both	shoots	and	roots,	then	

in	non-inoculated	plants	(Figure	4.2	A,	B,	D).		The	combined	effects	resulted	in	a	lower	

Na+/K+	 ratio	 in	 the	 inoculated	 plants	 (1.4	 for	 shoots,	 and	 0.7	 for	 roots)	 when	

compared	to	non-inoculated	ones	(4.8	for	shoots	and	1.1	for	roots)	(Figure	4.2	C	and	

F).	The	overall	decrease	of	the	Na+/K+	ratios	may	explain	the	enhanced	salt	tolerance	

of	Pst	D3000	hrcC-	inoculated	Arabidopsis	plants.	
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Figure	4.2	Pst	DC3000	hrcC-	enhances	salt	stress	tolerance	by	reducing	the	shoot	Na+/K+	ratio	
in	Arabidopsis	plants.		

(A)	Shoot	Na+	content,	(B)	shoot	K+	content	(C)	shoot	Na+/K+	ratio.	(D)	Root	Na+	content,	(E)	root	K+	
content	(F)	root	Na+/K+	ratio	of	17-days-old	mock-	or	Pst	DC3000	hrcC-	-inoculated	Arabidopsis	plants.	
All	 plots	 represent	 the	mean	 of	 three	 biological	 replicates,	 and	 error	 bars	 represent	 SE.	 Asterisks	
indicate	a	 statistical	difference	based	on	 the	Mann-Whitney	U	Test	 (P	<	0.05;	P	<	0.01;	P	<	0.001),	
compared	to	the	mock	plants	in	the	same	condition.	
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4.3.3.	Pst	DC3000	hrcC-	colonizes	both	shoot	and	root	tissue	

To	 follow	 the	 infection	 process	 of	 Arabidopsis	 by	 Pst	 DC3000	 hrcC-,	 we	 stably	

transformed	 the	 strain	 to	 constitutively	express	GFP	 (Pst	DC3000	hrcC-GFP).	After	

germinating	the	Arabidopsis	seeds	on	½	MS	containing	at	a	CFU	of	106/ml	Pst	DC3000	

hrcC-GFP	for	5	days,	plants	were	transferred	to	fresh	solid	½	MS	or	½	MS+	100	mM	

NaCl	 medium.	 At	 9	 or	 12	 days	 after	 transfer,	 we	 observed	 roots	 and	 shoots	 for	

bacterial	colonization	by	confocal	microscopy.	Pst	DC3000	hrcC-GFP	colonized	mainly	

the	surface	of	both	shoots	and	roots.	In	roots,	the	colonization	occurred	preferentially	

in	the	differentiation	zone	of	the	principal	root	(Figure	4.3	A,	B).		

Additionally,	quantification	of	 the	number	of	colonies	 forming	units	(CFU)	showed	

that	Pst	DC3000	hrcC	 colonized	preferentially	 roots	under	both	normal	and	 saline	

conditions	(Figure	4.3	C).		

Additionally,	quantification	of	 the	number	of	colonies	 forming	units	(CFU)	showed	

that	 Pst	 DC3000	 hrcC	 colonized	 preferentially	 roots	 under	 normal	 and	 saline	

conditions	12	days	after	transferring	(Figure	4.3	C).		
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Fig	4.3.	Pst	DC3000	hrcC-	colonizes	both	shoot	and	root	tissues.		

(A)	 Colonization	 of	 Arabidopsis	 roots	 with	 GFP-expressing	 Pst	 DC3000	 hrcC-,	 Bar=20	 µm	 (B)	
Colonization	 of	 Arabidopsis	 shoots	 with	 GFP-expressing	 Pst	 DC3000hrcC-,	 Bar=50	 µm	 (C)	
Quantification	of	by	Pst	DC3000	hrcC-	in	the	shoot	and	root	by	counting	colony	forming	units	(CFU)	
after	normalization	to	plant	fresh	weight	(g).		-Pst	DC3000	hrcC-	inoculated	Arabidopsis	plants	grown	
on	1⁄2	MS	with	or	without	100mM	NaCl	(for	12	days	after	transferring).	All	plots	represent	the	mean	
of	three	biological	replicates,	and	error	bars	represent	SE.	Asterisks	indicate	a	statistical	difference	
based	on	the	Mann-Whitney	U	Test	(P	<	0.05;	P	<	0.01;	P	<	0.001).	

	

4.3.4.	Global	transcriptomic	profile	shows	that	Pst	DC3000	hrcC-	modulates	the	
expression	of	defense	and	hormone	related	genes	under	salt	stress	conditions		

To	understand	better	how	Pst	DC3000	hrcC-	enhances	salt	tolerance	in	Arabidopsis	

plants,	 we	 performed	 transcriptome	 analysis	 (RNA-seq)	 on	 14-day	 old	 plants	

inoculated	with	or	without	Pst	DC3000	hrcC-,	and	grown	under	normal	and	salt	stress	

conditions,	resulting	in			4	different	conditions	(Mock;	Mock	+	Salt;	hrcC-;	hrcC-	+	Salt).		

Compared	 to	 “Mock”	 conditions,	 1251,	 1272	 and	 1464	 genes	 were	 found	 to	 be	

differentially	expressed	in	the	“hrcC”,	“Salt”	and	“hrcC	+Salt”	samples,	respectively.	To	
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obtain	 a	 global	 profile,	 all	 significantly	 regulated	 genes	 were	 combined	 and	

hierarchically	clustered	into	10	groups	and	analyzed	for	gene	ontology	enrichment	

(Figure	4.4	A,	B).	Cluster	3	(1213	genes)	and	9	(485	genes)	showed	specific	effects	of	

Pst	 DC3000	 hrcC	 –	 under	 both	 normal	 and	 salt	 stress	 conditions.	 Cluster	 3	 shows	

enrichment	 of	 gene	 families	 involved	 in	 defense,	 secondary	 metabolic	 process,	

response	 to	 jasmonic	 acid	 stimulus,	 response	 to	 stress,	 response	 to	 stimulus	 and	

glucosinolate	 biosynthetic	 process.	 Cluster	 9	 showed	 specific	 enrichment	 gene	

families	 involved	 in	 response	 to	 bacteria,	 innate	 immune	 response,	 pigment	

biosynthesis	 process,	 glucosinolate	 biosynthetic	 process	 and	 sulfur	 metabolic	

process.		

Specific	effects	of	Pst	DC3000	hrcC	-	on	the	transcriptome	of	Arabidopsis	under	salt	

stress	were	observed	in	clusters	8	(836	genes)	and	10	(283	genes).		Cluster	8	consists	

of	known	salt	stress	genes	upregulated	 in	non-inoculated	plants	grown	under	salt	

stress,	which	were	strongly	downregulated	in	the	presence	of	Pst	DC3000	hrcC-	under	

this	condition,	but	not	under	normal	ones.		These	genes	have	GO	terms	of	response	to	

abiotic	stimulus,	response	to	water	deprivation,	response	to	abscisic	acid,	response	

to	osmotic	stress	and	pigment	biosynthesis	process.	Cluster	10	contains	genes	that,	

on	the	other	hand,	were	only	upregulated	in	the	Pst	DC3000	hrcC-.	inoculated	plants	

under	salt	stress.	These	genes	are	involved	in	responses	to	hormones,	abiotic	stress,	

auxin,	response	to	endogenous	stimulus,	secondary	metabolic	process.		
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Figure	4.4.	Transcriptome	analysis	of	Arabidopsis	response	to	Pst	DC3000	hrcC-under	salt	stress	
condition.		

(A)Hierarchical	clustering	of	up-	and	down-regulated	genes	in	Arabidopsis	seedlings	in	response	to	Pst	
DC3000	hrcC-,	 salt	 (100mMNaCl).	For	every	gene,	FPKM	values	were	normalized.	Heat	map	colors	
indicate	 expression	 levels.	 (B)	 Expression	 profiles	 and	 enrichment	 of	 genes	 with	 GO	 terms	 for	
interesting	clusters.		
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4.3.5.	 Pst	 DC3000	 hrcC-	 regulates	 genes	 involved	 in	 glucosinolate,	 hormone	
biosynthesis	and	salt	tolerance		

The	 transcriptome	 data	 indicated	 that	 a	 large	 set	 of	 GS-related	 genes	 are	 either	

constitutively	 expressed	 or	 induced	 in	 the	 colonized	 plants	 under	 salt	 stress.	 To	

validate	 these	 patterns,	 we	 performed	 qRT-PCR	 analysis	 on	 the	 expression	 of	 GS	

biosynthetic	genes	and	regulators	on	three	independent	sets	of	samples	(Figure	S4.1).	

Transcript	levels	of	AGS	related	genes	BACT4	and	CYP83A1	were	significantly	higher	

in	response	to	Pst	DC3000	hrcC-	compared	to	non-inoculated	plants	in	both	normal	

and	salt	stress	conditions.		Transcript	levels	of	IGS	related	genes	CYP79B3	and	IGMT1	

were	 significantly	 higher	 only	 under	 the	 normal	 conditions	 compared	 to	 control	

plants,	while	MAM1	and	MYB122	showed	no	significant	difference	in	the	expression	

levels.	Furthermore,	the	transcription	factor	WRKY70,	which	regulates	the	jasmonate	

(JA),	ethylene	(ET)	and	the	salicylic	acid	(SA)	signaling	pathways	(Journot-Catalino	et	

al.	2006),	was	expressed	more	in	the	presence	of	Pst	DC3000	hrcC-	compared	to	non-

inoculated	 plants	 under	 normal	 conditions,	 but	 under	 salt	 stress	 it	 presented	 the	

opposite	behavior.	Additionally,	the		Na+	transporter	HKT1	(Uozumi	et	al.	2000),	was	

highly	 upregulated	 in	 Pst	 DC3000	 hrcC-	 inoculated	 plants	 only	 under	 salt	 stress	

conditions.		
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4.3.6.	 Pst	 DC3000	 hrcC-	 modifies	 the	 levels	 of	 aliphatic	 and	 indolic	
Glucosinolates	

It	has	been	reported	that	salt	stress	may	 increase	the	 level	of	some	glucosinolates	

(Qasim,	 Ashraf,	 Ashraf,	 et	 al.	 2003;	 López-Berenguer	 et	 al.	 2008;	 Keling	 2010).	

Therefore,	 we	 determined	 the	 amounts	 of	 	 alkyl-GSs:	 (3-methylsulfinylpropyl	 GS	

(Glucoberine	 or	 3MSOP),	 4-methylsulfinylbutyl	 GS	 (glucorahanin	 or	 4MSOB),	 5-

methylsulfinylpentyl	 GS	 (glucoalyssinor,	 5MSOP),	 7-methylsulfinylheptyl	 GS	

(glucosibarin	or	7MSOH),	8-methylsulfinyloctyl	GS	(glucohirsutin	or	8MSOO)	and	4-

methylthiobutyl	 GS	 (4MTB),	 and	 Indole-GSs	 ((Indol-3-yl-methyl	 GS	 (I3M),	 4-

methoxy-Indol-3-yl-methyl	 GS	 (4MOI3M)	 and	 1-methoxy-Indol-3-yl-methyl	 GS	

(1MOI3M)).	

Pst	DC3000	hrcC-	stimulates	the	production	of	almost	all	glucosinolates	under	both	

normal	and	salt	stress	conditions	(Figure	5	A,	B).	There	are	only	three	exceptions:	

4MTB,	4MOI3M	and	I3M,	 in	which	 induction	caused	by	the	bacteria	under	normal	

conditions	was	abrogated	under	salt	stress.	These	results	 indicate	that	Pst	DC3000	

hrcC-	 induces	 accumulation	 of	 GSs	 in	 Arabidopsis,	 but	 that	 salt	 stress	 negatively	

impinges	on	the	regulations	of	some	compounds.		
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Figure	4.5	Quantification	of	glucosinolate	biosynthesis	pathway	intermediates	in	Arabidopsis	
treated	with/without	Pst	DC3000	hrcC-	under	salt	stress.		

(A)Accumulation	 of	 selected	 Aliphatic	 Glucosinolates	 (B)	 Accumulation	 of	 selected	 Indolic	
Glucosinolates	 Indolic	 of	 17-day-old	 mock-,	 Pst	 DC3000	 hrcC-	 -inoculated	 Arabidopsis	 seedlings	
exposed	for	12	days	to	1⁄2	MS	with	or	without	100	mM	NaCl.	All	plots	represent	the	mean	of	three	
biological	replicates,	and	error	bars	represent	SD,	Asterisks	indicate	a	statistical	difference	based	on	
the	T-	test	(P	<	0.05;	P	<	0.01;	P	<	0.001),	Compared	to	the	mock	plants	in	the	same	condition.	
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4.3.7.	 The	 role	 of	 the	 glucosinolates	 in	 the	 response	 to	 Pst	DC3000	 hrcC-	 in	
Arabidopsis	thaliana	plants	culture	under	normal	and	salt	stress	conditions	

To	study	the	influence	of	glucosinolates	on	the	beneficial	impact	of	Pst	DC3000	hrcC-,	

Arabidopsis	mutants	defective	in	the	GS	pathways	were	analyzed	for	their	fresh	and	

dry	weight,	principal	root	length	and	lateral	root	density	in	the	same	experimental	

set-up	 as	 previously	 described.	 The	 TFs	 MYB28	 and	 MYB29	 control	 Alkyl-GSs	

(Sønderby	 et	 al.	 2010),	 while	 MYB34,	 MYB51	 and	 MYB122	 regulate	 Indole-GSs	

(Frerigmann	and	Gigolashvili	2014).		

We	analyzed	mutants	of	the	above	genes	upon	inoculation	with	Pst	DC3000	hrcC-	in	

the	absence	and	presence	of	salt	stress.	In	normal	conditions,	the	Alkyl-GSs	myb28-

1/myb29-1	mutant	was	compromised	in	all	growth	parameters	(total	fresh	weight,	

aerial	and	root	fresh,	principal	root	length,	lateral	root	density)	when	compared	to	

the	wild	type	plants.	(Figure	4.6	A	and	B,	Figure	S	4.2	–	Figure	S	4.5).	When	inoculated	

with	Pst	DC3000	hrcC-	(Figure	4.6	B),	this	mutant	showed	a	decrease	(around	-50%)	

in	almost	all	of	these	parameters	in	comparison	to	non-inoculated	plants.		Under	salt	

stress	conditions,	the	beneficial	effect	of	Pst	DC3000	hrcC-,	which	is	evident	on	wild	

type	plants	(Figure	4.6)	was	completely	lost	and	the	bacteria	even	inhibited	growth	

in	myb28-1/myb29-1	plants	when	compared	to	the	non-inoculated	plants.		
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Figure	4.6	Glucosinolate	biosynthesis	is	important	for	the	beneficial	impact	of	Pst	DC3000	hrcC-	
under	salt	stress.		

Total	fresh	weight	of	glucosinolate	biosynthesis	pathway	mutants	transferred	from	1⁄2	MS	to	1⁄2	MS	
+	100	mM	NaCl	(5+12,17	days	respectively).	Values	represent	means	of	three	biological	experiments,	
each	in	three	technical	replicates,	and	error	bars	represent	SE,	Asterisks	indicate	a	statistical	difference	
based	 on	 the	Mann-Whitney	 U	 test	 (P	 <	 0.05;	 P	 <	 0.01;	 P	 <	 0.001)	when	 compared	 to	 the	mock	
inoculated	plants	in	the	same	condition.	The	numbers	above	bars	indicate	the	beneficial	ratio	(ratio	
between	fresh	weight	of	PstDC3000hrcC-	and	mock-inoculated	seedlings).	

	

In	contrast	 to	 the	Alkyl-GSs	mutant,	 the	 Indole-GSs	myb34/myb51/myb122	mutant	

did	not	show	negative	growth	defects	under	normal	conditions	(Figure	4.6	A),	and	

upon	inoculation	of	Pst	DC3000	hrcC-	the	triple	mutant	behaved	as	the	WT,	presenting	

a	reduction	in	plant	growth	when	compared	to	non-inoculated	plants	(Figure	4.6	and	

Figure	S	4.2).	



 72 

	 To	 further	 investigate	 the	 glucosinolate	 biosynthetic	 pathway,	 the	

glucosinolate	contents	were	determined	in	Arabidopsis	mutants	and	wild-type	plants.	

We	analyzed	six	AGSs:	3MSOP,	4MSOB,	5MSOP,	7MSOH,	8MSOO	and	4MTB	(Figure	S	

4.3),	 and	 three	different	 IGSs:	 I3M,	4MO13M,	1MOI3M	(Figure	S	4.4)	as	described	

previously.	 	The	Alkyl-GSs	myb28-1/myb29-1	mutant	proved	to	be	very	efficient	 in	

shutting	down	the	Alky-GS	biosynthetic	pathway,	since	only	traces	of	alkyl	GS	were	

found	in	this	mutant	in	all	experimental	conditions:	normal	and	salt	stress,	with	or	

without	 bacterial	 inoculation	 (Figure	 S6).	 	 This	 robust	 reduction	 in	 alkyl	 GS	 is	

responsible	for	the	strong	decrease	in	the	total	GS	content	in	comparison	to	WT	plants	

(Figure	 4.7).	 Such	 a	 strong	 behavior	 is	 not	 seen	 in	 the	 Indole-GSs	

myb34/myb51/myb122	mutant.	Although,	when	compared	to	WT	plants,	this	mutant	

presents	 lower	amounts	of	all	 indole	glucosinolates	measured	here	(I3M,	4MOI3M	

and	1MOI3M,	Figure	S6),	the	reduction	is	not	as	pronounced	as	for	Alkyl-GS	in	the	

myb28-1/myb29-1	mutant.	This	fact,	together	to	the	high	concentration	of	Alkyl-GS	

(Figure	S	4.3)	makes	 the	amount	of	 total	GS	to	be	 similar	as	 the	 Indole-GSs	 in	 the	

myb34/myb51/myb122	mutant	and	in	WT	plants	cultured	under	the	same	conditions	

(Figure	4.7).	
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Figure	 4.7	 Total	 glucosinolate	 contents	 in	 Arabidopsis	 mutants	 after	 inoculation	 with	 Pst	
DC3000	hrcC-.	

Accumulation	 of	 glucosinolates	 of	 20-day-old	mock-	 or	 Pst	 DC3000	 hrcC-	 -inoculated	 Arabidopsis	
plants	grown	on	1⁄2	MS	without	or	with	100	mM	NaCl.	All	plots	represent	the	means	of	three	biological	
replicates,	and	error	bars	represent	SEs.	Asterisks	indicate	a	statistical	difference	based	on	the	T-	test	
(P	<	0.05;	P	<	0.01;	P	<	0.001)	when	compared	to	mock-inoculated	plants	in	the	same	condition.	The	
numbers	above	bars	indicate	the	beneficial	ratio	(ratio	between	fresh	weight	of	PstDC3000hrcC-	and	
mock-inoculated	seedlings).	

	

Moving	 to	 plants	 inoculated	 with	 Pst	 D3000	 hrcC-,	 both	 mutant	 lines	 (myb28/29	 and	

myb34/51/122)	 showed	 a	 similar	 accumulation	 of	 total	 glucosinolates	 (+88%	 and	+86%,	

respectively)	to	WT	plants	(+72%)	under	normal	conditions	(Fig	4.7).	However,	under	salt	

stress,	although	all	plants	inoculated	with	Pst	D3000	hrcC-	(mutant	and	WT	plants)	had	higher	

total	GS	content	than	the	respective	non-inoculated	plant,	the	beneficial	impact	of	Pst	D3000	

hrcC-	was	much	lower	in	the	mutant	lines	(+42%	for	myb28/29	and	+90%	for	myb34/51/122)	

than	in	WT	(+142%).	Moreover,	the	impact	of	Pst	D3000	hrcC-	on	the	glucosinolate	content	
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of	plants	cultured	under	normal	and	salt	stress	conditions,	was	different	for	mutants	and	WT	

plants.	For	WT	plants,	for	instance,	the	bacteria	increased	the	amount	of	total	GS	under	salt	

conditions	(+142%)	in	a	more	pronounced	way	than	under	normal	conditions	(+72%).	The	

same	 trend	 is	not	 observed	 in	 the	mutants:	 for	myb34/51/122	 the	 induction	of	GS	by	Pst	

D3000	hrcC-	was	similar	under	normal	(+86%)	and	salt	stress	conditions	(+90%).	While	for	

myb28/29	mutant,	the	trend	is	the	opposite	than	the	one	observed	in	WT	plants:	the	increase	

in	the	total	GS	amounts	was	less	pronounced	in	myb28/29	mutants	cultured	under	salt	stress	

conditions	 (+42%)	 than	 under	 normal	 conditions	 (+88%).	 These	 results	 suggest	 that	

MYB28/29	might	play	a	role	in	the	ability	of	Pst	DC3000	hrcC-	to	increase	the	GS	content	under	

salt	stress.			

To	verify	whether	the	observed	phenotype	for	different	mutants	was	the	consequence	of	the	

different	levels	of	bacterial	colonization,	quantification	of	bacteria	(CFU	g−1)	was	carried	out	

at	two	different	time	points:	5	days	after	germination,	and	15	days	after	transfer	to	either	½	

MS	medium	 or	½	MS	with	100mM	NaCl.	 In	 plants	 grown	 for	5	days	 after	 inoculation	no	

significant	differences	were	observed	in	the	number	of	Pst	D3000	hrcC-	 in	all	mutant	lines	

compared	to	wild	type	plants,	indicating	that	the	starting	number	of	the	bacteria	was	equal	

in	 all	 the	 inoculated	plants	 (Figure	4.8	A).	 In	 contrast,	 bacteria	 isolated	 from	15	days	old	

plants	 showed	different	 colonization	patterns	depending	on	 the	plant	 and	on	 the	 growth	

condition.		

Under	 salt	 stress,	myb28/29	 roots	 showed	 less	 colonization	with	 Pst	 DC3000	 hrcC-	when	

compared	 to	wild	 type	plants	 (Figure	4.8	B).	These	 results	suggest	 that	Pst	DC3000	hrcC-	

might	require	MYB28/29	TFs	especially	in	the	root	system	to	enhance	salt	stress	tolerance	by	

reprograming	the	root	system	to	cope	with	the	stressful	conditions.			
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Figure	4.8	Pst	DC3000	hrcC-	colonization	of	Arabidopsis	GS	mutants.	

	(A)	quantification	of	the	5	Days	seedling	after	germination	in	1/2	MS	inoculated	with	PstDC3000	hrcC-
.	 (B)	quantification	of	the	shoot	and	root	of	20-day-old	seedlings	inoculated	by	Pst	DC3000	hrcC-	or	
mock-treated	transferred	5	days	after	germination	from	1/2	MS	to	1/2	MS	with	or	without	100mM	
NaCl.	 All	 plots	 represent	 the	mean	 of	 3	 biological	 replicates	 (n	 >	 18-20).	 Error	 bars	 represent	 SE.	
Asterisks	indicate	a	statistical	difference	based	on	the	Mann-Whitney	U	Test	(P	<	0.05;	P	<	0.01;	P	<	
0.001),	Compared	to	the	mock	plants	in	the	same	condition.	

	

4.3.8.	Pst	DC3000	hrcC-	regulates	phytohormones	in	Arabidopsis	plants	under	
salt	stress	conditions	

The	 transcriptome	 analysis	 pointed	 out	 various	 genes	 involved	 in	 phytohormone	

synthesis	 and	signaling	to	be	modified	 in	 the	Pst	DC3000	hrcC-	 induced	 salt	 stress	

tolerance,	which	were	highlighted	in	cluster	3	(Figure	4.4	B).	Phytohormones	play	an	

important	role	 in	mediating	plant	responses	to	biotic	and	abiotic	stresses	(Skirycz	

and	 Inze	 2010),	 and	 therefore	 different	 phytohormones	 were	 measured	 in	 our	

experimental	set-up.		



 76 

Our	results	show	that	SA	levels	drop	under	salt	conditions,	but	inoculation	with	Pst	

DC3000	hrcC-	did	not	change	this	tendency	(Figure	4.9A).	IAA	levels	did	not	change	

significantly	 under	 salt	 conditions	 in	 non-inoculated	 plants,	 but	 showed	 some	

reduction	in	Pst	DC3000	hrcC-	inoculated	plants	without	and	with	salt	(Figure	4.9	B).	

As	 expected,	 ABA	 levels	 were	 increased	 by	 salt	 stress,	 but	 were	 reduced	 by	 Pst	

DC3000	 hrcC-	 in	 non-salt	 and	 salt	 conditions	 (Figure	 4.9	 C).	 Although	 JA	 levels	

dropped	by	growing	plants	in	salt,	this	tendency	was	not	changed	by	Pst	DC3000	hrcC-	

(Figure	4.9	D).	In	contrast	to	JA,	JA-Ile	levels	were	exclusively	reduced	by	Pst	DC3000	

hrcC-	under	salt	stress	conditions	(Figure	4.9E).		
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Fig	4.9	Pst	DC3000	hrcC-	modifies	the	levels	of	phytohormones	under	salt	stress	conditions.		

(A)	Salicylic	acid	(SA),	(B)	Indole-3-acetic	acid	(Jakab	et	al.),	(C)	abscisic	acid	(ABA),	(D)	jasmonic	acid	
(JA)and	(E)	JA–isoleucine	(JA-Ile)	content	(ng/g	DW)	in	mock-	and	Pst	DC3000	hrcC-	-inoculated	plants	
after	growth	on	1⁄2	MS	with	or	without	100	mM	NaCl	for	20	days.	Error	bars	indicate	SE,	based	on	six	
biological	replicates.	Asterisks	indicate	a	statistical	difference	based	on	the	Mann-Whitney	test	(P	<	
0.05).	Compared	to	the	mock	plants	in	the	same	condition.	
	

To	 investigate	 further	 the	 role	 of	 the	 phytohormones	 and	 Pst	 DC3000	 hrcC-	

interaction	 in	 Arabidopsis	 plants,	 hormone	 insensitive	 or	 deficient	 mutants	 were	

screened	for	the	beneficial	impact	of	Pst	DC3000	hrcC-.	For	SA,	we	used	sid2-1	salicylic	

acid	induction-deficient2	(SA-deficient	mutant)	(Wildermuth	et	al.	2001a),	npr1	SA	
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insensitive	mutant,	which	is	a	key	regulator	of	the	(SA)-mediated	systemic	acquired	

resistance	(SAR)	pathway	(Scott	et	al.,	2004).		

As	 expected,	 sid2-1,	 and	 npr1	 mutants	 all	 were	 hypersensitive	 to	 salt	 stress,	

performing	worse	in	all	growth	parameters	when	compared	to	non-stressed	plants	

(Figures	4.10	and	S	4.5).	For	sid2,	Pst	DC3000	hrcC	has	mild/no	effect	on	plant	total	

fresh	weight	under	salt	stress	salt,	impacting	the	aerial	parts	positively	(only	7%	in	

comparison	to	non-inoculated	plants),	while	having	different	impacts	in	root	growth	

parameters	(-21%	root	fresh	growth,	-42%	in	PRL,	+28%	in	LRD).	(Figures	4.10	and	

S	4.5).		npr1	negatively	affects	the	interaction	between	plant	and	bacteria	under	salt	

stress	showing	negative	beneficial	indexes	for	all	root	and	shoot	growth	parameters.		

	

	

	

Figure	4.10	Role	of	salicylic	acid	signaling	in	Pst	DC3000	hrcC-	induced	Arabidopsis	salt	stress	
tolerance.	

(A)	and	 (B)	Total	 fresh	weight	of	SA	pathway	mutants	 transferred	 from	1⁄2	MS	 to	1⁄2	MS	+	100	
mMNaCl	(5+12,15	days	respectively).	Values	represent	means	of	three	biological	experiments,	each	in	
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three	technical	replicates,	and	error	bars	represent	SE,	Asterisks	indicate	a	statistical	difference	based	
on	the	Mann-Whitney	U	test	(P	<	0.05;	P	<	0.01;	P	<	0.001),	Compared	to	the	mock	plants	in	the	same	
condition.	 The	 numbers	 above	 bars	 indicate	 the	 beneficial	 ratio	 (ratio	 between	 fresh	 weight	 of	
PstDC3000hrcC-	and	mock-inoculated	seedlings).	
	

Moving	to	auxin	mutants	(yuc1-4,	and	arf4arf19),	under	normal	conditions,	the	auxin	

biosynthesis	mutant	yuc1-4	(Cheng	et	al.,	2006)	did	not	show	any	drastic	phenotype	

compared	to	wild	type,	while	the	auxin	insensitive	mutants	arf4arf19	(Gleason	et	al.,	

2011;	 Okushima	 et	 al.,	 2007)	 were	 compromised	 in	 all	 growth	 parameters	 in	

comparison	to	WT	plants,	especially	in	lateral	root	density	(Figures	4.11	and	S4.5).	

Upon	Pst	DC3000	hrcC-	inoculation	and	under	normal	conditions,	all	mutants	behaved	

as	WT	showing	a	decrease	in	plant	fitness.	On	the	other	hand,	under	salt	stress,	the	

auxin	mutants	showed	an	interesting	phenotype	upon	interaction	with	Pst	DC3000	

hrcC-.	Although	this	interaction	affected	total	and	aerial	fresh	weight	in	yuc1-4	and,	

the	beneficial	effect	was	less	pronounced	in	yuc1-4	when	compared	to	WT	plants.	The	

arf7/arf19	mutant	was	steadily	negatively	affected	by	the	interaction	with	Pst	DC3000	

hrcC-	under	salt	stress,	showing	reduction	in	all	growth	parameters	upon	inoculation.	
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Figure	 4.11	 Role	 of	 auxin	 signaling	 in	 Pst	 DC3000	 hrcC-	 induced	 Arabidopsis	 salt	 stress	
tolerance.		

Total	fresh	weight	of	auxin	mutants	transferred	from	1⁄2	MS	to	1⁄2	MS	+	100	mMNaCl	(5+12,15	days	
respectively).	 Values	 represent	 means	 of	 three	 biological	 experiments,	 each	 in	 three	 technical	
replicates,	and	error	bars	represent	SE,	Asterisks	indicate	a	statistical	difference	based	on	the	Mann-
Whitney	U	test	(P	<	0.05;	P	<	0.01;	P	<	0.001),	Compared	to	the	mock	plants	in	the	same	condition.	The	
numbers	above	bars	indicate	the	beneficial	ratio	(ratio	between	fresh	weight	of	PstDC3000hrcC-	and	
mock-inoculated	seedlings).	
	
	
Among	 the	 ethylene	 related	 mutants:	 acs	 (the	 heptuple	 ethylene-biosynthesis	

deficient	mutant	(acs1-1	acs2-1	acs4-1	acs5-2	acs6-1	acs7-1	acs9-1);	Tsuchisaka	et	al.,	

2009),	 ein2	 (ethylene	 insensitive	 2;	 Guzmán	 and	 Ecker,	 1990)	 and	 ein3	 (ethylene	

insensitive	3;	Roman	et	al.,	1995),	all	showed	a	very	similar	behavior	concerning	the	

growth	 parameters	 compared	 to	 WT	 plants	 under	 normal	 conditions	 (with	 and	

without	bacterial	inoculation)	(Figures	4.12	and	S4.6).	Under	salt	stress	conditions,	

the	beneficial	impact	shown	by	Pst	DC3000	hrcC-	 in	WT	plants	(on	total,	aerial	and	

root	fresh	weight)	was	lost	in	the	mutant	lines,	and	although	this	interaction	had	a	
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positive	 effect	 on	 lateral	 root	 density	 in	 all	mutants,	 it	 reduced	 the	 principal	 root	

lengths.			

	

Figure	 4.12	 Role	 of	 ethylene	 signaling	 in	 Pst	 DC3000	 hrcC-	 induced	Arabidopsis	 salt	 stress	
condition.		

Total	fresh	weight	of	ET	mutants	transferred	from	1⁄2	MS	to	1⁄2	MS	+	100	mMNaCl	(5+12,15	days	
respectively).	 Values	 represent	 means	 of	 three	 biological	 experiments,	 each	 in	 three	 technical	
replicates,	and	error	bars	represent	SE,	Asterisks	indicate	a	statistical	difference	based	on	the	Mann-
Whitney	U	test	(P	<	0.05;	P	<	0.01;	P	<	0.001),	Compared	to	the	mock	plants	in	the	same	condition.	The	
numbers	above	bars	indicate	the	beneficial	ratio	(ratio	between	fresh	weight	of	PstDC3000hrcC-	and	
mock-inoculated	seedlings).	
	

	

The	ABA	biosynthesis	mutant	aba2-1	(Schwartz	et	al.,	1997)	and	the	JA	resistant	jar1-

1	mutant	 (Staswick,	 Yuen,	 and	 Lehman	 1998))	 were	 also	 evaluated	 in	 order	 to	

understand	the	impact	of	ABA	and	JA	in	the	beneficial	interaction	of	Arabidopsis	and	

Pst	DC3000	hrcC-	 	 under	 salt	 stress	 (Figure	4.13,	 S	4.17	and	S	4.7).	 Under	normal	

conditions,	aba2-1	 and	 jar1-1	 showed	a	 similar	behavior	 to	WT	on	 the	 interaction	
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with	Pst	DC3000	hrcC-:	 reduction	of	 total,	 aerial	 and	 root	 fresh	weight.	Under	 salt	

stress	conditions,	both	mutants	were	able	to	keep	the	beneficial	impact	of	Pst	DC3000	

hrcC-	in	total	and	aerial	fresh	weight.	However,	the	 jar	1-1	mutant	benefitted	from	

this	 interaction	even	better	 than	WT	plants	 in	 terms	of	 total,	aerial	and	root	 fresh	

weight.	Considering	root	parameters,	no	big	differences	were	found	for	the	mutants	

in	 comparison	 to	WT	plants,	besides	 the	already	mentioned	 increase	 in	 root	 fresh	

weight	on	jar-1-1	mutant	upon	interaction	with	Pst	DC3000	hrcC-	under	salt	stress.	

	

	

	

Figure	4.13	Role	of	ABA	and	JA	signaling	in	Pst	DC3000	hrcC-	 induced	Arabidopsis	salt	stress	
tolerance.		

Total	fresh	weight	ABA	and	JA	mutants	transferred	from	1⁄2	MS	to	1⁄2	MS	+	100	mMNaCl	(5+12,15	
days	respectively).	Values	represent	means	of	three	biological	experiments,	each	in	three	technical	
replicates,	and	error	bars	represent	SE,	Asterisks	indicate	a	statistical	difference	based	on	the	Mann-
Whitney	U	test	(P	<	0.05;	P	<	0.01;	P	<	0.001),	Compared	to	the	mock	plants	in	the	same	condition.	The	
numbers	above	bars	indicate	the	beneficial	ratio	(ratio	between	fresh	weight	of	PstDC3000hrcC-	and	
mock-inoculated	seedlings).	
	



 83 

Altogether,	these	results	indicate	that	the	influence	of	genes	related	to	phytohormone	

biosynthesis,	with	respect	to	the	beneficial	effect	of	Pst	DC3000	hrcC-	on	Arabidopsis	

salt	stress	tolerance,	can	be	divided	in	three	groups:		

a) Genes	 that	 reduce	 the	 beneficial	 impact	 of	 Pst	 DC3000	 hrcC-:	 jar1	 (JA	

synthesis).	 The	 mutant	 performs	 better	 in	 aerial,	 root,	 and	 total	 fresh	

weight	when	compared	to	WT	plants.		

b) Genes	that	positively	regulate	the	beneficial	bacterial	effects	in	Arabidopsis	

under	salt	stress:	acs	(ET	biosynthesis)	and	ein2	and	ein3	(ET	insensitive),	

arf7/arf19	(auxin	response	factor)	and	yuc1	(auxin	biosynthesis)	and	npr1	

(SA	 insensitive).	 In	 the	 absence	 of	 these	 genes,	 the	 mutant	 plants	

lose/reduce	 the	bacterial	beneficial	 effects	and	perform	worse	 than	WT	

plants	in	root,	shoot	and	total	fresh	weight;	

c) Genes	 that	 influence	 aerial	 and	 root	 weight	 differently:	 sid2-3	 (SA-

deficient)	mutants	perform	better	 than	WT	under	salt	stress	concerning	

aerial	fresh	weight,	but	the	roots	show	the	opposite	or	a	less	pronounced	

behavior	than	the	aerial	parts;	

d) Genes	 that	 don’t	 have	 influence	 in	 the	 interaction:	 aba2	 (ABA	

biosynthesis).	

	

	

	



 84 

4.4	Discussion	

In	nature,	plants	are	exposed	to	and	must	aptly	respond	to	multiple	stresses	in	order	

to	survive	and	reproduce.	The	cross	talk	between	different	stress	signaling	pathways	

might	 provide	 the	 potential	 regulation	 to	 maximize	 plant	 fitness	 under	 different	

stress	 conditions	 (Pieterse	 et	 al.	 2009).	 For	 example,	 plant	 exposure	 to	 abiotic	

stresses	such	as	salinity	and	drought	reduces	immune	responses	(Bostock,	Pye,	and	

Roubtsova	2014).	The	present	study	compared	the	beneficial	bacterium	Enterobacter	

sp.	SA187	(de	Zélicourt	et	al.	2018)	to	virulent	or	non-virulent	Pst	DC3000	strains	to	

study	how	Arabidopsis	plants	that	have	been	inoculated	with	these	pathogenic	or	non-

pathogenic	 strains	 behave	 under	 salt	 stress	 conditions.	 As	 expected,	 seedlings	

inoculated	with	Pst	DC3000	were	sensitive	to	growth	under	normal	and	salt	stress	

conditions	(Figure	4.1).	Whereas	Pst	DC3000	hrcC-	 inoculated	plants	under	normal	

conditions	 also	 reduced	 plant	 growth,	 inoculated	 plants	 showed	 enhanced	 plant	

growth	 under	 salt	 stress	 conditions	 as	 shown	 for	 the	 beneficial	 SA187	previously	

(Figure	4.1	A	and	B).		

It	 has	 been	 reported	 that	 hypersensitivity	 to	 salt	 stress	 is	 associated	with	 low	K+	

absorption	in	Arabidopsis	and	tomato	mutants	(Zhu,	Liu,	and	Xiong	1998;	AMTMANN	

and	MAATHUIS	1999),	the	homeostasis	of	high	K+	levels	and	a	low	Na+/K+	ratio	in	the	

cytoplasm	might	also	be	essential	 for	salt	 tolerance	 (Hu,	Fricke,	 and	Schmidhalter	

2005;	AMTMANN	and	MAATHUIS	1999).	This	is	consistent	with	our	results,	showing	

lower	Na+/K+	ratios	in	PstD3000	hrcC-	inoculated	plants	in	shoots	and	roots	(Figure	

4.2	C	and	F).	This	 finding	might	explain	the	observed	Pst	D3000	hrcC-	 induced	salt	

tolerance	in	Arabidopsis	plants.		
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Confocal	microscopy	showed	that	Pst	DC3000	hrcC-	expressing	GFP	colonized	both	

shoot	and	root	tissues	(Figure	4.3A	and	B)	to	a	similar	extent	as	seen	for	SA187-GFP	

reported	previously	(de	Zélicourt	et	al.	2018).	Moreover,	quantification	of	Pst	DC3000	

hrcC-	(Figure	4.3	C)	revealed	preferential	bacterial	colonization	of	 the	root	system	

under	salt	stress	conditions.		

To	understand	the	molecular	mechanisms	used	by	Pst	DC3000	hrcC-	to	enhance	salt	

tolerance	in	Arabidopsis	plants,	we	compared	the	transcriptomes	of	inoculated	and	

non-inoculated	Arabidopsis	plants	under	normal	and	salt	stress	conditions.	Cluster	

analysis	of	the	transcriptomes	showed	that	glucosinolate	biosynthesis	was	modified	

by	Pst	DC3000	hrcC–	especially	under	salt	stress	conditions	(Figure	4.4	C,	clusters	3	

and	10).	As	elevated	glucosinolate	levels	in	salt	stressed	plants	might	be	an	adaptive	

component	to	salt	tolerance	(Qasim,	Ashraf,	Ashraf,	et	al.	2003;	López-Berenguer	et	

al.	 2008;	 Stroeher,	 Boothe,	 and	Good	1995;	Keling	 2010),	we	 therefore	 quantified	

various	glucosinolates	 in	 the	Pst	DC3000	 hrcC-	 inoculated	 and	 non-inoculated	WT	

plants.	Additionally,	we	analyzed	glucosinolate-deficient	mutants  for	 the	effects	on	

the	Pst	DC3000	hrcC-	beneficial	impact.	Different	quantitative	measurements	of	plant	

growth	parameters	in	the	glucosinolate-deficient	mutants	(Figures	4.6,	S	4.2)	showed	

that	 Pst	 DC3000	 hrcC-	 beneficial	 activity	 was	 lost	 in	 the	 AGS	 and	 IGS	 mutants	

myb28/myb29	 and	 myb34/myb51/myb122.	 Furthermore,	 glucosinolate	

quantification	in	these	mutants	and	bacterial	proliferation	levels,	in	normal	and	salt	

stress	 conditions,	 showed	 almost	 complete	 loss	 of	 total	 GS	 accumulation	 in	

myb28/myb29,	 whereas	 GS	 levels	 were	 not	 significantly	 changing	 in	

myb34/myb51/myb122	 either	 under	 non-salt	 or	 salt	 contains.	 These	 results	 show	
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that	Pst	DC3000	hrcC-	mostly	 induces	AGs	under	normal	and	salt	stress	conditions	

(Figure	 4.7).	 Interestingly,	 the	 proliferation	 levels	 of	Pst	 DC3000	 hrcC-	 under	 salt	

stress	conditions	in	roots	of	myb28/myb29,	but	not	of	myb34/myb51/myb122,	were	

significantly	reduced	when	compared	to	normal	growth	conditions.	A	previous	study	

reported	 that,	 under	 high	 salt	 concentrations,	 the	 content	 of	 some	 glucosinolates	

increases	as	a	response	to	stress	(López-Berenguer	et	al.	2008).	Consistent	with	GS	

quantification	 and	 bacterial	 proliferation	 data,	 we	 suggest	 that	 Pst	 DC3000	 hrcC-	

regulates	aliphatic	glucosinolates	through	the	MYB28/MYB29	pathway,	which	plays	

an	important	role	on	the	bacterial	beneficial	effect.		

Our	transcriptome	analysis	also	highlighted	a	possible	role	for	several	phytohormone	

signaling	pathways	in	Pst	DC3000	hrcC–	induced	salt	stress	tolerance	in	Arabidopsis	

plants	(Figure	4.4	C).	Antagonistic	crosstalk	exists	between	the	JA	and	SA	pathways	

and	 this	 crosstalk	 is	 generally	 regulated	 at	 the	 level	 of	 gene	 transcription	 and	 is	

independent	of	downregulation	of	the	JA	biosynthesis	(Leon-Reyes	et	al.	2010;	Van	

Verk	et	al.	2013).	Although	we	found	much	 lower	 JA-Ile	 levels	 in	Pst	DC3000	hrcC-	

inoculated	plants	under	salt	stress	conditions,	SA	levels	were	not	affected.	(Figures	

4.9	A,	D	and	E).	In	the	molecular	analysis	for	SA	or	JA	insensitive	or	deficient	mutants,	

npr-1	 showed	 less	 beneficial	 activity	while	 jar1-1	 showed	more	 beneficial	 activity	

under	salt	stress	conditions	(Figure	4.10	and	4.13).	Previous	reports	elucidated	that	

ABA	is	a	fundamental	signaling	mediator	for	regulating	plant	growth	in	response	to	

various	abiotic	 stresses	 (Zhu	2002;	Hadiarto	and	Tran	2011).	However,	 increased	

ABA	levels	compel	a	reduction	in	plant	growth	(Moons	et	al.	1997).	Endogenous	ABA	

quantification	under	salt	stress	conditions	showed	a	reduction	in	Arabidopsis	plants	
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inoculated	with	Pst	DC3000	hrcC-	in	comparison	with	the	mock-treated	plants	(Figure	

4.	9	C).	aba2-1	mutant	plants	that	are	deficient	in	ABA	synthesis	showed	only	a	very	

minor	impact	on	the	beneficial	effect	of	PstDC3000	hrcC-	under	salt	stress	conditions.	

It	has	been	reported	that	reduction	of	auxin	levels	leads	to	a	reduction	in	plant	growth	

and	development	under	stress	(Akbari,	Sanavy,	and	Yousefzadeh	2007)	and	under	

salt	 stress	 treatment.	 yuc4-1	 and	 arf7/araf19	 mutants	 showed	 lower	 beneficial	

activity	as	compared	WT	plants.		

Furthermore,	ethylene	signaling	also	plays	a	role	in	response	to	salt	stress,	and	this	

response	may	depend	on	the	homeostasis	between	ethylene	and	its	receptor	(Cao	et	

al.	2007).	The	ethylene	insensitive	mutants	ein2	and	ein3	decrease	Pst	DC3000	hrcC-	

beneficial	 activity	 under	 salt	 stress	 conditions	 suggesting	 that	 ethylene	 might	 be	

important	for	this	interaction	under	salt	stress.	These	results	indicate	that	Pst	DC3000	

hrcC-	 enhances	 salt	 tolerance	 in	 Arabidopsis	 plants	 by	 manipulating	 the	 levels	 of	

various	phytohormones	in	a	multi-layered	way,	demonstrating	a	complex	interaction	

between	abiotic	and	biotic	stress	pathways.		

	

4.5.	Conclusions	and	Perspectives		

This	study	illustrates	that	non-virulent	Pst	DC3000	hrcC-	enhances	Arabidopsis	plant	

growth	under	salt	stress	conditions	by	reducing	Na+/K+	ratios	in	shoot	and	root	as	

shown	in	a	previous	study	using	the	beneficial	endophytic	bacterium	Enterobacter	sp.	

SA187.	Our	transcriptomic	analyses	of	Pst	DC3000	hrcC-	inoculated	Arabidopsis	plants	

revealed	several	new	aspects	of	this	interaction	inducing	salt	tolerance,	highlighting	

glucosinolate	 biosynthesis	 and	 various	 phytohormone	 signaling	 pathways.	 We	
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conclude	 from	 the	 phenotypic	 assays	 that	 AGS	 glucosinolates	 act	 as	 positive	

regulators	for	Pst	DC3000	hrcC-	Arabidopsis	interaction	in	the	presence	of	salt	stress.	

Akyl	glucosinolates	seems	to	be	among	the	major	players	involved	in	the	salt	stress	

tolerance	 conferred	 by	 Pst	 DC3000	 hrcC-	 in	 Arabidopsis,	 while	 ABA	 showed	 no	

influence	in	this	process.	The	relationship	between	aliphatic	glucosinolates,	as	well	

as	of	other	phytohormones	(JA,	Auxin,	SA	and	Ethylene),	which	act	in	a	multifaceted	

way	on	salt	stress	tolerance,	needs	to	be	further	investigated	in	order	to	uncover	the	

hidden	mechanisms	used	by	Pst	DC3000	hrcC-	to	induce	salt	tolerance	in	Arabidopsis	

plants.		

4.6.	Materials	and	Methods	

4.6.1.	Biological	materials	and	growth	conditions	

Pst	DC3000	hrcC-	was	cultured	at	28°C	on	different	agar	plates	as	described	in	detail	

in	the	Materials	and	Methods	section	of	the	Supplemental	Information.	Arabidopsis	

GS	 and	 hormones	 related	 mutants	were	 obtained	 from	 available	 seed	 collections	

listed	in	(table	4.1).	Arabidopsis	ecotype	Columbia-0	plants	were	used	as	WT	in	all	

experiments.	Briefly,	seeds	sterilization	was	done	by	incubated	seeds	in	70%	EtOH	+	

0.05%	tritron	for	10	min	on	the	vortex,	washed	with	95-99%	EtOH	three	times	and	

dried	on	sterile	Whatman	paper	in	a	sterile	hood.	Seeds	were	sown	on	½	MS	plates	

(Murashige	and	Skoog	basal	salts,	Sigma)	containing	either	no	bacteria	or	Pst	DC3000	

hrcC-,	stratified	for	2	days	at	4	̊C	in	the	dark	and	then	plates	were	placed	vertically	for	

5	days	at	22°C	with	a	16	h	light	/	8	h	dark	photo	period	(long	day	conditions)	in	the	

growth	 chambers	 (Percival).	 Principal	 root	 length,	 lateral	 root	 and	 lateral	 root	

density	were	measured	from	pictures	taken	using	the	Epson	Perfection	V800	Photo	
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Scanner.	 The	 root	 measurements	 were	 done	 using	 ImageJ	 software	

(https://imagej.net/Welcome).	 Lateral	 roots	 were	 counted	 using	 the	 ZEISS,	

Stemi2000	microscope.		For	salt	stress	plates,	1/2	MS	plates	containing	100mMNaCl	

(Sigma),	5	days	old	seedlings	were	transferred	to	the	salt	stress	plates.	Shoots	and	

roots	of	control	and	salt-treated	plants	grown	for	12	to	15	days	were	separated,	the	

fresh	 weight	 was	 determined	 before	 drying	 the	 samples	 using	 sensitive	 balance	

(METTLER	 TOLEDO).	 Dry	weight	 of	 the	 shoot	 and	 the	 root	was	 determined	 after	

drying	the	samples	for	2days	at	65°C.	

	

4.6.2.	Na+/K+	measurement	using	ICP	analysis	

Dry	weight	was	determined	for	all	samples	individually	except	for	salt-treated	plants,	

where	pools	of	3	samples	were	measured.	Samples	were	digested	by	adding	2	ml	1%	

nitric	acid	for	48	h.	The	concentrations	of	Sodium	and	Potassium	were	determined,	

using	Inductively	Coupled	Plasma	Optical	Emission	Spectrometer	(Varian	720-ES	ICP	

OES,	Australia).	Na+/	K+	values	were	normalized	to	plant	dry	weight.	

	

4.6.3.	Generation	of	GFP-	Pst	DC3000	hrcC-		

The	mini-Tn7	transposon	system	was	used	to	label	Pst	DC3000	hrcC-	with	GFP	(Choi	

et	al.	2005).	Pst	DC3000	hrcC-	rifampicin	resistant	mutant	was	selected	by	plating	the	

bacteria	on	LB	plates	contains	75	and	then	100	µg/ml	of	rifampicin.	An	overnight-

grown	culture	of	Pst	DC3000	hrcC-	was	plated	on	LB	agar	plates	contains	50µg/mL	

rifampicin,	plates	were	incubated	at	28°C	for	24	h,	8-10	colonies	were	streaked	twice	
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on	LB	plates	containing	100	μg.	mL-1	rifampicin	and	after	 that	 twice	on	LB	plates	

supplemented	 with	 200	 μg/ml	 of	 rifampicin.	 GFP	 cassette	 was	 introduced	 to	 Pst	

DC3000	 hrcC-	 rifampicin	 resistant	mutant	 by	 conjugation	 (Lambertsen,	 Sternberg,	

and	Molin	2004).	109	cells	 for	E.	coli	SM10λpir	harboring	the	helper	plasmid	pUX-

BF13	pUX-BF13,	a	mini-Tn7(GFP	donor)	plasmid	and	mobilizer	pRK600	plasmid	and	

1010	 cells	 of	 the	 strain	 were	 mixed	 gently	 and	 incubated	 for	 16	 hrs	 on	 sterile	

nitrocellulose	 filter.	 Bacteria	 cell	 conjugation	 culture	 was	 resuspended	 in	 saline	

buffer	(9	g/L	NaCl)	and	spread	on	LB	media	with	rifampicin	to	select	transformed	Pst	

DC3000	hrcC-.	Positive	colonies	were	visualized	by	fluorescence	microscopy	for	GFP	

fluorescence	and	genotyped	by	16S	rRNA	gene	sequencing	for	confirmation.	

	

4.6.4.	Confocal	microscopy		

A.	thaliana	seedlings	colonized	with	GFP-labeled	Pst	DC3000	hrcC-	were	imaged	using	

an	 inverted	 ZEISS	 LSM	 880	 with	 Airyscan.	 Samples	 were	 mounted	 in	 propidium	

iodide	(PI)	and	images	were	acquired	using	an	LD	LCI	Plan-Apochromat	40×/1.20	W	

Korr	water-immersion	objective	DIC	M27.	GFP	fluorescence	was	excited	with	a	488	

laser,	detected	with	509-550	nm	wave	length.	PI	was	excited	using	a	543	nm	laser	

and	emission	collected	with	the	605-660nm.	Images	were	processed	using	the	Zen	

software	(Black	edition).	
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4.6.5.	Pst	DC3000	hrcC-	colonization	in	different	time	courses	

To	compare	plant	colonization	on	the	shoot	and	root	by	the	bacteria	at	different	time	

points,	shoots	and	roots	of	control	and	salt-treated	plants	grown	for	9	to	15	days	were	

separated,	 in	 1.5	 ml	 Eppendorf	 tube.	 Fresh	 weight	 was	 recorded	 using	 sensitive	

balance	 (METTLER	 TOLEDO).	 Samples	 were	 ground	 using	 Qiagen	 TissueLyser	 II	

Sample	(Disruption	-11843)	 for	2	minutes	with	500	μl	of	extraction	buffer	(10mM	

MgCl2+	0.01%	silwet	77)	and	samples	were	incubated	for	1hour	at	28°C	with	shaking	

at	 300	 rpm	 (eppendrof,	 ThermoMixer	 C).	 Samples	were	 then	 diluted	 10-fold,	 and	

plated	on	LB	agar	or	LB	agar	with	rifampicinplates,	and	colony	forming	units	(CFUs)	

were	 counted	 after	 overnight	 incubation	 at	 28	̊C.	 Calculated	 number	 of	 CFUs	was	

normalized	to	plant	fresh	weight.	

	

4.6.6.	RNA	extraction,	RNA-seq	and	qPCR	analysis	

Total	RNA	was	extracted	from	5-day-old	plants	non-inoculated	and	inoculated	with	

Pst	strains	and	transferred	on	to	1⁄2	MS	plates	with	or	without	100	mM	NaCl	and	

grown	 further	 for	9	 days.	 For	 each	A.	 thaliana	 line,	 2-3	 seedlings	were	 harvested.	

Nucleospin	RNA	plant	kit	(Macherey-Nagel)	was	used	for	RNA	extraction,	followed	

with	 DNaseI	 treatment	 as	 per	 manufacturer’s	 recommendations.	 RNA-seq	 was	

carried	out	on	three	independent	biological	replicates.	Library	preparation	was	done	

with	Illumina	kits.	Sequencing	was	performed	on	HiSeq	2500	platform	using	Illumina	

1.9	encoding	resulting	in	125bps	paired-end	reads.	About	50	million	reads	per	sample	

was	 generated.	 Sequenced	 reads	 were	 checked	 for	 quality	 using	 FASTQC	 v0.11.5	
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(Andrews	 2012).	 Adapters	 and	 low-quality	 reads	 or	 bps	 were	 filtered	 using	

Trimmomatic	0.36	(Bolger,	Lohse,	and	&	Usadel	2014),	retaining	first	100	bps	and	by	

using	 the	 default	 settings	 available	 for	 paired-end	 reads	 in	 Trimmomatic.	 The	

trimmed	 reads	 were	 then	 cross-checked	 for	 quality	 and	 were	 aligned	 to	 the	

Arabidopsis	thaliana	reference	genome	(TAIR10)	using	Tophat	v2.1.1(Kim	et	al.	2013;	

Trapnell	et	al.	2012;	Trapnell,	Pachter,	and	&	Salzberg	2009)	with	2bp	mismatches	

reporting	one	maximum	hit.	The	annotation	file	was	provided	as	reference	for	reads	

alignment.	Multibam	summary	from	deepTools2	package	(Ramírez	et	al.	2016)	was	

used	to	check	for	the	correlation	between	the	replicates.	Summary	of	read	counts	per	

gene	was	calculated	using	feature	Counts	v1.5.1	(Liao,	Smyth,	and	&	Shi	2014).	FPKM	

for	individual	replicates	was	calculated	using	Cufflinks	v.2.2.1	(Trapnell	et	al.	2012).	

Differentially	expressed	genes	between	two	conditions	were	identified	using	CuffDiff	

tool	from	Cufflinks	package	v2.2.1	(Trapnell	et	al.	2012)	using	quartile	normalization.	

Genes	 with	 2-fold	 change	 and	 P	 value	 <=	 0.05	 were	 considered	 as	 significantly	

different	between	samples	with	and	without	Pst	DC3000	hrcC-	treatments,	and	under	

normal	 conditions	 or	 salt	 stress	 conditions.	 Hierarchical	 clustering	 of	 the	

differentially	expressed	genes	was	performed	using	Mev	v4.8.1	(Howe	et	al.	2011)	

using	Pearson	correlation	method.	GO	term	enrichment	in	each	gene	list	was	carried	

out	using	AgriGO	(Du	et	al.	2010)	with	a	cutoff	for	significant	enrichment	is	P	value	<	

0.01	 and	 calculation	 of	 false	 discovery	 rate	 <	 0.5.	 Venn	 diagrams	were	 generated	

using	 the	 BioVenn	 online	 tools	 (Oliveros	 (2007-2015))	

(http://bioinfogp.cnb.csic.es/tools/venny/).	Mock,	and	Pst	DC3000	hrcC-	inoculated	

wild	 type	 plants	 were	 used	 for	 RNA	 extraction	 as	 described	 precisely	 for	 qPCR	
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analysis.	 cDNA	 synthesis	 was	 done	 with	 1	 μg	 total	 RNA,	 oligo-	 dT	 primers	 and	

SuperScript	 III	 reverse	 transcriptase	 (Invitrogen/	 Thermo	 Fisher	 Scientific).	 The	

relative	 expression	 values	 were	 determined	 using	 CFX96	 Touch	 Real-Time	 PCR	

Detection	System	(Bio-Rad)	following	these	conditions:	50	̊C	for	2	minutes,	95	̊C	for	

10	minutes;	40×	(95	̊C	for	10	seconds	and	60	C̊	for	40	seconds);	and	a	dissociation	

step	 to	 validate	 PCR	 products.	 Three	 biological	 replicates	 were	 performed	 in	 all	

reactions,	 and	 technical	 triplicates	were	 performed	 each	 reaction.	 For	A.	 thaliana	

gene	expression	analyses,	ACTIN2	(At3g18780)	and	UBIQUITIN10	(At4g05320)	were	

used	 as	 reference	 genes.	 Gene	 expression	were	 calculated	 using	 the	 Bio-Rad	 CFX	

manager	software.	Primer	sequences	used	in	this	q-PCR	analysis	are	listed	in	(table	

4.2).		

	

4.6.7.	Glucosinolates	Analysis	in	A.	thaliana	plants																																																									

	The	Glucosinolates	were	measured	as	described	by	 (Badenes-Perez,	Reichelt,	 and	

Heckel	2010).	Plant	material	was	freeze-dried	after	harvesting	at	day	15,	aliquoted	in	

to	1.5	mL	tubes	(around	10	mg)	and	extracted	with	1	mL	of	80%	aqueous	methanol	

containing	 50µm	 of	 4-hydroxybenzylglucosinolate	 as	 an	 internal	 standard.	 After	

shaking	(10	minutes)	the	samples	were	centrifuged	(at	3200	rpm	for	10	min),	and	the	

supernatant	was	transferred	into	pre-conditioned	DEAE	sephadex	columns,	followed	

by	 sulfatase	 treatment	and	elution	of	desulfoglucosinolates	with	500	µL	dd-water.	

Desulfoglucosinolates	were	separated	in	an	EC	250/4.6	Nucleodur	Sphinx	RP	5	µm	

column	(Macherey	Nagel),	using	acetonitrile	water	as	mobile	phase,	and	quantified	

with	 a	 diode	 array	 detector	 at	 229	 nm	 (Agilent	 1100	 HPLC	 system,	 Agilent	
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Technologies,	 Waldbronn,	 Germany),	 using	 a	 relative	 response	 factor	 of	 2.0	 for	

aliphatic	and	0.5	for	indole	glucosinolates.	

	

4.6.8.	Hormone	content	analysis	of	A.	thaliana	plants	

Plants	were	harvested	at	day	15,	immediately	frozen	in	liquid	nitrogen,	freeze-dried	

overnight	 in	 a	 Lyophylazer	 (LABCONCO).	 They	 were	 aliquoted	 in	 1.5	 mL	 tubes	

(around	10	mg)	and	extracted	with	1.0	mL	of	70%	methanol	containing	the	respective	

phytohormones	internal	standards	(IAA-	ABA-d6-JA	and	d5-SA).	The	measurements	

were	performed	on	an	Agilent	1100	HPLC	system	(Agilent	Technologies,	Böblingen,	

Germany)	 connected	 to	 an	 LTQ	 Iontrap	 mass	 spectrometer	 (Thermo	 Scientific,	

Bremen,	Germany),	 and	 the	quantification	was	based	on	a	 calibration	 curve	using	

original	IAA,	ABA,	SA,	JA	and	JA-Ile	standards.	
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4.7.	Supplemental	Information	

	

Figure	S	4.1	Expression	of	GS	biosynthesis,	defense	and	salt	stress-related	genes.	

in	14-day	old	seedlings	in	the	presence	or	the	absence	of	Pst	DC3000	hrcC-	in	normal	and	salt	stress	
conditions.	 Transcript	 levels	were	 determined	 by	 qRT-PCR	 relatively	 to	 Col-0	WT	 (normalized	 to	
1).			Expression	 levels	were	 normalized	 using	actin	and	UBQ10.	 All	 plots	 represent	 the	means	 of	 3	
biological	replicates	(n	>	36).	Error	bars	represent	SEs.	Asterisks	indicate	a	statistical	difference	based	
on	the	Mann-Whitney	U	Test	(P	<	0.05;	P	<	0.01;	P	<	0.001)	when	compared	to	mock-inoculated	plants	
in	the	same	condition.	
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Figure	S	4.2	Quantitative	measurements	of	plant	growth	parameters	in	Arabidopsis	thaliana	GS	
biosynthesis-related	mutants	in	the	absence	or	presence	of	Pst	DC3000	hrcC-.		

(A)Aerial	 fresh	weight,	 (B)Root	 fresh	weight	of	5	days	seedling	 inoculated	or	non-	 inoculated	with	
PstDC3000hrcC	 transferred	 from	 1/2	MS	 to	 1/2	MS	with	 or	without	 100mM	NaCl	 for	 12-15	 days	
respectively	 ,(C)	Principal	 root	 length	 (PRL)	 	and	 (D)	 lateral	 root	density	 (LRD)	of	5	days	seedling	
inoculated	or	non-	inoculated	with	PstDC3000hrcC	transferred	from	1/2	MS	to	1/2	MS	with	or	without	
100mM	NaCl	for	9	days	 .All	plots	represent	the	mean	of	3	biological	replicates	(n	>	36).	Error	bars	
represent	SEs.	Asterisks	indicate	a	statistical	difference	based	on	the	Mann-Whitney	U	Test	(P	<	0.05;	
P	<	0.01;	P	<	0.001)	when	compared	to	mock-inoculated	plants	in	the	same	condition.	The	numbers	
above	 bars	 indicate	 the	 beneficial	 ratio	 (ratio	 between	 fresh	weight	 of	PstDC3000hrcC-	 and	mock-
inoculated	seedlings).	
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Figure	S	4.3	Accumulation	of	selected	Alkyl-GS	in	Arabidopsis	GS	biosynthesis	mutants	in	the	
absence	or	presence	of	Pst	DC3000	hrcC-.	

Accumulation	 of	 selected	 aliphatic	 glucosinolates	 (A)	 Glucoberine	 or	 3MSOP,	 (B)	 Glucorahanin	 or	
4MSOB,	 (C)	Glucoalyssinor,	 5MSOP,	 (D)	Glucosibarin	 or	 7MSOH,	 (E)	 4-methylthiobutyl	 GS	and	 (F)	
Glucohirsutin	 or	 8MSOO	 of	 20-day-old	 mock-,	 Pst	 DC3000	 hrcC-	 -inoculated	 Arabidopsis	 plants	
exposed	for	15	days	to	1⁄2	MS	with	or	without	100	mM	NaCl.	All	plots	represent	the	mean	of	three	
biological	replicates,	and	error	bars	represent	SE,	Asterisks	indicate	a	statistical	difference	based	on	
the	T-	test	(P	<	0.05;	P	<	0.01;	P	<	0.001),	Compared	to	the	mock	plants	in	the	same	condition.		
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Figure	S	4.4	Accumulation	of	selected	Indolic-GS	in	Arabidopsis	GS	biosynthesis	mutants	in	the	
absence	and	presence	of	Pst	DC3000	hrcC-.	

	Accumulation	of	selected	Indolic	Glucosinolates	(A)	1-methoxy-Indol-3-yl-methyl	GS	or	1MOI3M	,(B)	
Indol-3-yl-methyl	or	I3M	and	(C)	4-methoxy-Indol-3-yl-methyl	GS	or	4MOI3M		of	20-day-old	mock-,	
Pst	DC3000	hrcC-	-inoculated	Arabidopsis	seedlings	exposed	for	12	days	to	1⁄2	MS	with	or	without	100	
mM	NaCl.	All	plots	 represent	 the	mean	of	 three	biological	 replicates,	and	error	bars	 represent	SD,	
Asterisks	indicate	a	statistical	difference	based	on	the	T-	test	(P	<	0.05;	P	<	0.01;	P	<	0.001),	Compared	
to	the	mock	plants	in	the	same	condition.	

	

	



 99 

 

	

Figure	S	4.5	Quantitative	measurements	of	plant	growth	parameters	in	Arabidopsis	thaliana	SA	
related	mutants	in	the	absence	or	presence	of	Pst	DC3000	hrcC-.		

(A)	and	(B)	Aerial	fresh	weight,	(C)	and	(D)	Root	fresh	weight	of	5	days	seedling	inoculated	or	non-	
inoculated	with	PstDC3000hrcC	transferred	from	1/2	MS	to	1/2	MS	with	or	without	100mM	NaCl	for	
12-15	days	respectively.	All	plots	represent	the	mean	of	3	biological	replicates	(n	>	36).	Error	bars	
represent	SEs.	Asterisks	indicate	a	statistical	difference	based	on	the	Mann-Whitney	U	Test	(P	<	0.05;	
P	<	0.01;	P	<	0.001)	when	compared	to	mock-inoculated	plants	in	the	same	condition.	The	numbers	
above	 bars	 indicate	 the	 beneficial	 ratio	 (ratio	 between	 fresh	weight	 of	PstDC3000hrcC-	 and	mock-
inoculated	seedlings).	
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Figure	S	4.6	Quantitative	measurements	of	plant	growth	parameters	in	Arabidopsis	thaliana	SA	
related	mutants	in	the	absence	or	presence	of	Pst	DC3000	hrcC-.	

(A)	 and	 (B)	 Principal	 root	 length	 (PRL),	 (C)	 and	 (D)	 lateral	 root	 density	 (LRD)	 of	 5	 days	 seedling	
inoculated	or	non-	inoculated	with	PstDC3000hrcC	transferred	from	1/2	MS	to	1/2	MS	with	or	without	
100mM	NaCl	for	9	days.	All	plots	represent	the	mean	of	3	biological	replicates	(n	>	36).	Error	bars	
represent	SEs.	Asterisks	indicate	a	statistical	difference	based	on	the	Mann-Whitney	U	Test	(P	<	0.05;	
P	<	0.01;	P	<	0.001)	when	compared	to	mock-inoculated	plants	in	the	same	condition.	The	numbers	
above	 bars	 indicate	 the	 beneficial	 ratio	 (ratio	 between	 fresh	weight	 of	PstDC3000hrcC-	 and	mock-
inoculated	seedlings).	
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Figure	S	4.7	Quantitative	measurements	of	plant	growth	parameters	in	Arabidopsis	thaliana	
Auxin	related	mutants	in	the	absence	or	presence	of	Pst	DC3000	hrcC-.		

(A)Aerial	 fresh	weight,	 (B)Root	 fresh	weight	of	5	days	seedling	 inoculated	or	non-	 inoculated	with	
PstDC3000hrcC	 transferred	 from	 1/2	MS	 to	 1/2	MS	with	 or	without	 100mM	NaCl	 for	 12-15	 days	
respectively	 ,(C)	Principal	 root	 length	 (PRL)	 	and	 (D)	 lateral	 root	density	 (LRD)	of	5	days	seedling	
inoculated	or	non-	inoculated	with	PstDC3000hrcC	transferred	from	1/2	MS	to	1/2	MS	with	or	without	
100mM	NaCl	for	9	days	 .All	plots	represent	the	mean	of	3	biological	replicates	(n	>	36).	Error	bars	
represent	SEs.	Asterisks	indicate	a	statistical	difference	based	on	the	Mann-Whitney	U	Test	(P	<	0.05;	
P	<	0.01;	P	<	0.001)	when	compared	to	mock-inoculated	plants	in	the	same	condition.	The	numbers	
above	 bars	 indicate	 the	 beneficial	 ratio	 (ratio	 between	 fresh	weight	 of	PstDC3000hrcC-	 and	mock-
inoculated	seedlings).	
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Figure	S	4.8	Quantitative	measurements	of	plant	growth	parameters	in	Arabidopsis	thaliana	ET	
related	mutants	in	the	absence	or	presence	of	Pst	DC3000	hrcC-.		

(A)	Aerial	fresh	weight,	(B)	Root	fresh	weight	of	5	days	seedling	inoculated	or	non-	inoculated	with	
PstDC3000hrcC	 transferred	 from	 1/2	MS	 to	 1/2	MS	with	 or	without	 100mM	NaCl	 for	 12-15	 days	
respectively.	 (C)	 Principal	 root	 length	 (PRL),(D)	 lateral	 root	 density	 (LRD)	 of	 5	 days	 seedling	
inoculated	or	non-	inoculated	with	PstDC3000hrcC	transferred	from	1/2	MS	to	1/2	MS	with	or	without	
100mM	NaCl	for	9	days	.	All	plots	represent	the	mean	of	3	biological	replicates	(n	>	36).	Error	bars	
represent	SEs.	Asterisks	indicate	a	statistical	difference	based	on	the	Mann-Whitney	U	Test	(P	<	0.05;	
P	<	0.01;	P	<	0.001)	when	compared	to	mock-inoculated	plants	in	the	same	condition.	The	numbers	
above	 bars	 indicate	 the	 beneficial	 ratio	 (ratio	 between	 fresh	weight	 of	PstDC3000hrcC-	 and	mock-
inoculated	seedlings).	
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Table	S	4.1.	Arabidopsis	thaliana	T-DNA	insertion	used	in	this	study		

Mutant	allele	 Gene	name		 Accessio
n	

Mutage
n	

Reference/So
urce	

MYB28-
1/MYB29-1	

MYB	 domain	
protein	28/29	

	

Col-0	 T-DNA	 (Sønderby	 et	
al.	2010)	

myb34/myb51/
myb122	

MYB	 domain	
protein	
34/51/122	

	

Col-0	 T-DNA	 Paul	 Schulze	
Lefert	Lab	

	

Table	S	4.2	Primer	pairs	used	for	qPCR	validation	

Oligonucleotides	used	in	this	study	

Name	 Purpose	 Sequence5’								3’	

RJ32-MAM1-F3	 qPCR	analysis	 AATTCGGAGAACTCGTGGCCT	

RJ33-MAM1-R3	 qPCR	analysis	 GCTCCCGCACATATACCGGAT	

AZ-MYB122-F3	 qPCR	analysis	 CACGCCATTCATGGCAACAA		

AZ-MYB122-R3	 qPCR	analysis	 GGGATTTGTGGGTCAACGGA		

AZ-	HKT1	-F	 qPCR	analysis	 TCTTCTTGGAGTGACGGTGC		

AZ-	HKT1	-R	 qPCR	analysis	 TAGTTTCTCCGGTGTGTCGC		

HA292	-WRY70-F	 qPCR	analysis	 TGCTCTTGGGAGTTTCTGCGTTG		

HA293	-WRY70-R	 qPCR	analysis	 TGAGCTCGAACCCAAGATGTTCAG		

AZ-IGMT1-F3	 qPCR	analysis	 GCTCTGTAGACCCTCTCGC	
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AZ-IGMT1R3	 qPCR	analysis	 GCTCTGTAGACCCTCTCGC	

AZ-CYP83A1-F3	 qPCR	analysis	 ATCCCTCGTGCTTGCATTCA	

AZ-CYP83A1-R3	 qPCR	analysis	 AGTCCGTGCCTTTGAAGTCA	

AZ-CYP83A1-F3	 qPCR	analysis	 ATCCCTCGTGCTTGCATTCA	

AZ-CYP83A1-R3	 qPCR	analysis	 AGTCCGTGCCTTTGAAGTCA	

RJ30-BCAT4-F	 qPCR	analysis	 CAGAAGATGGTCGGATTCTGCTA		

RJ31-BCAT4-R	 qPCR	analysis	 GGCAAAAGCTGTGAAGGTGGT		
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CHAPTER	5.	Different	roles	of	alkyl	and	indole	glucosinolates	in	shaping	

symbiotic	interaction	of	Enterobacter	sp.	SA187	with	Arabidopsis	thaliana		

	

Rewaa	Jalal	1,4,	Axel	deZelicourt	2,	Marília	Trapp	1	,3,	Kiruthiga	Mariappan	1,	Naganand	

Rayapuram	1,	Kirti	Shekhawat1,	Olga	artyukh1,	Axel	Mithöfer	3,	Heribert	Hirt	1		

1	 King	 Abdullah	 University	 of	 Science	 and	 Technology,	 Division	 of	 Biological	 and	

Environmental	Sciences	and	Engineering,	Thuwal,	Kingdom	of	Saudi	Arabia,	2	Institut	

of	Plant	Sciences	 Paris-Saclay	 (IPS2),	 3	Max	 Planck	 Institute	 for	Chemical	Ecology,	

Department	Bioorganic	Chemistry,	Jena,	Germany,4	University	of	Jeddah,	Department	

of	Biology,	Jeddah,	Kingdom	of	Saudi	Arabia	

5.1.	Abstract	

Glucosinolates	are	sulfur	and	nitrogen-containing	plant	secondary	metabolites	which	

are	 mainly	 found	 in	 Brassicaceae	 including	 the	 model	 plant	 Arabidopsis	 thaliana.	

Multiple	 studies	 have	 shown	 that	 glucosinolates	 are	 important	 defense	 factors	 in	

protecting	 plants	 against	 insects,	 fungal	 and	 bacterial	 infection.	 However,	 salinity	

modifies	plant	glucosinolate	contents	in	response	to	salt	stress.	In	the	present	work,	

we	investigate	the	role	of	glucosinolates	in	the	symbiotic	interaction	of	Enterobacter	

sp	SA187	with	Arabidopsis	thaliana	and	its	potential	to	induce	plant	salt	tolerance.	We	

show	 that	 Arabidopsis	 glucosinolate	 biosynthesis	 pathways	 are	 differentially	

regulated	 by	 SA187	 under	 normal	 and	 salt	 stress	 conditions.	 Moreover,	

glucosinolates	 influence	 SA187	 colonization	 of	 Arabidopsis.	 Whereas	 indole	

glucosinolates	 act	 as	 negative	 factors,	 alkyl	 glucosinolates	 function	 as	 positive	
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regulators	in	SA187	root	colonization.	 	We	hypothesize	that	specific	glucosinolates	

might	 play	 an	 important	 role	 in	 plant	 salt	 stress	 and	 that	 SA187-regulated	

glucosinolate	biosynthesis	might	contribute	to	salt	tolerance.		

	

5.2.	Introduction	

Soil	salinization	is	a	primary	factor	that	causes	enormous	loss	of	crop	productivity.	It	was	

reported	that	about	20%	of	irrigated	land,	on	which	one-third	of	the	global	food	is	produced,	

is	 affected	 by	 soil	 salinity	 (Shrivastava	 and	 Kumar	 2015;	 Bartels	 and	 Sunkar	 2005).	 Soil	

salinity	has	many	negative	effects	on	plant	growth	and	development	(Ashraf	2004).	Studies	

have	shown	that	salinity	modifies	glucosinolates	content	in	plants	in	response	to	salt	stress	

(Qasim	 et	 al.	 2003;	 Lopez-Berenguer	 et	 al.	 2009).	 Glucosinolates	 are	 plant	 secondary	

metabolites	 that	 contain	 nitrogen	 and	 sulfur	 and	 are	 found	 exclusively	 in	 Brassicaceae	

including	Brassica	crops	as	well	as	the	model	plant	Arabidopsis	thaliana	(Fahey,	Zalcmann,	

and	 Talalay	 2001;	 Wittstock	 and	 Halkier	 2002).	 Glucosinolates	 are	 classified	 into	 three	

categories:	 aliphatic,	 aromatic,	 and	 indolic	 (Fahey,	 Zalcmann,	 and	 Talalay	 2001).	 In	

Arabidopsis,	around	40	different	glucosinolates	have	been	identified,	mostly	of	the	aliphatic	

or	 indolic	 type	 (Reichelt	 et	 al.	 2002;	 Brown	 et	 al.	 2003).	 Glucosinolates	 biosynthesis	 is	

regulated	 by	 R2R3-MYB	 transcription	 factors,	 MYB28,	 MYB76,	 and	 MYB29	 regulate	 the	

aliphatic	Glucosinolates	(AGSs)	biosynthesis	pathway	(Gigolashvili	et	al.	2007),	while	MYB51,	

MYB122,	and	MYB34,	regulate	the	indolic	Glucosinolates	(IGSs)	(Sønderby	et	al.	2007).	New	

agricultural	technologies	aim	to	produce	stress-tolerant	crops	to	ensure	future	global	food	

security	(Newton,	Johnson,	and	Gregory	2011;	Takeda	and	Matsuoka	2008).	One	approach	to	

improve	the	resistance	towards	different	stresses	involves	the	exploitation	of	rhizosphere	

microorganisms.	For	example,	beneficial	bacteria	and	fungi	are	well	known	to	enhance	the	
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plant	 growth	 and	 therefore	 crop	 productivity	 under	 stress	 (Dimkpa,	Weinand,	 and	 Asch	

2009).	 In	 addition,	 they	 are	 able	 to	modify	 the	 secondary	metabolism	 of	 their	 plant	 host	

(Zhang,	Song,	and	Tan	2006).	Recently,	our	group	isolated	Enterobacter	sp.	SA187	from	the	

root	nodules	of	Indigofera	argentea	from	the	Jizan	region	of	Saudi	Arabia	(Lafi	et	al.	2017;	

Andrés-Barrao	et	al.	2017).	 In	a	previous	study	(de	Zélicourt	et	al.	2018)	we	showed	that	

SA187	 induces	 salt	 stress	 tolerance	 in	 Arabidopsis	 thaliana	 by	 producing	 2-keto-4-	

methylthiobutyric	acid	(KMBA)	to	activate	the	ethylene	signaling	pathway.	Moreover,	SA187	

enhances	yield	production	of	the	crop	plant	alfalfa	under	field	conditions	under	salt	stress	

conditions.	We	performed	transcriptome	analysis	 for	 inoculated	plants	with	SA187	under	

normal	and	salt	stress	condition.	Transcriptome	analysis	showed	specific	enrichment	of	gene	

families	 involved	 in	 response	 to	 abscisic	 acid,	 salicylic	 acid,	 ethylene,	 gibberellic	 acid	

mediated	 signaling	 and	glucosinolate	biosynthesis.	The	 involvement	of	 different	hormone	

pathways	was	described	previously	(de	Zélicourt	et	al.	2018).	Therefore,	 in	 this	study	we	

particularly	investigated	the	role	of	glucosinolate	biosynthesis	in	enhancing	salt	tolerance	by	

Enterobacter	sp	SA187	and	its	potential	role	in	regulating	plant	growth.	Our	results	shed	light	

on	the	different	communication	mechanisms	used	by	beneficial	microbes	to	enhance	plant	

growth	under	salt	stress.	

	

5.3.	Results		

5.3.1.	SA187	enhances	salt	stress	tolerance	in	Arabidopsis	thaliana	growth		

Arabidopsis	plants	inoculated	with	SA187	showed	enhanced	growth	under	salt	stress	

with	 an	 increase	 of	 63%	 for	 total	 fresh	 weight	 and	 247%	 for	 total	 dry	 weight.	

Similarly,	 the	 lateral	 root	 density	 also	 increased	 by	 51%	 (Figure	 5.1	 A	 and	 B).	 In	

comparison	to	mock	treated	plants,	under	the	normal	conditions,	SA187	inoculated	
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plants	 only	 showed	 an	 increase	 of	 28%	 in	 total	 fresh	weight,	while	 no	 significant	

difference	was	seen	in	lateral	root	density,	root	length	and	total	dry	weight	between	

mock	and	SA187	inoculated	plants.	

	 	

Figure	5.1	SA187	enhances	Arabidopsis	resistance	to	salt	stress.		

(A)	 SA187	 colonized	 17-day-old	 seedling	 showing	 enhanced	 growth	 under	 salt	 stress	 (1/2	 MS	 +	
100mM	NaCl).	(B)	Total	plant	dry	weight,	total	plant	fresh	weight,	of	17-20-day-old	seedlings	and	root	
length,	lateral	root	density	of	14-day-old	seedlings	inoculated	by	SA187	or	mock-treated	transferred	
5	days	after	germination	from	1/2	MS	to	1/2	MS	with	or	without	100mM	NaCl.	All	plots	represent	the	
mean	 of	 3	 biological	 replicates	 (n	 >	 36).	 Error	 bars	 represent	 SE.	 Asterisks	 indicate	 a	 statistical	
difference	based	on	the	Mann-Whitney	U	Test	(P	<	0.05;	P	<	0.01;	P	<	0.001),	Compared	to	the	mock	
plants	in	the	same	condition.	
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5.3.2.	SA187	Global	transcriptome	profile	in	response	to	SA187	in	Arabidopsis	
plants	

To	understand	the	basis	of	how	SA187	enhances	growth	of	Arabidopsis	plants,	under	

normal	and	 salt	 stress	 conditions,	 transcriptome	analysis	 (RNA-seq)	of	14-day	old	

plants	inoculated	with	SA187	was	compared	to	mock-inoculated	plants.	

	The	 effect	 of	 bacterial	 colonization	 under	 salt	 stress	 conditions	 was	 assessed	 by	

comparing	(SA187	vs	mock),	(Salt	vs	mock)	and	(SA187+Salt	vs	mock+Salt),	showing	

that	244,	1241	and	885	differentially	expressed	genes	(DEGs)	by	the	“SA187”,	“Salt”	

an	 “SA187+Salt”	 treatments,	 respectively.	 Considering	 DEGs	 with	 log2	 FC≥1.0	 or	

≤−1.0,	203,	448	and	456	genes	were	up-regulated	while	41,	793	and	319	genes	were	

down-regulated	in	“SA187”,	“Salt”	and	“SA187+Salt”,	respectively.		

To	obtain	a	global	profile,	 all	DEGs	were	 combined,	hierarchically	 clustered	 into	7	

groups	and	analyzed	for	gene	ontology	enrichment	(Figure	5.2	A),	 from	which	the	

relevant	ones	are	shown	in	Figure	5.2	B.	Among	the	305	genes	belonging	to	Cluster	1,	

some	 are	 involved	 in	 hydrogen	 peroxide	 catalytic	 processes	 and	 reactive	 oxygen	

species	metabolic	processes,	which	could	explain	the	beneficial	impact	of	SA187	in	

salt	 stress	 tolerance.	 Down-regulation	 of	 the	 genes	 related	 to	 the	 catabolism	 of	

hydrogen	peroxide	and	ROS	 in	salt	conditions,	will	increase	oxidative	stress	 in	the	

plant	tissues,	and	the	SA187	is	able	to	rescue	the	plant	by	up-regulating	these	genes	

and	 therefore	 to	 reduce	 the	 amount	 of	 oxidative	 species.	 Moreover,	 this	 cluster	

comprises	also	genes	involved	in	response	to	different	hormones.		

Cluster	2	 comprises	599	genes,	which	 are	 related	 to	 responses	 to	 biotic	 stimulus,	

response	to	bacterium,	innate	immune,	indole	glucosinolate	and	secondary	metabolic	
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processes	 and	 response	 to	 phytohormones.	 These	 genes	 are	 also	 down-regulated	

under	salt	stress,	and	although	they	are	up-regulated	in	the	presence	of	SA187	under	

normal	 conditions,	 the	 bacterium	 is	 not	 able	 to	 restore	 the	 transcription	 levels	of	

these	genes	under	salt	stress	conditions.		

The	expression	profile	of	 genes	presents	 in	 cluster	3	have	an	opposite	 trend	 than	

those	present	in	Cluster	2:	they	are	up-regulated	upon	salt	stress,	and	down-regulated	

under	normal	conditions.	Moreover,	SA187	seems	to	have	no	or	little	impact	on	the	

expression	of	 these	genes,	suggesting	that	 they	might	respond	more	to	the	abiotic	

stress	than	to	the	interaction	with	the	bacteria.	The	genes	of	this	cluster	are	related	

to	 response	 to	 water,	 abiotic	 stimulus,	 salt	 stress	 and	 abscisic	 acid.	 The	 GO	

enrichment	of	this	cluster	also	highlighted	genes	related	to	ethylene,	gibberellic	acid,	

secondary	metabolites	and	glucosinolate	biosynthesis.		

Cluster	7	consists	of	known	salt	stress	regulated	genes	that	were	downregulated	in	

plants	 subjected	 to	 salt	 stress,	 and	 their	 expression	 levels	 are	 mildly	 affected	 by	

SA187.	Among	 these	genes,	 some	are	 involved	 in	 response	 to	 stress,	 chitin,	 signal	

transduction,	jasmonic	acid	signaling	and	regulation	of	defense	response.	

	



 111 

	

Figure	5.2	Transcriptome	analysis	of	Arabidopsis	response	to	SA187	under	normal	condition	
and	salt	stress	condition.		

(A)Hierarchical	clustering	of	up-	and	down-regulated	genes	in	Arabidopsis	seedlings	in	response	to	
SA187,	 salt	 (100mMNaCl),	 both	 treatments	 based	 on	 the	RNA-Seq	analysis.	For	 every	 gene,	 FPKM	
values	 were	 normalized.	 Heat	 map	 colors	 indicate	 expression	 levels.	 (B)	 Expression	 profiles	 and	
enrichment	of	genes	with	GO	terms	for	interesting	clusters.	

	



 112 

5.3.3.	SA187	regulates	genes	involved	in	glucosinolate	biosynthesis		

Previous	experiments	have	demonstrated	that	Akyl	glucosinolates	might	play	a	role	

in	 the	 beneficial	 effect	 of	 the	 non-pathogenic	 Pst	 DC3000	 hrcC-	 on	 salt	 stress	 in	

Arabidopsis	 (Chapter	 4).	 Therefore,	 we	 decided	 to	 investigate	 the	 role	 of	 these	

compounds	 in	 the	 interaction	 between	 the	 salt	 tolerance	 promoting	 bacteria	

SA187(de	Zélicourt	et	al.	2018))	and	Arabidopsis	thaliana.	The	transcriptome	analysis	

indicated	that	a	large	set	of	GS-related	genes	are	either	constitutively	expressed	or	

induced	in	SA187	colonized	plants	under	salt	stress.	In	order	to	obtain	a	full	profile	

of	 the	 glucosinolate	 pathway,	 we	 did	 hierarchical	 clustering	 of	 DEGs	 involved	 in	

glucosinolate	biosynthesis	in	Arabidopsis	(Figure	5.3	A).		

Comparing	Mock+SA187	with	mock,	 the	 transcriptome	 data	 showed	 a	 number	 of	

upregulated	genes	in	response	to	SA187	under	normal	conditions,	which	are	mainly	

related	to	the	indole	glucosinolate	biosynthesis.	The	central	regulatory	transcription	

factor	MYB51	regulates	many	indole	glucosinolate	biosynthetic	genes,	including	ST5A,	

CYP83A1,	 CYP83B1	 and	 CYP81F2,	 which	 all	 encode	 enzymes	 involved	 in	 the	

biosynthesis	 of	 indole	 glucosinolates,	 while	 GSTF10	 and	 AAO4	 are	 involved	 in	

glutathione	and	glucosinolate	metabolism.		

Under	 salt	 stress	 conditions,	 a	 set	 of	 different	 glucosinolate-related	 genes	 were	

upregulated	in	SA187	inoculated	plants:	BCAT3,	GSTF9,	and	AT1G78370	or	GSTU20,	

all	of	which	are	involved	in	glutathione	and	glucosinolate	metabolism.	Upregulated	

genes	 in	SA187	plants	also	 included	GGP1	 involved	 in	 camalexin	biosynthesis	 and	

enzymes	 in	 branched-chain	 amino	 acid	 and	 glucosinolate	 biosynthesis	 CYP83A1,	
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MAM3,	 IPMI-SSU2,	 AOP3	 and	 the	 important	 transcription	 factor	 MYB28,	 which	

regulates	 aliphatic	 glucosinolate	 biosynthesis.	 To	 validate	 the	 transcriptome	 data,	

qRT-PCR	of	some	GS	biosynthetic	genes	and	regulators	was	performed	(Figure	5.3B).	

Transcript	levels	of	the	GS	biosynthesis	related	gene	MAM1	were	significantly	higher	

in	response	to	SA187	when	compared	to	non-inoculated	plants	in	both	normal	and	

salt	 stress	 conditions.	 	The	 transcript	 levels	 of	 IGMT1	 (IGS	 related	 genes)	 and	 the	

transcription	 factor	MYB122	 (which	 regulates	 the	 indolic	 GS	pathway),	were	 both	

increased	 in	 SA187	 plants	 under	 non-salt	 and	 salt	 conditions.	 In	 contrast,	MYB28	

(which	regulates	biosynthetic	genes	 from	the	AGs	pathway)	and	CYP71A12	 (which	

encodes	 an	 IAOx	 dehydratase	 (Muller	 et	 al.	 2015),	 only	 showed	higher	 transcript	

levels	in	SA187	inoculated	plants	under	salt	stress	conditions.	
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Figure	5.3	Hierarchical	clustering	of	differential	expression	profiles	of	glucosinolate	genes	in	
SA187	inoculated	Arabidopsis	under	normal	and	salt	stress	conditions.		

(A)	Hierarchical	clustering	of	up-	and	down-regulated	genes	in	Arabidopsis	seedlings	in	response	to	
SA187	in	normal	condition	and	salt	(100mMNaCl),	both	treatments	based	on	the	RNA-Seq	analysis.	
For	 every	 gene,	 FPKM	 values	 were	 normalized.	 Heat	 map	 colors	 indicate	 expression	 levels.	 (B)	
Expression	of	glucosinolate	biosynthesis	and	TF–related	genes	in14	days-old	seedlings	in	the	presence	
or	absence	of	SA187	in	normal	and	salt	stress	conditions.	Transcript	levels	were	determined	by	qRT-
PCR	relative	to	Col-0	WT	(normalized	to1).			Expression	levels	were	normalized	using	actin	and	UBQ10.	
All	plots	 represent	 the	mean	of	3	biological	 replicates	 (n	>	36).	Error	bars	 represent	SE.	Asterisks	
indicate	a	statistical	difference	based	on	the	Mann-Whitney	U	Test	(P	<	0.05;	P	<	0.01;	P	<	0.001)	when	
compared	to	mock	inoculated	plants	in	the	same	condition.	
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5.3.4.	Role	of	Aliphatic	and	Indolic	glucosinolate	in	response	to	SA187	

Our	transcriptome	analysis	showed	that	SA187	regulates	a	number	of	genes	related	

to	the	glucosinolate	pathways	in	Arabidopsis	plants.	Since	glucosinolates	are	defense	

molecules	in	plant-microbe	and	plant-insect	interactions,	we	performed	experiments	

with	the	Arabidopsis	transcription	factor	mutants	myb28-1/myb29-1	(Sønderby	et	al.	

2010)	 and	 myb34/myb51/myb122,	 which	 regulate	 the	 aliphatic	 and	 indolic	

biosynthesis	pathways,	respectively	(Frerigmann	and	Gigolashvili	2014).		

Under	 normal	 conditions,	 SA187	 stimulated	 growth	 (total,	 aerial	 and	 root	 fresh	

weight)	of	WT	and	the	myb28/29	mutant.	However,	the	beneficial	SA187-Arabidopsis	

interaction	was	compromised	in	the	myb34/51/122	mutant.	An	interesting	behavior	

was	observed	under	salt	stress	conditions,	 though.	The	beneficial	 impact	of	SA187	

was	more	pronounced	 in	myb34/51/122	mutants	(increasing	TFW,	AFW	and	RFW	

between	 84%	 -	 93%	 in	 comparison	 to	 non-inoculated	 plants),	 than	 for	 WT	 and	

myb28/29	(where	the	increase	in	the	same	parameters	was	around	53-77%	and	32%-

40%,	respectively).		

In	order	to	evaluate	the	impact	of	salt	stress	and	beneficial	effect	of	SA187	on	these	

mutants,	 we	 evaluated	 their	 phenotypes	 (Figure	 S	 5.1)	 and	 the	 plant	 growth	

parameters	in	inoculated	and	mock-inoculated	plants	grown	under	normal	and	salt	

stress	 conditions.	 The	 different	 quantitative	 measurements	 of	 total	 fresh	 weight	

(TFW),	 aerial	 fresh	weight	 (AFW),	 root	 fresh	weight	 (RFW),	 principal	 root	 length	

(PRL),	and	lateral	root	density	(LRD)	are	shown	in	Figure	5.4	A-E.	
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Under	 salt	 stress	 conditions,	 SA187	 inoculated	 plants	 showed	 a	 much-enhanced	

beneficial	 effect	 in	 the	 indole	GL-related	myb34/51/122	mutant,	whereas	the	alkyl	

glucosinolate	deficient	myb28/29	mutant	did	not	only	lose	beneficial	activity	but	even	

showed	plant	growth	inhibition	when	compared	with	mock-inoculated	plants.	These	

results	indicate	that	apart	from	the	expected	role	of	indole	glucosinolates	as	negative	

factors,	 alkyl	 glucosinolates	 positively	 act	 on	 SA187-induced	 plant	 salt	 stress	

tolerance.	
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Figure	 5.4	 Arabidopsis	 thaliana	 phenotypes	 of	 GS-TFs	 related	 mutants	 in	 the	 absence	 or	
presence	of	SA187.		

(A)Total	fresh	weight	 ,(B)Aerial	fresh	weight,	(C)Root	fresh	weight	of	5	days	seedling	inoculated	or	
non-	inoculated	with	SA187	transferred	from	1/2	MS	to	1/2	MS	with	or	without	100mM	NaCl	for	12-
15	days	 respectively	 ,(D)	Principal	 root	 length	 (PRL)	 	and	 (E)	 lateral	 root	density	 (LRD)	of	5	days	
seedling	inoculated	or	non-	inoculated	with	SA187	transferred	from	1/2	MS	to	1/2	MS	with	or	without	
100mM	NaCl	for	9	days	 .All	plots	represent	the	mean	of	3	biological	replicates	(n	>	36).	Error	bars	
represent	SEs.	Asterisks	indicate	a	statistical	difference	based	on	the	T-test	(P	<	0.05;	P	<	0.01;	P	<	
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0.001)	when	compared	 to	mock-inoculated	plants	 in	 the	same	condition.	The	numbers	above	bars	
indicate	the	beneficial	ratio	(ratio	between	fresh	weight	of	SA187	-	and	mock-inoculated	seedlings).	

	

The	 principal	 root	 length	 (Figure	 5.4	 D),	 is	 slightly	 negatively	 affected	 by	 the	

myb28/29,	 and	 slightly	 positively	 affected	 by	 the	 interaction	 with	 bacteria	 under	

normal	 conditions,	 but	 it	 decreases	 strongly	 under	 salt	 stress	 conditions	 for	 all	

mutants	 and	 WT	 plants,	 and	 no	 beneficial	 impact	 of	 SA187	 is	 seen	 under	 this	

condition.	However,	SA187	increases	lateral	root	density	under	salt	stress	conditions	

in	both	WT	plant	and	in	the	mutants.		

These	data	show	that	MYB34,	MYB	51	and	MYB	122	have	a	reverse	influence	on	the	

beneficial	effect	of	SA187	under	normal	and	salt	stress	conditions.	These	genes	favor	

the	 beneficial	 effect	 of	 SA187	 under	 normal	 conditions,	 and	 their	 loss	 leads	 to	 a	

decrease	in	this	beneficial	effect.	However,	under	salt	stress	conditions	these	genes	

have	 a	 negative	 impact	 on	 the	 interaction	 between	 plant	 and	 bacteria.	 Therefore,	

SA187-inoculated	myb34/51/122	plants	perform	better	 than	WT	under	 salt	 stress	

conditions,	suggesting	an	intricate	mechanism	of	alkyl	and	indole	glucosinolates	in	

modulating	growth	under	normal	and	salt	stress	conditions.	

	

5.3.5.	Quantification	of	glucosinolates	in	SA187	inoculated	Arabidopsis	plants			

To	further	investigate	the	relationship	between	glucosinolates	and	SA187	interaction	

with	Arabidopsis,	we	determined	the	glucosinolate	contents	in	Arabidopsis	wild	type	

and	 GS	 mutant	 plants.	 We	 analyzed	 the	 three	 different	 IGSs	 Indol-3-yl-methyl	

GS(I3M),	 4-methoxy-Indol-3-yl-methyl	 GS	 (4MOI3M)	 and	 1-methoxy-Indol-3-yl-
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methyl	 GS	 (1MOI3M)	 (Figure	 11),	 and	 the	 six	 AGSs	 3-methylsulfinylpropyl	 GS	

(Glucoberine	 or	 3MSOP),	 4-methylsulfinylbutyl	 GS	 (glucorahanin	 or	 4MSOB),	 5-

methylsulfinylpentyl	 GS	 (glucoalyssinor	 5MSOP),	 7-methylsulfinylheptyl	 GS	

(glucosibarin	or	7MSOH),	8-methylsulfinyloctyl	GlS	(glucohirsutin	or	8MSOO)	and	4-

methylthiobutyl	GS	(4MTB),	Indol-3-yl-methyl	(Figure	5.5	-	5.7).		

WT	and	myb34/51/122	mutant	plants	grown	under	normal	conditions	(Figure	5.5)	

showed	higher	GS	levels	than	plants	grown	under	salt	stress	conditions.	This	increase	

in	the	amounts	of	total	glucosinolates	was	related	mainly	to	an	increase	in	the	akyl	

glucosinolates	 (Figure	 5.6	 and	 5.7).	 Therefore,	 the	 same	 trend	 was	 not	 shown	 in	

myb28/29,	where	 the	 alkyl	 glucosinolates	 biosynthetic	 pathway	 is	 shut	 down	 and	

only	traces	of	akyl	glucosinolates	are	present.	In	this	mutant,	salt	stress	leads	to	an	

increase	of	total	GS	instead.	

Under	normal	and	stress	conditions,	the	interaction	with	bacteria	increases	the	levels	

of	total	glucosinolates	in	WT	plants,	which	comes	from	the	combination	of	increasing	

levels	 of	 all	 IGSs	 and	 AGSs	 (Figure	 5.6	 and	 5.7).	 Since	 the	 AGs	 are	 absent	 in	 the	

myb28/29,	the	levels	of	total	glucosinolates	are	lower	in	this	mutant	compared	to	WT,	

and	the	increase	in	the	total	glucosinolate	levels	(154%	under	normal	conditions	and	

32%	under	salt	stress)	seen	 in	this	mutant	 is	exclusively	related	to	 increase	 in	 the	

indole	 glucosinolate	 levels.	 On	 the	 other	 way	 around,	 in	 the	 myb34/51/122	 are	

related	 to	 the	 AGS.	 Moreover,	 these	 genes	 may	 play	 a	 role	 in	 the	 plant/bacteria	

interaction	under	salt	stress	conditions,	since	both	have,	not	only	reduced	amounts	

of	total	glucosinoltes	when	compared	to	the	wild	type	plants,	but	also	present	less	
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pronounced	increase	in	the	total	amount	of	glucosinolates	than	WT	in	the	presence	

of	bacteria.					

	

Figure	5.5	Accumulation	of	total	glucosinolate	levels	in	Arabidopsis	GS	-related	mutants	in	the	
absence	and	presence	of	SA187.		

Accumulation	of	glucosinolates	of	20-day-old	mock-	or	SA187-inoculated	Arabidopsis	plants	grown	on	
1⁄2	MS	without	or	with	100	mM	NaCl.	All	plots	represent	the	means	of	three	biological	replicates,	and	
error	bars	represent	SEs.	Asterisks	indicate	a	statistical	difference	based	on	the	T-	test	(P	<	0.05;	P	<	
0.01;	P	<	0.001)	when	compared	to	mock-inoculated	plants	in	the	same	condition.	The	numbers	above	
bars	indicate	the	beneficial	ratio	(ratio	between	fresh	weight	of	SA187	and	mock-inoculated	seedlings).	
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Figure	 5.6	 Accumulation	 of	 selected	 Alkyl-GS	 in	 GS	 Arabidopsis	 mutants	 seedlings	 after	
inoculation	with	SA187.	

Accumulation	 of	 selected	 aliphatic	 glucosinolates	 (A)	 Glucoberine	 or	 3MSOP,	 (B)	 Glucorahanin	 or	
4MSOB,	 (C)	Glucoalyssinor,	 5MSOP,	 (D)	Glucosibarin	 or	 7MSOH,	 (E)	 4-methylthiobutyl	 GS	and	 (F)	
Glucohirsutin	or	8MSOO	of	20-day-old	mock-,	SA187	-inoculated	Arabidopsis	plants	exposed	for	15	
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days	 to	 1⁄2	 MS	 with	 or	 without	 100	 mM	 NaCl.	 All	 plots	 represent	 the	 mean	 of	 three	 biological	
replicates,	and	error	bars	represent	SE,	Asterisks	indicate	a	statistical	difference	based	on	the	T-	test	
(P	<	0.05;	P	<	0.01;	P	<	0.001),	Compared	to	the	mock	plants	in	the	same	condition.		

	

	

Fig	 5.7	 Accumulation	 of	 selected	 indolic-GS	 in	 GS	 Arabidopsis	 mutants	 seedlings	 after	
inoculation	with	SA187.		

Accumulation	of	selected	Indolic	Glucosinolates	(A)	1-methoxy-Indol-3-yl-methyl	GS	or	1MOI3M,	(B)	
Indol-3-yl-methyl	or	I3M	and	(C)	4-methoxy-Indol-3-yl-methyl	GS	or	4MOI3M	of	20-day-old	mock-,	
SA187	-inoculated	Arabidopsis	seedlings	exposed	for	15	days	to	1⁄2	MS	with	or	without	100	mM	NaCl.	
All	 plots	 represent	 the	mean	 of	 three	 biological	 replicates,	and	 error	 bars	 represent	 SD,	Asterisks	
indicate	a	statistical	difference	based	on	the	T-	test	(P	<	0.05;	P	<	0.01;	P	<	0.001),	Compared	to	the	
mock	plants	in	the	same	condition.	
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Figure	5.8	SA187	colonization	of	Arabidopsis	GS	mutants.		

(A)	quantification	of	bacteria	in	the	5	days	seedling	after	germination	in	1/2	MS	inoculated	with	SA187.	
(B)	quantification	of	bacteria	in	the	shoot	and	root	of	20-day-old	seedlings	inoculated	by	SA187	or	
mock-treated	transferred	5	days	after	germination	from	1/2	MS	to	1/2	MS	with	or	without	100mM	
NaCl.	All	plots	 represent	 the	means	of	3	biological	 replicates	 (n	>	18-20).	Error	bars	 represent	SE.	
Asterisks	indicate	a	statistical	difference	based	on	the	Mann-Whitney	U	Test	(P	<	0.05;	P	<	0.01;	P	<	
0.001),	compared	to	the	mock	plants	in	the	same	condition.	

	

	

5.3.6.	Influence	of	glucosinolates	on	SA187	colonization	of	Arabidopsis	thaliana	

To	 investigate	 the	 role	 of	 glucosinolates	 on	 the	 ability	 of	 SA187	 to	 colonize	

Arabidopsis	plants,	we	determined	the	number	of	SA187	in	the	shoot	and	root	system	

of	different	GS	mutants	under	control	and	salt	conditions.	The	bacteria	were	extracted	

from	plants	at	two	different	time	points,	with	5	days	old	plants	after	germination	on	

½	MS	agar	plates	that	were	seeded	with	SA187.	The	second	extraction	was	done	with	

20	days	old	plants,	15	days	after	transfer	to	agar	plates	containing	½	MS	or	½	MS	+	

100	mM	NaCl.	
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	In	5	days,	old	seedlings,	similar	numbers	of	bacteria	were	found	in	wild	type	and	the	

GLS	mutant	lines	(Figure	5.14	A).	Fifteen	days	after	transfer	to	new	plates,	the	shoots	

of	the	plants	presented	similar	bacterial	colonization	levels,	with	a	mild	increase	in	

the	 CFU	 of	 plants	 under	 salt	 condition.	However,	 the	 roots	 of	WT,	myb28/29	 and	

myb34/51/122	presented	a	very	different	behavior	of	bacterial	colonization.	While	

WT	 plants	 showed	 high	 root	 colonization	 levels,	 which	 did	 not	 change	 upon	 salt	

stress,	myb28/29	 had	 high	 bacterial	 colonization	 under	 normal	 conditions,	 which	

severely	dropped	under	salt	stress.	myb	34/51/122,	on	the	other	hand,	showed	very	

low	 root	 colonization	 under	 both	 normal	 and	 salt	 stress	 conditions.	 	 These	 are	

intriguing	results,	since	myb34/51/122	roots	show	the	lowest	bacterial	colonization	

under	salt	stress,	but	have	the	highest	beneficial	effect	on	salt	stress	tolerance.			

	

5.4.	Discussion	

Enterobacter	sp.	 SA187	was	 isolated	 from	 the	 root	 nodules	of	 Indigofera	 argentea	

from	the	Jizan	region	of	Saudi	Arabia	(Lafi	et	al.	2017;	Andrés-Barrao	et	al.	2017).	In	

our	previous	study	(de	Zélicourt	et	al.	2018),	we	demonstrated	that	SA187	enhances	

salt	stress	 tolerance	 in	Arabidopsis	 thaliana	 through	the	production	of	bacterial	2-

keto-4-	methylthiobutyric	acid	(KMBA)	to	activate	the	ethylene	signaling	pathway.	

Moreover,	SA187	was	also	shown	to	enhance	yield	of	alfalfa	under	salt	stress	in	the	

field.	In	the	current	study,	transcriptome	analysis	of	an	earlier	time	points	of	the	plant	

microbe	 interaction	 showed	 an	 enrichment	 of	 glucosinolate	 biosynthesis	 pathway	

genes	in	response	to	SA187	under	normal	and	salt	stress	conditions,	and	that	a	set	of	
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genes	were	highly	upregulated	 in	 the	 inoculated	while	downregulated	 in	 the	non-

inoculated	plants	under	both	conditions	(Figure	5.3	A).		

In	general,	plants	have	to	deal	with	different	environmental	stresses	including	biotic	

stresses	such	as	the	infection	with	pathogens	and	herbivores.	Moreover,	abiotic	stress	

such	as	light	(Engelen-Eigles	et	al.	2006),	temperature	(Velasco	et	al.	2007)	salinity	

(Qasim,	 Ashraf,	 Rehman,	 et	 al.	 2003;	 Lopez-Berenguer	 et	 al.	 2009)	 and	 drought	

(Radovich,	Kleinhenz,	and	G.	Streeter	2005),	may	modify	the	glucosinolate	balance.	

Stressed	plants	might	accumulate	more	 secondary	metabolic	products,	 since	plant	

growth	 is	 limited	 by	 photosynthesis	 and	 carbon	 fixation	 is	 generally	 supplying	

secondary	metabolite	production	(Endara	and	Coley	2011).	Akyl	glucosinolates	were	

absent	 in	myb28/29	and	 indolic	glucosinolates	were	reduced	to	a	certain	extent	 in	

myb34/myb51/myb122,	 confirming	 that	 these	 TFs	 regulate	 IGSs	 and	 AGSs	

(Frerigmann	and	Gigolashvili	2014;	Sønderby	et	 al.	 2010).	Meanwhile,	 the	 level	of	

glucosinolates	(Figure	5.10)	in	these	mutants	was	increased	(47%	-131%)	under	salt	

stress	conditions	when	compared	to	mock-inoculcated	plants.	Various	abiotic	factors	

have	been	reported	to	influence	glucosinolate	accumulation	and	distribution	in	plants	

(Schonhof	et	al.	2007;	Haugen	et	al.	2008;	Kuhlmann	and	Müller	2009;	Ahemad	and	

Kibret	 2014;	 Del	 Carmen	 Martinez-Ballesta	 and	 Carvajal	 2013).	 Based	 on	 the	

literature,	higher	concentrations	of	glucosinolates	could	be	due	to	salt	stress	(Qasim	

et	 al.	 2003;	 López-Berenguer	 et	 al.	 2008;	Keling	 2010).	 It	 has	 been	 reported	 that	

moderate	salt	stress	increases	glucosinolate	levels	to	protect	plants	as	an	adaptive	

component	 to	 induce	 salt	 tolerance	 in	 some	members	 of	 the	 Brassicaceae	 family	

(Stroeher,	Boothe,	and	and	Good	1995).		
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Plants	are	sessile	organisms	that	respond	to	stressful	conditions	in	order	to	ensure	

the	survival	under	adverse	conditions,	and	the	redistribution	of	glucosinolates	might	

be	one	mechanism	to	overcome	stressful	conditions	(Del	Carmen	Martinez-Ballesta	

and	Carvajal	2013).	To	elucidate	the	effects	of	SA187	on	the	glucosinolate	pathway,	

we	evaluated	the	number	of	bacteria	that	colonize	seedlings	in	various	glucosinolate-

related	mutants.		While	all	the	analyzed	lines	(WT,	myb28/29	and	myb34/51/122)	had	

similar	numbers	of	bacteria	in	shoots	(Figure	5.14.	A),	the	root	system	showed	a	very	

different	picture.	The	number	of	SA187	bacteria	in	the	root	system	decreased	in	the	

myb34/51/122	 indolic	 GS	 mutant	 (Figure	 5.14	 B),	 while	 the	 myb28/29	 alkyl-GS	

deficient	mutant	showed	only	a	salt-specific	reduction	in	bacterial	counts	in	the	roots.		

Our	 results	 show	 that	myb28/myb29	 is	 a	 positive	 regulator	 of	 bacterial	 beneficial	

impact	under	salt	stress	(Figure	5.5A),	suggesting	that	the	AGS	may	be	involved	in	

other	biological	processes	than	biotic	stresses.	On	the	other	hand,	myb34/51/122	is	a	

negative	 regulator	 of	 the	 beneficial	 SA187	 effects,	 suggesting	 that	 IGSs	 might	

negatively	affect	the	SA187-Arabidopsis	interaction.		

	

5.5.	Conclusions	and	Perspectives		

Overall,	 our	 study	 reveals	molecular	 signatures	 that	might	 be	 responsible	 for	 the	

performance	 of	 SA187	 under	 salt	 stress	 conditions.	 	 The	 phenotypic	 and	

transcriptome	data	shows	that	Enterobacter	 sp.	SA187	helps	plants	 to	grow	better	

under	 salt	 stress	 possibly	 by	 modifying	 plant	 growth	 promoting	 hormonal	

biosynthesis	 pathways	 and	 the	 synthesis	 of	 secondary	 metabolites	 such	 as	
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glucosinolates.	 In	 particular,	 the	 data	 support	 that	 SA187	 induces	 glucosinoalte	

production.	Moreover,	IGs	negatively	and	AGs	positively	affect	plant	interaction	and	

beneficial	activity	of	SA187.	These	strategies	allow	the	plant	to	perform	better	under	

salt	stress	environment.	The	study	also	underlines	the	usefulness	of	a	global	approach	

to	study	the	plant-bacterial	interactions	and	to	shed	light	on	the	molecular	basis	of	

their	interactions	during	stress	conditions.	Besides	a	general	contribution	to	a	better	

understanding	of	symbiotic	interactions,	the	data	can	be	useful	for	the	development	

of	bio-fertilizers	 for	good	crop	production.	The	relationship	between	aliphatic	and	

indolic	 glucosinolates	 and	 bacterial	 proliferation	 in	 plant	 roots	 under	 salt	 stress	

needs	further	research.		It	will	also	be	important	to	study	the	crosstalk	between	the	

hormonal	and	glucosinolate	pathways	to	further	unravel	the	mechanism	of	SA187-

induced	plant	salt	tolerance.	

	

5.6.	Materials	and	Methods	

5.6.1.	 Bacterial	 strain,	 plant	 material,	 growth	 conditions	 and	 phenotypic	
experimental	setup		

Enterobacter	 sp.	 SA187	 was	 obtained	 from	 root	 nodules	 extract	 of	 leguminous	

pioneer	plant	Indigofera	argentea	grown	in	the	Jizan	region	of	Saudi	Arabia.		SA187	

bacterial	strain	was	maintained	cryogenically	(−	80°C),	for	growth	conditions,	24	hrs	

prior	to	the	experiment,	SA187	was	revived	by	streaking	out	on	LB	agar	plates	(LB	

broth	with	or	without	agar	(lennox),	plates	were	maintained	at	28°C	for	24	hrs.	One	

day	before	inoculation,	bacteria	were	grown	in	LB	broth	and	incubated	overnight	at	

28°C.	For	seeding	 the	1/2MS	 (Murashige	and	Skoog	basal	 salts,	 Sigma).	plates	 the	
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concentration	of	SA187	bacteria	was	adjusted	to	OD6000.21(2.105CFU/ml)	and	100	ul	

of	0.21	bacterial	suspension	was	added	into	50	ml	of	½	MS.	For	control,	we	added	100	

ul	of	LB	 in	½	MS	control	plates.	Arabidopsis	mutants	were	obtained	 from	publicly	

available	collections	 listed	 in	 table	(S	5.1).	Arabidopsis	ecotype	Columbia-0	(Col-0)	

plants	were	used	as	WT	in	all	experiments.	Seeds	were	sterilization	prior	to	in	vitro	

sowing	of	 the	 seeds.	 Seeds	were	 sterilized	with	1	ml	of	70%	EtOH	+	0.05%	 triton	

solution	 and	 vortexed	 for	 10	 min,	 to	 remove	 the	 trashes	 of	 triton,	 seeded	 were	

washed	with	95-99%	EtOH	three	times	and	dried	on	sterile	Whatman	paper	under	

the	laminar	airflow.	For	salt	stress	experiments,	we	added	100	mM	of	NaCl	in	½	MS	

media	Seeds	were	sown	on	½	MS	plates	containing	either	only	100	LB	µl	bacterial	

suspension.	These	plates	were	stratified	at	4	̊C	in	dark	for	2	days	and	then	transferred	

to	growth	chamber.	For	plant	growth,	plates	were	placed	vertically	for	5	days	at	22°C	

with	a	16	h	light	/	8	h	dark	period	(long	day	conditions).	Plates	were	scanned	using	

the	Epson	Perfection	V800	Photo	Scanner,	then	principal	root	length,	lateral	root	and	

lateral	root	density	measurements	were	performed	using	these	scanned	plates	with	

the	 help	 of	 ImageJ	 software	 (https://imagej.net/Welcome)	 and	 using	 the	 ZEISS	

Stemi2000	microscope,	respectively.	For	fresh	weight	measurments,	shoots	and	roots	

of	control	and	salt-treated	plants	grown	for	12	to	15	days	were	separated,	and	the	

fresh	 weight	 was	 determined	 before	 drying	 the	 samples	 using	 sensitive	 balance	

(METTLER	 TOLEDO).	 Dry	weight	 of	 the	 shoot	 and	 the	 root	was	 determined	 after	

drying	the	samples	for	2days	at	65°C.	
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5.6.2.	Colonization	by	Enterobacter	sp.	SA187		

To	compare	colonization	of	the	plant	by	the	bacteria	in	the	shoot	and	root	system	at	

different	time	points,	shoots	and	roots	of	control	and	salt-treated	plants	grown	for	9	

to	15	days	were	separated	 in	1.5	ml	Eppendorf	 tubes.	Samples	were	ground	using	

Qiagen	 TissueLyser	 II	 Sample	 (Disruption	 -11843)	 for	 2	 minutes	 with	 500	 μl	 of	

extraction	buffer	(10mM	MgCl2+	0.01%	silwet	77),	then	samples	were	incubated	for	

one	 hour	 at	 28°C	 with	 300	 rpm	 shaking	 condition	 (eppendrof,	 ThermoMixer	 C).	

Samples	were	 diluted	 10-fold,	 and	 then	 spread	 on	 LB	 agar	 plates,	 and	 CFU	were	

counted	 after	 overnight	 incubation	 at	 28	̊C.	 The	 calculated	 number	 of	 CFUs	 was	

normalized	to	plant	fresh	weight.	

	

5.6.3.	RNA	extraction,	RNA-seq	and	qPCR	analysis	

Total	RNA	was	extracted	from	5-day-old	plants	non-inoculated	and	inoculated	with	

Pst	strains	and	transferred	on	to	1⁄2	MS	plates	with	or	without	100	mM	NaCl	and	

grown	 further	 for	9	 days.	 For	 each	A.	 thaliana	 line,	 2-3	 seedlings	were	 harvested.	

Nucleospin	RNA	plant	kit	(Macherey-Nagel)	was	used	for	RNA	extraction,	followed	

with	 DNaseI	 treatment	 as	 per	 manufacturer’s	 recommendations.	 RNA-seq	 was	

carried	out	on	three	independent	biological	replicates.	Library	preparation	was	done	

with	Illumina	kits.	Sequencing	was	performed	on	HiSeq	2500	platform	using	Illumina	

1.9	encoding	resulting	in	125bps	paired-end	reads.	About	50	million	reads	per	sample	

was	 generated.	 Sequenced	 reads	 were	 checked	 for	 quality	 using	 FASTQC	 v0.11.5	

(Andrews	 2012).	 Adapters	 and	 low-quality	 reads	 or	 bps	 were	 filtered	 using	
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Trimmomatic	0.36	(Bolger,	Lohse,	and	&	Usadel	2014),	retaining	first	100	bps	and	by	

using	 the	 default	 settings	 available	 for	 paired-end	 reads	 in	 Trimmomatic.	 The	

trimmed	 reads	 were	 then	 cross-checked	 for	 quality	 and	 were	 aligned	 to	 the	

Arabidopsis	thaliana	reference	genome	(TAIR10)	using	Tophat	v2.1.1(Kim	et	al.	2013;	

Trapnell	et	al.	2012;	Trapnell,	Pachter,	and	&	Salzberg	2009)	with	2bp	mismatches	

reporting	one	maximum	hit.	The	annotation	file	was	provided	as	reference	for	reads	

alignment.	Multibam	summary	from	deepTools2	package	(Ramírez	et	al.	2016)	was	

used	to	check	for	the	correlation	between	the	replicates.	Summary	of	read	counts	per	

gene	was	calculated	using	feature	Counts	v1.5.1	(Liao,	Smyth,	and	&	Shi	2014).	FPKM	

for	individual	replicates	was	calculated	using	Cufflinks	v.2.2.1	(Trapnell	et	al.	2012).	

Differentially	expressed	genes	between	two	conditions	were	identified	using	CuffDiff	

tool	from	Cufflinks	package	v2.2.1	(Trapnell	et	al.	2012)	using	quartile	normalization.	

Genes	 with	 2-fold	 change	 and	 P	 value	 <=	 0.05	 were	 considered	 as	 significantly	

different	between	samples	with	and	without	Pst	DC3000	hrcC-	treatments,	and	under	

normal	 conditions	 or	 salt	 stress	 conditions.	 Hierarchical	 clustering	 of	 the	

differentially	expressed	genes	was	performed	using	Mev	v4.8.1	(Howe	et	al.	2011)	

using	Pearson	correlation	method.	GO	term	enrichment	in	each	gene	list	was	carried	

out	using	AgriGO	(Du	et	al.	2010)	with	a	cutoff	for	significant	enrichment	is	P	value	<	

0.01	 and	 calculation	 of	 false	 discovery	 rate	 <	 0.5.	 Venn	 diagrams	were	 generated	

using	 the	 BioVenn	 online	 tools	 (Oliveros	 (2007-2015))	

(http://bioinfogp.cnb.csic.es/tools/venny/).	Mock,	and	Pst	DC3000	hrcC-	inoculated	

wild	 type	 plants	 were	 used	 for	 RNA	 extraction	 as	 described	 precisely	 for	 qPCR	

analysis.	 cDNA	 synthesis	 was	 done	 with	 1	 μg	 total	 RNA,	 oligo-	 dT	 primers	 and	
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SuperScript	 III	 reverse	 transcriptase	 (Invitrogen/	 Thermo	 Fisher	 Scientific).	 The	

relative	 expression	 values	 were	 determined	 using	 CFX96	 Touch	 Real-Time	 PCR	

Detection	System	(Bio-Rad)	following	these	conditions:	50	̊C	for	2	minutes,	95	̊C	for	

10	minutes;	40×	(95	̊C	for	10	seconds	and	60	C̊	for	40	seconds);	and	a	dissociation	

step	 to	 validate	 PCR	 products.	 Three	 biological	 replicates	 were	 performed	 in	 all	

reactions,	 and	 technical	 triplicates	were	 performed	 each	 reaction.	 For	A.	 thaliana	

gene	expression	analyses,	ACTIN2	(At3g18780)	and	UBIQUITIN10	(At4g05320)	were	

used	 as	 reference	 genes.	 Gene	 expression	were	 calculated	 using	 the	 Bio-Rad	 CFX	

manager	software.	Primer	sequences	used	in	this	q-PCR	analysis	are	listed	in	(table	

5.2).	

	

5.6.4.	Glucosinolates	measurements	of	A.	thaliana	Col-0	and	mutants	plants																																																									

	The	Glucosinolates	were	measured	as	described	by	 (Badenes-Perez,	Reichelt,	 and	

Heckel	2010).	Plant	material	was	freeze-dried	after	harvesting	at	day	15,	aliquoted	in	

to	1.5	mL	tubes	(around	10	mg)	and	extracted	with	1	mL	of	80%	aqueous	methanol	

containing	 50µm	 of	 4-hydroxybenzylglucosinolate	 as	 an	 internal	 standard.	 After	

shaking	(10	minutes)	the	samples	were	centrifuged	(at	3200	rpm	for	10	min),	and	the	

supernatant	was	transferred	into	pre-conditioned	DEAE	sephadex	columns,	followed	

by	 sulfatase	 treatment	and	elution	of	desulfoglucosinolates	with	500	µL	dd-water.	

Desulfoglucosinolates	were	separated	in	an	EC	250/4.6	Nucleodur	Sphinx	RP	5	µm	

column	(Macherey	Nagel),	using	acetonitrile	water	as	mobile	phase,	and	quantified	

with	 a	 diode	 array	 detector	 at	 229	 nm	 (Agilent	 1100	 HPLC	 system,	 Agilent	
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Technologies,	 Waldbronn,	 Germany),	 using	 a	 relative	 response	 factor	 of	 2.0	 for	

aliphatic	and	0.5	for	indole	Glucosinolates.	

	

	

	

	

	

	

	

	

	



 133 

5.7.	Supplementary		

	

Figure	S	5.1	Phenotyping	experiment	with	glucosinolate	TFs	related	mutants.		

Arabidopsis	 thaliana	 glucosinolate	 mutant’s	 inoculated	 non-	 inoculated	 seedlings	 with	 SA187)	
transferred	from	1⁄2	MS	at	day	5	to	1⁄2	MS	(5+12days)	+	100	mMNaCl	(5+15	days).	Pictures	represent	
means	of	three	biological	experiments.	

	

Table	S	5.1.	Arabidopsis	thaliana	T-DNA	insertion	used	in	this	study		

Mutant	allele	 Gene	name		 Accessio
n	

Mutage
n	

Reference/Sour
ce	

MYB28-
1/MYB29-1	

MYB	 domain	
protein	28/29	

	

Col-0	 T-DNA	 (Sønderby	 et	 al.	
2010)	

myb34/myb51/
myb122	

MYB	 domain	
protein	
34/51/122	

	

Col-0	 T-DNA	 Paul	 Schulze	
Lefert	Lab	
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Table	S	5.2	Primer	pairs	used	for	qPCR	validation	

Oligonucleotides	used	in	this	study	

Name	 Purpose	 Sequence5’								3’	

RJ32-MAM1-F3	 qPCR	analysis	 AATTCGGAGAACTCGTGGCCT	

RJ33-MAM1-R3	 qPCR	analysis	 GCTCCCGCACATATACCGGAT	

AE-IGMT3-F	 qPCR	analysis	 TCCCATTGCCAGTTTGTTTGC	

AE-IGMT3-R	 qPCR	analysis	 CTCGAAAGACAAAGAGAGGCAT	

AE-CYP71A12-F	 qPCR	analysis	 AACGAACCGCCAACAAAGTG	

AE-CYP71A12-R	 qPCR	analysis	 TGGTCCGTACCGAAGGCTTA	

M0495-MYB122-F	 qPCR	analysis	 CACGCCATTCATGGCAACAA	

M0496-MYB122-R	 qPCR	analysis	 GGGATTTGTGGGTCAACGGA	

M0503-MYB28-F	 qPCR	analysis	 TCCCTGACAAATACTCTTGCTGAT	

M0504-MYB28-R	 qPCR	analysis	 CATTGTGGTTATCTCCTCCGAATT	
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Kiruthiga	G.	Mariappan,	Ihsanullah	Daur,	Jean	Colcombet,	MoussaBenhamed,	

Thomas	 Depaepe,	 Dominique	 Van	 Der	 Straeten,	 Heribert	 Hirt	 “Ethylene	
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induced	plant	stress	 tolerance	by	Enterobacter	 sp.	SA187	 is	mediated	by	2-

keto-	 4-methylthiobutyric	 acid	 production”(Publishied	 in	 PLOS	 Genetics,	

2018).	
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CONCLUDING	REMARKS	AND	PRESPECTIVES	

Various	abiotic	and	biotic	stresses	affect	plant	growth	in	all	stages.	Worldwide,	abiotic	

stresses	 can	 reduce	 average	 plant	 productivity	 by	 66%	 to	 75%,	 while	 the	 biotic	

stresses	can	reduce	it	in	average	by	only	5%	to	10%,	depending	on	the	crop.	Among	

the	abiotic	stresses,	salt	stress	plays	a	major	role	 in	 limiting	plant	growth	and	soil	

salinity	 is	 a	 global	 issue	 strongly	 affecting	 agricultural	 output.	 New	 sustainable	

solutions	 to	 cope	 with	 these	 challenges	 need	 to	 be	 found	 to	 ensure	 global	 food	

production.	 One	 way	 to	 overcome	 these	 challenges	 is	 to	 find	 plant	 beneficial	

microbes,	that	can	help	plant	to	cope	with	these	stresses,	and	understand	how	they	

improve	plant	stress	tolerance.	The	present	work	provides	evidence	of	a	nonvirulent	

derivative	Pst	DC3000	hrcC-	also	has	the	capacity	to	enhance	salt	stress	tolerance	on	

Arabidopsis	 thaliana.	 In	 comparison	 to	 the	 beneficial	 endophyte	 Enterobacter	 sp.	

SA187,	which	enhances	plant	growth	under	normal	and	 salt	 stress	 conditions,	we	

demonstrate	 that,	nonvirulent	Pst	DC3000	hrcC-	 enhances	plant	growth	under	salt	

stress	 but	 not	 under	 normal	 conditions.	 Overall,	 our	 study	 reveals	 molecular	

signatures	that	might	be	responsible	for	the	performance	of	SA187	and	Pst	DC3000	

hrcC-	under	salt	stress	conditions.		The	phenotypic	and	transcriptome	data	shows	that	

Enterobacter	sp.	SA187	and	Pst	DC3000	hrcC-	help	the	plants	to	grow	better	under	salt	

stress	 by	 modifying	 several	 plant	 growths	 promoting	 hormonal	 biosynthesis	

pathways	and	the	synthesis	of	secondary	metabolites.	In	particular,	the	data	support	

that	IGS	negatively,	while	AGS	positively	affect	SA187’s	ability	to	enhance	plant	salt	

stress	 tolerance.	 In	 contrast,	 IGS	and	AGS	both	positive	affect	Pst	DC3000	hrcC-	 to	

enhance	plant	growth	under	salt	stress	conditions.	The	phenotypic	analysis	with	Pst	
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DC3000	 hrcC-	 shows	 different	 genes	 related	 to	 IAA,	 SA,	 JA	 and	 ET	 have	 perhaps	

different	 roles	 for	 the	beneficial	 activity	of	maintained	Pst	DC3000	hrcC-	 upon	salt	

stress.	 Besides	 a	 general	 contribution	 to	 a	 better	 understanding	 of	 symbiotic	

interactions,	the	data	can	be	useful	for	the	rational	development	of	bio-fertilizers	for	

good	 crop	 production.	 The	 relationship	 between	 aliphatic	 and	 indolic	 and	 root	

proliferation	under	salt	stress	needs	further	research	as	well	as	the	crosstalk	between	

the	 hormonal	 pathways	 to	 uncover	 the	 mechanisms	 underlying	 the	 complex	

regulation	of	pathways	by	SA187	and	Pst	DC3000	hrcC	to	enhance	salt	tolerance	in	

Arabidopsis	plants.	
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OTHER	PROJECTS	

Beside	my	aim	and	objective	in	my	thesis,	I	was	involved	in	different	projects.	These	

studies	aimed	to	evaluate	different	mechanisms	that	are	involved	in	plant-bacterial	

interaction.	For	these	projects,	I	performed	plant	screening	assay	with	SA187	to	dig	

keep	into	these	mechanisms	used	by	SA187	or	another	beneficial	microbe	to	induce	

salt	tolerance	in	Arabidopsis	thaliana	plant	under	salt	stress	condition.	

1. In	first	study,	my	contribution	was	to	test	Arabidopsis	Ethylene	mutants	and	

perform	 biochemical	 assay	 with	 SA187.	 My	 contribution	 resulted	 in	 a	

manuscript	entitled	“Ethylene	induced	plant	stress	tolerance	by	Enterobacter	

sp.	SA187	is	mediated	by	2-keto-	4-methylthiobutyric	acid	production”.	

2. Second	paper	titled	“Bioprospecting	desert	plant	Bacillus	endophyte	strains	

for	 their	 potential	 to	 enhance	 plant	 stress	 tolerance”	 I	 was	 involved	 in	

screening	of	selected	Bacillus	endophytes	strains	to	test	whether	this	strain	

will	induce	salt	tolerance	in	the	Arabidopsis	thaliana	plants.	

3. The	 third	 paper	 titled	 “Reciprocal	 reprogramming	 of	 host	 and	 endophyte	

metabolic	 pathways	 upon	 symbiosis	 of	 Arabidopsis	 with	 Enterobacter	 sp.	

SA187”.	 I	 carried	 out	 phenotyping	 assays	 using	myb12	mutants	 inoculated	

with	SA187.	
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Abstract

Several plant species require microbial associations for survival under different biotic and

abiotic stresses. In this study, we show that Enterobacter sp. SA187, a desert plant endo-

phytic bacterium, enhances yield of the crop plant alfalfa under field conditions as well as

growth of the model plant Arabidopsis thaliana in vitro, revealing a high potential of SA187

as a biological solution for improving crop production. Studying the SA187 interaction with

Arabidopsis, we uncovered a number of mechanisms related to the beneficial association

of SA187 with plants. SA187 colonizes both the surface and inner tissues of Arabidopsis

roots and shoots. SA187 induces salt stress tolerance by production of bacterial 2-keto-4-

methylthiobutyric acid (KMBA), known to be converted into ethylene. By transcriptomic,

genetic and pharmacological analyses, we show that the ethylene signaling pathway, but

not plant ethylene production, is required for KMBA-induced plant salt stress tolerance.

These results reveal a novel molecular communication process during the beneficial

microbe-induced plant stress tolerance.

Author summary

Plants as sessile organisms are facing multiple stresses during their lifetime. Among them,
abiotic stresses, such as salt stress, can cause severe crop yield reduction, leading to food
security issues in many regions of the world. In order to respond to growing food
demands, especially in the context of the global climate change and increasing world pop-
ulation, it then becomes urgent to develop new strategies to yield crops more tolerant to
abiotic stresses. One way to overcome these challenges is to take advantage of plant benefi-
cial microbes, defined as plant growth promoting bacteria (PGPB). In this study, we
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report the beneficial effect of Enterobacter sp. SA187 on plant growth under salt stress
conditions. SA187 increased the yield of the forage crop alfalfa when submitted to differ-
ent saline irrigations in field trials. Moreover, using the model plant Arabidopsis thaliana,
we demonstrate that SA187 mediates its beneficial activity by producing 2-keto-4-
methylthiobutyric acid (KMBA), which modulates the plant ethylene signaling pathway.
This study highlights a novel mechanism involved in plant-PGPB interaction, and proves
that endophytic bacteria can be efficiently used to enhance yield of current crops under
salt stress conditions.

Introduction

Abiotic stresses like salinity, drought or heat negatively affect plant growth and yield and
belong to the most limiting factors of agriculture worldwide [1,2]. For example, salinity,
known to affect almost one fourth of arable land globally, is a two-phase stress composed of a
rapid osmotic and a slower toxic stress, resulting from Na+ ion accumulation and loss of K+ in
photosynthetic tissues [3]. Salt stress reduces the rate of photosynthesis, leading to a decrease
of plant growth and crop yield [4]. However, in the context of global climate change and an
increasing world population, abiotic stress tolerant crops and sustainable solutions in agricul-
ture are urgently needed to respond to growing food demands [5].

One way to overcome these challenges is to take advantage of plant-interacting microbes
[6–8]. Indeed, plants and their rhizosphere host diverse microbial communities, selected from
bulk soil [9–11], and beneficial bacteria, defined as plant growth-promoting bacteria (PGPB),
can establish symbiotic associations with plants and promote their growth under optimal
growth conditions or in response to biotic and abiotic stresses [12–18]. Direct plant growth-
promotion mechanisms include the acquisition of nutrients by nitrogen fixation, phosphate
and zinc solubilization, or siderophore production for sequestering iron. The modulation of
phytohormone levels, such as auxin, ethylene, cytokinin or gibberellin, also largely contributes
to the beneficial properties of PGPB [19–21]. Indirect mechanisms comprise the production of
antimicrobial agents against plant pathogenic bacteria or fungi, or inducing systemic resis-
tance against soil-borne pathogens [18,22].

Arid regions cover about one quarter of the Earth’s land surface and encompass many of
the challenges for increasing agricultural productivity [23]. In contrast to better known dry-
land farming, desert agriculture can function only when crop plants are irrigated–usually with
underground water with various levels of salinity [24]. Those areas face extreme environmen-
tal conditions, characterized by high levels of radiation, low rainfall, extreme temperatures,
coarse soil which retains very little moisture, as well as low nutrients and typically high natural
salinity, which all strongly limit the yield of crops [25]. Although deserts appear to be hardly
inhabitable, a wide diversity of organisms has adapted to these extreme conditions. Plants
along with their interacting microbial partners have evolved sophisticated mechanisms such as
the production of osmoprotectants, reactive oxygen species scavengers or late embryogenesis
abundant proteins to monitor the environment and reprogram their metabolism and develop-
ment [26,27]. Therefore, this particular environment is an ideal reservoir to isolate and identify
beneficial bacteria enhancing plant tolerance towards environmental stresses such as drought,
heat or salinity [7].

To identify and characterize stress tolerance-promoting bacteria that can increase plant tol-
erance to abiotic stresses and therefore could be used for improving desert agriculture, we pre-
viously isolated and sequenced a number of rhizosphere and endophytic bacterial strains from
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nodules of desert pioneer plants [28–30]. Here, we report that Enterobacter sp. SA187, an
endophytic bacterium isolated from root nodules of the indigenous desert plant Indigofera
argentea [31], significantly increased yield of the agronomically important crop alfalfa (Medi-
cago sativa) in field trials under both normal and salt stress conditions, demonstrating that
SA187 has a high potential to improve agriculture under desert conditions. To better under-
stand the molecular mechanisms for conveying enhanced stress tolerance of plants, we studied
its interaction with Arabidopsis thaliana. SA187 could enhance Arabidopsis tolerance to salt
stress, and GFP-labeled SA187 colonized surface and inner tissues of Arabidopsis roots and
shoots. Moreover, transcriptome analyses uncovered that SA187-induced plant tolerance to
salt stress is due to maintenance of photosynthesis and primary metabolism and a reduction of
ABA-mediated stress responses. Using different plant hormone related mutants, ethylene sens-
ing was found to play a primary role in SA187-induced salt stress tolerance. Indeed, Arabidop-
sis mutants impaired in ethylene perception were compromised in their beneficial response to
SA187, while mutants deficient in ethylene synthesis remained unaffected. Gene expression
analysis of SA187 indicated an upregulation of the methionine salvage pathway upon plant col-
onization, increasing the production of 2-keto-4-methylthiobutyric acid (KMBA), which is
known to be converted into ethylene in planta [32]. KMBA alone could mimic the beneficial
effects of SA187 on plant salt stress tolerance and 2,4-dinitrophenylhydrazine (DNPH), which
specifically precipitates KMBA [33], could abrogate SA187-induced plant stress tolerance.
These results unravel a novel communication process during beneficial plant-microbe interac-
tions under stress conditions.

Results

Enterobacter sp. SA187 increases alfalfa yield in field trials under field
conditions

Since SA187 was an outstandingly performing bacterial isolate in a previous screen using
Arabidopsis as a model plant [31], we evaluated the potential agronomic use of SA187 as a
biological solution for agriculture. Therefore, we tested the beneficial activity of SA187 on
different growth parameters of the crop plant alfalfa (Medicago sativa), which is largely used
as animal feed in different regions of the world. Alfalfa seeds were coated with SA187 and
tested in parallel with mock-coated seeds at the experimental field station Hada Al-Sham
near Jeddah, Saudi Arabia. A randomized complete block design with a split-split plot
arrangement with different replicates was used over two subsequent growing seasons (2015–
2016 and 2016–2017). Using low saline water (EC = 3.12 dS�m-1) for irrigation, SA187-ino-
culated alfalfa plants showed an increase of 16 and 12% of fresh weight and 14 and 17% of
dry biomass in the two growing seasons, respectively (Fig 1A). Using high saline water
(EC = 7.81 dS�m-1) for irrigation, a similar beneficial impact on plant growth was observed
over the two growing seasons (Fig 1B). However, the growth parameters in the second season
were statistically not significant, most likely due to exceptional rainfall in that period (S1
Fig). We concluded that SA187 can efficiently improve crop productivity under extreme
agricultural conditions.

Enterobacter sp. SA187 enhances salt tolerance in Arabidopsis thaliana
To better understand the molecular mechanism by which SA187 confers stress tolerance to
plants, we used the genetic model plant A. thaliana and first assessed the capacity of SA187 to
affect the early stages of Arabidopsis development under normal conditions (½ MS agar
medium, 22˚C, 16 h of light). When compared to mock-inoculated plants, SA187 had no

2-keto-4-methylthiobutyric acid-induced plant salt stress tolerance by a desert endophyte bacterium
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influence on the germination rate of Arabidopsis seeds (Fig 2A), and apart from considerably
longer root hairs (Fig 2B and 2C), 5-day-old seedlings showed no morphological changes. Sim-
ilarly, after transfer onto new ½ MS plates (S2 Fig), no differences between 17-day-old mock-
and SA187-inoculated seedlings were recorded, when measuring root length, lateral root

Fig 1. Growth parameters of alfalfa in field trials. (A) Alfalfa fresh and dry weight under low salinity irrigation. (B)
Alfalfa fresh and dry weight under high salinity irrigation. Each column represents a mean of harvests from each
experimental plot (n = 4 for season 1; n = 3 for season 2). Error bars represent SE. An increase of weight for
SA187-treated plants related to Mock is indicated in %. Asterisks indicate a statistical difference based on Factorial
ANOVA test followed by least significant difference (LSD) test (⇤ P< 0.05). Meteorological data for field trials are
displayed in S1 Fig.

https://doi.org/10.1371/journal.pgen.1007273.g001
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density, shoot morphology, or root and shoot fresh and dry weight of seedlings (Fig 2D–2F)
indicating that SA187 has no significant effect on Arabidopsis development under normal
growth conditions.

On the other hand, the stress tolerance and growth promoting capacity of SA187 on Arabi-
dopsis was highlighted under salt stress. Five days after germination, SA187- and mock-

Fig 2. SA187 enhances Arabidopsis tolerance to salt stress. (A) Germination efficiency on ½ MS medium without (Mock) or with SA187 (+SA187)
(n> 300, 3 biological replicates, error bars represent SE). (B) Average root hair length of 10% longest root hairs (n> 70) in 5-day-old seedlings grown
vertically on ½ MS medium without (Mock) or with SA187. Error bars represent SD. (C) Typical root hair morphology of 5-day-old seedlings used for
the analysis in (B). Bar represent 200 μm. (D) Root length time course of SA187-inoculated or mock-inoculated Arabidopsis seedlings after transfer of
5-day-old seedlings from ½ MS to ½ MS with or without 100mM NaCl (n = 60). Error bars represent SE. (E) SA187-colonized 17-day-old plants
showing enhanced growth under salt stress (½ MS + 100mM NaCl) but negligible differences under normal conditions (½ MS). Plants were treated as
shown in S2 Fig. Bars represent 1 cm. (F) Total plant fresh weight, shoot fresh weight, root fresh weight, total plant dry weight of 17-day-old seedlings
and lateral root density of 13-day-old seedlings inoculated by SA187 or mock-treated transferred 5 days after germination from ½ MS to ½ MS with or
without 100mM NaCl. All plots represent the mean of 3 biological replicates (n> 39). Error bars represent SE. Asterisks indicate a statistical difference
based on the Student’s t-test (⇤ P< 0.05; ⇤⇤ P< 0.01; ⇤⇤⇤ P< 0.001).

https://doi.org/10.1371/journal.pgen.1007273.g002
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inoculated seedlings were transferred onto ½ MS agar plates supplemented with 100 mM
NaCl (S2 Fig), and the same growth parameters as abobe were evaluated up to 12 days after the
transfer to salt plates. SA187-inoculated plants showed stress tolerance promoting activity on
salt stress: the shoot and root systems of SA187-inoculated plants were significantly more
developed than those of mock-inoculated plants (Fig 2E and 2F). While primary root length
was similar between SA187- and mock-inoculated plants (Fig 2D), lateral root density was sig-
nificantly increased (Fig 2F). Similarly to 5-day-old seedlings, SA187-inoculated plants at this
stage had more than twice longer root hairs compared to the mock-inoculated ones under
both normal and salt stress conditions (S3 Fig). Moreover, we proved that the beneficial activ-
ity of SA187 was largely linked to living bacterial cells as heat-inactivated SA187 cells did not
induce any beneficial activity (S4A Fig). Overall, SA187 strongly enhanced Arabidopsis growth
of both shoot and root under salt stress conditions, in contrast to normal conditions.

Enterobacter sp. SA187 modifies root and shoot K+ levels

The concentration of sodium (Na+) and potassium (K+) ions in shoots is an important param-
eter for salt stress tolerance [34]. Therefore, the Na+ and K+ contents were determined in Ara-
bidopsis organs in the absence and presence of SA187. Interestingly, both shoots and roots of
SA187-inoculated plants accumulated similar levels of Na+ compared with mock-inoculated
plants under normal and salt stress conditions (Fig 3A and 3D). However, increased K+ levels
were found in SA187-inoculated plants (Fig 3B and 3E), resulting in significantly reduced
shoot and root Na+/K+ ratios under saline conditions (Fig 3C and 3F), which may help the
inoculated plants to keep high growth rate.

Enterobacter sp. SA187 colonizes epidermis and inner tissues of both roots
and shoots

After recognition of the beneficial impact of SA187 on plant physiology, we wanted to charac-
terize the interaction of SA187 with plants in more detail, and find whether SA187 is able to
efficiently colonize Arabidopsis as its non-native host. SA187 cells were stably transformed to
express GFP (SA187-GFP), which did not affect their beneficial effect on Arabidopsis seedlings
(S4B Fig). Confocal microscopy revealed that SA187-GFP colonized both roots and shoots on
½ MS agar plates or in soil (Fig 4). On vertical ½ MS agar plates, the first colonies (formed by a
small number of cells) were observed on the root epidermis in the elongation zone, preferen-
tially in grooves between epidermal cell files (Fig 4A and 4B). In the differentiation zone and
older root parts, colonies were larger and proportional with the age of the region (Fig 4C). A
similar colonization pattern was observed in soil-grown seedlings, however, with a more ran-
dom distribution of colonies (Fig 4D). SA187-GFP colonies were also often found in cavities
around the base of lateral roots (Fig 4E). While it was rare to detect SA187-GFP cells inside
root tissues in 5–7 days old seedlings, the apoplast of the root cortex and even of the central
cylinder was regularly occupied by small scattered colonies in 3 weeks old seedlings (Fig 4F).
Indeed, in our initial plant assays, SA187 could be re-isolated from surface sterilized Arabidop-
sis roots, indicating that SA187 was proliferating inside root tissues. Inspecting shoots,
SA187-GFP colonies were found deep inside the apoplast of hypocotyls, cotyledons and the
first true leaves, and in several cases, bacterial cells were directly observed to penetrate through
stomata of these organs (Fig 4G–4I).

Furthermore, we evaluated colonization of root systems by SA187 (wild type strain) under
normal and salt conditions. Plants were germinated on ½ MS agar plates containing SA187
wild type strains, transferred to new ½ MS plates with or without 100 mM NaCl after 5 days
(S2 Fig), and parts of their root systems grown after the transfer were used for bacterial

2-keto-4-methylthiobutyric acid-induced plant salt stress tolerance by a desert endophyte bacterium
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Fig 3. Ion content in Arabidopsis seedlings. Shoot Na+ content (A), shoot K+ content (B) and shoot Na+/K+ ratio (C)
of 17-day-old mock- or SA187-inoculated Arabidopsis seedlings exposed for 12 days to ½ MS with or without 100 mM
NaCl (48> n> 36). Root Na+ content (D), root K+ content (E) and root Na+/K+ ratio (F) of 17-day-old mock- or
SA187-inoculated Arabidopsis seedlings exposed for 12 days to ½ MS with or without 100mM NaCl (48> n> 12). All
plots represent the mean of three biological replicates, and error bars represent SE. Asterisks indicate a statistical
difference based on the Mann-Whitney test (⇤ P< 0.05; ⇤⇤ P< 0.01; ⇤⇤⇤ P< 0.001).

https://doi.org/10.1371/journal.pgen.1007273.g003
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extraction after 5 more days. Interestingly, quantification based on counting of colony forming
units (CFU) revealed that roots from salt conditions were twice more colonized than those
from normal conditions (S5 Fig), suggesting that in our experimental system plants can proba-
bly facilitate their accessibility to colonization by beneficial bacteria under stress conditions.

SA187 massively reprograms Arabidopsis gene expression upon
colonization

To uncover how salt stress tolerance is achieved in SA187-inoculated Arabidopsis seedlings,
we performed RNA-Seq analysis comparing the transcriptome of mock-inoculated to SA187-
inoculated plants under non-saline (Mock, SA187), and salt stress conditions (Salt, SA187
+Salt). Compared to “Mock” conditions, 545, 3113 and 1822 genes were found to be differen-
tially expressed in the “SA187”, “Salt” and “SA187+Salt” samples, respectively (S1 Table). To
obtain a global overview, the transcriptome data were organized by hierarchical clustering into
8 groups and analyzed for gene ontology enrichment (Fig 5, S2 Table).

Fig 4. Colonization of Arabidopsis seedlings with GFP-expressing SA187 visualized by confocal microscopy. (A) Root colonization of agar-grown
seedlings starts in the elongation zone. Large colonies then occur in the differentiation zone. MIP; bar = 100 μm. (B) Colonies first established
themselves in grooves between root epidermal cells. MIP; bar = 10 μm. (C) Large colonies in the differentiation zone grow out from the grooves. MIP;
bar = 10 μm. (D) Root colonization of soil-grown seedlings exhibit a more random pattern in comparison to agar-grown seedlings. MIP; bar = 50 μm.
(E) Lateral root emergence allows SA187 to enter the root and colonize the lateral root base (marked by arrowheads). A selected confocal section from a
Z-stack with top and side orthogonal views. Bar = 20 μm. (F) Scattered SA187 colonies occur inside the root tissues in two-week-old seedlings (marked
by arrowheads). A single confocal section. Bar = 20 μm. (G) In cotyledons, SA187 colonizes grooves between epidermal cells (left side) as well as the
extracellular space between mesophyll cells (right side; marked by arrowheads). A single oblique confocal section is shown. Bar = 20 μm. (H) SA187
colonization of the hypocotyl epidermis. MIP; bar = 20 μm. (I) SA187 cells enter hypocotyl via stomata, move freely among hypocotyl cells and
occasionally establish colonies inside. A selected confocal section from a Z-stack with top and side orthogonal views. Bar = 50 μm. Green–SA187-GFP;
Magenta–cells walls (propidium iodide labeling); Blue–chloroplasts (autofluorescence); MIP–maximum intensity projection of a confocal Z-stack.

https://doi.org/10.1371/journal.pgen.1007273.g004

2-keto-4-methylthiobutyric acid-induced plant salt stress tolerance by a desert endophyte bacterium

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007273 March 19, 2018 8 / 28



Fig 5. Transcriptome analysis of Arabidopsis response to SA187. Hierarchical clustering of up- and down-regulated
genes in Arabidopsis seedlings in response to SA187, salt (100 mM NaCl) or both treatments based on the RNA-Seq
analysis. For every gene, FPKM values were normalized. Heat map colors indicate expression levels. For the most
relevant clusters, gene families significantly enriched are indicated based on gene ontology.

https://doi.org/10.1371/journal.pgen.1007273.g005
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Cluster 1 and 7 comprise the largest sets of differentially expressed genes with 1607 and 744
members, respectively, and consist of salt-stress regulated genes that were unaffected by the
SA187 inoculation. Whereas Cluster 1 genes are strongly downregulated under salinity and
are involved in water homeostasis, salicylic acid (SA) and defense response, those of Cluster 7
are highly upregulated and enriched in genes that are induced in response to water and salt
stress or abscisic acid (ABA).

A specific effect of SA187 on the transcriptome of plants was found in Clusters 2, 3 and 4.
Cluster 2 (354 genes) represents genes that are upregulated by SA187 independently of the
growth conditions. This cluster is significantly enriched in plant defense genes such as chitin
responsive genes but also in ethylene and jasmonic acid (JA) signaling (Fig 5). Importantly,
Cluster 3 genes (246) are strongly downregulated in mock-inoculated plants under salt stress
conditions but remain unaltered upon SA187-inoculation. These genes have a role in the pri-
mary metabolism, such as photosynthesis, carbon and energy metabolisms. On the contrary,
Cluster 4 genes (464) are enriched in ABA and abiotic stress response and are upregulated in
salt-treated plants, but not when the plants were inoculated with SA187.

In summary, these data indicate that SA187 colonization triggers in Arabidopsis the expres-
sion of genes involved in defense response as shown by the significant enrichment for chitin
responsive genes and ethylene and JA signaling. Moreover, under saline conditions, SA187-i-
noculated plants release themselves from the impact of abiotic stress (ABA), maintain higher
metabolic and photosynthetic activity, and can therefore grow better than mock-inoculated
plants.

SA187 modulates abscisic acid, jasmonic acid, and ethylene hormonal
pathways under salt stress

Since our transcriptome analysis indicated possible roles of several hormone pathways in the
SA187-induced growth promotion under salt stress, we measured the levels of salicylic acid
(SA), jasmonic acid (JA) and abscisic acid (ABA) in mock- and SA187-inoculated plants.
SA187 did not significantly change plant SA levels in the absence or presence of salt (Fig 6A).
Plant ABA and JA concentrations remained also unchanged upon SA187 colonization under
normal conditions, but their salt-induced accumulation was significantly lower in SA187-ino-
culated plants (Fig 6B and 6C), indicating a partial attenuation of stress responses in these
plants.

To assess the level of ethylene in Arabidopsis roots and possibly confirm the activation of
the ethylene signaling pathway observed in Cluster 2, we used the ethylene-dependent pEBF2::
GUS reporter [35]. In contrast to mock-inoculated seedlings, the reporter line showed strong
GUS activity in root tips upon SA187-inoculation, similar to the treatment with the ethylene
precursor aminocyclopropane-1-carboxylic acid (ACC) (Fig 6D), indicating the activation of
the ethylene signaling pathway.

Ethylene perception mutants are compromised in the beneficial response
to SA187

To substantiate the phytohormone quantifications, Arabidopsis hormone deficient or insensi-
tive mutants were analyzed. The JA-receptor coi1-1 mutant [36], the JA-insensitive jar1-1
mutant [37], the ABA biosynthesis aba2-1 mutant [38] or the ABA receptor quadruple mutant
pyr1-1 pyl1-1 pyl2-1 pyl4-1 (named here as pyr1/pyl) [39] maintained the SA187 beneficial
activity upon salt stress, indicating that ABA or JA may not play a major role in this interaction
(Fig 7A, S6 Fig).
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Fig 6. SA187 modulates abscisic acid, jasmonic acid, and ethylene hormonal pathways under salt stress. (A)
Salicylic acid (SA), (B) abscisic acid (ABA) and (C) jasmonic acid (JA) content in mock- and SA187-inoculated plants
after growth on ½ MS with or without 100 mM NaCl for 12 days. Error bars indicate SE, based on three biological
replicates. Asterisks indicate a statistical difference based on the Mann-Whitney test (⇤ P< 0.05). (D) The ethylene
reporter, pEBF2::GUS, visualizing the relative ethylene content in primary root tips of mock- and SA187-inoculated,
and ACC-treated 7-day-old seedlings under normal conditions (salt stress conditions provided similar results).
Bar = 100 μm.

https://doi.org/10.1371/journal.pgen.1007273.g006
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However, the ethylene insensitive ein2-1 and ein3-1 mutants [40,41], impaired in ethylene
perception, were strongly compromised in the beneficial effect of SA187, indicating that ethyl-
ene sensing could be of importance in SA187-induced tolerance of Arabidopsis to salt stress
conditions. This result was confirmed by the up-regulation of the four ethylene-induced genes,
ERF106, ERF018, RAV1 and SZF1, upon colonization by SA187 (Fig 7B). Moreover, applica-
tion of 100 nM ACC during salt stress could largely mimic the beneficial activity of SA187 on
plants (Fig 7C, S7 Fig).

Fig 7. Ethylene signaling is important for the beneficial effect of SA187 under salt stress. (A) Fresh weight and beneficial index (a ratio between
fresh weight of SA187- and mock-inoculated seedlings) of mutants in hormonal pathways transferred from ½ MS to ½ MS + 100 mM NaCl (5+12
days). acs = heptuple mutant acs1-1 acs2-1 acs4-1 acs5-2 acs6-1 acs7-1 acs9-1, and pyr1/pyl = quadruple mutant pyr1 pyl1 pyl2 pyl4. All plots represent
the mean of three biological replicates (n> 36). Error bars represent SE. (B) qPCR expression analysis of four ethylene-associated genes in 17-day-old
mock- and SA187-inoculated Arabidopsis seedlings exposed for 12 days to ½ MS with or without 100 mM NaCl. Normalized expression indicates the
linear fold change compared to mock-treated plants on ½ MS. Values represent means of three biological experiments, each in three technical
replicates. Error bars indicate SE. (C) 100 nM ACC partially mimics the effect of SA187 on salt stress tolerance improvement in Arabidopsis seedlings.
Five-day-old-seedlings were transferred to ½ MS + 100 mM NaCl with or without ACC and evaluated after 12 days. SA187-inoculated plants were
used for comparison. (D) Total fresh weight of mock- and SA187-inoculated 18-day-old Arabidopsis seedlings on ½ MS with 100 mM NaCl
supplemented with the ethylene synthesis inhibitor AVG or ethylene signaling inhibitor AgNO3. Error bars representing SE and beneficial index (%)
are displayed. Asterisks indicate a statistical difference based on the Student’s t-test (⇤ P< 0.05; ⇤⇤ P< 0.01; ⇤⇤⇤ P< 0.001).

https://doi.org/10.1371/journal.pgen.1007273.g007
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In contrast, the heptuple ethylene-biosynthesis deficient mutant acs1-1 acs2-1 acs4-1 acs5-2
acs6-1 acs7-1 acs9-1 (called acs in this study) still showed full sensitivity to the beneficial activ-
ity of SA187 under salt stress (Fig 7A). Additionally, the SA187 beneficial effect was main-
tained when plants were treated with amino-ethoxy-vinyl glycine (AVG, 1 μM), an ethylene
production inhibitor blocking ACC synthesis [42] (Fig 7D). However, when plants were
treated with silver nitrate (AgNO3, 1 μM), which interferes with ethylene perception [42],
SA187-inoculated plants did not exhibit any SA187-induced tolerance to salt stress (Fig 7D).

Altogether, these results indicate that the beneficial effect of SA187 may not be mediated by
JA perception or the ABA pathway, but rather by the ethylene perception, as it was found to be
necessary for SA187-induced salt stress tolerance on Arabidopsis plants.

Arabidopsis upregulates the methionine salvage pathway in SA187

The previous results suggested that ethylene most likely originates from SA187 cells rather
than from the canonical plant ACC synthase (ACS) pathway. To support the hypothesis that
SA187 provides ethylene to promote plant growth, we searched for bacterial genes encoding
ACS or ethylene forming enzymes (EFE) [43] in the genome of SA187 [31]. No ACS- or EFE-
related genes were found in SA187, which on the other hand, contains a conserved methionine
salvage pathway (also known as 5’-methyl-thioadenosine cycle), and one of its components,
KMBA, is known to be an ethylene precursor [44]. While SA187 alone did not produce ethyl-
ene when grown on synthetic media (S8 Fig), the expression level of most of the genes encod-
ing proteins involved in the methionine salvage pathway were upregulated in SA187 upon
plant colonization compared with bacteria incubated for 4h in liquid ½ MS with or without
100 mM NaCl in the absence of plants (Fig 8A).

To confirm that KMBA could function as an ethylene precursor during the beneficial
plant-microbe interaction, we tested the effect of KMBA on Arabidopsis in comparison to
SA187 inoculation. Under salt stress conditions, application of 100 nM KMBA induced a simi-
lar beneficial activity on Arabidopsis as SA187 resulting in a similar increase in both root and
shoot fresh weight (Fig 8B, S7 Fig).

Finally, we took the advantage of 2,4-dinitrophenylhydrazine (DNPH), a known interactor
of KMBA in vitro that was previously shown to precipitate KMBA produced by Botrytis cinerea
and consequently impairs the production of ethylene by photo-oxidation [33]. Here, we could
show that when plants were cultivated with 3 μM DNPH, the beneficial impact of SA187 on
Arabidopsis growth under salt stress was greatly reduced from 68% to 14% (Fig 8C and 8D),
showing the importance of KMBA in mediating SA187-induced plant tolerance to salt stress.

Discussion

Enterobacter sp. SA187 was previously isolated from the desert pioneer plant Indigofera argen-
tea Burm.f. (Fabaceae) [29,31]. In this work, we show that this bacterium promotes plant toler-
ance to salt stress, describing this strain as a stress tolerance-promoting bacterium. Indeed,
under field conditions, using SA187 as an inoculum for alfalfa seeds and by monitoring growth
parameters and yield over two different agriculture seasons, the inoculated plants showed a
clear improvement in yield independently of the water regime applied (high or low salt stress).
The data show similar effectiveness of the SA187 inoculations in both years. However, the dif-
ferences for high and low-saline conditions were reduced during the second year (Fig 1),
which could be explained by the increased rainfall (S1 Fig) during the 2nd growing season that
may have diluted the salinity effects. We conclude that SA187 can efficiently improve crop pro-
ductivity under extreme agricultural conditions and could be a simple biological solution to
grow plants under extreme adverse conditions.
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In order to understand the mechanisms underlying the beneficial plant interaction with
SA187, Arabidopsis was used as a model system. SA187 colonizes both surface and inner tis-
sues of Arabidopsis roots and shoots, supporting a functional plant-bacterial interaction (Fig
4). Colonization of both above- and under-ground organs is in agreement with the observation
that leaf and root microbial communities share an important portion of their bacterial species
[11]. While the mechanism of entry of SA187 into roots occurs most probably via cracks and/
or by active penetration between epidermal cells [45], we observed that shoots were colonized
through stomata, indicating that these apertures represent a major route of entry into plants
not only by pathogenic but also by beneficial bacteria.

The capacity of SA187 to enhance salt stress tolerance of Arabidopsis was analyzed in detail.
While SA187 induced only negligible morphological and physiological changes in plants
under non-stress conditions (with the exception of longer root hairs), SA187 significantly
enhanced root and shoot growth with increased fresh and dry weight under salt stress (Fig 2E
and 2F). In addition, SA187 increased lateral root density, and thus the overall root surface
area (Fig 2F) under salt stress. Changes in the root architecture have been considered to be
beneficial for adaptation to various abiotic stress conditions including salinity [46], and very
likely contribute to the SA187-induced salt tolerance in Arabidopsis.

The effect of salinity on plants includes two components: an osmotic component, being the
consequence of an altered osmotic pressure due to an increased salt concentration, and a toxic

Fig 8. KMBA as a potential ethylene precursor in the plant-SA187 interaction. (A) qPCR analysis of the methionine salvage pathway gene
expression of SA187 colonizing plants in control or salt stress conditions compared to SA187 cultivated alone in ½ MS with or without 100 mM NaCl.
Values represent means of three biological experiments, each in three technical replicates. Error bars indicate SE. (B) KMBA partially mimics the effect
of SA187 on salt stress tolerance improvement in Arabidopsis seedlings. Plants were transferred 5 days after germination to ½ MS + 100 mM NaCl with
or without KMBA and evaluated after 12 days. SA187-inoculated plants transferred to ½ MS + 100 mM NaCl were used as a positive control. (C, D)
Total fresh weight of mock- and SA187-inoculated 17-day-old Arabidopsis seedlings grown on ½ MS medium (C) or ½ MS with 100 mM NaCl (D)
supplemented with 3 μM DNPH. All plots represent the mean of four biological replicates (n> 75). Error bars representing SE, beneficial index (%) is
displayed. Asterisks indicate a statistical difference based on the Student’s t-test (⇤⇤⇤ P< 0.001).

https://doi.org/10.1371/journal.pgen.1007273.g008
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ion effect as a result of the high Na+ concentration in shoots [47,48]. The toxic effects of the
Na+ accumulation result in premature senescence, leading to a decrease in photosynthesis effi-
ciency and impaired metabolic processes. Na+ also competes with K+ in membrane transport
and enzymatic functions, reducing plant growth. Most plant cells possess mechanisms to
counteract the harmful effects of Na+ accumulation by retaining K+ and actively excluding
Na+ in roots and/or sequestering Na+ in vacuoles in shoots [47–50]. Several studies have
shown that an inoculation of commercial crops, such as maize, strawberry and wheat by
PGPBs under salt stress results in a decrease of Na+ and an increase of K+ in their shoots and
leaves [51–53]. The inoculation of Arabidopsis thaliana and Trifolium repens (white clover) by
Bacillus subtilis GB03 induced a decrease in the Na+ content in shoots in both species accom-
panied by an increase or no change in the K+ content [54,55]. In our study, we found no differ-
ences in Na+ contents in shoots or roots between SA187-inoculated and mock-inoculated
plants in response to salt stress. However, K+ ion levels in both roots and, to a lesser extent,
shoots increased upon the SA187 inoculation, resulting in reduced Na+/K+ ratios (Fig 3C and
3F), which might contribute to the higher salt tolerance of SA187-inoculated plants [56].

To analyze the interaction of SA187 with Arabidopsis at the molecular level, the transcrip-
tome of Arabidopsis grown under salt and non-stress conditions in the absence or presence of
SA187 was compared. The inoculation with SA187 dramatically reprogrammed the gene
expression of plants grown either on ½ MS or on ½ MS with 100 mM NaCl. This was
highlighted in Clusters 2, 3, and 4 of the RNA-Seq analysis (Fig 5). Cluster 3 genes, mostly
related to photosynthesis and primary metabolism, were strongly downregulated under salt
stress in mock-inoculated plants, confirming previously published reports which correlated
such a downregulation with the inhibition of growth and development under salt stress condi-
tions [57]. These results could therefore explain why SA187-inoculated plants grow better
under stress conditions: SA187-inoculated plants only mildly reduce their photosynthetic
capacity and maintain a functional metabolism allowing further growth in comparison to
mock-inoculated plants. Cluster 4 genes are enriched in ABA-related stress genes and were
induced upon salt stress in mock-inoculated plants, but not in SA187-inoculated plants. These
results indicate that some salt stress-induced responses, including the enhancement of ABA
levels, are dampened by SA187. However, they do not explain why plants are more salt stress
tolerant. Indeed, the ABA biosynthesis aba2-1 mutant or the ABA receptor quadruple mutant
pyr1-1 pyl1-1 pyl2-1 pyl4-1 still exhibited a similar growth improvement by SA187 as wild-type
plants when exposed to salt stress, indicating that ABA production and signaling are dispens-
able in the presence of these beneficial bacteria (Fig 7A).

Induced salt stress tolerance by SA187 could be elucidated by Cluster 2, comprising genes
specifically induced upon SA187-inoculation. This cluster is significantly enriched for genes
involved in defense response to bacterium, and for chitin response. This latter GO term is not
surprising in a plant-bacterial system, since pathogen associated molecular patterns (PAMPs)
such as fungal chitin and bacterial flagellin are inducing a large set of common genes in plants,
with more than 60% of overlap [58]. But the most interesting feature lies in the enrichment of
the ethylene response pathway. Indeed, SA187 activates the ethylene perception pathway as
shown by the qPCR analysis of ethylene-induced genes and by the ethylene reporter pEBF2::
GUS (Figs 6D and 7B). Moreover, ACC and KMBA as ethylene precursors largely mimicked
the beneficial effect of SA187 on plants under salt stress (Figs 7C and 8B). Finally, the involve-
ment of ethylene was also supported by the observation of much longer root hairs (Fig 1B and
1C; S3 Fig), as ethylene plays an important role in root hair elongation [59,60]. Although the
role of ethylene in plant abiotic stress tolerance is controversial [61], several pieces of evidence
indicate that this phytohormone is important for plant adaptation to abiotic stresses. For
example, the pre-treatment of Arabidopsis seedlings with ACC, or the use of the constitutive
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ethylene response (CTR1) or the EIN3 gain-of-function mutants were shown to enhance salt
stress tolerance [62,63]. Furthermore, an ethylene overproduction in the eto1 mutant lead to
salinity tolerance due to improved Na+/K+ homeostasis through an RBOHF-dependent regula-
tion of Na+ accumulation [64].

Importantly, ethylene-related Arabidopsis mutants revealed that the beneficial activity of
SA187 is to a major extent mediated via the perception of externally produced ethylene.
Although the ein2-1 and ein3-1 mutants were compromised in their beneficial response to
SA187, the disruption of the plant ethylene production in the heptuple acs mutant showed the
same growth enhancement under salt stress when comparing SA187-inoculated plants to
mock-inoculated plants (Fig 7A). This was supported by a parallel pharmacological approach,
demonstrating that inhibition of the ACS activity using AVG did not block the stress tolerance
promoting activity of SA187, while blocking the ethylene receptors by AgNO3 compromised
the beneficial activity of SA187 on plants under salt stress (Fig 7D).

As plants were shown to perceive ethylene even without functional plant ethylene produc-
tion, we suspect that SA187 could provide plants with ethylene or its precursor. Three main
pathways for ethylene biosynthesis have been described in bacteria and other microbes. The
mold Dictyostelium mucoroides and fungi Penicillium citrinum produce ethylene from methio-
nine via S-adenosyl-methionine, through the sequential action of ACC synthases and ACC
oxidases. S-adenosyl-methionine is first converted to ACC by ACC synthases, which is then
oxidized by ACC oxidases to release ethylene and cyanide. The same pathway is well known to
be responsible for ethylene biosynthesis in plants, where cyanide is converted to β-cyanoala-
nine to avoid toxicity [44,65]. Microbes can also produce ethylene from α-ketoglutarate and
arginine by the action of the ethylene forming enzyme (EFE), which has been found in several
microbial species such as Pseudomonas syringae and Penicillium digitatum [44,66]. A third
pathway has been identified in a variety of bacteria such as Escherichia coli and Cryptococcus
albidus, or in fungi like truffle or pathogenic Botrytis cinerea, where ethylene is produced via
oxidation of KMBA, an intermediate of the methionine salvage pathway [32,33,44,67]. KMBA
can be spontaneously converted to ethylene by photo-oxidation or through the action of per-
oxidases [33], which are abundantly present in the plant apoplast [68,69].

Based on P-BLAST homology searches, genome analysis of SA187 revealed that neither
ACC synthase nor EFE genes are present in SA187. Instead, SA187 contains the entire methio-
nine salvage pathway, suggesting that KMBA is most likely the precursor of ethylene in SA187.
Interestingly, most of the methionine salvage pathway genes in SA187 are only actively
expressed upon colonization of Arabidopsis (Fig 8A). Moreover, the application of KMBA
could mimic the beneficial effect of SA187 on plants when subjected to salt stress (Fig 8B).
Importantly, the SA187 beneficial activity towards plant was highly reduced when treated with
DNPH, known to provoke KMBA precipitation and prevent thus its oxidation and ethylene
release [33].

Taken together, the KMBA involvement in abiotic stress tolerance constitutes a novel
mechanism in the field of plant-beneficial bacteria interaction. While the induction of the eth-
ylene signaling pathway by PGPB has been reported in several studies to play an important
role in the induced systemic resistance in plants [18,70,71], PGPB activity in the context of abi-
otic stress has been commonly attributed rather to a reduction of the plant ethylene level
through the activity of bacterial ACC deaminases [53,72–74], or shown to be independent of
the ethylene signaling pathway [75,76]. Several reports hypothesized the involvement of ethyl-
ene signaling in abiotic stress tolerance induced by rhizosphere bacteria, with evidences that
were largely based on emissions of unidentified volatiles or by comparison with plant-fungal
interactions [32,77,78]. Recently, it has been reported that the beneficial bacterium Burkhol-
deria phytofirmans PsJN enhanced plant growth through an auxin/ethylene-dependent

2-keto-4-methylthiobutyric acid-induced plant salt stress tolerance by a desert endophyte bacterium

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007273 March 19, 2018 16 / 28



signaling pathway under optimal conditions, but in contrast to the present study, the authors
hypothesized that the plant intrinsic ethylene production was fundamental in that interaction
[79].

In conclusion, we provide evidence that the endophytic bacterium Enterobacter sp. SA187
induces salt stress tolerance in Arabidopsis via production of KMBA to activate the ethylene
pathway. SA187 enhances plant salt stress tolerance under controlled conditions in the model
plant Arabidopsis thaliana and under field conditions in the crop plant alfalfa. These results
show the potential use of SA187 for bringing saline agriculture of current crops a step closer to
reality.

Methods

Field trials

To inoculate alfalfa (Medicago sativa var. CUF 101) seeds, a slurry was prepared consisting of
sterilized peat, a broth culture of SA187, and sterilized sugar solution (10%) in the ratio 5:4:1
(w/v/v). Subsequently, alfalfa seeds were coated with the slurry at a rate of 50 mL�kg-1. As a
control, seeds were coated with a similar mixture without bacteria. Field trial was conducted at
the experimental station in Hada Al-Sham (N 21˚47’47.1" E 39˚43’48.8"), Saudi Arabia, in win-
ter seasons 2015–2016 and 2016–2017. The experiment was a randomized complete block
design with a split-split plot arrangement of four replicates in the for season 2015–2016 season
and three replicates in the 2016–2017 season, plots (2 × 1.5 m) with seed spacing 20 cm row-
to-row. The field was irrigated using groundwater with two different salinity levels: low salinity
(EC = 3.12 dS�m-1), and high salinity (EC = 7.81 dS�m-1). The soil had an average pH 7.74 and
salinity EC = 1.95 dS�m-1. Agronomical data (plant height, fresh biomass, and dry biomass)
were recorded every 25–30 days from each harvest; three harvests were done in the first season,
four harvests in the second season. Field trials data were analyzed as a randomized complete
block design using a Factorial ANOVA Model, followed by least significant difference (LSD)
test for pairwise comparisons. Results with a p-value< 0.05 were considered significant. All
statistical analysis was carried out using SAS/STAT software (https://www.sas.com/).

Endophytic bacteria, plant material, growth condition and physiological
experiments

Enterobacter sp. SA187 was previously isolated from root nodules of the leguminous pioneer
plant Indigofera argentea in the Jizan region of Saudi Arabia [29,31]. Arabidopsis seeds were
obtained from publicly available collections. The following mutant lines used in this study
were published previously: the JA-receptor coi1-1 mutant [36], JA-insensitive jar1-1 [37], the
ABA biosynthesis aba2-1 mutant [38], the ABA receptor quadruple pyr1-1pyl1-1pyl2-1pyl4-1
mutant [39], the ethylene insensitive ein2-1 [40] and ein3-1 mutants [41], the heptuple ethyl-
ene-biosynthesis deficient mutant acs1-1acs2-1acs4-1acs5-2acs6-1acs7-1acs9-1 [80], and the
ethylene-dependent pEBF2::GUS reporter [35].

Prior to every experiment, A. thaliana seeds were surface sterilized 10 min in 70% ethanol +
0.05% sodium dodecyl sulfate on a shaker, washed 2 times in 96% ethanol and let to dry. To
ensure SA187-inoculation, sterilized seeds were sown on ½ MS plates (Murashige and Skoog
basal salts, Sigma) containing SA187 (2�105 cfu�ml-1), stratified for 2 days at 4˚C in the dark
and then placed vertically to growth conditions for 5 days as shown as in S2 Fig. The ½ MS
plates with SA187 were prepared by addition of 107 bacteria to 50 ml pre-cooled agar medium
during plate preparation.
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Average length of root hairs was determined based on images of 5-day-old roots (1 image
per root at constant distance from the root tip, 25 seedlings per condition) or 16-day-old roots
(along the whole primary root length grown after transfer) captured by a Nikon AZ100M
microscope equipped with an AZ Plan Apo 2x objective and a DS-Ri1 camera (Nikon). All
root hairs in focus were measured using ImageJ (https://imagej.nih.gov/ij/). Average values
and standard deviations were calculated from 10% longest root hairs to eliminate non-devel-
oped root hairs and describe the maximal elongation capacity of root hairs.

For salt stress tolerance assays, 5-day-old seedlings were transferred onto ½ MS plates with
or without 100 mM NaCl (Sigma). Primary root length was measured every 2 days using Ima-
geJ software after scanning the plates. Lateral root density was evaluated as detectable number
of lateral roots under a stereo microscope divided by the primary root length. Fresh weight of
shoots and roots was measured 12 days after transfer of seedlings. Dry weight was measured
after drying shoot and shoots for 2 days at 70˚C. Following Koch’s postulate, SA187 was re-iso-
lated from Arabidopsis root system at the end of an initial experiment to confirm the genotype
of the inoculated strain. To address the ethylene involvement in Arabidopsis adaptation to salt
stress, ACC (1-aminocyclopropane-1-carboxylic acid, Sigma), KMBA (2-keto-4-methylthio-
butyric acid, Sigma), AVG (aminoethoxyvinylglycine, Sigma), AgNO3 (silver nitrate, Sigma)
were added into pre-cooled ½ MS agar medium together with 100 mM NaCl. For DNPH
(2,4-dinitrophenylhydrazine, Sigma), 5 mM solution was prepared by solubilizing DNPH into
2M HCl (hydrochloric acid, Sigma) as described previously [81], then the solution was diluted
until reaching 1 mM, and equilibrated to the same pH as MS medium (pH 5.8) using 2M
KOH (potassium hydroxide, Sigma). DNPH was used at final concentration 3 μM.

All plants were grown in long day conditions in growth chambers (Percival; 16 h light / 8 h
dark, 22˚C). Each experiment was performed at least in three biological replicates.

Na+ and K+ content determination

Dry rosettes and root systems were weighted. All samples were measured individually except
for salt-treated root systems, whereby pools of three root systems were measured to ensure
proper weight measurements. Sodium and potassium concentrations were prepared for shoot
and root dry samples by adding 1 mL of freshly prepared 1% HNO3 (nitric acid, Fisher Scien-
tific) to the pre-weighed samples. The concentrations of sodium and potassium were deter-
mined, using Inductively Coupled Plasma Optical Emission Spectrometer (Varian 720-ES ICP
OES, Australia).

Generation of GFP-labelled bacteria

SA187 was genetically labeled with the GFP expressing cassette by taking advantage of the
mini-Tn7 transposon system [82]. In order to specifically select for a bacterium carrying the
GFP integration in the genome, a spontaneous rifampicin resistant mutant of the strain was
obtained first [83]: an overnight-grown culture of SA187 was plated on LB plates supple-
mented with 100 μg�mL-1 of rifampicin, and the plates were incubated for 24 h at 28˚C. At
least 10 colonies, representing spontaneous rifampicin resistant (RifR) mutants of the strain
were streaked twice on LB plates containing 100 μg�mL-1 of rifampicin and thereafter twice on
LB plates supplemented with 200 μg�mL-1 of rifampicin. The GFP expressing cassette was
introduced in the SA187 RifR strain by conjugation as described in Lambertsen et al. (2004)
[84]. Briefly, 1010 cells of SA187 RifR strain were mixed with 109 cells of E. coli SM10λpir har-
boring the helper plasmid pUX-BF13, the GFP donor (a mini-Tn7) plasmid and mobilizer
pRK600 plasmid. The mixed culture was incubated on sterile nitrocellulose filter for 16hrs.
The conjugation culture of bacterial cells was resuspended in saline buffer (9 g/L NaCl) and
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spread on selective media with a propitiate antibiotics to select transformed SA187. The
selected colonies were screened by fluorescence microscopy for GFP fluorescence and positive
colonies were further subjected to genotype confirmation by 16S rRNA gene sequencing.

Confocal microscopy

GFP-labeled SA187 on Arabidopsis roots was imaged using an inverted Zeiss LSM 710 confo-
cal microscope equipped with Plan-Apochromat 10x/0.45, Plan-Apochromat 20x/0.8, and
Plan-Apochromat 40x/1.4 Oil objectives. Seedlings grown for 3–21 days on vertical ½ MS agar
plates or in soil inoculated with SA187-GFP were washed gently in sterile distilled water and
transferred on a sterile agar plate. A block of agar with several seedlings was immediately cut
out and placed upside-down to a chambered cover glass (Lab-Tek II) with 30 μM propidium
iodide (PI) in water as mounting medium. The GFP and PI fluorescence was excited using the
488nm laser line, and captured as a single track (emission of 493–537 nm for the GFP channel,
579–628 nm for the PI channel, 645–708 nm for chloroplast autofluorescence). For 3D recon-
structions, 1 μm-step Z-stacks were taken, and images were generated in the integral 3D view
of the Zen software (Zeiss).

Quantification of root colonization

Col-0 seedlings were germinated on SA187-inoculated ½ MS agar plates and transferred to
new ½ MS plates with or without 100 mM NaCl 5 days after germination (10 seedlings per
plate). Parts of their root systems grown after the transfer were cut, gently washed by dipping
in distilled water to remove non-attached bacterial cells, and then ground in Eppendorf tubes
using Teflon sticks. Each sample was resuspended in 1 ml of extraction buffer (10 mM MgCl2,
0.01% Silwet L-77), sonicated for 1 min and subsequently vortexed for 10 min. Samples were
diluted 10-fold, and then spread on LB agar plates, and colony forming units (CFUs) were
counted after overnight incubation at 28˚C. Calculated number of CFUs was normalized per
centimeter of root length (total root length was determined based on images of root systems
before their harvest). The experiment was conducted in three biological replicates, each with
three technical replicates per condition; each sample consisted of five roots.

RNA-Seq and qPCR analysis

Total RNA was extracted from 5-day-old plants either or not inoculated with SA187 and trans-
ferred for 10 more days on ½ MS plates with or without 100 mM NaCl using the Nucleospin
RNA plant kit (Macherey-Nagel), including DNaseI treatment, and following manufacturer’s
recommendations.

RNA samples were analyzed by Illumina HiSeq deep sequencing (Illumina HiSeq 2000, Illu-
mina). Three biological replicates were processed for each sample. Paired-end sequencing of
RNA-Seq samples was performed using Illumina GAIIx with a read length of 100 bp. Reads
were quality-controlled using FASTQC (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Trimmomatic was used for quality trimming [85]. Parameters for read quality filter-
ing were set as follows: Minimum length of 36 bp; Mean Phred quality score greater than
30; Leading and trailing bases removal with base quality below 3; Sliding window of 4:15.
TopHat v2.0.9 [86] was used for alignment of short reads to the A. thaliana genome TAIR10,
Cufflinks v2.2.0 [87] for transcript assembly and differential expression. To identify differen-
tially expressed genes, specific parameters (p-value: 0.05; statistical correction: Benjamini
Hochberg; FDR: 0.05) in cuffdiff were used. Post-processing and visualization of differential
expression were done using cummeRbund v2.0.0 [88]. Gene was considered as regulated if
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fold change > log2
|0.6| and q-value< 0.05 compared to Mock condition. RNA-Seq data set can

be retrieved under NCBI geo submission ID GSE102950.
For qPCR analysis, mock and SA187-inoculated plants were used for RNA extraction as

described above. Samples were used for analysis of either plant or SA187 gene expression. For
bacteria alone, SA187 incubated for 4h in liquid ½ MS or ½ MS with 100 mM NaCl at 28˚C
and dark were used for RNA extraction, using the RiboPure RNA Purification Kit (Ambion),
following manual instructions for Gram-negative bacteria, with the exception that no beads
were added during bacterial lysis. RNA extraction was followed by DNAseI treatment.

cDNAs were using SuperscriptIII (Invitrogen): 1 μg of total RNA, oligo-dT as a primer, fol-
lowing manufacturer’s recommendations. For Arabidopsis gene expression analyses, ACTIN2
(At3g18780) and UBIQUITIN10 (At4g05320) were used as reference genes. For SA187 gene
expression analyses, infB, rpoB and gyrB were used as reference genes. All reactions were done
in a CFX96 Touch Real-Time PCR Detection System (BIO-RAD) as follows: 50˚C for 2 min,
95˚C for 10 min; 40× [95˚C for 10 sec and 60˚C for 40 sec]; and a dissociation step to validate
PCR products. All reactions were performed in three biological replicates, and each reaction as
a technical triplicate. Gene expression levels were calculated using the Bio-Rad CFX manager
software. Primer sequences used in this analysis are listed in S3 Table.

Hierarchical clustering and gene family enrichment

Arabidopsis regulated genes were used to generate HCL tree using Multi Experiment Viewer
(MeV 4.9.0 version, TM4, https://sourceforge.net/projects/mev-tm4/files/mev-tm4/MeV%
204.9.0/). Raw data were normalized for every gene. Hierarchical clustering was performed
using Euclidian distances, average linkage and leaf order optimization.

Gene enrichment analyses were performed using AmiGO website (http://amigo1.
geneontology.org/cgi-bin/amigo/term_enrichment). All clusters were analyzed using default
parameter (S2 Table).

Hormone content analysis

For each sample, 10 mg of freeze-dried powder were extracted with 0.8 mL of acetone/water/
acetic acid (80/19/1 v:v:v). For each sample, 2 ng of each standard was added to the sample:
abscisic acid, salicylic acid, jasmonic acid, and indole-3-acetic acid stable labeled isotopes used
as internal standards were prepared as described previously [89]. The extract was vigorously
shaken for 1 min, sonicated for 1 min at 25 Hz, shaken for 10 minutes at 4˚C in a Thermo-
mixer (Eppendorf), and then centrifuged (8000 g, 4˚C, 10 min). The supernatants were col-
lected, and the pellets were re-extracted twice with 0.4 mL of the same extraction solution,
then vigorously shaken (1 min) and sonicated (1 min; 25 Hz). After the centrifugations, three
supernatants were pooled and dried.

Each dry extract was dissolved in 140 μL of acetonitrile/water (50/50; v/v), filtered, and ana-
lyzed using a Waters Acquity ultra performance liquid chromatograph coupled to a Waters
Xevo Triple quadrupole mass spectrometer TQS (UPLC-ESI-MS/MS). The compounds were
separated on a reverse-phase column (Uptisphere C18 UP3HDO, 100 × 2.1 mm, 3 μm particle
size; Interchim, France) using a flow rate of 0.4 mL�min-1 and a binary gradient: (A) acetic
acid 0.1% in water (v/v) and (B) acetonitrile with 0.1% acetic acid. For ABA, salicylic acid, jas-
monic acid, the following binary gradients were used (time, % A): (0 min, 98%), (3 min, 70%),
(7.5 min, 50%), (8.5 min, 5%), (9.6 min, 0%), (13.2 min, 98%), (15.7 min, 98%), and the col-
umn temperature was 40˚C. Mass spectrometry was conducted in electrospray and multiple
reaction monitoring scanning mode (MRM mode), in the negative ion mode. Relevant instru-
mental parameters were set as follows: capillary 1.5 kV (negative mode), source block and
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desolvation gas temperatures 130˚C and 500˚C, respectively. Nitrogen was used to assist the
cone and desolvation (150 L�h-1 and 800 L�h-1, respectively), argon was used as the collision
gas at a flow of 0.18 mL�min-1. Samples were reconstituted in 140 μL of 50/50 acetonitrile/H2O
(v/v) per mL of injected volume. The limit of detection (LOD) and limit of quantification
(LOQ) were extrapolated for each hormone from calibration curves and samples using Quan-
tify module of MassLynx software, version 4.1.

GUS staining

Seedlings were vacuum infiltrated with the pre-fixation buffer [0.3% formaldehyde, 0.28%
mannitol, 50 mM sodium phosphate buffer (pH 7.2)], washed with phosphate buffer and incu-
bated in staining solution [250 μM K3Fe(CN)6 (potassium ferricyanide), 250 μM K4Fe(CN)6

(potassium ferrocyanide), 2% Triton-X, 1 mM 5-bromo-4-chloro-3-indolyl-b-D-glucuronic
acid (X-GlcA; Duchefa), 50 mM sodium phosphate buffer (pH 7.2)]. Tissue was cleared with
Visokol (Phytosys) overnight and observed with Axio Imager 2 (Zeiss) equipped with Plan-
Neofluar 10x/0.45 objective.

Measurement of in vitro ethylene emanation

A fresh SA187 culture was prepared by inoculation of 50 mL of liquid LB medium with 1 mL
of overnight-grown culture. Subsequently, 2 mL of fresh culture was transferred to 10 mL
chromatography vials and sealed with a rubber plug and snap-cap (Chromacol) after 0, 1, 2 or
4 hours of growth on a shaker incubator (220 rpm, 28˚C). The sealed vials were again trans-
ferred to the shaker incubator for another 2 hours to allow ethylene accumulation. Three
biological replicates were prepared at each time point along with 3 controls to correct for back-
ground ethylene emanation. Ethylene emission was measured with a laser-based photo-acous-
tic detector (ETD-300 ethylene detector, Sensor Sense, The Netherlands) [90]. Immediately
after the ethylene measurement, OD600 was determined with Implen NanoPhotometer NP80
(Sopachem Life Sciences, Belgium) to correct for the total amount of bacterial cells present in
the samples.

Data submission

RNA-Seq data are available under the ID GSE102950 (http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE102950)

Supporting information

S1 Fig. Meteorological data for field trials in Hada Al-Sham. Precipitations and maximal/
minimal temperature recorded in experimental agriculture facility in Hada Al-Sham where
field trials with alfalfa were conducted in seasons 2015–16 and 2016–17.
(PDF)

S2 Fig. Scheme of SA187 inoculation and plant treatments. Sterilized seeds were placed on
agar plates containing either ½ MS or ½ MS + SA187 (2�105 cells/ml), defining the mock- and
SA187-inoculated plants, respectively. Five days after germination, mock and SA187-inocu-
lated were transferred on control agar plates (½ MS) or stress agar plates (containing 100 mM
NaCl or PEG) to evaluate plant tolerance to abiotic stresses.
(PDF)

S3 Fig. Root hair length of 16-day-old seedlings. Average root hair length of 10% longest
root hairs (n > 100) in 16-day-old seedlings grown vertically on ½ MS medium with or 100
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mM NaCl. Seedlings were transferred 5 days after germination from ½ MS agar plates without
(mock) or with SA187. Only root hairs emerged after the seedling transfer were measured.
Error bars represent SD. Asterisks indicate a statistical difference based on the Student t-test
(⇤⇤⇤ P < 0.001).
(PDF)

S4 Fig. The effect of inactivated and GFP-tagged SA187 on Arabidopsis growth. (A) Fresh
weight of 17-day-old Arabidopsis seedlings exposed to salt stress (½ MS + 100mM NaCl) for
12 days in the presence of heat-inactivated SA187 in comparison to living SA187. (B) Fresh
weight of 17-day-old Arabidopsis seedlings exposed to salt stress (½ MS + 100mM NaCl)
for 12 days colonized by GFP-tagged SA187 in comparison to wild-type SA187. Error bars
represent SE. Asterisks indicate a statistical difference to Mock based on the Student’s t-test
(⇤ P < 0.05; ⇤⇤ P < 0.01, ⇤⇤⇤ P < 0.001). No significant difference was recorded between SA187
and SA187-GFP (at P< 0.05).
(PDF)

S5 Fig. Quantification of root colonization by SA187. Efficiency of root colonization evalu-
ated by counting colony forming units (CFU) and normalized per root centimeter. Seedlings
were grown on ½ MS medium (Control) or ½ MS with 100 mM NaCl for 5 days. Bars repre-
sent SE, n = 9, each sample consists of 5 roots. Asterisks indicate a statistical difference based
on the Student’s t-test (⇤⇤⇤ P< 0.001).
(PDF)

S6 Fig. Growth of SA187-treated Arabidopsis mutants in hormonal pathways under nor-
mal conditions. Fresh weight (mg) of SA187-colonized plants after growth on ½ MS for 17
days. All plots represent the mean of three biological replicates (n > 36). Error bars represent
SE. + acs represents the heptuple mutant acs1-1 acs2-1 acs4-1 acs5-2 acs6-1 acs7-1 acs9-1, and
pyr1/pyl the quadruple mutant pyr1 pyl1 pyl2 pyl4.
(PDF)

S7 Fig. The effect of ACC and KMBA treatment on Arabidopsis growth in comparison to
SA187-inoculated seedlings. Complete data to spider graphs in Figs 7C and 8B. Fresh weight
(A), root length (B), and lateral root density (C) of 17-day-old seedlings grown on ½ MS + 100
mM NaCl for the last 12 days. Values represent means of three biological experiments, each in
two technical replicates (> 33 seedlings). Error bars represent SE. Asterisks indicate a statisti-
cal difference from mock-inoculated plants based on Student’s t-test (⇤ P < 0.05; ⇤⇤ P < 0.01;
⇤⇤⇤ P <0.001).
(PDF)

S8 Fig. Ethylene emission by SA187 on synthetic medium. (A) Ethylene emission of in vitro
SA187 cultures at different stages after inoculation. Average OD600 values at each time point
are given. Grey bar: LB medium without SA187; Green bars: LB medium with SA187. (B) Eth-
ylene emission corrected for background ethylene levels emitted by controls and standardized
per unit OD600. Measurements based on 3 biological replicates per time point. Experiment
was repeated three times with similar results; a representative experiment is shown. Error bars
represent SD. For (A) no significant differences were found between each time point versus
the control based on the Mann-Whitney U test (P < 0.05).
(PDF)

S1 Table. RNAseq analysis. Whole genome analysis based on TAIR10 annotation. For each
comparison, log2 fold change is indicated as well as adjusted p-value (q-value).
(XLSX)
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S2 Table. GO term analysis. GO term significant enrichment for every cluster. Gene enrich-
ment analyses were performed using AmiGO1 website (http://amigo1.geneontology.org/cgi-
bin/amigo/term_enrichment), using default parameter.
(XLSX)

S3 Table. Primers used during this study.
(PPTX)
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Methodology: Axel de Zélicourt, Lukas Synek, Maged M. Saad, Cristina Andrés-Barrao, Eleo-
nora Rolli.
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Supervision: Axel de Zélicourt, Jean Colcombet, Heribert Hirt.
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3. Negrão S, Schmöckel SM, Tester M. Evaluating physiological responses of plants to salinity stress.
Ann Bot. 2017; 119: 1–11. https://doi.org/10.1093/aob/mcw191 PMID: 27707746

2-keto-4-methylthiobutyric acid-induced plant salt stress tolerance by a desert endophyte bacterium

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007273 March 19, 2018 23 / 28



4. Hanin M, Ebel C, Ngom M, Laplaze L, Masmoudi K. New Insights on Plant Salt Tolerance Mechanisms
and Their Potential Use for Breeding. Front Plant Sci. 2016; 7: 1–17.

5. Coleman-Derr D, Tringe SG. Building the crops of tomorrow: advantages of symbiont-based
approaches to improving abiotic stress tolerance. Front Microbiol. Frontiers Media SA; 2014; 5: 283.
https://doi.org/10.3389/fmicb.2014.00283 PMID: 24936202

6. Bisseling T, Dangl JL, Schulze-Lefert P. Next-generation communication. Science. 2009; 324: 691.
https://doi.org/10.1126/science.1174404 PMID: 19423780

7. de Zelicourt A, Al-Yousif M, Hirt H. Rhizosphere microbes as essential partners for plant stress toler-
ance. Mol Plant. 2013; 6: 242–245. https://doi.org/10.1093/mp/sst028 PMID: 23475999

8. Busby PE, Soman C, Wagner MR, Friesen ML, Kremer J, Bennett A, et al. Research priorities for har-
nessing plant microbiomes in sustainable agriculture. 2017; 1–14. https://doi.org/10.1371/journal.pbio.
2001793 PMID: 28350798

9. Bulgarelli D, Rott M, Schlaeppi K, Ver Loren van Themaat E, Ahmadinejad N, Assenza F, et al. Reveal-
ing structure and assembly cues for Arabidopsis root-inhabiting bacterial microbiota. Nature. Nature
Research; 2012; 488: 91–95. https://doi.org/10.1038/nature11336 PMID: 22859207

10. Lundberg DS, Lebeis SL, Paredes SH, Yourstone S, Gehring J, Malfatti S, et al. Defining the core Arabi-
dopsis thaliana root microbiome. Nature. Howard Hughes Medical Institute; 2012; 488: 86–90. https://
doi.org/10.1038/nature11237 PMID: 22859206

11. Bai Y, Müller DB, Srinivas G, Garrido-Oter R, Potthoff E, Rott M, et al. Functional overlap of the Arabi-
dopsis leaf and root microbiota. Nature. Nature Research; 2015; 528: 364–369. https://doi.org/10.1038/
nature16192 PMID: 26633631

12. Obledo EN, Barragán-Barragán LB, Gutiérrez-González P, Ramı́rez-Hernández BC, Ramı́rez JJ,
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Abstract 

Plant growth-promoting bacteria (PGPB) are known to increase plant tolerance to several 

abiotic stresses, specifically those from dry salty environments. We based our study on 

exploiting a number of desert plants wherein we identified the enrichment of Bacillus 

strains. Thus, we were looking for Bacillus strains that potentially exert plant growth 

promotion effects. We examined the endophyte bacterial community in five plant species 

growing in the Thar desert of Pakistan. Among the total of 381 culturable strains, 58 

Bacillus strains were identified from which the 16 most divergent strains were 

characterized for salt and heat stress resilience as well as antimicrobial and plant growth-

promoting (PGP) activities. When the 16 Bacillus strains were tested on the non-host 

plant Arabidopsis thaliana as model system for enhancing salt stress tolerance, Bacillus 

cereus (PK6-15), Bacillus subtilis (PK5-26) and Bacillus circulans (PK3-109) 

significantly enhanced plant growth under salt stress conditions, doubling fresh weight 

levels when compared to uninoculated plants (control). B. circulans (PK3-15 and PK3-

109) did not promote plant growth under “non-salt” stress conditions, but increased plant

fresh weight by more than 50% when compared to uninoculated control plants under salt 

stress conditions, suggesting that these salt tolerant Bacillus strains exhibit PGP traits 

only in the presence of salt. Our data indicate that the collection of the 58 plant 

endophyte Bacillus strains represents an important set of genomic variants to decipher 

plant growth promotion at the molecular level.  

Keywords  

Salt stress; Biofertilizer; Plant Growth-promoting; Antimicrobial; Endophytes; Bacillus. 

Background 

Plants are largely considered to be metaorganisms due to their dependence (in specific 

habitats such as rhizosphere, phyllosphere and endosphere) on plant-specific growth 

promoting bacterial communities for: 1/ increasing plant nutrient uptake (nitrogen 
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fixation and phosphate solubilization), 2/ stimulating plant growth through the production 

of phytohormones (auxins, indole-3-acetic acid, gibberellins), 3/ suppressing biotic 

stressors (hydrogen cyanide, siderophores, antibiotics and insecticidal agents), and 4/ 

conferring tolerance to plants against abiotic stresses such as drought, salinity and 

extreme temperatures 1-6. These characteristics led to several attempts to identify plant 

growth-promoting bacteria (PGPB) that can increase crop growth and yield. One such 

initiative is associated with biofertilizers replacing or at least reducing the use of 

chemical fertilizers, because expensive chemical fertilizers limit crop production 

worldwide and more so in developing countries. Moreover, chemical fertilizers 

negatively impact the agro-ecosystem and the environment as nitrogen fertilizers are 

made from ammonia and their continuous application results in pollution of water sources 

through leaching and emission of ammonia gas 7. Also, phosphate fertilizers, that are 

imperative to crop production, have efficacy issues owing to ∼80% of phosphorous 

applied as fertilizer becomes precipitated in the soil 7,8. Considering these limitations of 

chemical fertilizers, microbial consortia that are capable of promoting plant growth, 

fixing nitrogen and solubilizing phosphate should be appropriate options as biofertilizers.  

However, both biotic and abiotic stresses reduce agricultural yields and cause 

significant crop losses 6,9-11. Interestingly, abiotic stresses influence the spread of 

pathogens and insects 12-14, and the co-occurrence of multiple abiotic stresses has been 

shown to exert a more devastating effect on crop production 15,16. In this regard, at 

present, ∼20% of total cultivated and 33% of irrigated agricultural lands are affected by 

salt stress 17 and more than 50% of arable land is expected to be affected by both drought 

and salinity by 2050 18,19. Both of these stresses have been shown to affect the water 

potential and turgor of plants, thereby resulting in a reduction of plant growth. Thus, 

several studies have focused on identifying appropriate biofertilizers that can alleviate 

these stresses in several crops such as rice 20,21, maize 22,23, tomato 24 and wheat 25. 

Bacteria belonging to Bacillus 26-28, Azospirillum 29, Pseudomonas 29 and Rhizobium 29, 

Ralstonia 30, Burkholderia 30, and Klebsiella 30 genera were reported to be PGPB. 

However, not all PGPB have been commercialized as their resilience to different 

environmental stresses are low. PGPB belonging to the Bacillus and Pseudomonas genera 

have been commercialized as biofertilizers. However, Bacillus-based biofertilizers 
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reportedly display more resilience to diverse environmental stresses as a consequence of 

their spore-forming ability and produce more metabolites making them more suitable as 

biofertilizers than the non-spore forming Pseudomonas strains 31. Some examples of 

Bacillus-based biofertilizers include, Alinit 32, Kodiak (Bacillus subtilis GB03) 33, 

Quantum-400 (B. subtilis GB03), Rhizovital (Bacillus amyloliquefaciens FZB42) 34,35, 

and YIB (Bacillus spp.) 36. 

However, very few studies have focused on the identification of desert plant associated 

Bacillus biofertilizers that can alleviate salt stress. This is problematic as an estimated 

50% increase in major crops such as rice (Oryza sativa L.), maize (Zea mays L.) and 

wheat (Triticum aestivum L.) is required to fulfill food supply requirements for the 

projected population by 2050 37,38. This knowledge coupled with the expectation that 

more agricultural land will be exposed to climate change volatilities and severity of these 

stresses would increase, highlights the urgency for developing biofertilizers that can 

confer crop resilience to multiple abiotic and biotic stresses as climate-smart agriculture.  

As part of DARWIN21 project (www.darwin21.org), the main goal is to explore 

microbial diversity of different desert plants from various desert regions worldwide, and 

one of the targeted regions is the Pakistan desert Thar. Thus, in the present study, we 

examined the full endophyte bacterial community in plants growing in the Thar desert of 

Pakistan. We further screened Bacillus endophytes for their ability to: 1/ support plant 

growth, 2/ fix nitrogen, solubilize phosphate, 3/ provide protection against biotic stresses, 

and 4/ confer resilience against salt stress. 

Results and Discussion 
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Sample collection and soil physicochemical properties 

The sampling site characteristic and soil chemical properties are described in Table 1. 

The site at Thar Desert region in Pakistan is a sandy soil with less than 5% of water 

content with neutral pH of 7.31, very poor in nutrients. The physicochemical properties 

and weather conditions were very comparable with different desert regions in the Arabic 

peninsula 39.  

Isolation and characterization of root endophytes from diverse desert plant species 

We collected 381 bacterial endophytes from surface sterilized roots of five desert plant 

species (Panicum antidotale, Tribulus terrestris, Zygophyllum simplex, Euphorbium 

officinarum and Lasiurus scindicus) that were previously also isolated in the Arabian 

Peninsula (Eida et al. 2018a, 2018b). Based on their 16S rRNA gene sequencing, the 

taxonomical affiliation of the isolated bacteria was assigned, 146 of the 381 isolates were 

found to be unique at the species level. The 146 species belonged to four major phyla 

Firmicutes (42 strains; 8 genera), Actinobacteria (54 strains; 16 genera), Proteobacteria 

(45 strains; 24 genera) and Bacteroidetes (5 strains; 3 genera) (Figure 1, see also Dataset 

1). In accordance with current knowledge, most of the isolates were from the 

Actinobacteria and Proteobacteria phyla, but we also found isolates from the Firmicutes 

phylum to be similarly dominant. Eida et al., (2018a) 39 also reported Bacillus to be one 

of the more dominant genera, with the highest counts reportedly isolated from Euphorbia 

(~33%) and Tribulus (~22%) and lowest for Panicum (~5%) and Zygophyllum (~9%). 

Here, it should be noted that we only used nine plants, thus a larger sample size might 

yield a different result. Surprisingly, of these culturable bacteria, the Firmicutes phylum 

showed more diversity at the species level within much less genera (Dataset 1). Also, the 

genus Bacillus (Firmicutes) was identified as the major taxon (17.12%), followed by the 

genus Microbacterium (Actinobacteria, 13.01%). More than 69% of the endophytic 
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bacteria were isolated from Panicum and Tribulus alone, that is, 84 isolates (52.17%) 

were isolated from Panicum (PK3, PK3b, PK9) and 28 isolates (17.39%) were isolated 

from Tribulus (PK5, PK7) (Figure 2). Moreover, only Bacillus endophytes were isolated 

from all plant types.  

 Here we report the dominance of these same phyla (Actinobacteria, Proteobacteria and 

Firmicutes) but based on a less biased approach that utilizes five different media 

(including rich or low nutrient media, and salt-containing media) (see Materials and 

Methods). Moreover, in our study, Firmicute counts, especially those of the Bacillus 

genus, are more pronounced in the endorhizosphere of non-cultivated desert plants. Note 

that Firmicute counts in desert soil have been previously reported to be half that of 

Actinobacteria 40, whereas here, we show that Firmicute counts from the endorhizosphere 

of desert plants are similarly present as those of Actinobacteria and Proteobacteria (see 

Figure 1). 

It is interesting to note that Koberl et al. (2011) 40 showed that bacteria isolated from 

Adleya desert soil in Egypt were similarly dominated by Actinobacteria and 

Proteobacteria, but the Firmicutes numbers were less than half that of Actinobacteria. 

Marasco et al. (2012) 41 further reported that bacteria isolated from the endosphere, 

rhizosphere, and root-surrounding soil from desert farmed Capsicum annum L. plants 

(growing in the desert region in Egypt, near El-Tawheed) were primarily Proteobacteria 

and Firmicutes, while non-cultivated arid soil harbored more Actinobacteria (genus 

Cellulosimicrobium) and Firmicutes (genus Bacillus) than Proteobacteria. This result was 

corroborated by Dai et al. (2013) 42 in part, who reported the dominance of endophytes 
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Proteobacteria and Firmicutes as endophytes in Carragana microphylla growing in a 

plantation in the desert-region of Ningxia Hui, China.  

El-Deeb et al. (2013) 43 also reported the isolation of endophytic bacteria from 

Plectranthus tenuiflorus growing in the Saudi Arabian desert that primarily included 

Firmicutes (genus Bacillus), Actinobacteria and Proteobacteria using only Tryptic Soy 

Agar (TSA) and Potato Dextrose Agar (PDA) media. While Zhao et al. (2016) 44 reported 

the use of only low nutrient media Reasoner's 2A (R2A), designed to facilitate the growth 

of stressed slow-growing bacteria, to isolate endophytes from the Salicornia europaea 

plant growing in arid saline land (in Gurbantünggüt desert, China), and reported the 

dominance of Actinobacteria, Proteobacteria and Firmicutes. Li et al. (2017) 45 similarly 

reported a search for endophytes associated with the desert plant Lepidium perfoliatim L. 

and reported the isolation of 62 Bacillus strains only, despite the use of general-purpose 

non-selective beef extract peptone medium. Taken together, these studies reported 

Firmicutes counts to be higher than Actinobacteria counts in the endorhizosphere of both 

cultivated and noncultivated desert plants, while Actinobacteria counts were higher in 

desert soil. Moreover, this result shows the consistent isolation of Firmicutes despite 

differences in plant types and the use of only one or two media types being used in 

specific studies. 

From published data, it seems non-cultivated desert soil is generally dominated by 

Actinobacteria and Proteobacteria, followed by Firmicutes. However, from our study and 

other endorhizosphere studies, the Firmicute (especially genus Bacillus) counts become 

relatively more abundant with host interaction. Taking these aspects into account and 

Bacillus diversity at the species level being more pronounced than Microbacterium 

(Dataset 1), we focused our search for PGPB on the 58 strains belonging to the Bacillus 

genus. Strains were selected based on their clustering (see Figure 3). From the 16S rRNA 

gene sequences, the 58 strains were categorized into eight clusters. Since 16SrDNA 

sequence variation is limited, we applied the GTG5 technique to better distinguish 

between the Bacillus strains. Out of these 58 strains, 25 were selected based on their 

GTG5 patterns (see Figure S1) and tested for their ability to grow in liquid media. Some 
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strains were unable to grow in liquid media, thus only 16 strains that are placed in five of 

the eight clusters were screened for their potential plant growth-promoting (PGP) effects. 

Identification of potential PGPB 

Screening for selected PGP traits 

The 16 Bacillus strains were screened for a range of known plant growth promoting 

traits, such as their ability to solubilize phosphorous (P) and zinc oxide (ZnO), or produce 

indole-3-acetic acid (IAA), ammonia and siderophores, as well as for antimicrobials 

against known plant pathogens (Table 2). Among these, only Bacillus subtilis (PK5-26) 

and Bacillus cereus (PK6-15) could solubilize P and ZnO, respectively. Also, Bacillus 

badius (PK3-68) and three Bacillus circulans strains (PK3-15, PK3-138, and PK3-109) 

were the only bacteria capable of producing IAA. However, most of the strains (13 out of 

16) were capable of producing ammonia.

Noteworthy, B. subtilis (PK5-26), B. cereus (PK6-15) and Bacillus badius (PK3-68) 

that exhibited some of the other PGP traits (such as solubilizing P and ZnO, and 

production of IAA) were amongst the strains capable of producing ammonia. Also, such 

PGP traits have been reported for other B. cereus 46,47,  B. subtilis 26-28  and B. circulans 48 

strains as well, but our study seems to be the first to report a PGP B. badius strain.  

When screening bacteria for PGP traits, it is common to screen for bacteria capable of 

solubilizing phosphate and IAA owing to the proof-of-concept provided through several 

field studies. However, screening for zinc solubilizing bacteria (ZSB) is less common, 

even though this trait has been shown to positively facilitate plant growth. Specifically, 

Sharma et al. (2011) 49 reported that zinc-solubilizing Bacillus strains recovered from 

soybean rhizosphere soil significantly increased the Zn content in soybean seeds when 

compared with uninoculated controls. Naz et al. (2013) 29 recently reported a field study 

that demonstrated that wheat treated with ZSB from the genera Azospirillum, 
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Pseudomonas and Rhizobium significantly increased the zinc contents in different parts 

of the wheat plant at specific growth stages, thereby facilitating efficient nutrient uptake 

that translated into improved plant growth. Gontia-Mishra et al. (2017) 30 were 

bioprospecting for ZSB from the rhizosphere of rice and reported that rice seedlings 

inoculated with ZSB from genera Pseudomonas, Ralstonia, Burkholderia and Klebsiella 

showed significant plant growth compared to uninoculated seedlings. So, it seems the 

search for ZSB is on the rise, but to our knowledge, our study is the first to report 

Bacillus cereus (PK6-15) as a zinc-solubilizing Bacillus from desert plants. 

We also screened for siderophore production, however, only the B. subtilis strains 

(PK3-9, PK1-2, PK1-3 and PK5-26) exhibited siderophore production. Thus, B. subtilis 

PK5-26 was the only strain capable to solubilize phosphate and producing ammonia and 

siderophores. 

Several studies reported siderophore functions in scavenging of iron from the host or 

environment 50, and their function in the biological control of pathogens as several 

siderophores exhibit antimicrobial activity 51,52. For plant-related research, pyoverdine 

siderophores produced by Pseudomonads were shown to be involved in the control the 

wilt diseases of potato caused by Fusarium oxysporum 53, the inhibition of plant growth 

caused by Gaeumannomyces graminis 54, and maize root diseases caused by 

Macrophomina phaseolina, Fusarium moniliforme and Fusarium graminearum 55. Also, 

bacillibactin siderophore producing B. subtilis CAS15 significantly reduced the incidence 

of wilt disease caused by Fusarium in pepper, and that iron supplementation reduced this 

biocontrol effect 26. These results suggest that bacillibactin, in this case, may be 

responsible for the biocontrol effect. Recently, Ruiz et al. (2015) 56 confirmed one of the 

siderophore-associated mechanisms involved in the biocontrol of plant pathogens. They 

demonstrated that the plant disease suppressing Pseudomonas protegens strain survives 

in a toxic environment created by the metal chelating mycotoxin Fusaric acid (produced 

by Fusarium strains) by producing metal scavenging siderophores including pyoverdine 

and pyochelin. Interestingly, Butaite et al. (2017) 57 recently demonstrated that non-

producers of siderophores, with the appropriate siderophore-receptors, can exploit foreign 

siderophores, while siderophore-producers that generate exclusive siderophore types 

render iron acquisition inaccessible to competing strains that lack the appropriate 
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receptor. These findings suggest that the functions of siderophores (scavenging of iron 

and antimicrobial activity) are both involved in shaping microbiome diversity and 

community dynamics. However, siderophores produced by these and other Bacillus 

strains have generally not been screened for their antimicrobial effects.  

Al-Amoudi et al. (2016) 58,59 reported the Firmicutes phylum (specifically strains 

from the Bacillus genus) to be better targets for antimicrobial bioprospecting than 

Actinobacteria due to the selection pressures in environments exposed to high salinity 

and hydrocarbon contamination, based on metagenomics- and culture-based approaches. 

For that reason, we further verified if these selected Bacillus strains are capable of 

producing antimicrobial effects that might confer disease resistance to plants, despite the 

fact that only four strains showed a siderophore production potential. All strains were 

screened against three known plant pathogens, Pseudomonas syringae that causes 

bacterial speck disease 60, and the fungal strains Botrytis cinerea and Alternaria 

brassicicola that cause grey mould disease 61 and rot disease 62, respectively. Most strains 

showed a potential as biocontrol agent except for B. subtilis (PK1-2, PK5-26 and PK5-

68). Specifically, 12 of the 16 strains exhibited antimicrobial effects against A. 

brassicicola. However, only B. circulans (PK3-109) exhibited antimicrobial effects 

against P. syringae, while B. cereus (PK6-15) and B. circulans (PK3-109) exhibited 

antimicrobial effects against B. cinerea. Thus, only B. subtilis (PK3-9) exhibits 

siderophore production and antimicrobial effects against A. brassicicola. Moreover, B. 

circulans (PK3-109) and B. cereus (PK6-15) were the only strains that exhibit 

antimicrobial effects against two of the plant pathogens used in this screening process. 

Also, B. subtilis (PK1-3, PK5-52 and PK3-9), B. tequilensis (PK3-2) and B. circulans 

(PK3-15 and PK3-138) strains displayed the most effective clearing of A. brassicicola.  

However, this finding is not surprising as B. subtilis isolate B7 63 and B. subtilis OTPB1 
64 were reported to be effective in exhibiting antimicrobial effects against A. brassicicola. 

Here too, it should be noted that the PGP traits are only representative of the 16 strains 

tested in this study, and do not reflect the capabilities of the Bacillus community in this 

area as only a small sample size was tested.  
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Bacillus strain resilience towards abiotic stresses 

The selected 16 strains were also evaluated for their resilience against low (0.5M NaCl), 

mild (1M NaCl), high (1.5M NaCl) and severe (2M NaCl) salt stress conditions (see 

Table 3). All the strains grew well on Luria-Bertani (LB) media and LB media + 0.5M 

NaCl. However, B. tequilensis (PK5-16) only grew in low salt stress conditions (0.5M 

NaCl), while all other strains could grow in mild salt stress conditions (1.5M NaCl). B. 

subtilis (PK5-26), B. tequilensis (PK3-2) and B. circulans (PK5-39), were the only 

isolates able to grow under high salt stress conditions (2M NaCl). This result suggests 

that most of the bacteria are moderate halophiles (growing best in media containing 0.5–

2.5 M NaCl) except B. tequilensis (PK5-16), as they do not show an absolute requirement 

for salt to growth, but grow well up to often very high salt concentrations 65,66.  

Since the strains were isolated from the Thar desert, where large temperature 

differences occur between night and day, the 16 strains were also screened for their 

thermotolerance. All strains grew at 22°C, 37°C and 42°C on LB media. The majority of 

strains were also able to grow at 50°C, except Bacillus badius (PK3-68), B. circulans 

(PK3-15 and PK3-109) and B. cereus (PK6-15). The data suggest that most of the strains 

may be simple/moderate thermophiles. 

We shortlisted strains for further assessment of their ability to confer salt-resilience 

to host plants. For the selection of the strains, ammonia production and antibacterial 

effects against A. brassicicola were not used as selection criteria, as the majority of 

strains showed these characteristics. All other potential plant growth promotion traits and 
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disease suppression capabilities assessed in this study were used to shortlist strains 

including B. cereus (PK6-15), Bacillus badius. (PK3-68), B. circulans (PK3-15; PK3-

138; PK3-109), B. subtilis (PK3-9; PK1-2; PK1-3; PK5-26) and B. circulans (PK5-39).  

Establishing the ability of the newly isolated strains to facilitate growth of 

Arabidopsis thaliana under salt stress conditions 

To test the PGP potential of the Bacillus strains on non-host plants, we inoculated 

Arabidopsis thaliana seedlings with strains showing positive PGP traits and disease 

suppression capabilities. In Table 4 (also see Table S2), we list the strains based on their 

ability to increase the fresh weight of A. thaliana compared to uninoculated control plants 

under salt stress conditions (100 mM NaCl). Bacteria were categorized as plant growth-

promoting bacteria ((+)PGPB) and/or salt tolerance plant growth-promoting bacteria 

((+)ST-PGPB) if they conferred at least a 10% increase in A. thaliana fresh weight 

compared to the uninoculated control in the absence of NaCl and in the presence of NaCl, 

respectively. A p value of ≤ 0.05 was considered statistically significant and indicated 

with an asterisk in Figure 4. Thus B. cereus (PK6-15), B. subtilis (PK5-26) and B. 

circulans (PK3-109) significantly supported plant growth despite salt stress as A. thaliana 

inoculated with these strains doubled the fresh weight when compared to uninoculated 

control plants under salt stress conditions (Figure 4, also see Table S2). B. subtilis (PK5-

26) exhibited the ability to slightly increase plant growth under non-salt stress conditions

(denoted as (+) PGPB) as well as under salt stress conditions (denoted as (+) ST-PGPB). 

However, B. circulans (PK5-39 and PK3-138) did not increase the growth of A. thaliana 

despite their ability to produce ammonia and IAA, respectively. This result indicates that 

strains displaying PGP traits may not necessarily function as PGPBs, in accordance with 
39. Interestingly, B. circulans (PK3-15 and PK3-109), B. cereus (PK6-15) and B. subtilis

(PK3-9) did not display growth under non-salt conditions (denoted as (-)PGPB), but 

increased the fresh weight of A. thaliana by more than 50% when compared to the 

uninoculated control plants under salt stress conditions. These results suggest that the 
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presence of NaCl may be a trigger for these bacteria to induce factors that facilitate the 

growth of A. thaliana under salt stress conditions.  

Mehta and Nautiyal (2008) 67 reported that the ability of the bacteria to solubilize 

phosphate is severely affected by environmental stressors. Moreover, Upadhyay et al. 

(2009) 68 reported that the majority of IAA-producing strains could not produce IAA at 

8% NaCl and that levels of IAA produced by bacteria decreased in all isolates with 

increasing levels of NaCl. However, many salt tolerant strains in this study did not 

display a decrease in the production of factors helping plant growth, but rather showed an 

increased ability to enhance growth of Arabidopsis plants in the presence of salt. At 

present, the nature of the growth stimulating bacterial factors is unknown and further 

studies are required to elucidate their structure and regulation during the plant-bacterial 

interaction. Nonetheless, a recently described desert plant (Indigofera argentea) 

endophyte, Enterobacter sp. SA187, was shown to produce 2-keto-4-methylthiobutyric 

acid (KMBA) via the bacterial ethylene signaling pathway to facilitate salt stress 

tolerance in Arabidopsis 69. Moreover, SA187 was reported to increase the yield of the 

forage crop alfalfa when submitted to saline irrigations 69, providing proof of concept of 

the potential of using desert microbes for enhancing the growth of crop plants. However, 

it should also be noted that the use of Arabidopsis as a screening tool for desert plant 

PGPB might only capture PGPB with a large host range and more studies would be 

necessary on other plant systems.  

Concluding Remarks 

A molecular characterization of the bacterial isolates from nine desert plants indicates 

that our isolates belong to four major phyla Actinobacteria, Proteobacteria, Firmicutes 
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and Bacteroidetes. Firmicutes counts were more pronounced in the endorhizosphere of 

desert plants, and showed more diversity at the species level. The genus Bacillus 

(Firmicutes) was identified as the major taxon, and found to be isolated from all plant 

types. Thus, the findings in this and other endorhizosphere studies, suggest that 

Firmicutes (especially those from the Bacillus genus) become relatively more abundant 

with host interaction. Those strains that could grow in liquid media showed different PGP 

traits, including resilience against heat and salt stress and antibacterial effects against 

several plant pathogens. A number of these strains induced plant growth promotion under 

salt stress conditions in A. thaliana plants. Interestingly, several Bacillus strains only 

showed an increase in plant growth in the presence of salt but not when no salt stress was 

imposed on the plants. These results suggest that salt stress might trigger the production 

of plant factors that ultimately stimulate yet unknown bacterial factors to allow plant 

growth under salt stress conditions. Overall, our findings identified endophytic Bacillus 

strains that promote plant growth under ambient and /or salt stress conditions. Our work 

provides the basis for a genetic evaluation of PGP traits in the context of optimizing 

agriculture of crops under conditions of saline water irrigation. 

Materials and methods 

Study site description  

Samples were collected from the Thar desert region in Pakistan (24°45'00.4"N 

69°56'00.8"E) at an altitude of 28m. The selected location is characteristic of low 

humidity, high evaporation rates, high temperature and limited rainfall. The criteria of 

plant species collected was based on the plants being indigenous species, perennials 

woody shrubs / sub-shrubs for easy access to the whole root system and are growing in 

different desert region including the Arabian Peninsula. Five different plant species 

Panicum antidotale (PK3, 3b, 9), Tribulus terrestris (PK5,7), Zygophyllum simplex 

(PK1,6), Euphorbium officinarum (PK4) and Lasiurus scindicus (PK8) were collected in 

Zip plastic bags and kept at 4°C in the laboratory of our Pakistani collaborator before 

shipment to Saudi Arabia. 
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Soil analysis 

Triplicates of one gram of soil were used for soil analysis by drying thoroughly followed 

by nitric acid (1 M) digestion as described in Alzubaidy et al., (2016) 70. Element 

measurement was performed using Inductively Coupled Plasma Optical Emission 

Spectrometry (Varian 720-ES ICP OES, Australia). The instrument settings were: power 

(KW) 1.2, plasma flow (L/min) 1.65, auxiliary flow 1.5, nebulizer flow (L/min) 0.7, 

sample uptake delay (L/sec) 70, pump rate (rpm) 15 and rinse time (sec) 35. Carbon and 

Nitrogen were measured using Flash 2000 (Thermo Scientific) according to 70. pH was 

measured using the 5 Star pH Portable Meter (Thermo Scientific, USA). All the samples 

were measure as three replicated with three to four technical measurement for each 

replicate. 

Isolation and cultivation of endophytes  

Five surface sterilized roots from the same desert plant species were pooled for the 

extraction of endophytic bacteria. Briefly, roots were surface sterilization by dipping in 

70% ethanol for 30s, then 2% sodium hypochlorite for 5 minutes, followed by washing 

with sterilized distilled water. The sterilized roots were then macerated with 0.8% saline 

solution and subjected to serial dilution. TSA, Tryptone-Yeast (TY), R2A and LB media 

were used for the isolation and purification of bacteria. In addition, 1.5% NaCl was added 

to R2A as a fifth media to enable the isolation of endophytes that can grow in high salt 

concentrations.  

Taxonomical identification  

Isolated strains were identified through the sequencing of their 16S rRNA genes. 

Bacterial DNA was extracted using GenElute™ Bacterial Genomic DNA Kits, following 

manufacturer’s instructions. PCR amplification of 16S rRNA genes was performed using 

the extracted genomic DNA as the template and the universal primers 27F (5’-

AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-
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TACGGYTACCTTGTTAGCACTT-3’). Thermocycler conditions started with initial 

denaturation at 95°C for 1 min, followed by 30 cycles at 95°C for 30 seconds, annealing 

at 55°C for 45 seconds and extension at 72°C for 1.5 minutes, and a final polymerization 

extension at 72°C for 5 minutes. PCR amplification was verified by 1% agarose gel 

electrophoresis and those showing positive signal, were purified using EXOSAP IT 

(Invitrogen) then sent for Sanger sequencing at Bioscience Core Laboratory, King 

Abdullah University of Science and Technology (KAUST). 

In order to genotype the different Bacillus isolates, amplification of repetitive 

bacterial DNA elements was done through polymerase chain reaction (GTG)5-PCR 

fingerprinting72,73. Bacterial gDNA was extracted using GenElute™ Bacterial Genomic 

DNA Kits (Sigma). PCR was done using the Bacillus specific GTG5 primer (5’-

GTGGTGGTGGTGGTG-3’) with an initial temperature at 94°C for 5 minutes, followed 

by 30 cycles at 94°C for 1 minute, 40°C for 1 minute, and 65°C for 8 minutes, ending by 

65°C for 16 minutes. The PCR products were separated on 0.8% Agarose gel 

electrophoresis. 

Phylogenetic analyses 

The 16S rRNA gene sequences were compared with those in the GenBank database using 

NCBI BlastN. The T-Coffee multiple sequence aligner version 11 74 was used to align the 

16S rRNA sequences using the parameter ‘t_coffee -mode rcoffee’. Subsequently, to 

identify conserved blocks from the multiple sequence alignment (MSA), the Gblocks 

0.91b 75 was applied onto the MSA by using the minimum sequence for flank position at 

85%, maximum contig nonconserved position at 8, and minimum block length at 10. 

Next, we employ PhyML version 20120412 76, a widely used phylogeny tool based on 

maximum-likelihood principle. For building the phylogeny, the bootstrap was set to SH-

like branch supports, HKY85 77 was used as the nucleotide-based model and parameter 

optimization was implemented for the tree topology, branch length and rate parameters. 

Finally the Newick output from PhyML was used as input for the tree-drawing tool, 

TreeDyn 198.3 78 where all branches with branch support values smaller than 50% were 

collapsed. 
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Screening for PGP traits 

For all biochemical assays, Bacillus isolate suspensions were adjusted to an optical 

density (OD) of 1.0 at 600 nm, and 30 µl of suspension was used to inoculate all media 

plates, unless otherwise stated. Also, results from at least three independent experiments 

corresponding to 36 plants were used for each analysis. In cases where the Bacillus 

isolates produced high amounts of exopolysaccharides in LB broth, strains were 

alternatively grown in the media (either TSA, TY, R2A, or R2A+salt) that they were 

originally isolated with in order to obtain homogenous liquid culture for the biochemical 

and Arabidopsis seedling-inoculation assays. 

 Solubilization of phosphate and zinc oxide 

Isolates were tested for their ability to solubilize phosphate (P) using the Pikovskaya 

et al. (1948) 79 protocol. Briefly, bacteria were grown on Pikovskya’s (PVK) Agar 

(M520, Himedia) plates at 28°C for 48 hours. Plates were observed for zone of clearance 

around the bacterial inoculum to identify bacteria capable of solubilizing P. 

Similarly, modified PVK Agar 80 was used to screen isolates for their ability to 

solubilize zinc oxide (ZnO). Here too, plates were observed for zone of clearance around 

the bacterial inoculum to identify bacteria capable of solubilizing ZnO. 

 Production of indole acetic acide (IAA), ammonia (NH3) and siderophores 

Production of IAA was assessed using the Brick et al. (1991) 81 protocol. Briefly, 

IAA production was detected qualitatively by adding two drops of orthophosphoric acid 

and 2 ml of the Salkowski reagent to bacterial supernatant, then incubating the tube at 

room temperature for 30 min. Development of pink color was used as an indicator of IAA 

production.  

NH3 production was assessed using the Cappuccino and Sherman (1996) 82 protocol. 

Briefly, 50 µl of bacterial suspension was inoculated in 5 ml of peptone broth and 

incubated at 28°C for 48–72 hours. Subsequently, 250 µl Nessler’s reagent was added to 
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each tube. Development of brown- orange color was used as an indicator of ammonia 

production. 

Siderophore production was detected qualitatively using the Blue Agar CAS assay as 

described by Louden et al. (2011) 83. Formation of an orange-yellowish zone of clearance 

was used as an indicator of siderophore production. 

Antimicrobial activity 

Antimicrobial activity against pathogens (including Pseudomonas syringae DC3000 and 

two pathogenic fungal strains Botrytis cinerea and Alternaria brassicicola) were detected 

using dual culture assay. Briefly, the fungal strains were grown at 24°C for 20-25 days on 

Potato Dextrose Agar (PDA) plate. Fungal disks were made using the back side of sterile 

200µl pipette tips, and inoculated on the plates with Bacillus isolates spread. The 

inoculated plates were then incubated at 28°C and checked at 24h, 48h and 72h for 

formation of cleared zone as an indicator of a potential biocontrol agent. For P. syringae 

DC3000 were grown at 28 °C, 200 rpm, overnight on LB broth. The pathogens and 

Bacillus isolates suspensions were adjusted to an optical density (OD) of 1.0 at 600 nm. 

The spread plate technique was used to inoculate LB agar plates with 100 μl aliquots of 

each individual Bacillus culture, and then sterile disks were soaked with the pathogenic 

bacterial suspension and added to each inoculated plate. Formation of a zone of clearance 

was used as an indicator of a potential biocontrol agent. 

Screening strains for their resilience against abiotic stresses 

Isolates were screened for their resilience against heat and salt stresses. In brief, the 

Bacillus isolates inoculated on LB agar plates were incubated at multiple temperatures 

(28°C (control temperature), 37°C, 42°C and 50°C). These Bacillus isolates suspensions 

were also inoculated on LB agar plates containing various salt concentrations (0.5%, 1%, 

1.5%, and 2% NaCl) that were incubated at 28°C.  
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Assessing the strain effects on plant growth  

The effect of inoculating Arabidopsis thaliana Col-0 with each of the shortlisted strains 

(Bacillus subtilis (PK5-26), Bacillus cereus (PK6-15), Bacillus badius (PK3-68), Bacillus 

circulans (PK3-15; PK3-138; PK3-109), Bacillus subtilis (PK3-9; PK1-2; PK1-3) and 

Bacillus circulans (PK5-39)) was evaluated. Seeds of Arabidopsis thaliana Col-0 were 

surface sterilized, stratified on half-strength Murashige and Skoog Basal Salt Mixture pH 

5.8, 0.9% agar (½MS) (Murashige and Skoog, 1962) without sucrose media for 2 days 

and then germinated for an additional 5 days at 22°C, long day photoperiod (16h light/8h 

dark), 70 Lux. Germinated seedlings were then transferred to fresh ½MS and ½MS 

+100mM NaCl and inoculated with 10 µl of individual shortlisted strains (suspended in

½MS media adjusted to an optical density (OD) of 1.0 at 600 nm). Inoculated seedlings 

were incubated at 22°C, 16h light/8h dark, 70 Lux, for a total of 15 days post-inoculation. 

On day 9, lateral root density was calculated using the standard calculation: Average of 

lateral roots / cm of root length from 36 plants. Fresh weight was measured for plants 

growing in ½ MS on day 12 and for those growing in ½MS +100mM NaCl on day 15. 

The experiment was done in 3 biological replicates of 36 plants each for each treatment. 

Statistical difference analysis was done using Mann-Whitney U Test 

(https://www.socscistatistics.com/tests/mannwhitney/Default2.aspx). For the comparison 

between controls (non-salt) and samples (salt stress), the means were used and a p value 

of ≤ 0.05 was considered as statistically significant (indicated with asterisks in figure 4).  
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Figure legends 

Figure 1. Un-rooted phylogenetic tree based on 16S rRNA gene sequence showing the 

diversity of bacteria isolated from all plants, at both the phylum and genus level. 

Figure 2. Bar graph showing the distribution and diversity of bacteria cultivated from 

each plant at genus level. Genera represented by one isolate are not shown. 

Figure 3. Phylogenetic tree showing the relationship of the 58 newly isolated strains. The 

strains used in this screen are marked with an asterisk (*). P.typhae was used as an out-

group for the phylogenetic tree. Branches with support less than 50% were collapsed. 

Bootstrap values are shown in the tree branches. 

Figure 4. Screening assay of A. thaliana inoculated with (A) Bacillus cereus (PK6_15) 

and (B) Bacillus subtilis (PK5_26) in non-salt (1/2 MS, 12 days) and in salt (1/2 

MS+100mM NaCl, 15 days) conditions. The total fresh weight of Arabidopsis is 
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represented as the mean of three biological experiments. Asterisks indicate statistical 

differences compared with WT under the same conditions based on Mann-Whitney U 

Test (*P < 0.05, **P < 0.01, ***P < 0.001). Abbreviations: ½ MS: ½ strength 

Murashige and Skoog (MS) basal salt macronutrient solution for plant medium; ½ MS + 

100 mM NaCl: ½ strength Murashige and Skoog (MS) basal salt macronutrient solution 

with 100 mM NaCl salt added for plant stress medium; WT: wild type; Col: Arabidopsis 

thaliana Columbia strain (Control). 

Table legends 

Table 1: Site description, physicochemical properties and elemental composition of soil: 

Data presented are mean values (± standard deviation) of 9 independent replicates. 

Table 2: Bacillus strains screened for plant growth promotion traits. In this table, 

potential biocontrol agents against, 1/ Pseudomonas syringae DC3000 are indicated by *, 

2/ Botrytis cinerea is indicated by √, and 3/ Alternaria brassicicola is indicated by ∞. 

Elsewhere positive activity is indicated using (-) and negative activity is indicated using 

(+). 

Table 3: Bacillus strains evaluated for their resilience against abiotic stresses. 

Table 4. Bacillus strains screened for their ability to confer plant growth promotion under 

salt stress conditions. Strains that increase the fresh weight of A. thaliana by at least more 

than 50% compared to the un-inoculated control are indicated using blue font. 

Abbreviations: PGPB: Plant growth-promoting bacteria; ST-PGPB: Stress tolerant plant 

growth-promoting bacteria 
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Table 1: Site description, physicochemical properties and elemental composition of soil: 

Data presented are mean values (± standard deviation) of 9 independent replicates. 

Location Pakistan (Thar desert)

Latitude; Longitude 24°45'00.4"N 69°56'00.8"E 

Total precipitation per year (mm) 50 

Maximum temperature (°C) 36 

Average temperature (°C) 30 

Minimum temperature (°C) 18 

Soil color and texture Brown, sandy soil 

Soil pH 7.31 

Soil Moisture content (%)  5 

Nitrogen content (g Kg-1) 0.27 ± 0.52 

Carbon content (g Kg-1) 13.7 ± 1.10 

Element measurement 

P (g Kg-1) 0.43 ± 0.015 

K (g Kg-1) 6.11 ± 1.14 

Ca (g Kg-1) 68.14 ± 5.52 
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Mg (g Kg-1) 5.75 ± 0.22 

B (mg Kg-1) 89.85 ± 6.84 

Cu (mg Kg-1) 22.71 ± 2.21 

Mn (mg Kg-1) 427.16 ± 20.54 

Zn (mg Kg-1) 109.65 ± 17.21 

Na (mg Kg-1) 379.2 ± 76.20 

Ni (mg Kg-1) 52.63 ± 3.74 

S (mg Kg-1) 338.48±38.5

Pb (mg Kg-1) 254.2 ± 50.97 

Table 2: Bacillus strains screened for plant growth promotion traits. In this table, 

potential biocontrol agents against, 1/ Pseudomonas syringae DC3000 is indicated by *, 

2/ Botrytis cinerea is indicated by √, and 3/ Alternaria brassicicola is indicated by ∞. 

Elsewhere positive activity is indicated using (-) and negative activity is indicated using 

(+). 

Strain 
code 

Identificatio
n based on 
16S rRNA 
sequencing 

Nutrient uptake traits 
Growth promoting traits 

Disease suppression traits 

Phosphate 
solubilization 

Zinc 
solubilization 

IAA 
Production 

Ammonia 
production 

Siderop
hore 
producti
on 

Anti-
microbial 
effects 

PK3-68 
Bacillus 
badius (-) (-) (+) (+) (-) (∞) 

PK3-9 
Bacillus 
subtilis (-) (-) (-) (+) (+) (∞) 

PK3-2 Bacillus (-) (-) (-) (+) (-) (∞) 
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tequilensis 

PK3-15 
Bacillus 
circulans (-) (-) (+) (-) (-) (∞) 

PK3-138 
Bacillus 
circulans (-) (-) (+) (-) (-) (∞) 

PK5-26 
Bacillus 
subtilis (+) (-) (-) (+) (+) (-) 

PK5-39 
Bacillus
circulans (-) (-) (-) (+) (-) (∞) 

PK1-2 
Bacillus 
subtilis (-) (-) (-) (+) (+) (-) 

PK1-3 

Bacillus 
subtilis 
PY79 (-) (-) (-) (+) (+) (∞) 

PK5-17 

Bacillus 
subtilis 
PY79 (-) (-) (-) (+) (-) (∞) 

PK5-16 
Bacillus 
tequilensis (-) (-) (-) (+) (+) (∞) 

PK5-68 
Bacillus 
subtilis (-) (-) (-) (+) (-) (-) 

PK5-52 
Bacillus 
subtilis (-) (-) (-) (+) (-) (∞) 

PK6-15 
Bacillus 
cereus (-) (+) (-) (+) (-) (√, ∞) 

PK3-109 
Bacillus 
circulans (-) (-) (+) (-) (-) (*, √) 

PK3-4 
Bacillus 
mojavensis (-) (-) (-) (+) (-) (∞) 
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Table 3: Bacillus strains evaluated for their resilience against abiotic stresses. 

Strain 
code 

Identification based 
on 16S rRNA 

sequencing Media 

Temperature 

(oC) 

NaCl 

(M) 

22 & 37 42 50 0.5 1 & 1.5 2 

PK3-68 Bacillus badius LB (+) (+) (-) (+) (+) (-) 

PK3-9 Bacillus subtilis LB (+) (+) (+) (+) (+) (-) 

PK3-2 Bacillus tequilensis LB (+) (+) (+) (+) (+) (+) 

PK3-15 Bacillus circulans LB (+) (+) (-) (+) (+) (-) 

PK3-
138 Bacillus circulans TSA (+) (+) (+) (+) (+) (-) 

PK5-26 Bacillus subtilis TSA (+) (+) (+) (+) (+) (+) 

PK5-39 Bacillus circulans TSA (+) (+) (+) (+) (+) (+) 

PK1-2 Bacillus subtilis TSA (+) (+) (+) (+) (+) (-) 

PK1-3 Bacillus subtilis PY79 TSA (+) (+) (+) (+) (+) (-) 

PK5-17 Bacillus subtilis PY79 TY (+) (+) (+) (+) (+) (-) 

PK5-16 Bacillus tequilensis TY (+) (+) (+) (+) (-) (-) 

PK5-68 Bacillus subtilis TY (+) (+) (+) (+) (+) (-) 

PK5-52 Bacillus subtilis TY (+) (+) (+) (+) (+) (-) 

PK6-15 Bacillus cereus R2A (+) (+) (-) (+) (+) (-) 

PK3-
109 Bacillus circulans 

R2A+1
.5% 
NaCl (+) (+) (-) (+) (+) (-) 

PK3-4 Bacillus mojavensis LB (+) (+) (+) (+) (+) (-) 
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Table 4. Bacillus strains screened for their ability to confer plant growth promotion under 

salt stress conditions. Strains that increase the fresh weight of A. thaliana by at least more 

than 50% compared to the un-inoculated control are indicated using blue font. 

Strain 
code 

Identification 
based on 16S 

rRNA 
sequencing 

Conferring 
PGP traits and 
salt tolerance 

Production and 
Solubilization 
Capabilities  

Bacterial 
Resilience 

Salinity 
(M) 

Heat 
(oC) 

PK6-15 Bacillus cereus 
(-)PGPB & 
(+)ST-PGPB Zinc & Ammonia 1.5 42 

PK5-26 Bacillus subtilis 
(+)PGPB & 
(+)ST-PGPB 

Phosphate, 
Siderophore & 
Ammonia 2 50

PK3-109 Bacillus circulans 
(-)PGPB & 
(+)ST-PGPB 

IAA &  
Exopolysaccharide 1.5 42 

PK3-9 Bacillus subtilis 
(-)PGPB & 
(+)ST-PGPB 

Siderophore & 
Ammonia & 
Exopolysaccharide 1.5 50 

PK3-15 Bacillus circulans 
(-)PGPB & 
(+)ST-PGPB IAA 1.5 42 

PK3-68 Bacillus badius 
(-)PGPB & 
(+)ST-PGPB 

IAA & Ammonia & 
Exopolysaccharide 1.5 42 

PK1-3 
Bacillus subtilis 
PY79 

(-)PGPB & 
(+)ST-PGPB 

Siderophore & 
Ammonia & 
Exopolysaccharide 1.5 50 

PK1-2 Bacillus subtilis 
(-)PGPB & 
(+)ST-PGPB 

Siderophore & 
Ammonia 1.5 50

PK5-39 Bacillus circulans 
(-)PGPB & 
(-)ST-PGPB 

Ammonia & 
Exopolysaccharide 2 50 

PK3-138 Bacillus circulans 
(-)PGPB & 
(-)ST-PGPB IAA 1.5 50 
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Climate	change	and	the	rapid	increase	in	world	population	is	threating	the	future	of	food	

security	of	humankind.	To	challenge	and	overcome	the	loss	in	productivity	of	major	crops	

growing	in	arid	lands,	plant	growth	promoting	bacteria	(PGPB)	represent	a	promising	

biotechnological	tool.	Although	some	mechanisms	are	known	how	PGPB	help	plants	to	

grow	under	stressful	conditions,	we	still	know	little	how	the	metabolism	of	host	plants	

and	bacteria	is	coordinated	during	the	establishment	of	symbiosis.	In	the	present	work,	

using	 single	 and	dual	 transcriptomics,	we	 studied	 the	 reprograming	of	metabolic	 and	

signaling	pathways	of	 SA187	and	Arabidopsis	 thaliana	 during	 the	 change	 from	a	non-

symbiotic	 to	 a	 symbiotic	 status.	 We	 could	 identify	 major	 changes	 in	 primary	 and	

secondary	 metabolic	 pathways	 in	 the	 host	 plant	 that	 is	 induced	 by	 interaction	 with	

SA187	 and	 conversely	 major	 reprograming	 of	 bacterial	 signaling	 and	 metabolic	

pathways	upon	host	 symbiosis.	These	data	 should	help	 future	 research	 in	 the	 field	of	

beneficial	plant-microbe	interactions	for	developing	sophisticated	strategies	to	improve	

agriculture	of	crops	under	adverse	environmental	conditions.	

	

Abstract	

Enterobacter	 sp.	 SA187	 is	 a	 plant	 growth-promoting	 root	 endophytic	 bacterium	 that	

helps	 growth	 of	 the	 crop	 plant	 alfalfa	 under	 saline	 irrigation	 and	 desert	 farming	

conditions.	SA187	also	enhances	salt	tolerance	of	the	model	plant	Arabidopsis	thaliana	

under	in	vitro	conditions.	Here,	we	used	single	and	dual	transcriptomics	to	investigate	

the	changes	in	metabolic	reprogramming	of	SA187	upon	the	establishment	of	symbiosis	

with	 Arabidopsis.	 Upon	 symbiosis,	 reprograming	 of	 the	 central	 carbon	 and	 energy	

metabolism	 was	 observed	 in	 both	 host	 and	 bacterial	 symbiont.	 In	 addition,	 SA187	

massively	modified	the	transporter	repertoire	for	nutrient	uptake	and	metabolite	export.	

Changes	in	gene	expression	involved	in	chemotaxis	and	flagellar	biosynthesis,	as	well	as	



quorum	sensing	and	biofilm	formation	were	correlated	with	the	endophytic	life	style	of	

SA187	 during	 symbiosis.	 At	 the	 same	 time,	 the	 host	 plant	 showed	 changes	 in	 gene	

expression	for	secondary	metabolites	including	fraxetin	and	flavonoid	biosynthesis,	the	

latter	 of	which	 could	 be	 experimentally	 validated	with	mutants	 of	 the	 root	 flavonoid	

pathway.	Overall,	our	results	give	insight	into	the	coordination	of	metabolic	and	signaling	

pathways	during	the	transition	from	free-living	to	symbiotic	plant-bacterial	life.	

	

Introduction	

Plant	 growth-promoting	 bacteria	 (PGPB)	 have	 the	 capability	 to	 establish	 symbiotic	

associations	with	plants,	resulting	in	the	increase	of	plant	growth.	PGPB	can	use	different	

strategies	 to	 reduce	 the	 vulnerability	 of	 plants	 to	 biotic	 and	 abiotic	 environmental	

stresses	(de	Zélicourt	et	al.,	2013).	During	the	last	decades,	PGPB	have	gained	interest	as	

biotechnological	 tools	 with	 application	 in	 agriculture	 as	 alternatives	 to	 traditional	

chemical	 fertilizers	 and	 pesticides.	 PGPB	 can	 live	 in	 the	 soil	 near	 plant	 roots	

(rhizosphere),	epiphytically	attached	to	roots,	stems	or	leaves	surfaces,	or	as	endophytes	

inside	 plant	 tissues.	 PGPB	 are	 able	 to	 promote	 the	 growth	 of	 plants	 by	 different	

mechanisms	such	as	nutrient	uptake	from	soil	(phosphate,	nitrogen,	iron)	or	modulation	

of	plant	hormone	levels	(auxins,	ethylene,	abscisic	acid),	enhancing	plant	resistance	to	

pathogens	by	production	of	antimicrobials	or	through	the	activation	of	a	form	of	defense	

referred	to	as	induced	systemic	resistance	(ISR)	(Glick,	2012;	Yang	et	al.,	2009).			

Upon	 interaction	 of	 PGPB	 with	 host	 plants,	 a	 global	 alteration	 of	 gene	 expression	 is	

triggered	 in	both	 interacting	organisms,	 leading	to	adaptation	and	proliferation	of	 the	

bacteria.	Monitoring	these	modifications	in	gene	expression	is	a	powerful	approach	to	

identify	 factors	 and	 regulatory	 processes	 involved	 in	 beneficial	 plant-microbe	

interaction.	RNA-Seq	has	proved	to	provide	highly	accurate	and	sensitive	transcriptional	

profiling	of	both	microbes	and	host	plants	(Yang	et	al.,	2009;	Fan	et	al.,	2012;	Vargas	et	

al.,	2014;	Zhang	et	al.,	2015;	Taghavi	et	al.,	2015;	Kröber	et	al.,	2016;	Yi	et	al.,	2017;	Nobori	

et	al.,	2018;	Westermann	et	al.,	2016;	Marsh	et	al.,	2017;	Westermann	et	al.,	2017)	and	

has	contributed	to	substantial	gain	in	biological	insight	on	both	sides	of	the	interaction	



(Nuss	et	al.,	2017;	Naidoo	et	al.,	2018).	Hitherto,	the	application	of	RNA-Seq	in	the	context	

of	plant-microbe	interactions	has	focused	on	the	host	plant	responses	(Camilios-Neto	et	

al.,	2014;	Liu	et	al.,	2017;	Oeser	et	al.,	2017;	de	Zélicourt	et	al.,	2018).	Some	studies	have	

investigated	 transcriptome	 changes	 in	 PGPB	 cultured	 under	 conditions	 intended	 to	

mimic	a	plant-associated	life-style	(Fan	et	al.,	2012;	Vargas	et	al.,	2015;	Zhang	et	al.,	2015;	

Taghavi	et	al.,	2015;	Kröber	et	al.,	2016;	Yi	et	al.,	2017;	Mark	et	al.,	2005;	Xie	et	al.,	2015;	

Mwita	 et	 al.,	 2016;	 Sheibani-Tezerji	 et	 al.,	 2015;	 Paungfoo-Lonhienne	 et	 al.,	 2016).	

However,	 our	 knowledge	 on	 transcriptional	 changes	 in	 PGPB	 upon	 host-interaction	

under	in	planta	conditions	remains	limited.	

During	 the	 last	 years,	 researchers	 have	 investigated	 the	 potential	 of	 the	 endogenous	

microbiome	of	desert	plants	in	different	regions	in	Saudi	Arabia	as	biofertilizers	adapted	

to	arid	conditions	(Eida	et	al.,	2018,	2019).	Strains	isolated	in	these	areas	have	proven	

their	efficiency	in	promoting	growth	of	agronomic	important	crops	such	as	cucumber,	

canola	or	alfalfa	(Elazzazy	et	al.,	2012;	Ahmad	et	al.,	2016;	Daur	et	al.,	2018).	Enterobacter	

sp.	SA187	is	an	endophytic	PGPB	that	was	isolated	from	root	nodules	of	the	endogenous	

desert	plant	Indigofera	argentea,	from	the	Jizan	region	in	Saudi	Arabia	(Lafi	et	al,	2016,	

Andrés-Barrao	et	al.,	2017).	SA187	has	been	described	to	promote	multi-stress	tolerance	

under	desert	farming	conditions	in	the	crop	plant	alfalfa	and	under	laboratory	conditions	

in	 the	model	 plant	 Arabidopsis.	 Data	 obtained	 on	Arabidopsis	 demonstrated	 that	 the	

promotion	of	 abiotic	 stress	 tolerance	by	 SA187	 is	mediated	 through	 activation	of	 the	

plant	ethylene	signaling	pathway.	Furthermore,	the	results	suggested	that	SA187	induces	

salt	stress	tolerance	by	producing	2-keto-4-methylthiobutyric	acid	(KMBA)	(de	Zélicourt	

et	 al.,	 2018),	which	 is	 known	 to	be	 converted	 into	 ethylene	 in	 planta	 (Splivallo	et	 al.,	

2009).	 To	 expand	 our	 understanding	 on	 the	 molecular	 mechanisms	 underlying	 the	

beneficial	association	of	SA187	with	Arabidopsis,	we	here	compare	the	transcriptomes	

of	SA187	and	Arabidopsis	before	and	after	establishing	functional	symbiosis	under	both	

normal	and	stress	conditions.	Our	results	show	massive	genetic	reprogramming	of	host	

and	bacteria	highlighting	several	secondary	metabolic	pathways	of	specific	 interest	 in	

symbiosis.	

	



Results		

Experimental	layout	and	RNAseq	analysis		

The	 schematic	 representation	 of	 the	 experiment	 is	 shown	 in	 Fig.	 1.	 The	 symbiosis	 of	

Arabidopsis	roots	by	SA187	was	evaluated	by	electron	microscopy	(Supplementary	Fig.	

S1Ba).	The	bacterial	number	of	symbiotic	Arabidopsis	roots	was	similar	under	both	non-

salt	and	salt	stress	conditions	(Supplementary	Fig.	S1B	b-d).		Three	biological	replicates	

were	analyzed	under	the	following	conditions:	Single	RNAseq	of	free-living	SA187	grwon	

in	½	MS	(B),	or	½	MS	+	100	mM	NaCl	(SB),	Arabidopsis	grown	in	½	MS	(P)	or	on	½	MS	+	

100	mM	NaCl	(SP)	and	dual	RNAseq	of	symbiotic	SA187-Arabidopsis	grown	on	½	MS	

(PB)		or	on	½	MS	+	100	mM	NaCl	(SPB)	(Fig.	1).	On	average	of	16-20	million	high	quality	

paired-end	reads	were	obtained	from	the	single	bacterial	and	60-82	million	from	single	

Arabidopsis	 and	 dual	 SA187-Arabidopsis	 RNAseq	 (Supplementary	 Table	 S1).	 The	

symbiotic	 samples	 contained	 <	 4	 %	 of	 bacterial	 counts,	 but	 showed	 an	 adequate	

sequencing	depth	and	confirmed	the	quality	of	the	RNAseq	libraries	(Supplementary	Fig.	

S2A).	Pearson’s	linear	regression	coefficients,	FPKM	(fragment	per	kilobase	per	million	

mapped	reads)	profiles	and	the	distribution	of	mapped	reads	showed	a	good	correlation	

among	biological	replicates	(R2	>	0.98	and	~0.90	for	free-living	and	symbiotic	samples,	

respectively).	Only	replicate	SB1	showed	a	low	correlation	(R2	=	0.73)	and	was	therefore	

excluded	from	further	analysis.		

	

Adaptation	of	the	SA187	metabolic	network	to	a	symbiotic	life	style	

By	applying	a	differential	expression	cutoff	of	p-value=0.05	and	fold-change=2,	our	data	

revealed	that	the	addition	of	100	mM	NaCl	to	the	growth	medium	only	had	a	minor	effect	

on	 the	 gene	 expression	 pattern	 of	 free-living	 or	 symbiotic	 SA187	 (Table	 1,	 Fig.	 2a,	

Supplementary	Table	S4,	Supplementary	Fig.	S3a).	In	contrast,	the	symbiotic	interaction	

of	 SA187	with	Arabidopsis	 induced	 significant	 changes	 in	 the	bacterial	 transcriptome	

irrespective	 of	 the	 presence	 or	 absence	 of	 salt.	 Under	 non-salt	 conditions,	 symbiotic	

SA187	(PB	compared	to	B)	showed	1128	up-	and	598	down-regulated	genes	(Table	1,	



Fig.	2c,	Supplementary	Table	S4,	Supplementary	Fig.	S3a).	Similarly,	under	salt	stress,	

symbiotic	SA187	(SPB)	compared	to	free-living	bacteria	(SB)	indicated	870	up-	and	674	

down-regulated	 genes	 (Table	 1,	 Fig.	 2d,	 Supplementary	Table	 S4,	 Supplementary	 Fig.	

S3a).		According	to	these	data,	a	core	set	of	SA187	646	up-	and	412	down-regulated	genes	

is	 involved	 in	 the	symbiotic	 life	 style	 (Fig.	3a,	b).	The	same	biological	processes	were	

modified	 to	 a	 similar	 extent	 in	 the	 individual	 comparisons	 (Fig.	 3c).	 Fifty	 key	 genes	

involved	 in	 the	 adaptation	 of	 SA187	 to	 the	 plant	 environment	 and	 showing	 different	

regulation	were	selected	for	RT-qPCR	validation.	The	large	majority	of	gene	expression	

patterns	obtained	from	RT-qPCR	was	in	agreement	with	the	corresponding	data	obtained	

from	RNAseq	(Supplementary	Fig.	S4)	confirming	the	reliability	of	the	RNAseq	results.	

To	obtain	insight	into	the	biological	functions	of	the	identified	differentially	expressed	

genes	(DEGs)	we	performed	KEGG	Mapper	Brite	Reconstruction	analysis.		

	

SA187	motility	and	chemotaxis.		

Biological	processes	involved	in	the	colonization	of	the	host	plant,	such	as	chemotaxis,	

flagellar	assembly,	quorum	sensing	and	biofilm	formation,	were	upregulated	during	the	

symbiotic	 interaction	 of	 SA187	with	 Arabidopsis	 (Supplementary	 Fig.	 S5a).	 Sixty-two	

genes	involved	in	bacterial	chemotaxis	and	biosynthesis	and	assembly	of	flagella	were	

regulated,	 indicating	 the	 importance	 of	 cell	motility	 and	 chemotaxis	 in	 the	 symbiotic	

interaction	 (Supplementary	Table	 S9).	 Interestingly,	 the	 genome	of	 SA187	 contains	 5	

paralogous	genes	coding	for	flagellin	(FliC),	while	3	out	5	genes	were	poorly	expressed	

in	 all	 conditions	 and	 unevenly	 regulated,	 two	 genes	 SA187PBcda_000004844	 and	

SA187PBcda_000004845,	whose	motifs	showed	the	highest	homology	(77.3%	identical)	

to	 S.	 aeruginosa	 motif	 (30),	 were	 strongly	 induced	 (6	 –	 8	 fold)	 during	 symbiosis	

(Supplementary	 Table	 S9).	 Moreover,	 A	 number	 of	 methyl-accepting	 chemotaxis	

proteins	and	the	two-component	system	CheA/CheB,	involved	in	the	signaling	cascade	

controlling	flagellar	assembly,	together	with	chemotaxis	proteins	CheW	and	CheZ,	were	

also	upregulated	during	symbiotic	interaction	(Supplementary	Tables	S9,	S10).		

SA187	quorum	sensing	and	biofilm	formation.		



During	 SA187-Arabidopsis	 symbiosis,	 two-component	 systems	 (TCS)	 involved	 in	

bacterial	 quorum	 sensing,	 QseC/QseB	 and	 FusK/FusR	 were	 upregulated.	

(Supplementary	Tables	S9,	S10).	Lengthways	with	upregulation	of	TCS	components	the	

AI-2	transporter	(LsrBCDA),	together	with	the	lsr	operon	transcriptional	repressor	LsrR	

and	terminator	LsrF,	were	also	upregulated	(Supplementary	Tables	S6,	S8).	Additionally,	

a	number	of	genes	involved	in	biofilm	formation,	 including	subunits	of	the	curli	 fibers	

biosynthetic	 complex,	 CsgB	 and	 CsgC,	 as	 well	 as	 poly-N-acetyl-glucosamine	 (PGA)	

synthase	subunits	PgaA	and	PgaC,	were	induced	(Supplementary	Table	S11).		

SA187	 transport	 of	 nutrients	 and	 metabolites.	 In	 the	 symbiotic	 state,	 the	

phosphotransferase	 systems	 (PTS)	 involved	 in	 the	 import	 of	 glucose,	 sucrose,	 2-O-α-

mannosyl-D-glycerate,	 cellobiose	 and	 ß-glucoside,	 were	 strongly	 upregulated	

(Supplementary	Table	S7).	Many	ABC	transporters,	(PTS)	and	two-component	systems	

were	 upregulated,	 including	 the	 ABC	 transporters	 of	 sulfate	 CysPUWA,	

maltose/maltodextrine	 MalEFGK,	 D-methionine	 MetNIQ	 and	 the	 signaling	 molecule	

autoinducer	 2	 (AI-2)	 LsrABCD	 (Supplementary	 Table	 S6).	 Interestingly,	 subunits	

involved	 in	 the	 transport	 of	 the	 osmoprotectants,	 such	 as	 spermidine	 and	 putrescine	

(PotF	 and	 PotG),	 as	 well	 as	 ABC.SP.	 A,	 ABC.SP.	 P1,	 ABC.SP.S	 were	 found	 to	 be	

downregulated	(Supplementary	Tables	S6,	S8).	

SA187	carbon	metabolism	and	oxidative	phosphorylation.		

A	 large	 number	 of	 bacterial	 genes	 of	 the	 carbohydrate	metabolism	were	 upregulated	

during	symbiosis.	While	glycolysis/gluconeogenesis	and	the	pentose	phosphate	pathway	

(PPP)	 were	 downregulated,	 the	 tricarboxylic	 acid	 (TCA)	 cycle	 and	 the	 glyoxylate	

pathways	were	upregulated	(Supplementary	Fig.	S7).	Among	the	downregulated	genes,	

we	identified	fructose	phosphokinase	(PfkB)	(Supplementary	Table	S16),	one	of	the	key	

regulatory	points	that	make	glycolysis	irreversible	and	pyruvate	dehydrogenase	(PoxB),	

involved	in	another	rate-limiting	step	of	glycolysis	(Supplementary	Table	S16).	On	other	

hand,	 citrate	 synthase	 (Szabolcs	 and	 Intézet)	was	 upregulated	 (Supplementary	 Table	

S16),	suggesting	that	SA187	makes	preferential	use	of	the	TCA	cycle	to	produce	energy	

in	the	form	of	GTP	and	NADH	in	planta.		



Oxidative	phosphorylation,	the	metabolic	process	that	generates	the	energy	needed	for	

almost	all	vital	processes,	was	upregulated	during	symbiosis.	O-cytochrome	(CyoCDE)	

and	several	subunits	of	the	F0/F1-ATP	synthase,	which	converts	transmembrane	proton	

gradient	 into	 ATP,	 were	 upregulated	 (Supplementary	 Table	 S17).	 Similarly,	 several	

subunits	 of	 NADH-dehydrogenase	 (complex	 I)	 and	 succinate	 dehydrogenase	 (SDH)	

(complex	II),	which	are	also	part	of	the	TCA	cycle,	were	also	strongly	upregulated	during	

symbiosis	(Supplementary	Tables	S16,	S17).		

	

SA187	sulfur	metabolism.		

Upon	symbiosis	with	Arabidopsis,	the	incorporation	of	extracellular	sulfate	through	the	

ABC	 transporter	 CysPUWA	 was	 highly	 induced	 in	 SA187	 (Supplementary	 Table	 S6).	

Sulfate	 adenylyltransferase	 (CysND)	 and	 adenylyl	 kinase	 (CysC)	 were	 also	 strongly	

upregulated	 (Supplementary	 Tables	 S14,	 S15)	 as	 well	 as	 different	 subunits	 of	 the	

alkanesulfonate	 ABC	 transporter	 (ssuABC)	 and	 a	 (FMNH2)-dependent	 sulfonate	

monooxygenase	(ssuD)	(Supplementary	Tables	S14,	S15).	Consistently,	the	gene	coding	

for	SsuE,	a	FMN	reducing	enzyme	that	provides	SsuD	with	FMNH2,	was	also	upregulated.	

Cysteine	kinase	(CysK),	which	catalyzes	the	synthesis	of	L-cysteine	from	sulfide,	and	the	

enzymes	involved	in	the	conversion	of	L-cysteine	to	L-methionine,	CBS,	TCH	and	MetE,	

together	with	 the	MetE	 transcriptional	 regulator	MetR,	were	 also	 highly	 upregulated	

during	symbiosis	(Supplementary	Tables	S14,	S15).	Along	with	the	role	of	the	Methionine	

Salvage	Pathway	(MTA)	in	generating	KMBA	for	plant	salt	stress	tolerance	(de	Zelicourt	

et	al.,	2018),	TyrB,	MtnN,	MtnK,	MtnC,	MtnD	and	SpeD	showed	significant	upregulation	

during	symbiosis	(Supplementary	Tables	S14,	S15).		

	

Adaptation	of	the	plant	host	metabolic	network	during	symbiosis	with	SA187	

To	gain	information	on	the	metabolic	setting	of	the	plant	host,	we	further	analyzed	the	

dual	 transcriptome	Arabidopsis	data	 set	during	 the	 symbiotic	 interaction	with	SA187	

that	was	previously	generated	(de	Zélicourt	et	al.,	2018).		



Photosynthesis	and	carbohydrate	metabolism.		

In	spite	of	 the	 fact	 that	SA187	showed	 little	changes	 in	 the	metabolic	network	during	

growth	under	non-salt	and	salt	conditions,	Arabidopsis	was	strongly	affected	 in	shoot	

and	root	growth	and	development	at	100	mM	NaCl	(de	Zelicourt	et	al.,	2018).	Since	salt	

stress	induces	the	generation	of	ROS	in	chloroplasts,	one	of	the	most	dramatic	effects	in	

salt	grown	plants	is	a	downregulation	of	the	entire	photosynthetic	machinery	(Foyer	and	

Noctor,	2005).	Interestingly,	colonized	Arabidopsis	with	SA187	continued	health	growth	

under	 salt	 stress	with	no	downregulation	of	 the	expression	of	photosynthesis-related	

genes.	 In	 particular,	 a	 number	 of	 genes	 encoding	 electron	 transport	 carriers	 in	

photosystem	I	and	II,	such	as	CHLORORESPIRATION	REDUCTION	1	(AT5G52100),	PETC	

(AT4G03280)	or	PHOTOSYSTEM	I	SUBUNIT	G	(AT1G55670),	were	not	downregulated	

by	salt	when	plants	were	in	symbiosis	with	SA187.	Moreover,	several	key	genes	of	the	

reductive	 pentose	 phosphate	 pathway,	 including	 phosphoglycerate	 kinase,	

glyceraldehyde	 dehydrogenase,	 sedoheptulose	 bisphosphatase,	 transketolase,	 were	

maintained	in	expression	under	salt	conditions	when	Arabidopsis	was	in	symbiosis	with	

SA187.	The	gene	regulation	pattern	of	maintaining	photosystem	I	and	II	in	an	intact	state	

as	well	as	the	continued	expression	of	 the	enzymes	of	 the	Benson-Calvin	cycle	 largely	

explains	the	enhanced	growth	phenotype	of	the	SA187	symbiotic	Arabidopsis	under	salt	

stress	conditions	(Fig.6).	

Fraxetin	 biosynthesis	 and	 Iron	metabolism.	 From	 the	 dual	 transcriptome	 of	 SA187	

symbiotic	Arabidopsis,	cluster	5	showed	key	biosynthetic	genes	for	fraxetin	(SH8)	and	

sideretin	 (CYP82C)	production	 to	be	downregulated	 (Fig.	6)	 in	 symbiotic	Arabidopsis	

under	salt	conditions,	suggesting	that	the	plant	is	switching	off	their	synthesis.		

Flavonoid	biosynthesis	and	metabolism.		

Interestingly,	 Arabidopsis	 plants	 show	 differential	 downregulation	 of	 a	 cluster	 of	

flavonoid	biosynthesis	genes	under	salt	stress	conditions	in	symbiosis	with	SA187	(Fig.	

6).	 The	 majority	 of	 flavonoid	 biosynthesis	 genes	 are	 regulated	 by	 several	 MYB	

transcription	 factors,	 but	 in	 roots	 flavonoid	 biosynthesis	 is	 primarily	 controlled	 by	

MYB12	(Stracke	et	al.,	2007).	Therefore,	the	myb12	mutant	T-DNA	insertion	and	a	MYB12	



over-expresser	 line	 (MYB12	 OE)	 were	 assayed	 for	 altered	 root	 morphology	 upon	

symbiosis	with	SA187.	As	shown	in	Fig.	7A,	under	salt	stress,	the	increase	in	total	root	

mass	by	SA187	colonization	was	affected	upon	MYB12	overexpression.	This	affect	was	

not	due	to	changes	in	the	primary	(Fig.	7B),	but	the	lateral	root	system,	indicating	that	

SA187-induced	 lateral	 root	 formation	 was	 efficiently	 compromised	 by	 MYB12	

overexpression	(Fig.	7C).		

	

Discussion	

Many	PGPBs	have	been	described	to	interact	with	and	exert	a	beneficial	effect	on	plant	

growth	and	stress	tolerance,	but	understanding	the	underlying	molecular	mechanisms	

has	been	hampered	by	the	 intrinsic	complexity	of	 the	heterogeneous	natural	systems.	

Moreover,	different	bacterial	strains	and	species	use	different	strategies	to	help	growth	

of	 plants	 under	 various	 conditions	 and	 the	 interacting	 mechanisms	 are	 not	 only	

determined	 by	 the	 interacting	 microbes	 but	 also	 by	 the	 plant	 species,	 ecotype,	

developmental	and	physiological	status,	and	the	biotic	or	abiotic	environment	(Fan	et	al.,	

2012).	Additionally,	a	switch	of	controlled	growth	to	anarchic	proliferation	results	in	the	

transformation	 from	 beneficial	 or	 asymptomatic	 endophytes	 to	 pathogenic	 bacteria	

(Eaton	et	al.,	2011).	Enterobacter	sp.	SA187	has	proven	to	provide	salt	tolerance	in	open	

field	trials	to	the	crop	alfalfa	and	also	under	controlled	conditions	in	the	laboratory	to	

Arabidopsis.	Compared	to	the	small	(5-10%)	beneficial	effect	under	non-salt	conditions,	

SA187	enhances	plant	growth	to	about	40-50%	under	salt	conditions	(de	Zélicourt	et	al.,	

2018).	Moreover,	the	report	suggested	that	the	bacterial	metabolite	KMBA,	which	is	later	

transformed	into	ethylene	in	planta,	plays	a	major	role	in	promoting	plant	growth	under	

salt	stress.	Our	present	results	identified	the	bacterial	sulfur	metabolism	as	one	of	the	

major	induced	pathways	during	symbiosis	with	Arabidopsis,	further	supporting	the	idea	

that	 salt	 stress	 tolerance	 promotion	 is	 mediated	 by	 bacterially	 produced	 KMBA	 (de	

Zélicourt	et	al.,	2018).		

The	 analysis	 of	 the	 SA187	 metabolic	 processes	 during	 symbiosis	 with	 Arabidopsis	

revealed	two	large	sets	of	genes.	On	one	hand,	we	identified	a	large	set	of	genes	that	are	



mostly	involved	in	the	initial	contact	and	the	colonization	of	a	host,	such	as	chemotaxis	

and	bacterial	motility,	but	also	quorum	sensing	and	signaling,	and	biofilm	formation.	The	

other	set	of	genes	is	related	to	the	transport,	exchange	of	nutrients,	energy	metabolism,	

carbon	and	sulfur	metabolism.	Indicating	the	importance	of	cell	signaling	and	acquisition	

of	 nutrients	 and	 other	 metabolites	 for	 the	 SA187	 for	 the	 adaptation	 to	 the	 plant	

environment	(Supplementary	Fig.	S5a).	A	summary	of	the	regulated	metabolic	pathways	

and	biological	processes	is	shown	in	Figure	5.	

SA187	colonization	of	the	plant	host.		

The	 first	steps	 in	root	endophyte	colonization	of	plants	consist	 in	 the	chemotaxis	and	

subsequent	attachment	of	bacterial	cells	to	the	roots	using	cellulose-like	fibers,	colanic	

acid	and	adhesion	proteins	(Sheibani-Tezerji	et	al.,	2015;	Compant	et	al.,	2010).	In	our	

analysis	of	a	firmly	established	symbiosis,	SA187	shows	a	decrease	in	the	expression	of	

genes	 for	 cellulose	 and	 curli	 fibers	 and	 the	 upregulation	 of	 genes	 involved	 in	 biofilm	

formation	 as	 well	 as	 an	 upregulation	 of	 genes	 involved	 in	 flagella	 biosynthesis	 and	

chemotaxis.	Chemotaxis	and	bacterial	motility	are	often	oppositely	regulated	to	biofilm	

formation	(Zhang	et	al.,	2015;	Taghavi	et	al.,	2015;	Kröber	et	al.,	2016).	Bacterial	biofilm	

formation	is	controlled	by	quorum	sensing	(QS),	a	form	of	chemical	communication	that	

coordinates	gene	expression	in	a	cell-density-dependent	manner.	In	order	to	successfully	

colonize	 the	 plant	 roots	 and	 remain	 attached	 to	 the	 plant	 cells,	 beneficial	 bacteria	

produce	cellulose	or	cellulose-like	fibers	to	form	a	biofilm	(Fan	et	al.,	2012;	Zhang	et	al.,	

2015;	Taghavi	et	al.,	2015;	Kröber	et	al.,	2016).	Our	results	show	upregulation	of	both	

bacterial	 motility	 and	 biofilm	 formation	 at	 the	 same	 time,	 suggesting	 that	 a	

heterogeneous	population	of	SA187	exists	even	after	the	firm	establishment	of	symbiosis.	

A	sedentary	fraction	of	bacterial	cells	might	have	been	a	part	of	biofilms,	while	another	

motile	fraction	might	spread	through	the	constantly	growing	plant	tissues.		

Similar	to	pathogenic	bacteria,	PGPB	are	detected	by	plants	through	microbial-associated	

molecular	patterns	(MAMPs),	such	as	LPS	or	flagella,	which	trigger	the	activation	of	the	

plant	 innate	 immune	 response	 (Pel	et	 al.,	 2013;	García	 and	Hirt,	 2014;	Bigeard	et	 al.,	

2015).	In	our	analysis,	LPS	encoding	genes	of	SA187	were	either	downregulated	or	not	



differentially	 expressed	 (Supplementary	 Table	 S18),	 indicating	 a	 possible	 strategy	 to	

avoid	the	Arabidopsis	immune	system.	Our	data	also	revealed	the	differential	expression	

of	 a	 number	 of	 flagellin	 genes	 of	 SA187.	 While	 3	 out	 of	 the	 5	 flagellin	 genes	 were	

expressed	at	low	levels	under	all	conditions,	2	genes	were	highly	expressed	and	highly	

upregulated	 in	 Arabidopsis-associated	 SA187,	 under	 both	 non-salt	 and	 salt	 stress	

conditions.	To	avoid	 the	activation	of	 the	plant	 immune	system,	some	bacteria	use	an	

alkaline	protease	(AprA)	to	degrade	flagellin	and	prevent	its	detection	by	the	plant	FLS2	

receptors	 (Bardoel	 et	 al.,	 2011;	 Trdá	 et	 al.,	 2015).	 A	 putative	 alkaline	 protease/zinc	

metalloproteoase	was	also	identified	in	SA187	(SA187PBcda_000002630),	which	might	

play	 a	 role	 in	 degrading	 FliC	 during	 the	 plant-bacterial	 interaction,	 suggesting	 one	

possible	way	how	SA187	might	evade	the	host	immune	system.		

Modification	 of	 the	 SA187	 primary	 and	 secondary	 metabolic	 networks	 during	

symbiosis.			

Sugar	availability	was	suggested	 to	be	a	main	determinant	of	 the	microbial	metabolic	

adjustment	to	a	symbiotic	state	(Taghavi	et	al.,	2015).	In	the	symbiotic	state,	the	strong	

upregulation	 of	 the	 SA187	 ABC	 transporters	 and	 PTS	 suggests	 the	 active	 uptake	 of	

multiple	nutrients	 from	the	plant	host.	These	results	agree	with	reports	 from	Bacillus	

amyloliquefaciens	FZB42,	SQR9	or	Enterobacter	 sp.	638	(Fan	et	al.,	2012;	Zhang	et	al.,	

2015;	 Taghavi	 et	 al.,	 2015),	 showing	 that	 glucose,	 maltose	 or	 inositol	 in	 maize	 root	

exudates	 induced	 the	 expression	 of	 the	 respective	 bacterial	 ABC	 and	 PTS	 transport	

systems.	To	test	 if	 the	symbiotic	profile	of	SA187	gene	expression	is	mainly	driven	by	

sugar	availability	from	the	plant	host,	we	analyzed	the	expression	of	40	symbiotic	marker	

genes	of	 SA187	during	growth	 in	media	 supplemented	with	1%	sucrose.	 	 43%	of	 the	

marker	genes	showed	an	expression	profile	similar	to	a	symbiotic	state	(Supplementary	

Fig.	S7),	indicating	that	nutrient	availability	is	a	major	driver	in	the	metabolic	adaptation	

of	 SA187.	Nonetheless,	 57	%	of	 genes	did	not	 respond	 to	 the	 addition	 sucrose	 to	 the	

growth	medium,	suggesting	that	additional	factors	are	also	responsible	for	modifying	the	

SA187	metabolic	network	during	symbiosis.	



Modification	 of	 the	 Arabidopsis	 metabolic	 networks	 to	 symbiosis	 with	 SA187.	 In	

beneficial	 plant-microbe	 interactions,	 both	 partners	 benefit	 from	 the	 symbiotic	

association	 showing	 extensive	 exchange	 of	 nutrients,	 metabolites	 and	 information.	

However,	 so	 far	 little	 is	 known	 how	 the	 expression	 of	 a	 large	 number	 of	 genes	 is	

coordinated	in	each	partner.	During	salt	stress	of	Arabidopsis	plants	in	symbiosis	with	

SA187,	genes	related	photosynthesis	and	carbohydrate	metabolism	remain	unaffected	

and	plants	maintain	growth	and	development.	 In	contrast,	non-symbiotic	Arabidopsis	

(no	bacteria)	show	a	massive	downregulation	of	these	key	processes	(de	Zelicourt	et	al.	

2018)	 and	 explain	 the	 strong	 inhibition	 of	 growth	 and	 development	 under	 these	

conditions.	

In	Arabidopsis,	Fe	uptake	by	roots	 is	mediated	by	Fe	mobilization	 in	 the	soil	 through	

proton	extrusion	by	the	P-type	ATPase	AHA2	(Santi	and	Schmidt,	2009).	Upon	reduction	

by	Fe	chelate	reductase	ferric	reduction	oxidase	(FRO2;	Robinson	et	al.,	1999),	Fe2+	can	

be	imported	by	the	Fe2+	transporter	iron	regulated	transporter1	IRT1;	Eide	et	al.,	1996;	

Vert	et	al.,	2002).	However,	recent	data	show	that	Arabidopsis	also	produces	and	secretes	

catecholic	 coumarin	 derivatives,	 such	 as	 Fraxetin	 and	 Sideretin	 with	 Fe-mobilizing	

properties	(Tsai	et	al.,	2018).	An	interesting	adaptation	to	the	SA187	symbiotic	state	in	

Arabidopsis	was	observed	for	genes	involved	in	the	synthesis	of	the	Fraxetin	(SH8)	and	

Sideretin	 (CYP82C)	 production.	Although	both	 compounds	 are	 involved	 in	 Fe	 uptake,	

coumarin	 derivatives	 were	 recently	 also	 shown	 to	 be	 involved	 in	 controlling	 the	

interaction	of	Arabidopsis	with	beneficial	 rhizosphere	microbes	(Ioannis	et	al.,	2018).	

These	 results	might	 suggest	a	 role	of	 fraxetin	and	sideretin	 in	 the	SA187-Arabidopsis	

interaction.			

Flavonoids	 are	 secondary	metabolites	 of	 plants,	which	 function	 in	 diverse	 processes,	

including	 defense,	 signaling	 between	 plants	 and	 microorganisms	 e.g.	 the	 nodulation	

genes	 expression	 legume/rhizobia	 (Kobayashi	 et	 al.,	 2004).	 During	 symbiosis	 with	

SA187,	a	cluster	of	flavonoid	biosynthesis	genes	is	specifically	downregulated	under	salt	

stress	conditions.	A	role	of	 flavonoids	in	shaping	the	SA187-Arabidopsis	 interaction	is	

shown	 by	 our	 genetic	 analysis	 of	 MYB12	 lines,	 which	 control	 root-specific	 flavonoid	

production	(Mehrtens	et	al.,	2005).	In	particular,	the	overexpression	of	MYB12	abrogates	



the	beneficial	growth	effect	of	SA187	on	roots	by	compromising	SA187-mediated	lateral	

root	 development.	 A	 possible	 mechanism	 linking	 flavonoids	 to	 SA187-induced	 root	

development	 is	 provided	 by	 the	 fact	 that	 auxin	 and	 ethylene	 regulate	 root	 flavonoid	

synthesis	via	MYB12.	We	have	previously	shown	that	SA187	regulates	ethylene	signaling	

in	Arabidopsis	via	its	production	of	the	metabolite	KMBA,	potentially	connecting	KMBA	

to	plant	flavonoid	synthesis	and	root	development.	These	results	suggest	that	flavonoids	

play	a	role	in	the	SA187-induced	adaptation	to	salt	stress	conditions.	

The	 plant	 hormone	 ethylene	 is	 known	 for	 its	 role	 in	 multiple	 stages	 of	 the	 plant	

development,	 as	well	 as	 in	 the	plant	 adaptation	 to	 abiotic	 stresses	 such	as	 salt	 stress	

(Abeles	et	al.,	2012;	Kende,	2003),	but	its	role	in	mutualistic	interactions	is	complicated	

and	not	yet	 clear	 (Xu	et	al.,	 2018).	De	Zélicourt	et	al.	 (2018)	provided	evidences	 that	

bacterially	produced	2-keto-4-methylthiobutyric	acid	(KMBA)	is	required	to	induce	plant	

salt	stress	tolerance	through	the	Arabidopsis	ethylene	signaling	pathway	(De	Zélicourt	et	

al.,	 2018).	 Our	 data	 demonstrate	 not	 only	 the	 induction	 of	 the	 MTA	 cycle,	 but	 the	

complete	 sulfur	metabolic	 pathway	 from	 sulfate	 uptake	 through	 the	ABC	 transporter	

CysPUWA,	up	to	the	synthesis	of	L-cysteine,	L-methionine,	and	other	sulfur	derivatives.	

Our	results	suggest	 that	upon	establishment	of	a	symbiotic	state,	A.	 thaliana	provides	

SA187	with	a	nutrient-rich	environment	that	is	favorable	for	its	growth	and	proliferation.	

In	exchange,	SA187	mobilizes	the	sulfur	metabolism	and	provides	its	host	plant	with	the	

bacterially	derived	MTA	metabolite	KMBA,	which	helps	Arabidopsis	plants	 to	 tolerate	

salt	stress	by	activating	the	plant	ethylene	pathway.		

Methods		

Plant	growth	conditions	and	inoculation.		

Arabidopsis	thaliana	Col-0	seedlings	were	grown	as	described	in	Saad	et	al.	(2018)	(Saad	

et	al.,	2018).	Briefly,	Arabidopsis	seeds	were	surface	sterilized	10	min	 in	70%	EtOH	+	

0.05%	sodium	dodecyl	sulfate	on	a	shaker,	washed	2	times	in	96%	EtOH	and	air	dried.	

Sterilized	seeds	were	sown	on	half-strength	Murashige	and	Skoog	(Murashige	and	Skoog,	

1962)	(MS)	agar	plates	(0.9%	agar)	inoculated	with	SA187	and	stratified	for	2	days	at	4˚C	

in	darkness.	After	stratification,	seeds	were	germinated	vertically	for	5	days	at	22 °C	and	



16/8 h	light/dark	cycle	with	photon	flux	density	150 μmol	m−2	s−1	during	the	light	cycle.	

Uniformly	germinated	seedlings	with	1	cm	root	length	were	then	transferred	and	grown	

vertically	in	MS	plates	without	(non-salt,	MS)	or	with	100	mM	NaCl	(salt	stress,	MSS),	and	

grown	for	another	12	days.	Six	seedlings	were	transferred	to	each	plate.	To	prepare	the	

SA187	 inoculum,	 overnight	 bacterial	 cultures	 in	 LB	 broth	 (Sigma)	 were	 harvested,	

centrifuged	15	min	at	3,000	rpm,	washed	twice	in	liquid	MS	and	resuspended	in	MS	to	a	

final	OD600	=	0.2.	Plates	containing	50	ml	of	cooled-down	MS	or	MSS	were	inoculated	with	

0.1	 ml	 of	 the	 bacterial	 suspension	 (~107	 CFU)	 and	 let	 solidify.	 At	 the	 end	 of	 the	

experiment,	whole	17-day-old	plantlets	where	collected	and	immediately	submerged	in	

liquid	nitrogen,	then	stored	at	-80˚C	until	needed.	The	schematic	representation	of	the	

experimental	set-up	is	shown	in	Figure	1.	

Plant	screen	Assay	

The	salt	stress	tolerance	assays	were	done	as	described	by	Zélicourt	et	al.,	2018,	with	

some	modification,	in	brief	5-day-old	colonized	seedlings	were	transferred	onto	½	MS	

plates	with	or	without	100	mM	NaCl	(Sigma).	Primary	root	length	was	measured	every	2	

days	using	ImageJ	software	after	scanning	the	plates.	Lateral	root	density	was	evaluated	

as	detectable	number	of	lateral	roots	under	a	stereo	microscope	divided	by	the	primary	

root	 length.	Fresh	weight	of	 shoots	and	roots	was	measured	17	days	after	 transfer	of	

seedlings.	Dry	weight	was	measured	after	drying	shoot	and	shoots	for	2	days	at	70°C.	

Bacteria	growth	conditions.		

For	preparing	bacteria	only	samples,	Enterobacter	sp.	SA187	was	grown	overnight	in	LB	

broth	until	reached	exponential	growth	phase.	A	volume	of	this	pre-culture	was	collected,	

centrifuged	and	pelleted	cells	were	washed	twice	with	MS	and	resuspended	to	a	 final	

OD600	 =	 0.2	 (~107	 CFU).	 Five	 hundred	 microliters	 of	 this	 bacterial	 suspension	 was	

inoculated	into	50	ml	of	MS	or	MSS,	and	the	bacterial	culture	was	incubated	4h	at	28˚C,	

in	 darkness.	 Whenever	 necessary,	 broth	 was	 supplemented	 with	 1%	 sucrose.	 After	

incubation,	20	ml	of	bacterial	culture	was	harvested	and	the	cell	pellet	(~1.4·1010	CFU)	

was	stored	at	-80˚C	until	needed.	



RNA	extraction.		

To	 determine	 gene	 expression	 in	 free-living	 SA187	 (“B”,	 “SB”),	 total	 RNA	 of	 SA187	

cultured	 in	 liquid	medium	was	 extracted	 by	 using	RiboPureTM	Bacteria	 kit	 (Ambion),	

following	manufacturer’s	instructions	with	the	following	modifications:	During	the	cell	

lysis	step,	no	beads	were	used	and	samples	were	disrupted	using	the	PowerLyzer®	24	

homogenizer	(Mobio)	with	the	following	set-up:	3	cycles	30	sec	“on”	-	30	sec	“off”.	To	

simultaneously	 capture	 bacterial	 and	 plant	 transcripts,	 high-quality	 total	 RNA	 was	

isolated	from	17	days-old	SA187	colonized	Arabidopsis	seedlings	(“PB”,	“SPB”)	by	using	

the	 Nucleospin	 RNA	 plant	 kit	 (Macherey-Nagel)	 (Zélicourt	 et	 al.,	 2018).	 RNA	

concentration	was	assessed	by	using	a	QubitTM	2.0	Fluorometer	and	the	RNA	BR	assay	kit	

(Invitrogen),	and	total	RNA	integrity	was	verified	by	using	a	2100	Bioanalyzer	and	the	

RNA	6000	Nano	assay	(Agilent).		

RNA-Seq	library	preparation	and	sequencing.	

	As	starting	material,	1	�g	RNA	from	bacteria	samples	and	1	�g	RNA	from	dual	samples	
(plant	+	bacteria)	were	used.	Total	RNA	 from	bacteria	only	samples	were	depleted	of	

ribosomal	RNA	(rRNA)	by	using	Ribo-Zero	Magnetic	Kit	(Bacteria)	(Epicentre/Illumina).	

For	 rRNA	 removal	 of	 plant+bacteria	 samples,	 1:1	 mixture	 of	 Ribo-Zero	 Magnetic	 Kit	

(Bacteria)	and	Ribo-Zero	Magnetic	Kit	(Plant	Leaf)	was	used.	After	rRNA	depletion,	RNA-

Seq	libraries	were	prepared	by	using	the	TruSeq	Stranded	Total	RNA	LT	kit	(Illumina).	

Final	 cDNA	 libraries	were	 sequenced	by	using	HiSeq2500	 at	 the	Core	 Lab	Bioscience	

Platform	 (King	 Abdullah	 University	 of	 Science	 and	 Technology,	 Saudi	 Arabia).	 Three	

biological	replicates	of	each	sample	were	used.		

RNA-Seq	analysis	and	quantification	of	differential	gene	expression.	

	The	schematic	representation	of	the	RNA-Seq	workflow	is	shown	in	Supplementary	Fig.	

S1.	Strand-specific	paired-end	sequencing	of	RNA-seq	samples	was	performed	by	using	

Illumina	HiSeq2500	with	a	read	length	of	101	bp.	Reads	were	quality-controlled	by	using	

FASTQC		(http://www.bioinformatics.babraham.ac.uk/projects/	fastqc/)	and	those	with	

a	FASTQC	quality	score	>30	were	considered	for	further	analysis.	Removal	of	low	quality	



sequences	and	adaptor	sequences,	as	well	as	additional	trimming	of	5’-	and	3’-ends	of	

bacteria	 derived	 reads,	 was	 performed	 by	 using	 Trimmomatic	 (Bolger	 et	 al.,	 2014)	

applying	the	following	parameters:	Minimum	length	of	36	bp,	mean	Phred	quality	score	

(Q)	greater	than	30,	leading	and	trailing	bases	removal	with	base	quality	below	3,	sliding	

window	 of	 4:15.	 Clean	 reads	 were	 then	 mapped	 to	 the	 reference	 genomes	 by	 using	

TopHat	(v2.0.9)	(Trapnell	et	al.,	2009).	Reads	derived	from	“B”	and	“SB”	samples	were	

mapped	 to	 the	Enterobacter	 sp.	 SA187	genome	 (CP019113)	downloaded	 from	 the	 in-

house	INDIGO	data	warehouse	(Alam	et	al.,	2013),	while	reads	derived	from	“PB”	and	

“SPB”	 samples	were	mapped	 to	a	 concatenated	sequence	built	up	by	both	SA187	and	

Arabidopsis	 genomes.	 Arabidopsis	 TAIR	 10	 genome	 was	 downloaded	 from	 The	

Arabidopsis	Information	Resource	(Worley	et	al.)	(https://www.arabidopsis.org).	In	the	

present	study,	only	reads	that	mapped	to	the	bacterial	genome	were	taken	into	account	

from	 dual	 samples.	 Transcripts	 assembly,	 quantification	 and	 differential	 expression	

analysis	was	performed	by	using	Cufflinks	v2.2.0	(Trapnell	et	al.,	2010).	To	overcome	the	

difference	of	sequence	coverage	between	cultured	bacteria	and	plant-associated	samples	

(Supplementary	Table	S3),	library	size	normalization	was	applied	before	DEG	analysis.	

Sequencing	 saturation	 was	 analyzed	 to	 assess	 whether	 the	 sequencing	 depth	 was	

sufficient	 to	 ensure	 the	 quality	 of	 the	 RNA-Seq	 experiment.	 Saturation	 curves	 were	

generated	by	using	the	R	package	RNA-SeQC	(De	Luca	et	al.,	2012).	The	reproducibility	

of	 the	3	biological	 replicates	was	 assessed	by	 calculating	 the	Pearson’s	 correlation	of	

normalized	gene	 expression	 in	 reads	per	kilobase	per	million	mapped	 reads	 (RFKM).	

Differentially	expressed	gene	(DEG)	analysis	was	performed	by	averaging	FPKM	from	all	

3	biological	replicates	for	each	sample.	CummeRbund	(v2.0.0)	was	used	for	visualization	

of	DEG	(Goff	et	al.,	2012).	To	identify	differentially	expressed	genes,	the	threshold	of	p-

value	≤	0.05	was	used.	Additionally,	genes	were	considered	to	be	regulated	if	fold-change	

>	2	or	fold-change	<	0.5.		

RNA-Seq	validation	by	RT-qPCR.	

	To	validate	the	results	derived	from	the	RNA-Seq	experiment,	50	DEGs	were	selected	

and	 their	 gene	 expression	 analyzed	 by	 RT-qPCR	 by	 using	 specific	 primers	

(Supplementary	Table	 S5).	 Primers	were	 designed	 by	 using	 Primer-Blast	 on-line	 tool	



available	 at	 the	 National	 Center	 for	 Biotechnology	 Information	 (NCBI)	

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/).	 The	 translation	 initiation	 factor	

IF-2	(infB)	was	used	as	reference	gene	(de	Zélicourt	et	al.,	2018).	

For	RT-qPCR	analysis,	cDNAs	were	synthetized	by	using	SuperscriptIII	(Invitrogen)	and	

oligo-dT	 following	manufacturer’s	 recommendations.	RT-qPCR	reactions	were	 carried	

out	in	a	CFX96	Touch™	Real-Time	PCR	Detection	System	(BIO-RAD)	as	follows:	95°C	for	

10	min;	 40X~	 [95°C	 for	 10	 sec	 and	 60°C	 for	 40	 sec]	 followed	 by	 a	 dissociation	 step	

(melting	curve)	to	validate	the	PCR	products.	Reactions	were	performed	in	3	technical	

replicates	from	each	biological	replicate,	and	the	relative	gene	expression	was	calculated	

using	the	∆∆CT	method.	

Data	submission.		

RNA-Seq	data	are	available	at	NCBI/GEO	DataSets	(https://www.ncbi.nlm.nih.gov/gds)	

under	 the	 accession	 numbers	 GSE124591	 (free-living	 SA187)	 and	 GSE102950	

(Arabidopsis-associated	SA187)	(de	Zélicourt	et	al.,	2018).	
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Table	1.	Regulated	genes	summary	(normalized	FPKM)			
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Figure	1.	Schematic	representation	of	the	experimental	set-up.		

Plant-associated	bacteria:	Five-day-old	Arabidopsis	seedlings	inoculated	with	Enterobacter	
sp.	SA187	cells	were	transferred	to	fresh	MS	plates	with	or	without	100	mM	NaCl	(SPB	and	
PB,	 respectively).	Seedlings	were	vertically	grown	 for	additional	12	days	 (22 °C,	 long	day	
conditions,	 16/8 h	 light/dark	 cycle).	 Free-living	 bacteria:	 SA187	 bacterial	 cells	 were	
incubated	in	MS	broth	with	or	without	100	mM	NaCl	for	4h	at	28˚C	(SB	and	B,	respectively).	
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Figure	2.	Pearson’s	correlation	matrix	(a).		

Correlation	 coefficients	 between	 normalized	 expression	 values	 (FPKM)	 of	 biological	
replicates	used	in	this	study.	Expression	range	from	0	(red)	to	1	(white).	Gene	expression	
pattern	(b).	Overall	gene	expression	(FPKM)	of	all	biological	replicates.	Expression	range	
from	 0	 (blue)	 to	 4000	 (yellow).	 Heatmaps	 were	 generated	 with	 R	 (Rstudio	 v1.0.136).	
General	 profile	 of	 the	 sequencing	 data	 (c).	Distribution	 of	 the	mapped	 cleaned	 reads	
obtained	from	every	biological	replicate.	B	=	SA187	in	MS	broth,	SB	=	SA187	in	MSS	broth,	
PB	=	SA187	inoculated	Arabidopsis	in	MS,	SPB	=	SA187	inoculated	Arabidopsis	in	MSS.		

	

	



	

Figure	3.	Volcano	plots	representing	the	differentially	expressed	genes	in	SA187	
under	the	four	different	conditions.		

To	analyze	the	effect	of	salinity,	SA187	in	MSS	was	compared	to	SA187	in	MS,	under	both	
free-living	(a)	and	plant-associated	(b)	conditions.	To	investigate	the	effect	of	interaction	
with	 the	 plant	 and	 adaptation	 to	 the	 new	 environment,	 plant-associated	 SA187	 was	
compared	with	free-living	bacteria	in	MS	(c)	and	MSS	(d).	Threshold	values	to	consider	
differential	 expression	 were	 	 	 	 	 p-value	 <	 0.05	 and	 fold-change	 >	 2.	 	 Upregulated	
(log2(fold-change)	>	1)	 are	 in	 red	 and	downregulated	 (log2(fold-change)	<	 -1)	 are	 in	
green.	 Genes	 showing	 fold-change	 <	 2	 are	 in	 orange,	 and	 those	 whose	 change	 in	
expression	is	not	statistically	significant	(p-value	>	0.05)	are	in	black.	

	

	

	

	



	

Figure	4.	KEGG	orthology	(KO)	functional	analysis.		

The	 Venn	 diagrams	 show	 the	 common	 and	 specific	 genes	 upregulated	 (a)	 and	
downregulated	 (b),	 in	 plant-associated	 vs.	 free-living	 SA187,	 under	 non-salt	 and	 salt	
stress.	The	number	of	protein	coding	genes	annotated	 in	KEGG	knowledgebase	are	 in	
brackets.	KEGG	functional	analysis	of	the	response	to	the	adaptation	from	free-living	to	
plant-associated	life-style,	showing	the	modifications	that	are	shared	under	non-salt	and	
salt	stress	(c),	specific	under	non-salt	(d)	and	specific	under	salt	stress	(e).	Y-axis	=	KEGG	
functional	categories.	X-axis	=	number	KEGG	hints.	Upregulated	processes	are	in	red	and	
downregulated	in	green.	

	

	



	

Figure	5.	Overview	of	the	main	regulated	pathways	in	SA187	metabolism.		

Upregulated	(red)	and	downregulated	(green)	metabolic	processes	in	symbiotic	compared	
with	free-living	SA187	in	both	non-salt	and	salt	conditions.APS	=	adenyl	sulfate,	PAPS	=	3’-
phosphoadenylyl	sulfate,	KMBA	=	4-methylthio-2-oxobutanoate,	MCPs	=	methyl-accepting	
chemotaxis	 proteins,	 Tar	 =	 methyl-accepting	 chemotaxis	 protein	 II,	 aspartate	 sensor	
receptor,	 Trg	 =	 methyl-accepting	 chemotaxis	 protein	 III,	 ribose	 and	 galactose	 sensor	
receptor,	 Tap	 =	 methyl-accepting	 chemotaxis	 protein	 IV	 peptide	 sensor	 receptor,	 Tsr	 =	
methyl-accepting	 chemotaxis	 protein	 I,	 serine	 sensor	 receptor,	 PGA	 =	 poly-beta-1,6-N-
acetylglucosamine,	GG2P	=	geranyl-geranyl-PP	(diphosphate),	PRPP	=	5-phospho-a-D-ribose	
1-diphosphate.	Red	denotes	up-	and	green	down-regulated	genes.	



	

Figure	6	:	Heat	map	of	Arabidopsis	DEGs.		

Differentially	 expressed	 genes	 of	 Arabidopsis	 related	 to	 photosynthesis,	 flavonoid	
metabolism	and	reponse	to	iron	grown	alone	on	½	MS	(Gigolashvili,	Berger,	et	al.)	or	½	MS	
+	100	mM	NaCl	(Salt)	or	during	symbiosis	with	SA187	on	½	MS	(SA187)	or	½	MS	+	100	mM	
NaCl	of	clusters	3,	5,	and	7	(de	Zélicourt	et	al.,	2018).	Colors	indicate	expression	levels	based	
on	 normalized	 FPKM	 values.	 Mock:	 non-symbiotic	 Arabidopsis	 grown	 on	½	MS;	 SA187:	
Symbiotic	Arabidopsis	grown	on	½	MS;	Salt:	non-symbiotic	Arabidopsis	grown	on	½	MS	+	
100	mM	NaCl,	SA187	+	Salt:	Symbiotic	Arabidopsis	grown	on	½	MS	+	100	mM	NaCl.	



	

Figure	7.	Role	of	MYB12	in	the	symbiosis	of	Arabidopsis	with	SA187.	

(A)	Root	fresh	weight,	(B)	lateral	root	density	(LRD)	and	(C)	principal	root	length	(PRL)	and	
the	respective	beneficial	index	(ratio	of	symbiotic	vs.	non-symbiotic	data)	of	14-day-old	free-
living	(control)	or	symbiotic	seedlings	transferred	5	days	after	germination	from	½	MS	to	½	
MS	+	100mM	NaCl.	All	plots	represent	the	means	of	3	biological	replicates	(n	>	36).	Error	
bars	represent	SE.	Asterisks	indicate	a	statistical	difference	(P	<	0.05;	P	<	0.01;	P	<	0.001)	
based	 on	 the	 Mann-Whitney	 U	 Test	 when	 compared	 to	 control	 plants	 under	 the	 same	
conditions.	

	

	



	

Figure	S1.	Pearson	correlation	matrix		

(a).	 Correlation	 coefficients	 between	 normalized	 expression	 values	 (FPKM)	 of	 biological	
replicates	used	in	this	study.	Expression	range	from	0	(red)	to	1	(white).	Gene	expression	
pattern	 (b).	Overall	gene	expression	(FPKM)	of	all	biological	 replicates.	Expression	range	
from	0	(blue)	to	4000	(yellow).	Heatmaps	were	generated	with	R	(Rstudio	v1.0.136).	General	
profile	of	the	sequencing	data	(c).	Distribution	of	the	mapped	cleaned	reads	obtained	from	
every	biological	replicate.	“B”	=	SA187	bacterium	in	MS	broth,	“SB”	=	bacterium	in	MSS	broth,	
“PB”	=	SA187	inoculated	Arabidopsis	in	MSS,	“SPB”	=	SA187	inoculated	Arabidopsis	in	MSS.		

	

	

	



	

Figure	S2.	RT-qPCR	quantification	of	Arabidopsis	bacterial	load.		

Total	RNA	samples	from	17DAI	SA187	inoculated	Arabidopsis	under	control	(“PB”)	and	salt	
stress	 (“SPB”)	 conditions	 were	 retrotranscribed	 to	 the	 correspondent	 cDNA.	
Thehousekeeping	gene	nifB	was	used	as	reference	(de	Zélicourt	et	al.	2018).	Quantification	
of	nifB	transcripts	from	the	cDNA	samples	(orange)	(3	technical	replicates	of	each	biological	
replicate	were	analyzed)	was	done	by	comparing	to	SA187	a	genomic	standard	curve	(blue)	
(a).	The	bacterial	load	(cells/ml)	in	each	sample	was	calculated	based	on	the	concentration	
obtained	by	qPCR	(b)	assuming	each	bacterial	cells	contains	4.5	femtograms	(fg);	by	applying	
the	formula	[4,429,597	bp	=	SA187	genome	size	(Andrés-Barrao	et	al.,	2017),	618	g/mol/bp	
=	average	mass	of	1	bp	in	bound	form	(dsDNA)]	(c).	Scanning	electron	microscopy	(SEM)	
image	showing	SA187	colonizing	the	surface	of	Arabidopsis	roots	(d)	

	

	

	



	

Figure	S3.	Sequencing	saturation	analysis.		

Free-living	SA187	in	MS	(“B”)	or	MS+100	mM	NaCl	(“SB”),	and	plant-associated	SA187	in	MS	
(“PB”)	 or	 MS+100	 mM	 NaCl	 (“SPB”).	 Saturation	 curves	 were	 obtained	 with	 R	 package	
RNASeQC	(Rstudio	v1.0.136).		

	

	

	



	

Figure	S4.	Linear	correlation	between	biological	replicates.		

Plots	represent	the	linear	regression	of	gene	expression	values	between	biological	replicates	
of	free-living	SA187	incubated	in	MS	(B)	and	MSS	(SB),	and	plant-associated	SA187	in	MS	
(PB)	 and	MSS	 (SPB).	 The	 plotted	 data	 correspond	 to	 the	 normalized	 gene	 expression	 in	
log10(FPKM).	Scatter	plots	were	generated	with	R,	R2	=	linear	regression	coefficient	error	
(Rstudio	v1.0.136).														

	

	



	

	

Figure	S5.	MA	plots		

(a).	 Plots	 represent	 the	 gene	 expression	 fold	 change	 (M-axis)	 versus	 the	 mean	 gene	
expression	 values	 (A-axis)	 for	 each	 comparison.	 Dotted	 blue	 line	 marks	 the	 differential	
expression	fold	change	=	2	[log2(fold	change)	=	1],	indicating	those	genes	showing	M	>	1	as	
up-	 and	 those	 showing	 M	 <	 -1	 as	 down-regulated.	 Scatter	 plots	 were	 generated	 with	 R	
(Rstudio	 v1.0.136).	 Zero	 values	 of	 FPKM	 are	 ignored.	 M	 =	
log2(log10(FPKM2)/(log10(FPKM1)),	 A	 =	 1/2log2(log10(FPKM1)	 *log10(FPKM2)).	 KEEG	
functional	analysis	of	DEG	(b).	Metabolic	processes	regulated	in	response	to	salt	in	free-living	
and	plant-associated	SA187	(SB	vs.	B,	SPB	vs.	PB)	and	in	response	to	the	adaptation	to	the	
plant-associated	life-style	(PB	vs.	B,	SPB	vs.	SB)	under	non-salt	and	salt	stress	conditions.	Y-
axis	 =	KEGG	 functional	 categories.	 X-axis	 =	 number	 genes	 or	KO	 identifiers	 annotated	 in	
KEGG	 knowledgebase	 from	 each	 subset	 of	 regulated	 genes	 in	 our	 analysis.	 Up-regulated	
metabolic	processes	are	in	red	and	down-regulated	in	green.	

	

	



	

	

Figure	S6.	RT-qPCR	validation	of	RNA-Seq	experiments.		

Avearge	expression	values	of	3	biological	replicates.	Y-axis	=	normalized	gene	expression	in	
FPKM,	 for	 RNA-Seq,	 and	 relative	 gene	 expression	 for	 RT-qPCR.	
*RNA-Seq	values	were	taken	from	De	Zélicourt	et	al.	(2018)	(19).		
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Figure	S7.	KEGG	orthology	(KO)	functional	analysis	of	regulated	genes.		

Biological	 processes	 commonly	 regulated	 in	 plant-associated	 SA187	 versus	 free-living,	
under	 non-salt	 and	 salt	 stress	 conditions.	 Second	 level	 (KEGG	 Brite)	 functional	 analyses	
revealed	37	metabolic	processes	showing	more	than	5	DEG	hits	under	both	control	and	salt	
stress.	 Those	 processes	 showing	 >10	 DEG	 hits	 are	 highlighted	 inside	 the	 bar-plot.	 Up-
regulated	categories	are	in	red	and	down-regulated	ones	in	green.	

	

	

	

	

	



	

	

Figure	S8.	KEGG		

orthology	 (KO)	 functional	 analysis	 of	 regulated	 genes.	 Biological	 processes	 specifically	
regulated	in	plant-associated	SA187	versus	free-living,	under	non-salt	(a)	and	salt	stress	(b)	
conditions.	Second	level	(KEGG	Brite)	functional	analyses	revealed	37	metabolic	processes	
showing	more	than	5	DEG	hits	under	either	non-salt	or	salt	stress.	Those	processes	showing	
>10	DEG	hits	 are	 highlighted	 inside	 the	 bar-plot.	 Up-regulated	 categories	 are	 in	 red	 and	
down-regulated	ones	in	green.	

	

	

	



	

	

Figure	S9.	DEG	analysis	using	differential	expression	cutoff	fold-change=1.5.	

	Volcano	plots	representing	the	differentially	expressed	genes	in	plant-associated	SA187	(a).	
Threshold	 to	 consider	differential	 expression	were	p-value	<	0.05	 and	 fold-change	>	1.5.		
Upregulated	(log2(fold-change)	>	0.58)	are	in	red	and	downregulated	(log2(fold-change)	<	
-0.58)	are	in	green.	Genes	showing	fold-change	<	1.5	are	in	orange,	and	those	whose	change	
in	expression	is	not	statistically	significant	(p-value	>	0.05)	are	in	black.	The	Veen	diagrams	
show	the	common	and	specific	genes	upregulated	(red)	and	downregulated	(green),	in	plant-
associated	vs.	free-living	SA187,	under	control	and	salt	stress	(b).	KEGG	functional	analysis	
of	the	response	to	the	adaptation	from	free-living	to	plant-associated	life-style,	showing	the	
modifications	 that	 are	 shared	 under	 non-salt	 and	 salt	 stress	 (c).	 Veen	 diagram	 showing	
regulated	 genes	 in	 common	 among	 specific	 DE	 genes	 under	 non-salt	 and	 salt	 stress	
conditions	 when	 considering	 fold-change=2	 and	 common	 set	 of	 shared	 regulated	 genes	
between	the	2	conditions	when	considering	fold-change=1.5	(d)	



	

	

Figure	S10.	Analysis	of	the	addition	of	1%	sucrose	to	MS	both	in	the	modification	of	relative	
expression	of	RT-qPCR	validated	genes.	Y-axis	=	relative	expression	(arbitrary	units),	x-axis	
=	analyzed	condition:	 																																																																							

	Bsuc	=	B	+	1%	sucrose,	SBsuc	=	SB	+	1%	sucrose		
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Räisänen,	A.	Rinke,	A.	Sarr	and	P.	Whetton.	2007.	'The	Physical	Science	Basis.	
Contribution	of	Working	Group	I	to	the	Fourth	Assessment	Report	of	the	
Intergovernmental	Panel	on	Climate	Change',	Published	for	the	
Intergovernmental	Panel	on	Climate	Change:	848–940.	

Clay,	N.	K.,	A.	M.	Adio,	C.	Denoux,	G.	Jander,	and	F.	M.	Ausubel.	2009.	'Glucosinolate	
metabolites	required	for	an	Arabidopsis	innate	immune	response',	Science,	
323:	95-101.	



 264 

Compant,	S.,	B.	Duffy,	J.	Nowak,	C.	Clement,	and	E.	A.	Barka.	2005.	'Use	of	plant	
growth-promoting	bacteria	for	biocontrol	of	plant	diseases:	principles,	
mechanisms	of	action,	and	future	prospects',	Appl	Environ	Microbiol,	71:	
4951-9.	

Compant,	S.,	B.	Reiter,	A.	Sessitsch,	J.	Nowak,	C.	Clement,	and	E.	Ait	Barka.	2005.	
'Endophytic	colonization	of	Vitis	vinifera	L.	by	plant	growth-promoting	
bacterium	Burkholderia	sp.	strain	PsJN',	Appl	Environ	Microbiol,	71:	1685-93.	

Cramer,	G.	R.,	K.	Urano,	S.	Delrot,	M.	Pezzotti,	and	K.	Shinozaki.	2011.	'Effects	of	
abiotic	stress	on	plants:	a	systems	biology	perspective',	BMC	Plant	Biol,	11:	
163.	

Crosa,	J.	H.,	and	C.	T.	Walsh.	2002.	'Genetics	and	assembly	line	enzymology	of	
siderophore	biosynthesis	in	bacteria',	Microbiol	Mol	Biol	Rev,	66:	223-49.	

Damam,	Malleswari,	Kalpana	Kaloori,	Bagyanarayana	Gaddam,	and	Rana	Kausar.	
2016.	'Plant	growth	promoting	sub-	stances	(phytohormones)	produced	by	
rhizobacterial	strains	isolated	from	the	rhi-	zosphere	of	medicinal	plants.	
Int.',	International	Journal	of	Pharmaceutical	Sciences	Review	and	Research,	
37(1):	130-36.	

De	Gregorio,	P.	R.,	G.	Michavila,	L.	Ricciardi	Muller,	C.	de	Souza	Borges,	M.	F.	
Pomares,	E.	L.	Saccol	de	Sa,	C.	Pereira,	and	P.	A.	Vincent.	2017.	'Beneficial	
rhizobacteria	immobilized	in	nanofibers	for	potential	application	as	soybean	
seed	bioinoculants',	PLOS	ONE,	12:	e0176930.	

De	Gregorio,	Priscilla	Romina,	Gabriela	Michavila,	Lenise	Ricciardi	Muller,	Clarissa	
de	Souza	Borges,	María	Fernanda	Pomares,	Enilson	Luiz	Saccol	de	Sá,	Claudio	
Pereira,	and	Paula	Andrea	Vincent.	2017.	'Beneficial	rhizobacteria	
immobilized	in	nanofibers	for	potential	application	as	soybean	seed	
bioinoculants',	PLOS	ONE,	12:	e0176930.	

de	Zélicourt,	Axel,	Lukas	Synek,	Maged	M.	Saad,	Hanin	Alzubaidy,	Rewaa	Jalal,	Yakun	
Xie,	Cristina	Andrés-Barrao,	Eleonora	Rolli,	Florence	Guerard,	Kiruthiga	G.	
Mariappan,	Ihsanullah	Daur,	Jean	Colcombet,	Moussa	Benhamed,	Thomas	
Depaepe,	Dominique	Van	Der	Straeten,	and	Heribert	Hirt.	2018.	'Ethylene	
induced	plant	stress	tolerance	by	Enterobacter	sp.	SA187	is	mediated	by	2-
keto-4-methylthiobutyric	acid	production',	PLOS	Genetics,	14:	e1007273.	

Del	Carmen	Martinez-Ballesta,	M.,	D.	A.	Moreno,	and	M.	Carvajal.	2013.	'The	
physiological	importance	of	glucosinolates	on	plant	response	to	abiotic	stress	
in	Brassica',	Int	J	Mol	Sci,	14:	11607-25.	

Dennis	PG,	Miller	AJ	&,	and	Hirsch	PR.	2010.	'Are	root	exudates	more	important	than	
other	sources	of	rhizodeposits	in	structuring	rhizosphere	bacterial	
communities?',	FEMS	Microbiol	Ecol,	72:	313–27.	

Desbrosses,	Guilhem,	Céline	Contesto,	Fabrice	Varoquaux,	Marc	Galland,	and	Bruno	
Touraine.	2009.	'PGPR-Arabidopsis	interactions	is	a	useful	system	to	study	
signaling	pathways	involved	in	plant	developmental	control',	Plant	Signaling	
&	Behavior,	4:	319-21.	

DiLeo,	Matthew	V.,	Matthew	F.	Pye,	Tatiana	V.	Roubtsova,	John	M.	Duniway,	James	D.	
MacDonald,	David	M.	Rizzo,	and	Richard	M.	Bostock.	2010.	'Abscisic	Acid	in	
Salt	Stress	Predisposition	to	Phytophthora	Root	and	Crown	Rot	in	Tomato	
and	Chrysanthemum',	Phytopathology,	100:	871-79.	



 265 

Dimkpa,	C.,	T.	Weinand,	and	F.	Asch.	2009.	'Plant-rhizobacteria	interactions	alleviate	
abiotic	stress	conditions',	Plant	Cell	Environ,	32:	1682-94.	

Dobbelaere,	Sofie,	Jos	Vanderleyden,	and	Yaacov	Okon.	2003.	'Plant	Growth-
Promoting	Effects	of	Diazotrophs	in	the	Rhizosphere',	Critical	Reviews	in	
Plant	Sciences,	22:	107-49.	

Du,	Z.,	X.	Zhou,	Y.	Ling,	Z.	Zhang,	and	Z.		&	Su.	2010.	'agriGO:	a	GO	analysis	toolkit	for	
the	agricultural	community.	Nucleic	Acids	Research,	38(suppl_2),	W64–W70',	
https://doi.org/10.1093/nar/gkq310.	

Dunbar,	J.,	S.	M.	Barns,	L.	O.	Ticknor,	and	C.	R.	Kuske.	2002.	'Empirical	and	
theoretical	bacterial	diversity	in	four	Arizona	soils',	Appl	Environ	Microbiol,	
68:	3035-45.	

Egamberdieva,	D.,	and	Kucharova,	Z.	2009.	'Selection	for	root	colonizing	bacteria	
stimulating	wheat	growth	in	saline	soils',	Biol.	Fert.	Soil.,	45:	563–71.	

Endara,	María-José,	and	Phyllis	D.	Coley.	2011.	'The	resource	availability	hypothesis	
revisited:	a	meta-analysis',	Functional	Ecology,	25:	389-98.	

Engelen-Eigles,	G.,	G.	Holden,	J.	D.	Cohen,	and	G.	Gardner.	2006.	'The	effect	of	
temperature,	photoperiod,	and	light	quality	on	gluconasturtiin	concentration	
in	watercress	(Nasturtium	officinale	R.	Br.)',	J	Agric	Food	Chem,	54:	328-34.	

Fahey,	J.	W.,	A.	T.	Zalcmann,	and	P.	Talalay.	2001.	'The	chemical	diversity	and	
distribution	of	glucosinolates	and	isothiocyanates	among	plants',	
Phytochemistry,	56:	5-51.	

Fan,	Jun,	Lionel	Hill,	Casey	Crooks,	Peter	Doerner,	and	Chris	Lamb.	2009.	'Abscisic	
Acid	Has	a	Key	Role	in	Modulating	Diverse	Plant-Pathogen	Interactions',	
Plant	Physiology,	150:	1750-61.	

Fernando,	W.	G.	Dilantha,	S.	Nakkeeran,	and	Yilan	Zhang.	2006.	'Biosynthesis	of	
Antibiotics	by	PGPR	and	its	Relation	in	Biocontrol	of	Plant	Diseases.'	in	Zaki	
A.	Siddiqui	(ed.),	PGPR:	Biocontrol	and	Biofertilization	(Springer	Netherlands:	
Dordrecht).	

Frerigmann,	Henning,	and	Tamara	Gigolashvili.	2014.	'MYB34,	MYB51,	and	MYB122	
Distinctly	Regulate	Indolic	Glucosinolate	Biosynthesis	in	Arabidopsis	
thaliana',	Molecular	Plant,	7:	814-28.	

Fujita,	M.,	Y.	Fujita,	Y.	Noutoshi,	F.	Takahashi,	Y.	Narusaka,	K.	Yamaguchi-Shinozaki,	
and	K.	Shinozaki.	2006.	'Crosstalk	between	abiotic	and	biotic	stress	
responses:	a	current	view	from	the	points	of	convergence	in	the	stress	
signaling	networks',	Curr	Opin	Plant	Biol,	9:	436-42.	

Gabriele	Berg,	Kornelia	Smalla.	2009.	'Plant	species	and	soil	type	cooperatively	
shape	the	structure	and	function	of	microbial	communities	in	the	
rhizosphere',	FEMS	Microbiol	Ecol	68:	1-13.	

Galletti,	Stefania,	Eleonora	Sala,	Onofrio	Leoni,	Pier	Luigi	Burzi,	and	Claudio	Cerato.	
2008.	'Trichoderma	spp.	tolerance	to	Brassica	carinata	seed	meal	for	a	
combined	use	in	biofumigation',	Biological	Control,	45:	319-27.	

Gerland,	Patrick,	Adrian	E.	Raftery,	Hana	Ševčíková,	Nan	Li,	Danan	Gu,	Thomas	
Spoorenberg,	Leontine	Alkema,	Bailey	K.	Fosdick,	Jennifer	Chunn,	Nevena	
Lalic,	Guiomar	Bay,	Thomas	Buettner,	Gerhard	K.	Heilig,	and	John	Wilmoth.	
2014.	'World	population	stabilization	unlikely	this	century',	Science,	346:	
234.	



 266 

Gigolashvili,	T.,	B.	Berger,	H.	P.	Mock,	C.	Muller,	B.	Weisshaar,	and	U.	I.	Flugge.	2007.	
'The	transcription	factor	HIG1/MYB51	regulates	indolic	glucosinolate	
biosynthesis	in	Arabidopsis	thaliana',	Plant	J,	50:	886-901.	

Gigolashvili,	T.,	R.	Yatusevich,	B.	Berger,	C.	Muller,	and	U.	I.	Flugge.	2007.	'The	R2R3-
MYB	transcription	factor	HAG1/MYB28	is	a	regulator	of	methionine-derived	
glucosinolate	biosynthesis	in	Arabidopsis	thaliana',	Plant	J,	51:	247-61.	

Gleason,	Cynthia,	Rhonda	C.	Foley,	and	Karam	B.	Singh.	2011.	'Mutant	analysis	in	
Arabidopsis	provides	insight	into	the	molecular	mode	of	action	of	the	auxinic	
herbicide	dicamba',	PLOS	ONE,	6:	e17245-e45.	

Glick,	B.	R.,	and	Y.	Bashan.	1997.	'Genetic	manipulation	of	plant	growth-promoting	
bacteria	to	enhance	biocontrol	of	phytopathogens',	Biotechnol	Adv,	15:	353-
78.	

Glick,	Bernard	R.	2012.	'Plant	Growth-Promoting	Bacteria:	Mechanisms	and	
Applications',	Scientifica,	2012:	15.	

Goel,	A.	K.,	D.	Lundberg,	M.	A.	Torres,	R.	Matthews,	C.	Akimoto-Tomiyama,	L.	Farmer,	
J.	L.	Dangl,	and	S.	R.	Grant.	2008.	'The	Pseudomonas	syringae	type	III	effector	
HopAM1	enhances	virulence	on	water-stressed	plants',	Mol	Plant	Microbe	
Interact,	21:	361-70.	

Gray,	E.	J.,	and	D.	L.	Smith.	2005.	'Intracellular	and	extracellular	PGPR:	
commonalities	and	distinctions	in	the	plant–bacterium	signaling	processes',	
Soil	Biology	and	Biochemistry,	37:	395-412.	

Gray,	E.J.,	Smith,	D.L.	.	2005.	'Intracellular	and	extracellular	PGPR:	commonalities	
and	distinctions	in	the	plant-bacterium	signalling	processes.',	Soil	Biol.	
Biochem,	37:	395–412.	

Gupta,	Parihar	SS,	Ahirwar	NK,	Snehi	SK,	and	Singh	V.	2015.	'Plant	Growth	
Promoting	Rhizobacteria	(PGPR):	Current	and	Future	Prospects	for	
Development	of	Sustainable	Agriculture',	J	Microb	Biochem	Technol,	7:	096-
102.	

Guzmán,	P,	and	J	R	Ecker.	1990.	'Exploiting	the	triple	response	of	Arabidopsis	to	
identify	ethylene-related	mutants',	The	Plant	Cell,	2:	513-23.	

Hadiarto,	T.,	and	L.	S.	Tran.	2011.	'Progress	studies	of	drought-responsive	genes	in	
rice',	Plant	Cell	Rep,	30:	297-310.	

Hartmann	A,	Schmid	M,	van	Tuinen	D,	and	&	Berg	G.	2009.	'Plant-driven	selection	of	
microbes.',	Plant	Soil,	321:	235–57.	

Heil,	Martin,	and	Richard	M.	Bostock.	2002.	'Induced	systemic	resistance	(ISR)	
against	pathogens	in	the	context	of	induced	plant	defences',	Annals	of	Botany,	
89:	503-12.	

Henry,	Guillaume,	Philippe	Thonart,	and	Marc	Ongena.	2012.	PAMPs,	MAMPs,	DAMPs	
and	others:	An	update	on	the	diversity	of	plant	immunity	elicitors.	

Hinsinger	P,	Bengough	AG,	Vetterlein	D	&,	and	Young	IM.	2009.	'Rhizosphere:	
biophysics,	biogeochemistry	and	ecological	relevance.	',	Plant	Soil,	321:	117–
52.	

Hinsinger	P	,	Marschner	P.	2006.	'Rhizosphere	–	perspectives	and	challenges	–	a	
tribute	to	Lorenz	Hiltner.',	Plant	Soil,	283:	vii–viii.	



 267 

Howe,	E.	A.,	R.	Sinha,	D.	Schlauch,	and	J.btr490	&	Quackenbush.	2011.	'RNA-Seq	
analysis	in	MeV.	Bioinformatics	(Oxford,	England),	27(22),	3209–10.	',	
https://doi.org/10.1093/bioinformatics/.	

Hu,	Yuncai,	Wieland	Fricke,	and	Urs	Schmidhalter.	2005.	'Salinity	and	the	growth	of	
non-halophytic	grass	leaves:	the	role	of	mineral	nutrient	distribution',	
Functional	Plant	Biology,	32:	973-85.	

Ilangumaran,	Gayathri,	and	Donald	L.	Smith.	2017.	'Plant	Growth	Promoting	
Rhizobacteria	in	Amelioration	of	Salinity	Stress:	A	Systems	Biology	
Perspective',	Frontiers	in	Plant	Science,	8.	

Jakab,	Gabor,	Jurriaan	Ton,	Victor	Flors,	Laurent	Zimmerli,	Jean-Pierre	Métraux,	and	
Brigitte	Mauch-Mani.	2005.	'Enhancing	Arabidopsis	salt	and	drought	stress	
tolerance	by	chemical	priming	for	its	abscisic	acid	responses',	Plant	
Physiology,	139:	267-74.	

Jones,	Jonathan	D.	G.,	and	Jeffery	L.	Dangl.	2006.	'The	plant	immune	system',	Nature,	
444:	323-29.	

Journot-Catalino,	N.,	I.	E.	Somssich,	D.	Roby,	and	T.	Kroj.	2006.	'The	transcription	
factors	WRKY11	and	WRKY17	act	as	negative	regulators	of	basal	resistance	
in	Arabidopsis	thaliana',	Plant	Cell,	18:	3289-302.	

Kanchiswamy,	Chidananda	Nagamangala,	Mickael	Malnoy,	and	Massimo	E.	Maffei.	
2015.	'Chemical	diversity	of	microbial	volatiles	and	their	potential	for	plant	
growth	and	productivity',	Frontiers	in	Plant	Science,	6:	151.	

Katiyar,	Vandana,	and	Reeta	Goel.	2004.	'Siderophore	mediated	plant	growth	
promotion	at	low	temperature	by	mutant	of	fluorescent	pseudomonad⋆',	
Plant	Growth	Regulation,	42:	239-44.	

Kaur	G,	Kumar	S,	Nayyar	H,	Upadhyaya	HD		2008.	'Cold	stress	injury	during	the	pod-	
fillingphase	in	chickpea	(Cicer	arietinum	L.):	effects	on	quantitative	and	
qualitative	components	of	seeds.',	Agron	Crop	Sci,	194:	457–64	.	

Keling,	Hu	&	Zhu,	Zhujun.	.	2010.	'	Effects	of	different	concentrations	of	sodium	
chloride	on	plant	growth	and	glucosinolate	content	and	composition	in	
pakchoi',	Afr.	J.	Biotechnol.,	9.	

Kettles,	G.	J.,	C.	Drurey,	H.	J.	Schoonbeek,	A.	J.	Maule,	and	S.	A.	Hogenhout.	2013.	
'Resistance	of	Arabidopsis	thaliana	to	the	green	peach	aphid,	Myzus	persicae,	
involves	camalexin	and	is	regulated	by	microRNAs',	New	Phytol,	198:	1178-
90.	

Khalid,	A.,	M.	J.	Akhtar,	M.	H.	Mahmood,	and	M.	Arshad.	2006.	'Effect	of	substrate-
dependent	microbial	ethylene	production	on	plant	growth',	Microbiology,	75:	
231-36.	

Kim,	D.,	G.	Pertea,	C.	Trapnell,	Pimentel,	H.,,	and	R.	Kelley,	&	Salzberg,	S.	L.	.	2013.	
'TopHat2:	accurate	alignment	of	transcriptomes	in	the	presence	of	insertions,	
deletions	and	gene	fusions.	Genome	Biology,	14(4),	R36.',	
https://doi.org/10.1186/gb-2013-14-4-r36.	

Kim,	J.,	and	D.	C.	Rees.	1994.	'Nitrogenase	and	biological	nitrogen	fixation',	
Biochemistry,	33:	389-97.	

Kliebenstein,	Daniel	J.,	Juergen	Kroymann,	Paul	Brown,	Antje	Figuth,	Deana	
Pedersen,	Jonathan	Gershenzon,	and	Thomas	Mitchell-Olds.	2001.	'Genetic	



 268 

Control	of	Natural	Variation	in	Arabidopsis	Glucosinolate	Accumulation',	
Plant	Physiology,	126:	811-25.	

Kloeppe,	J.	W.,	R.	Rodríguez-Kábana,	A.	W.	Zehnder,	J.	F.	Murphy,	E.	Sikora,	and	C.	
Fernández.	1999.	'Plant	root-bacterial	interactions	in	biological	control	of	
soilborne	diseases	and	potential	extension	to	systemic	and	foliar	diseases',	
Australasian	Plant	Pathology,	28:	21-26.	

Kusnierczyk,	A.,	P.	Winge,	T.	S.	Jorstad,	J.	Troczynska,	J.	T.	Rossiter,	and	A.	M.	Bones.	
2008.	'Towards	global	understanding	of	plant	defence	against	aphids--timing	
and	dynamics	of	early	Arabidopsis	defence	responses	to	cabbage	aphid	
(Brevicoryne	brassicae)	attack',	Plant	Cell	Environ,	31:	1097-115.	

KUŚNIERCZYK,	ANNA,	PER	WINGE,	TOMMY	S.	JØRSTAD,	JOANNA	TROCZYŃSKA,	
JOHN	T.	ROSSITER,	and	ATLE	M.	BONES.	2008.	'Towards	global	
understanding	of	plant	defence	against	aphids	–	timing	and	dynamics	of	early	
Arabidopsis	defence	responses	to	cabbage	aphid	(Brevicoryne	brassicae)	
attack',	Plant,	Cell	&	Environment,	31:	1097-115.	

Ladha,	J.K.,	F.J.	de	Bruijn,	and	K.A.	Malik.	1997.	'Introduction:	Assessing	
opportunities	for	nitrogen	fixation	in	rice	-	a	frontier	project',	Plant	and	Soil,	
194:	1-10.	

Laloi,	C.,	K.	Apel,	and	A.	Danon.	2004.	'Reactive	oxygen	signalling:	the	latest	news',	
Curr	Opin	Plant	Biol,	7:	323-8.	

Lambertsen,	L.,	C.	Sternberg,	and	S.	Molin.	2004.	'Mini-Tn7	transposons	for	site-
specific	tagging	of	bacteria	with	fluorescent	proteins',	Environ	Microbiol,	6:	
726-32.	

Leon-Reyes,	A.,	D.	Van	der	Does,	E.	S.	De	Lange,	C.	Delker,	C.	Wasternack,	S.	C.	Van	
Wees,	T.	Ritsema,	and	C.	M.	Pieterse.	2010.	'Salicylate-mediated	suppression	
of	jasmonate-responsive	gene	expression	in	Arabidopsis	is	targeted	
downstream	of	the	jasmonate	biosynthesis	pathway',	Planta,	232:	1423-32.	

Liao,	Y.,	G.	K.	Smyth,	and	W.	&	Shi.	2014.	'	featureCounts:	an	efficient	general	
purpose	program	for	assigning	sequence	reads	to	genomic	features.	
Bioinformatics,	30(7),	923–930.',	
https://doi.org/10.1093/bioinformatics/btt656.	

Limpens,	E.,	A.	van	Zeijl,	and	R.	Geurts.	2015.	'Lipochitooligosaccharides	modulate	
plant	host	immunity	to	enable	endosymbioses',	Annu	Rev	Phytopathol,	53:	
311-34.	

Lipka,	V.,	J.	Dittgen,	P.	Bednarek,	R.	Bhat,	M.	Wiermer,	M.	Stein,	J.	Landtag,	W.	Brandt,	
S.	Rosahl,	D.	Scheel,	F.	Llorente,	A.	Molina,	J.	Parker,	S.	Somerville,	and	P.	
Schulze-Lefert.	2005.	'Pre-	and	postinvasion	defenses	both	contribute	to	
nonhost	resistance	in	Arabidopsis',	Science,	310:	1180-3.	

Lobell,	David	B.,	Marshall	B.	Burke,	Claudia	Tebaldi,	Michael	D.	Mastrandrea,	Walter	
P.	Falcon,	and	Rosamond	L.	Naylor.	2008.	'Prioritizing	Climate	Change	
Adaptation	Needs	for	Food	Security	in	2030',	Science,	319:	607.	

Lopez-Berenguer,	C.,	C.	Martinez-Ballesta	Mdel,	D.	A.	Moreno,	M.	Carvajal,	and	C.	
Garcia-Viguera.	2009.	'Growing	hardier	crops	for	better	health:	Salinity	
tolerance	and	the	nutritional	value	of	broccoli',	J	Agric	Food	Chem,	57:	572-
78.	



 269 

López-Berenguer,	Carmen,	Mª	Carmen	Martínez-Ballesta,	Cristina	García-Viguera,	
and	Micaela	Carvajal.	2008.	'Leaf	water	balance	mediated	by	aquaporins	
under	salt	stress	and	associated	glucosinolate	synthesis	in	broccoli',	Plant	
Science,	174:	321-28.	

Lynch,	Jim,	and	J.	M.	Whipps.	1990.	Lynch	JM,	Whipps	JM..	Substrate	flow	in	the	
rhizosphere.	Plant	Soil	129:	1.	

Malitsky,	S.,	E.	Blum,	H.	Less,	I.	Venger,	M.	Elbaz,	S.	Morin,	Y.	Eshed,	and	A.	Aharoni.	
2008.	'The	transcript	and	metabolite	networks	affected	by	the	two	clades	of	
Arabidopsis	glucosinolate	biosynthesis	regulators',	Plant	Physiol,	148:	2021-
49.	

Mantri,	N,	Patade,	V,	Penna,	S	and	Pang.	2012.	'	'Abiotic	stress	responses	in	plants	-	
present	and	future'	in	Parvaiz	Ahmad,	M.N.V.	Prasad	(ed.)	Abiotic	Stress	
Responses	in	Plants:	Metabolism	to	Productivity',	Springer,	New	York,	USA,:	
1-20.	

Martin,	Nora,	and	Caroline	Müller.	2007.	'Induction	of	plant	responses	by	a	
sequestering	insect:	Relationship	of	glucosinolate	concentration	and	
myrosinase	activity',	Basic	and	Applied	Ecology,	8:	13-25.	

Masalha,	J.,	H.	Kosegarten,	Ö.	Elmaci,	and	K.	Mengel.	2000.	'The	central	role	of	
microbial	activity	for	iron	acquisition	in	maize	and	sunflower',	Biology	and	
Fertility	of	Soils,	30:	433-39.	

Massad,	Tara	Joy,	Lee	A.	Dyer,	and	Gerardo	Vega	C.	2012.	'Costs	of	Defense	and	a	
Test	of	the	Carbon-Nutrient	Balance	and	Growth-Differentiation	Balance	
Hypotheses	for	Two	Co-Occurring	Classes	of	Plant	Defense',	PLOS	ONE,	7:	
e47554.	

Mayak,	S.,	T.	Tirosh,	and	B.	R.	Glick.	1999.	'Effect	of	Wild-Type	and	Mutant	Plant	
Growth-Promoting	Rhizobacteria	on	the	Rooting	of	Mung	Bean	Cuttings',	J	
Plant	Growth	Regul,	18:	49-53.	

McNear	Jr.,	D.	H.	.	2013.	'The	Rhizosphere	-	Roots,	Soil	and	Everything	In	Between.',	
Nature	Education	Knowledge,	4(3):1.	

Meehl,	G.	A.	et	al.	,	and	The	Physical	Science	Basis.	Contribution	of	Working	Group	I	
to	the	Fourth	Assessment	Report	of	the	Intergovernmental.	2007.	'The	
Physical	Science	Basis.	Contribution	of	Working	Group	I	to	the	Fourth	
Assessment	Report	of	the	Intergovernmental		

',	Panel	on	Climate	Change:	748–845.	
Melotto,	Maeli,	William	Underwood,	Jessica	Koczan,	Kinya	Nomura,	and	Sheng	Yang	

He.	2006.	'Plant	Stomata	Function	in	Innate	Immunity	against	Bacterial	
Invasion',	Cell,	126:	969-80.	

Mengiste,	T.,	X.	Chen,	J.	Salmeron,	and	R.	Dietrich.	2003.	'The	BOTRYTIS	
SUSCEPTIBLE1	gene	encodes	an	R2R3MYB	transcription	factor	protein	that	
is	required	for	biotic	and	abiotic	stress	responses	in	Arabidopsis',	Plant	Cell,	
15:	2551-65.	

Michiel	J.	C.	Pel,	Corné	M.	J.	Pieterse.		J	Exp	Bot	2013;	64	(5):	1237-1248.	doi:	
10.1093/jxb/ers262.	2013.	'Microbial	recognition	and	evasion	of	host	
immunity.',	J	Exp	Bot,	64:	1237-48.	

Mitsui,	Yuki,	Michihiko	Shimomura,	Kenji	Komatsu,	Nobukazu	Namiki,	Mari	Shibata-
Hatta,	Misaki	Imai,	Yuichi	Katayose,	Yoshiyuki	Mukai,	Hiroyuki	Kanamori,	



 270 

Kanako	Kurita,	Tsutomu	Kagami,	Akihito	Wakatsuki,	Hajime	Ohyanagi,	
Hiroshi	Ikawa,	Nobuhiro	Minaka,	Kunihiro	Nakagawa,	Yu	Shiwa,	and	Takuji	
Sasaki.	2015.	'The	radish	genome	and	comprehensive	gene	expression	profile	
of	tuberous	root	formation	and	development',	Scientific	Reports,	5:	10835.	

Mohr,	Peter,	and	David	Cahill.	2003a.	Abscisic	acid	influences	the	susceptibility	of	
Arabidopsis	thaliana	to	Pseudomonas	syringae	pv.	tomato	and	Peronospora	
parasitica.	

Mohr,	Peter	G.,	and	David	M.	Cahill.	2003b.	'Abscisic	acid	influences	the	
susceptibility	of	<emph	type="2">Arabidopsis	thaliana</emph>	to	<emph	
type="2">Pseudomonas	syringae</emph>	pv.	<emph	
type="2">tomato</emph>	and	<emph	type="2">Peronospora	
parasitica</emph>',	Functional	Plant	Biology,	30:	461-69.	

Moons,	A.,	E.	Prinsen,	G.	Bauw,	and	M.	Van	Montagu.	1997.	'Antagonistic	effects	of	
abscisic	acid	and	jasmonates	on	salt	stress-inducible	transcripts	in	rice	
roots',	The	Plant	Cell,	9:	2243-59.	

Mordecai,	Erin	A.	2011.	'Pathogen	impacts	on	plant	communities:	unifying	theory,	
concepts,	and	empirical	work',	Ecological	Monographs,	81:	429-41.	

Muller,	T.	M.,	C.	Bottcher,	R.	Morbitzer,	C.	C.	Gotz,	J.	Lehmann,	T.	Lahaye,	and	E.	
Glawischnig.	2015.	'TRANSCRIPTION	ACTIVATOR-LIKE	EFFECTOR	
NUCLEASE-Mediated	Generation	and	Metabolic	Analysis	of	Camalexin-
Deficient	cyp71a12	cyp71a13	Double	Knockout	Lines',	Plant	Physiol,	168:	
849-58.	

Müller,	Teresa	M.,	Christoph	Böttcher,	Robert	Morbitzer,	Cornelia	C.	Götz,	Johannes	
Lehmann,	Thomas	Lahaye,	and	Erich	Glawischnig.	2015.	'TRANSCRIPTION	
ACTIVATOR-LIKE	EFFECTOR	NUCLEASE-Mediated	Generation	and	Metabolic	
Analysis	of	Camalexin-Deficient	cyp71a12	cyp71a13	Double	Knockout	Lines',	
Plant	Physiology,	168:	849-58.	

Nadeem,	S.	M.,	Z.	A.	Zahir,	M.	Naveed,	and	M.	Arshad.	2007.	'Preliminary	
investigations	on	inducing	salt	tolerance	in	maize	through	inoculation	with	
rhizobacteria	containing	ACC	deaminase	activity',	Can	J	Microbiol,	53:	1141-9.	

———.	2009.	'Rhizobacteria	containing	ACC-deaminase	confer	salt	tolerance	in	
maize	grown	on	salt-affected	fields',	Can	J	Microbiol,	55:	1302-9.	

NC,	Uren.	2000.	'ypes,	amounts	and	possible	functions	of	compounds	released	into	
the	rhizosphere	by	soil	grown	plants',	The	Rhizosphere:	Biochemistry,	and	
Organic	Substances	at	the	Soil	Interface	(Pinton	R	Varani	Z	Nanniperi	P,	eds):	
19–40.	

Newton,	Adrian	C.,	Scott	N.	Johnson,	and	Peter	J.	Gregory.	2011.	'Implications	of	
climate	change	for	diseases,	crop	yields	and	food	security',	Euphytica,	179:	3-
18.	

Nia,	Somayeh	Haji,	Mohammad	Javad	Zarea,	Farhad	Rejali,	and	A.	Varma.	2012.	
'Yield	and	yield	components	of	wheat	as	affected	by	salinity	and	inoculation	
with	Azospirillum	strains	from	saline	or	non-saline	soil',	Journal	of	the	Saudi	
Society	of	Agricultural	Sciences,	11:	113-21.	

Nicaise,	Valerie,	Milena	Roux,	and	Cyril	Zipfel.	2009.	'Recent	Advances	in	PAMP-
Triggered	Immunity	against	Bacteria:	Pattern	Recognition	Receptors	Watch	
over	and	Raise	the	Alarm',	Plant	Physiology,	150:	1638-47.	



 271 

Nivya,	R.M.	.	2015.	'A	Study	on	plant	growth	promoting	activity	of	the	Endophytic	
bacteria	isolated	from	the	root	nodules	of	Mimosa	pudica	Plant',	Int.	J.	Innov.	
Res.	Sci.	Er.	Technol,	4:	6959–68.	

O'Donnell	PJ1,	Calvert	C,	Atzorn	R,	Wasternack	C,	Leyser	HMO,	Bowles	DJ.	1996.	
'Ethylene	as	a	Signal	Mediating	the	Wound	Response	of	Tomato	Plants	

',	Science,	274:	pp.	1914-17.	
Okushima,	Yoko,	Hidehiro	Fukaki,	Makoto	Onoda,	Athanasios	Theologis,	and	Masao	

Tasaka.	2007.	'ARF7	and	ARF19	regulate	lateral	root	formation	via	direct	
activation	of	LBD/ASL	genes	in	Arabidopsis',	The	Plant	Cell,	19:	118-30.	

Oliveros,	J.C.		.	(2007-2015).	'Venny.	An	interactive	tool	for	comparing	lists	with	
Venn's	diagrams',	http://bioinfogp.cnb.csic.es/tools/venny/index.html.	

P,	Jones	D	&	Hinsinger.	2008.	'The	rhizosphere:	complex	by	design.',	Plant	Soil,	312:	
1-6.	

Pardo,	J.	M.,	B.	Cubero,	E.	O.	Leidi,	and	F.	J.	Quintero.	2006.	'Alkali	cation	exchangers:	
roles	in	cellular	homeostasis	and	stress	tolerance',	J	Exp	Bot,	57:	1181-99.	

Parihar,	Parul,	Samiksha	Singh,	Rachana	Singh,	Vijay	Pratap	Singh,	and	Sheo	Mohan	
Prasad.	2015.	'Effect	of	salinity	stress	on	plants	and	its	tolerance	strategies:	a	
review',	Environmental	Science	and	Pollution	Research,	22:	4056-75.	

Patten,	C.	L.,	and	B.	R.	Glick.	1996.	'Bacterial	biosynthesis	of	indole-3-acetic	acid',	Can	
J	Microbiol,	42:	207-20.	

Pierret	A,	Doussan	C,	Capowiez	Y,	Bastardie	F	&	Pag	es	L.	2007.	'Root	functional	
architecture:	a	framework	for	modeling	the	interplay	between	roots	and	
soil.',	Vadose	Zone	J,	40:	106–15.	

Pieterse,	C.	M.	J.,	S.	C.	M.	van	Wees,	J.	Ton,	J.	A.	van	Pelt,	and	L.	C.	van	Loon.	2002.	
'Signalling	in	Rhizobacteria-Induced	Systemic	Resistance	in	Arabidopsis	
thaliana',	Plant	Biology,	4:	535-44.	

Pieterse,	C.	M.,	A.	Leon-Reyes,	S.	Van	der	Ent,	and	S.	C.	Van	Wees.	2009.	'Networking	
by	small-molecule	hormones	in	plant	immunity',	Nat	Chem	Biol,	5:	308-16.	

Pieterse,	C.	M.,	S.	C.	van	Wees,	J.	A.	van	Pelt,	M.	Knoester,	R.	Laan,	H.	Gerrits,	P.	J.	
Weisbeek,	and	L.	C.	van	Loon.	1998.	'A	novel	signaling	pathway	controlling	
induced	systemic	resistance	in	Arabidopsis',	Plant	Cell,	10:	1571-80.	

Prasch,	C.	M.,	and	U.	Sonnewald.	2013.	'Simultaneous	application	of	heat,	drought,	
and	virus	to	Arabidopsis	plants	reveals	significant	shifts	in	signaling	
networks',	Plant	Physiol,	162:	1849-66.	

Prince,	D.	C.,	C.	Drurey,	C.	Zipfel,	and	S.	A.	Hogenhout.	2014.	'The	leucine-rich	repeat	
receptor-like	kinase	BRASSINOSTEROID	INSENSITIVE1-ASSOCIATED	
KINASE1	and	the	cytochrome	P450	PHYTOALEXIN	DEFICIENT3	contribute	
to	innate	immunity	to	aphids	in	Arabidopsis',	Plant	Physiol,	164:	2207-19.	

Qasim,	M.,	M.	Ashraf,	M.Y.	Ashraf,	S.-U.	Rehman,	and	E.S.	Rha.	2003.	'Salt-Induced	
Changes	in	Two	Canola	Cultivars	Differing	in	Salt	Tolerance',	Biologia	
Plantarum,	46:	629-32.	

Qasim,	Muhammad,	Muhammad	Ashraf,	Shafiq	Rehman,	and	E.	S.	Rha.	2003.	Salt-
Induced	Changes	in	Two	Canola	Cultivars	Differing	in	Salt	Tolerance.	

Qin,	F.,	K.	Shinozaki,	and	K.	Yamaguchi-Shinozaki.	2011.	'Achievements	and	
challenges	in	understanding	plant	abiotic	stress	responses	and	tolerance',	
Plant	Cell	Physiol,	52:	1569-82.	



 272 

Raaijmakers	JM,	Paulitz	TC,	Steinberg	C,	Alabouvette	C	&	Mo€enne-Loccoz	Y.	2009.	
'The	rhizosphere:	a	playground	and	battlefield	for	soilborne	pathogens	and	
beneficial	microorganisms.	',	Plant	Soil,	321:	341–61.	

Raaijmakers,	Jos	M.,	Timothy	C.	Paulitz,	Christian	Steinberg,	Claude	Alabouvette,	and	
Yvan	Moënne-Loccoz.	2009.	'The	rhizosphere:	a	playground	and	battlefield	
for	soilborne	pathogens	and	beneficial	microorganisms',	Plant	and	Soil,	321:	
341-61.	

Radovich,	Theodore,	Matthew	Kleinhenz,	and	John	G.	Streeter.	2005.	Irrigation	
Timing	Relative	to	Head	Development	Influences	Yield	Components,	Sugar	
Levels,	and	Glucosinolate	Concentrations	in	Cabbage.	

Rajkumar,	M.,	R.	Nagendran,	K.	J.	Lee,	W.	H.	Lee,	and	S.	Z.	Kim.	2006.	'Influence	of	
plant	growth	promoting	bacteria	and	Cr6+	on	the	growth	of	Indian	mustard',	
Chemosphere,	62:	741-8.	

Ramadoss,	Dhanushkodi,	Vithal	K.	Lakkineni,	Pranita	Bose,	Sajad	Ali,	and	Kannepalli	
Annapurna.	2013.	'Mitigation	of	salt	stress	in	wheat	seedlings	by	halotolerant	
bacteria	isolated	from	saline	habitats',	SpringerPlus,	2:	6.	

Ramírez,	F.,	D.	P.	Ryan,	B.	Grüning,	V.	Bhardwaj,	F.	Kilpert,	A.	S.	Richter,	and	T.		
Manke.	2016.	'deepTools2:	a	next	generation	web	server	for	deep-
sequencing	data	analysis',	Nucleic	Acids	Research,	44(W1),	W160-5.	
https://doi.org/10.1093/nar/gkw257.	

Ramirez,	V.,	A.	Coego,	A.	Lopez,	A.	Agorio,	V.	Flors,	and	P.	Vera.	2009.	'Drought	
tolerance	in	Arabidopsis	is	controlled	by	the	OCP3	disease	resistance	
regulator',	Plant	J,	58:	578-91.	

Raymond,	J.,	J.	L.	Siefert,	C.	R.	Staples,	and	R.	E.	Blankenship.	2004.	'The	natural	
history	of	nitrogen	fixation',	Mol	Biol	Evol,	21:	541-54.	

Raza,	W.,	S.	Yousaf,	and	F.	U.	Rajer.	2016.	'Plant	growth	promoting	activity	of	volatile	
organic	compounds	produced	by	biocontrol	strains',	Sci.	Lett,	4:	40-43.	

Reichelt,	M.,	P.	D.	Brown,	B.	Schneider,	N.	J.	Oldham,	E.	Stauber,	J.	Tokuhisa,	D.	J.	
Kliebenstein,	T.	Mitchell-Olds,	and	J.	Gershenzon.	2002.	'Benzoic	acid	
glucosinolate	esters	and	other	glucosinolates	from	Arabidopsis	thaliana',	
Phytochemistry,	59:	663-71.	

Rejeb,	I.	B.,	V.	Pastor,	and	B.	Mauch-Mani.	2014.	'Plant	Responses	to	Simultaneous	
Biotic	and	Abiotic	Stress:	Molecular	Mechanisms',	Plants	(Basel),	3:	458-75.	

Roman,	G.,	B.	Lubarsky,	J.	J.	Kieber,	M.	Rothenberg,	and	J.	R.	Ecker.	1995.	'Genetic	
analysis	of	ethylene	signal	transduction	in	Arabidopsis	thaliana:	five	novel	
mutant	loci	integrated	into	a	stress	response	pathway',	Genetics,	139:	1393-
409.	

Rosegrant,	M.	W.,	and	S.	A.	Cline.	2003.	'Global	food	security:	challenges	and	
policies',	Science,	302:	1917-9.	

Ryals,	J.	A.,	U.	H.	Neuenschwander,	M.	G.	Willits,	A.	Molina,	H.	Y.	Steiner,	and	M.	D.	
Hunt.	1996.	'Systemic	Acquired	Resistance',	Plant	Cell,	8:	1809-19.	

Saha,	M.,	S.	Sarkar,	B.	Sarkar,	B.	K.	Sharma,	S.	Bhattacharjee,	and	P.	Tribedi.	2016.	
'Microbial	siderophores	and	their	potential	applications:	a	review',	Environ	
Sci	Pollut	Res	Int,	23:	3984-99.	

Santner,	A.,	and	M.	Estelle.	2009.	'Recent	advances	and	emerging	trends	in	plant	
hormone	signalling',	Nature,	459:	1071-8.	



 273 

Saranga,	Y.,	M.	Menz,	C.	X.	Jiang,	R.	J.	Wright,	D.	Yakir,	and	A.	H.	Paterson.	2001.	
'Genomic	dissection	of	genotype	x	environment	interactions	conferring	
adaptation	of	cotton	to	arid	conditions',	Genome	Res,	11:	1988-95.	
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Räisänen,	A.	Rinke,	A.	Sarr	and	P.	Whetton.	2007.	'The	Physical	Science	Basis.	
Contribution	of	Working	Group	I	to	the	Fourth	Assessment	Report	of	the	
Intergovernmental	Panel	on	Climate	Change',	Published	for	the	
Intergovernmental	Panel	on	Climate	Change:	848–940.	

Compant,	S.,	B.	Duffy,	J.	Nowak,	C.	Clement,	and	E.	A.	Barka.	2005.	'Use	of	plant	
growth-promoting	bacteria	for	biocontrol	of	plant	diseases:	principles,	
mechanisms	of	action,	and	future	prospects',	Appl	Environ	Microbiol,	71:	
4951-9.	



 252 

Compant,	S.,	B.	Reiter,	A.	Sessitsch,	J.	Nowak,	C.	Clement,	and	E.	Ait	Barka.	2005.	
'Endophytic	colonization	of	Vitis	vinifera	L.	by	plant	growth-promoting	
bacterium	Burkholderia	sp.	strain	PsJN',	Appl	Environ	Microbiol,	71:	1685-93.	

Cramer,	G.	R.,	K.	Urano,	S.	Delrot,	M.	Pezzotti,	and	K.	Shinozaki.	2011.	'Effects	of	
abiotic	stress	on	plants:	a	systems	biology	perspective',	BMC	Plant	Biol,	11:	
163.	

Crosa,	J.	H.,	and	C.	T.	Walsh.	2002.	'Genetics	and	assembly	line	enzymology	of	
siderophore	biosynthesis	in	bacteria',	Microbiol	Mol	Biol	Rev,	66:	223-49.	

Damam,	Malleswari,	Kalpana	Kaloori,	Bagyanarayana	Gaddam,	and	Rana	Kausar.	
2016.	'Plant	growth	promoting	sub-	stances	(phytohormones)	produced	by	
rhizobacterial	strains	isolated	from	the	rhi-	zosphere	of	medicinal	plants.	
Int.',	International	Journal	of	Pharmaceutical	Sciences	Review	and	Research,	
37(1):	130-36.	

De	Gregorio,	P.	R.,	G.	Michavila,	L.	Ricciardi	Muller,	C.	de	Souza	Borges,	M.	F.	
Pomares,	E.	L.	Saccol	de	Sa,	C.	Pereira,	and	P.	A.	Vincent.	2017.	'Beneficial	
rhizobacteria	immobilized	in	nanofibers	for	potential	application	as	soybean	
seed	bioinoculants',	PLOS	ONE,	12:	e0176930.	

De	Gregorio,	Priscilla	Romina,	Gabriela	Michavila,	Lenise	Ricciardi	Muller,	Clarissa	
de	Souza	Borges,	María	Fernanda	Pomares,	Enilson	Luiz	Saccol	de	Sá,	Claudio	
Pereira,	and	Paula	Andrea	Vincent.	2017.	'Beneficial	rhizobacteria	
immobilized	in	nanofibers	for	potential	application	as	soybean	seed	
bioinoculants',	PLOS	ONE,	12:	e0176930.	

de	Zélicourt,	Axel,	Lukas	Synek,	Maged	M.	Saad,	Hanin	Alzubaidy,	Rewaa	Jalal,	Yakun	
Xie,	Cristina	Andrés-Barrao,	Eleonora	Rolli,	Florence	Guerard,	Kiruthiga	G.	
Mariappan,	Ihsanullah	Daur,	Jean	Colcombet,	Moussa	Benhamed,	Thomas	
Depaepe,	Dominique	Van	Der	Straeten,	and	Heribert	Hirt.	2018.	'Ethylene	
induced	plant	stress	tolerance	by	Enterobacter	sp.	SA187	is	mediated	by	2-
keto-4-methylthiobutyric	acid	production',	PLOS	Genetics,	14:	e1007273.	

Del	Carmen	Martinez-Ballesta,	M.,	D.	A.	Moreno,	and	M.	Carvajal.	2013.	'The	
physiological	importance	of	glucosinolates	on	plant	response	to	abiotic	stress	
in	Brassica',	Int	J	Mol	Sci,	14:	11607-25.	

Dennis	PG,	Miller	AJ	&,	and	Hirsch	PR.	2010.	'Are	root	exudates	more	important	than	
other	sources	of	rhizodeposits	in	structuring	rhizosphere	bacterial	
communities?',	FEMS	Microbiol	Ecol,	72:	313–27.	

Desbrosses,	Guilhem,	Céline	Contesto,	Fabrice	Varoquaux,	Marc	Galland,	and	Bruno	
Touraine.	2009.	'PGPR-Arabidopsis	interactions	is	a	useful	system	to	study	
signaling	pathways	involved	in	plant	developmental	control',	Plant	Signaling	
&	Behavior,	4:	319-21.	

DiLeo,	Matthew	V.,	Matthew	F.	Pye,	Tatiana	V.	Roubtsova,	John	M.	Duniway,	James	D.	
MacDonald,	David	M.	Rizzo,	and	Richard	M.	Bostock.	2010.	'Abscisic	Acid	in	
Salt	Stress	Predisposition	to	Phytophthora	Root	and	Crown	Rot	in	Tomato	
and	Chrysanthemum',	Phytopathology,	100:	871-79.	

Dimkpa,	C.,	T.	Weinand,	and	F.	Asch.	2009.	'Plant-rhizobacteria	interactions	alleviate	
abiotic	stress	conditions',	Plant	Cell	Environ,	32:	1682-94.	



 253 

Dobbelaere,	Sofie,	Jos	Vanderleyden,	and	Yaacov	Okon.	2003.	'Plant	Growth-
Promoting	Effects	of	Diazotrophs	in	the	Rhizosphere',	Critical	Reviews	in	
Plant	Sciences,	22:	107-49.	

Du,	Z.,	X.	Zhou,	Y.	Ling,	Z.	Zhang,	and	Z.		&	Su.	2010.	'agriGO:	a	GO	analysis	toolkit	for	
the	agricultural	community.	Nucleic	Acids	Research,	38(suppl_2),	W64–W70',	
https://doi.org/10.1093/nar/gkq310.	

Dunbar,	J.,	S.	M.	Barns,	L.	O.	Ticknor,	and	C.	R.	Kuske.	2002.	'Empirical	and	
theoretical	bacterial	diversity	in	four	Arizona	soils',	Appl	Environ	Microbiol,	
68:	3035-45.	

Egamberdieva,	D.,	and	Kucharova,	Z.	2009.	'Selection	for	root	colonizing	bacteria	
stimulating	wheat	growth	in	saline	soils',	Biol.	Fert.	Soil.,	45:	563–71.	

Endara,	María-José,	and	Phyllis	D.	Coley.	2011.	'The	resource	availability	hypothesis	
revisited:	a	meta-analysis',	Functional	Ecology,	25:	389-98.	

Engelen-Eigles,	G.,	G.	Holden,	J.	D.	Cohen,	and	G.	Gardner.	2006.	'The	effect	of	
temperature,	photoperiod,	and	light	quality	on	gluconasturtiin	concentration	
in	watercress	(Nasturtium	officinale	R.	Br.)',	J	Agric	Food	Chem,	54:	328-34.	

Fahey,	J.	W.,	A.	T.	Zalcmann,	and	P.	Talalay.	2001.	'The	chemical	diversity	and	
distribution	of	glucosinolates	and	isothiocyanates	among	plants',	
Phytochemistry,	56:	5-51.	

Fan,	Jun,	Lionel	Hill,	Casey	Crooks,	Peter	Doerner,	and	Chris	Lamb.	2009.	'Abscisic	
Acid	Has	a	Key	Role	in	Modulating	Diverse	Plant-Pathogen	Interactions',	
Plant	Physiology,	150:	1750-61.	

Fernando,	W.	G.	Dilantha,	S.	Nakkeeran,	and	Yilan	Zhang.	2006.	'Biosynthesis	of	
Antibiotics	by	PGPR	and	its	Relation	in	Biocontrol	of	Plant	Diseases.'	in	Zaki	
A.	Siddiqui	(ed.),	PGPR:	Biocontrol	and	Biofertilization	(Springer	Netherlands:	
Dordrecht).	

Frerigmann,	Henning,	and	Tamara	Gigolashvili.	2014.	'MYB34,	MYB51,	and	MYB122	
Distinctly	Regulate	Indolic	Glucosinolate	Biosynthesis	in	Arabidopsis	
thaliana',	Molecular	Plant,	7:	814-28.	

Fujita,	M.,	Y.	Fujita,	Y.	Noutoshi,	F.	Takahashi,	Y.	Narusaka,	K.	Yamaguchi-Shinozaki,	
and	K.	Shinozaki.	2006.	'Crosstalk	between	abiotic	and	biotic	stress	
responses:	a	current	view	from	the	points	of	convergence	in	the	stress	
signaling	networks',	Curr	Opin	Plant	Biol,	9:	436-42.	

Gabriele	Berg,	Kornelia	Smalla.	2009.	'Plant	species	and	soil	type	cooperatively	
shape	the	structure	and	function	of	microbial	communities	in	the	
rhizosphere',	FEMS	Microbiol	Ecol	68:	1-13.	

Galletti,	Stefania,	Eleonora	Sala,	Onofrio	Leoni,	Pier	Luigi	Burzi,	and	Claudio	Cerato.	
2008.	'Trichoderma	spp.	tolerance	to	Brassica	carinata	seed	meal	for	a	
combined	use	in	biofumigation',	Biological	Control,	45:	319-27.	

Gerland,	Patrick,	Adrian	E.	Raftery,	Hana	Ševčíková,	Nan	Li,	Danan	Gu,	Thomas	
Spoorenberg,	Leontine	Alkema,	Bailey	K.	Fosdick,	Jennifer	Chunn,	Nevena	
Lalic,	Guiomar	Bay,	Thomas	Buettner,	Gerhard	K.	Heilig,	and	John	Wilmoth.	
2014.	'World	population	stabilization	unlikely	this	century',	Science,	346:	
234.	



 254 

Gigolashvili,	T.,	R.	Yatusevich,	B.	Berger,	C.	Muller,	and	U.	I.	Flugge.	2007.	'The	R2R3-
MYB	transcription	factor	HAG1/MYB28	is	a	regulator	of	methionine-derived	
glucosinolate	biosynthesis	in	Arabidopsis	thaliana',	Plant	J,	51:	247-61.	

Gleason,	Cynthia,	Rhonda	C.	Foley,	and	Karam	B.	Singh.	2011.	'Mutant	analysis	in	
Arabidopsis	provides	insight	into	the	molecular	mode	of	action	of	the	auxinic	
herbicide	dicamba',	PLOS	ONE,	6:	e17245-e45.	

Glick,	B.	R.,	and	Y.	Bashan.	1997.	'Genetic	manipulation	of	plant	growth-promoting	
bacteria	to	enhance	biocontrol	of	phytopathogens',	Biotechnol	Adv,	15:	353-
78.	

Glick,	Bernard	R.	2012.	'Plant	Growth-Promoting	Bacteria:	Mechanisms	and	
Applications',	Scientifica,	2012:	15.	

Goel,	A.	K.,	D.	Lundberg,	M.	A.	Torres,	R.	Matthews,	C.	Akimoto-Tomiyama,	L.	Farmer,	
J.	L.	Dangl,	and	S.	R.	Grant.	2008.	'The	Pseudomonas	syringae	type	III	effector	
HopAM1	enhances	virulence	on	water-stressed	plants',	Mol	Plant	Microbe	
Interact,	21:	361-70.	

Gray,	E.	J.,	and	D.	L.	Smith.	2005.	'Intracellular	and	extracellular	PGPR:	
commonalities	and	distinctions	in	the	plant–bacterium	signaling	processes',	
Soil	Biology	and	Biochemistry,	37:	395-412.	

Gray,	E.J.,	Smith,	D.L.	.	2005.	'Intracellular	and	extracellular	PGPR:	commonalities	
and	distinctions	in	the	plant-bacterium	signalling	processes.',	Soil	Biol.	
Biochem,	37:	395–412.	

Gupta,	Parihar	SS,	Ahirwar	NK,	Snehi	SK,	and	Singh	V.	2015.	'Plant	Growth	
Promoting	Rhizobacteria	(PGPR):	Current	and	Future	Prospects	for	
Development	of	Sustainable	Agriculture',	J	Microb	Biochem	Technol,	7:	096-
102.	

Guzmán,	P,	and	J	R	Ecker.	1990.	'Exploiting	the	triple	response	of	Arabidopsis	to	
identify	ethylene-related	mutants',	The	Plant	Cell,	2:	513-23.	

Hadiarto,	T.,	and	L.	S.	Tran.	2011.	'Progress	studies	of	drought-responsive	genes	in	
rice',	Plant	Cell	Rep,	30:	297-310.	

Hartmann	A,	Schmid	M,	van	Tuinen	D,	and	&	Berg	G.	2009.	'Plant-driven	selection	of	
microbes.',	Plant	Soil,	321:	235–57.	

Heil,	Martin,	and	Richard	M.	Bostock.	2002.	'Induced	systemic	resistance	(ISR)	
against	pathogens	in	the	context	of	induced	plant	defences',	Annals	of	Botany,	
89:	503-12.	

Henry,	Guillaume,	Philippe	Thonart,	and	Marc	Ongena.	2012.	PAMPs,	MAMPs,	DAMPs	
and	others:	An	update	on	the	diversity	of	plant	immunity	elicitors.	

Hinsinger	P,	Bengough	AG,	Vetterlein	D	&,	and	Young	IM.	2009.	'Rhizosphere:	
biophysics,	biogeochemistry	and	ecological	relevance.	',	Plant	Soil,	321:	117–
52.	

Hinsinger	P	,	Marschner	P.	2006.	'Rhizosphere	–	perspectives	and	challenges	–	a	
tribute	to	Lorenz	Hiltner.',	Plant	Soil,	283:	vii–viii.	

Howe,	E.	A.,	R.	Sinha,	D.	Schlauch,	and	J.btr490	&	Quackenbush.	2011.	'RNA-Seq	
analysis	in	MeV.	Bioinformatics	(Oxford,	England),	27(22),	3209–10.	',	
https://doi.org/10.1093/bioinformatics/.	



 255 

Hu,	Yuncai,	Wieland	Fricke,	and	Urs	Schmidhalter.	2005.	'Salinity	and	the	growth	of	
non-halophytic	grass	leaves:	the	role	of	mineral	nutrient	distribution',	
Functional	Plant	Biology,	32:	973-85.	

Ilangumaran,	Gayathri,	and	Donald	L.	Smith.	2017.	'Plant	Growth	Promoting	
Rhizobacteria	in	Amelioration	of	Salinity	Stress:	A	Systems	Biology	
Perspective',	Frontiers	in	Plant	Science,	8.	

Jakab,	Gabor,	Jurriaan	Ton,	Victor	Flors,	Laurent	Zimmerli,	Jean-Pierre	Métraux,	and	
Brigitte	Mauch-Mani.	2005.	'Enhancing	Arabidopsis	salt	and	drought	stress	
tolerance	by	chemical	priming	for	its	abscisic	acid	responses',	Plant	
Physiology,	139:	267-74.	

Jones,	Jonathan	D.	G.,	and	Jeffery	L.	Dangl.	2006.	'The	plant	immune	system',	Nature,	
444:	323-29.	

Journot-Catalino,	N.,	I.	E.	Somssich,	D.	Roby,	and	T.	Kroj.	2006.	'The	transcription	
factors	WRKY11	and	WRKY17	act	as	negative	regulators	of	basal	resistance	
in	Arabidopsis	thaliana',	Plant	Cell,	18:	3289-302.	

Kanchiswamy,	Chidananda	Nagamangala,	Mickael	Malnoy,	and	Massimo	E.	Maffei.	
2015.	'Chemical	diversity	of	microbial	volatiles	and	their	potential	for	plant	
growth	and	productivity',	Frontiers	in	Plant	Science,	6:	151.	

Katiyar,	Vandana,	and	Reeta	Goel.	2004.	'Siderophore	mediated	plant	growth	
promotion	at	low	temperature	by	mutant	of	fluorescent	pseudomonad⋆',	
Plant	Growth	Regulation,	42:	239-44.	

Kaur	G,	Kumar	S,	Nayyar	H,	Upadhyaya	HD		2008.	'Cold	stress	injury	during	the	pod-	
fillingphase	in	chickpea	(Cicer	arietinum	L.):	effects	on	quantitative	and	
qualitative	components	of	seeds.',	Agron	Crop	Sci,	194:	457–64	.	

Keling,	Hu	&	Zhu,	Zhujun.	.	2010.	'	Effects	of	different	concentrations	of	sodium	
chloride	on	plant	growth	and	glucosinolate	content	and	composition	in	
pakchoi',	Afr.	J.	Biotechnol.,	9.	

Kettles,	G.	J.,	C.	Drurey,	H.	J.	Schoonbeek,	A.	J.	Maule,	and	S.	A.	Hogenhout.	2013.	
'Resistance	of	Arabidopsis	thaliana	to	the	green	peach	aphid,	Myzus	persicae,	
involves	camalexin	and	is	regulated	by	microRNAs',	New	Phytol,	198:	1178-
90.	

Khalid,	A.,	M.	J.	Akhtar,	M.	H.	Mahmood,	and	M.	Arshad.	2006.	'Effect	of	substrate-
dependent	microbial	ethylene	production	on	plant	growth',	Microbiology,	75:	
231-36.	

Kim,	D.,	G.	Pertea,	C.	Trapnell,	Pimentel,	H.,,	and	R.	Kelley,	&	Salzberg,	S.	L.	.	2013.	
'TopHat2:	accurate	alignment	of	transcriptomes	in	the	presence	of	insertions,	
deletions	and	gene	fusions.	Genome	Biology,	14(4),	R36.',	
https://doi.org/10.1186/gb-2013-14-4-r36.	

Kim,	J.,	and	D.	C.	Rees.	1994.	'Nitrogenase	and	biological	nitrogen	fixation',	
Biochemistry,	33:	389-97.	

Kliebenstein,	Daniel	J.,	Juergen	Kroymann,	Paul	Brown,	Antje	Figuth,	Deana	
Pedersen,	Jonathan	Gershenzon,	and	Thomas	Mitchell-Olds.	2001.	'Genetic	
Control	of	Natural	Variation	in	Arabidopsis	Glucosinolate	Accumulation',	
Plant	Physiology,	126:	811-25.	

Kloeppe,	J.	W.,	R.	Rodríguez-Kábana,	A.	W.	Zehnder,	J.	F.	Murphy,	E.	Sikora,	and	C.	
Fernández.	1999.	'Plant	root-bacterial	interactions	in	biological	control	of	



 256 

soilborne	diseases	and	potential	extension	to	systemic	and	foliar	diseases',	
Australasian	Plant	Pathology,	28:	21-26.	

Kusnierczyk,	A.,	P.	Winge,	T.	S.	Jorstad,	J.	Troczynska,	J.	T.	Rossiter,	and	A.	M.	Bones.	
2008.	'Towards	global	understanding	of	plant	defence	against	aphids--timing	
and	dynamics	of	early	Arabidopsis	defence	responses	to	cabbage	aphid	
(Brevicoryne	brassicae)	attack',	Plant	Cell	Environ,	31:	1097-115.	

KUŚNIERCZYK,	ANNA,	PER	WINGE,	TOMMY	S.	JØRSTAD,	JOANNA	TROCZYŃSKA,	
JOHN	T.	ROSSITER,	and	ATLE	M.	BONES.	2008.	'Towards	global	
understanding	of	plant	defence	against	aphids	–	timing	and	dynamics	of	early	
Arabidopsis	defence	responses	to	cabbage	aphid	(Brevicoryne	brassicae)	
attack',	Plant,	Cell	&	Environment,	31:	1097-115.	

Ladha,	J.K.,	F.J.	de	Bruijn,	and	K.A.	Malik.	1997.	'Introduction:	Assessing	
opportunities	for	nitrogen	fixation	in	rice	-	a	frontier	project',	Plant	and	Soil,	
194:	1-10.	

Laloi,	C.,	K.	Apel,	and	A.	Danon.	2004.	'Reactive	oxygen	signalling:	the	latest	news',	
Curr	Opin	Plant	Biol,	7:	323-8.	

Lambertsen,	L.,	C.	Sternberg,	and	S.	Molin.	2004.	'Mini-Tn7	transposons	for	site-
specific	tagging	of	bacteria	with	fluorescent	proteins',	Environ	Microbiol,	6:	
726-32.	

Leon-Reyes,	A.,	D.	Van	der	Does,	E.	S.	De	Lange,	C.	Delker,	C.	Wasternack,	S.	C.	Van	
Wees,	T.	Ritsema,	and	C.	M.	Pieterse.	2010.	'Salicylate-mediated	suppression	
of	jasmonate-responsive	gene	expression	in	Arabidopsis	is	targeted	
downstream	of	the	jasmonate	biosynthesis	pathway',	Planta,	232:	1423-32.	

Liao,	Y.,	G.	K.	Smyth,	and	W.	&	Shi.	2014.	'	featureCounts:	an	efficient	general	
purpose	program	for	assigning	sequence	reads	to	genomic	features.	
Bioinformatics,	30(7),	923–930.',	
https://doi.org/10.1093/bioinformatics/btt656.	

Limpens,	E.,	A.	van	Zeijl,	and	R.	Geurts.	2015.	'Lipochitooligosaccharides	modulate	
plant	host	immunity	to	enable	endosymbioses',	Annu	Rev	Phytopathol,	53:	
311-34.	

Lobell,	David	B.,	Marshall	B.	Burke,	Claudia	Tebaldi,	Michael	D.	Mastrandrea,	Walter	
P.	Falcon,	and	Rosamond	L.	Naylor.	2008.	'Prioritizing	Climate	Change	
Adaptation	Needs	for	Food	Security	in	2030',	Science,	319:	607.	

Lopez-Berenguer,	C.,	C.	Martinez-Ballesta	Mdel,	D.	A.	Moreno,	M.	Carvajal,	and	C.	
Garcia-Viguera.	2009.	'Growing	hardier	crops	for	better	health:	Salinity	
tolerance	and	the	nutritional	value	of	broccoli',	J	Agric	Food	Chem,	57:	572-
78.	

López-Berenguer,	Carmen,	Mª	Carmen	Martínez-Ballesta,	Cristina	García-Viguera,	
and	Micaela	Carvajal.	2008.	'Leaf	water	balance	mediated	by	aquaporins	
under	salt	stress	and	associated	glucosinolate	synthesis	in	broccoli',	Plant	
Science,	174:	321-28.	

Lynch,	Jim,	and	J.	M.	Whipps.	1990.	Lynch	JM,	Whipps	JM..	Substrate	flow	in	the	
rhizosphere.	Plant	Soil	129:	1.	

Malitsky,	S.,	E.	Blum,	H.	Less,	I.	Venger,	M.	Elbaz,	S.	Morin,	Y.	Eshed,	and	A.	Aharoni.	
2008.	'The	transcript	and	metabolite	networks	affected	by	the	two	clades	of	



 257 

Arabidopsis	glucosinolate	biosynthesis	regulators',	Plant	Physiol,	148:	2021-
49.	

Mantri,	N,	Patade,	V,	Penna,	S	and	Pang.	2012.	'	'Abiotic	stress	responses	in	plants	-	
present	and	future'	in	Parvaiz	Ahmad,	M.N.V.	Prasad	(ed.)	Abiotic	Stress	
Responses	in	Plants:	Metabolism	to	Productivity',	Springer,	New	York,	USA,:	
1-20.	

Martin,	Nora,	and	Caroline	Müller.	2007.	'Induction	of	plant	responses	by	a	
sequestering	insect:	Relationship	of	glucosinolate	concentration	and	
myrosinase	activity',	Basic	and	Applied	Ecology,	8:	13-25.	

Masalha,	J.,	H.	Kosegarten,	Ö.	Elmaci,	and	K.	Mengel.	2000.	'The	central	role	of	
microbial	activity	for	iron	acquisition	in	maize	and	sunflower',	Biology	and	
Fertility	of	Soils,	30:	433-39.	

Massad,	Tara	Joy,	Lee	A.	Dyer,	and	Gerardo	Vega	C.	2012.	'Costs	of	Defense	and	a	
Test	of	the	Carbon-Nutrient	Balance	and	Growth-Differentiation	Balance	
Hypotheses	for	Two	Co-Occurring	Classes	of	Plant	Defense',	PLOS	ONE,	7:	
e47554.	

Mayak,	S.,	T.	Tirosh,	and	B.	R.	Glick.	1999.	'Effect	of	Wild-Type	and	Mutant	Plant	
Growth-Promoting	Rhizobacteria	on	the	Rooting	of	Mung	Bean	Cuttings',	J	
Plant	Growth	Regul,	18:	49-53.	

McNear	Jr.,	D.	H.	.	2013.	'The	Rhizosphere	-	Roots,	Soil	and	Everything	In	Between.',	
Nature	Education	Knowledge,	4(3):1.	

Meehl,	G.	A.	et	al.	,	and	The	Physical	Science	Basis.	Contribution	of	Working	Group	I	
to	the	Fourth	Assessment	Report	of	the	Intergovernmental.	2007.	'The	
Physical	Science	Basis.	Contribution	of	Working	Group	I	to	the	Fourth	
Assessment	Report	of	the	Intergovernmental		

',	Panel	on	Climate	Change:	748–845.	
Melotto,	Maeli,	William	Underwood,	Jessica	Koczan,	Kinya	Nomura,	and	Sheng	Yang	

He.	2006.	'Plant	Stomata	Function	in	Innate	Immunity	against	Bacterial	
Invasion',	Cell,	126:	969-80.	

Mengiste,	T.,	X.	Chen,	J.	Salmeron,	and	R.	Dietrich.	2003.	'The	BOTRYTIS	
SUSCEPTIBLE1	gene	encodes	an	R2R3MYB	transcription	factor	protein	that	
is	required	for	biotic	and	abiotic	stress	responses	in	Arabidopsis',	Plant	Cell,	
15:	2551-65.	

Michiel	J.	C.	Pel,	Corné	M.	J.	Pieterse.		J	Exp	Bot	2013;	64	(5):	1237-1248.	doi:	
10.1093/jxb/ers262.	2013.	'Microbial	recognition	and	evasion	of	host	
immunity.',	J	Exp	Bot,	64:	1237-48.	

Mohr,	Peter,	and	David	Cahill.	2003a.	Abscisic	acid	influences	the	susceptibility	of	
Arabidopsis	thaliana	to	Pseudomonas	syringae	pv.	tomato	and	Peronospora	
parasitica.	

Mohr,	Peter	G.,	and	David	M.	Cahill.	2003b.	'Abscisic	acid	influences	the	
susceptibility	of	<emph	type="2">Arabidopsis	thaliana</emph>	to	<emph	
type="2">Pseudomonas	syringae</emph>	pv.	<emph	
type="2">tomato</emph>	and	<emph	type="2">Peronospora	
parasitica</emph>',	Functional	Plant	Biology,	30:	461-69.	



 258 

Moons,	A.,	E.	Prinsen,	G.	Bauw,	and	M.	Van	Montagu.	1997.	'Antagonistic	effects	of	
abscisic	acid	and	jasmonates	on	salt	stress-inducible	transcripts	in	rice	
roots',	The	Plant	Cell,	9:	2243-59.	

Mordecai,	Erin	A.	2011.	'Pathogen	impacts	on	plant	communities:	unifying	theory,	
concepts,	and	empirical	work',	Ecological	Monographs,	81:	429-41.	

Muller,	T.	M.,	C.	Bottcher,	R.	Morbitzer,	C.	C.	Gotz,	J.	Lehmann,	T.	Lahaye,	and	E.	
Glawischnig.	2015.	'TRANSCRIPTION	ACTIVATOR-LIKE	EFFECTOR	
NUCLEASE-Mediated	Generation	and	Metabolic	Analysis	of	Camalexin-
Deficient	cyp71a12	cyp71a13	Double	Knockout	Lines',	Plant	Physiol,	168:	
849-58.	

Nadeem,	S.	M.,	Z.	A.	Zahir,	M.	Naveed,	and	M.	Arshad.	2007.	'Preliminary	
investigations	on	inducing	salt	tolerance	in	maize	through	inoculation	with	
rhizobacteria	containing	ACC	deaminase	activity',	Can	J	Microbiol,	53:	1141-9.	

———.	2009.	'Rhizobacteria	containing	ACC-deaminase	confer	salt	tolerance	in	
maize	grown	on	salt-affected	fields',	Can	J	Microbiol,	55:	1302-9.	

NC,	Uren.	2000.	'ypes,	amounts	and	possible	functions	of	compounds	released	into	
the	rhizosphere	by	soil	grown	plants',	The	Rhizosphere:	Biochemistry,	and	
Organic	Substances	at	the	Soil	Interface	(Pinton	R	Varani	Z	Nanniperi	P,	eds):	
19–40.	

Newton,	Adrian	C.,	Scott	N.	Johnson,	and	Peter	J.	Gregory.	2011.	'Implications	of	
climate	change	for	diseases,	crop	yields	and	food	security',	Euphytica,	179:	3-
18.	

Nia,	Somayeh	Haji,	Mohammad	Javad	Zarea,	Farhad	Rejali,	and	A.	Varma.	2012.	
'Yield	and	yield	components	of	wheat	as	affected	by	salinity	and	inoculation	
with	Azospirillum	strains	from	saline	or	non-saline	soil',	Journal	of	the	Saudi	
Society	of	Agricultural	Sciences,	11:	113-21.	

Nicaise,	Valerie,	Milena	Roux,	and	Cyril	Zipfel.	2009.	'Recent	Advances	in	PAMP-
Triggered	Immunity	against	Bacteria:	Pattern	Recognition	Receptors	Watch	
over	and	Raise	the	Alarm',	Plant	Physiology,	150:	1638-47.	

Nivya,	R.M.	.	2015.	'A	Study	on	plant	growth	promoting	activity	of	the	Endophytic	
bacteria	isolated	from	the	root	nodules	of	Mimosa	pudica	Plant',	Int.	J.	Innov.	
Res.	Sci.	Er.	Technol,	4:	6959–68.	

O'Donnell	PJ1,	Calvert	C,	Atzorn	R,	Wasternack	C,	Leyser	HMO,	Bowles	DJ.	1996.	
'Ethylene	as	a	Signal	Mediating	the	Wound	Response	of	Tomato	Plants	

',	Science,	274:	pp.	1914-17.	
Okushima,	Yoko,	Hidehiro	Fukaki,	Makoto	Onoda,	Athanasios	Theologis,	and	Masao	

Tasaka.	2007.	'ARF7	and	ARF19	regulate	lateral	root	formation	via	direct	
activation	of	LBD/ASL	genes	in	Arabidopsis',	The	Plant	Cell,	19:	118-30.	

Oliveros,	J.C.		.	(2007-2015).	'Venny.	An	interactive	tool	for	comparing	lists	with	
Venn's	diagrams',	http://bioinfogp.cnb.csic.es/tools/venny/index.html.	

P,	Jones	D	&	Hinsinger.	2008.	'The	rhizosphere:	complex	by	design.',	Plant	Soil,	312:	
1-6.	

Pardo,	J.	M.,	B.	Cubero,	E.	O.	Leidi,	and	F.	J.	Quintero.	2006.	'Alkali	cation	exchangers:	
roles	in	cellular	homeostasis	and	stress	tolerance',	J	Exp	Bot,	57:	1181-99.	



 259 

Parihar,	Parul,	Samiksha	Singh,	Rachana	Singh,	Vijay	Pratap	Singh,	and	Sheo	Mohan	
Prasad.	2015.	'Effect	of	salinity	stress	on	plants	and	its	tolerance	strategies:	a	
review',	Environmental	Science	and	Pollution	Research,	22:	4056-75.	

Patten,	C.	L.,	and	B.	R.	Glick.	1996.	'Bacterial	biosynthesis	of	indole-3-acetic	acid',	Can	
J	Microbiol,	42:	207-20.	

Pierret	A,	Doussan	C,	Capowiez	Y,	Bastardie	F	&	Pag	es	L.	2007.	'Root	functional	
architecture:	a	framework	for	modeling	the	interplay	between	roots	and	
soil.',	Vadose	Zone	J,	40:	106–15.	

Pieterse,	C.	M.	J.,	S.	C.	M.	van	Wees,	J.	Ton,	J.	A.	van	Pelt,	and	L.	C.	van	Loon.	2002.	
'Signalling	in	Rhizobacteria-Induced	Systemic	Resistance	in	Arabidopsis	
thaliana',	Plant	Biology,	4:	535-44.	

Pieterse,	C.	M.,	A.	Leon-Reyes,	S.	Van	der	Ent,	and	S.	C.	Van	Wees.	2009.	'Networking	
by	small-molecule	hormones	in	plant	immunity',	Nat	Chem	Biol,	5:	308-16.	

Pieterse,	C.	M.,	S.	C.	van	Wees,	J.	A.	van	Pelt,	M.	Knoester,	R.	Laan,	H.	Gerrits,	P.	J.	
Weisbeek,	and	L.	C.	van	Loon.	1998.	'A	novel	signaling	pathway	controlling	
induced	systemic	resistance	in	Arabidopsis',	Plant	Cell,	10:	1571-80.	

Prasch,	C.	M.,	and	U.	Sonnewald.	2013.	'Simultaneous	application	of	heat,	drought,	
and	virus	to	Arabidopsis	plants	reveals	significant	shifts	in	signaling	
networks',	Plant	Physiol,	162:	1849-66.	

Prince,	D.	C.,	C.	Drurey,	C.	Zipfel,	and	S.	A.	Hogenhout.	2014.	'The	leucine-rich	repeat	
receptor-like	kinase	BRASSINOSTEROID	INSENSITIVE1-ASSOCIATED	
KINASE1	and	the	cytochrome	P450	PHYTOALEXIN	DEFICIENT3	contribute	
to	innate	immunity	to	aphids	in	Arabidopsis',	Plant	Physiol,	164:	2207-19.	

Qasim,	M.,	M.	Ashraf,	M.Y.	Ashraf,	S.-U.	Rehman,	and	E.S.	Rha.	2003.	'Salt-Induced	
Changes	in	Two	Canola	Cultivars	Differing	in	Salt	Tolerance',	Biologia	
Plantarum,	46:	629-32.	

Qasim,	Muhammad,	Muhammad	Ashraf,	Shafiq	Rehman,	and	E.	S.	Rha.	2003.	Salt-
Induced	Changes	in	Two	Canola	Cultivars	Differing	in	Salt	Tolerance.	

Qin,	F.,	K.	Shinozaki,	and	K.	Yamaguchi-Shinozaki.	2011.	'Achievements	and	
challenges	in	understanding	plant	abiotic	stress	responses	and	tolerance',	
Plant	Cell	Physiol,	52:	1569-82.	

Raaijmakers	JM,	Paulitz	TC,	Steinberg	C,	Alabouvette	C	&	Mo€enne-Loccoz	Y.	2009.	
'The	rhizosphere:	a	playground	and	battlefield	for	soilborne	pathogens	and	
beneficial	microorganisms.	',	Plant	Soil,	321:	341–61.	

Raaijmakers,	Jos	M.,	Timothy	C.	Paulitz,	Christian	Steinberg,	Claude	Alabouvette,	and	
Yvan	Moënne-Loccoz.	2009.	'The	rhizosphere:	a	playground	and	battlefield	
for	soilborne	pathogens	and	beneficial	microorganisms',	Plant	and	Soil,	321:	
341-61.	

Radovich,	Theodore,	Matthew	Kleinhenz,	and	John	G.	Streeter.	2005.	Irrigation	
Timing	Relative	to	Head	Development	Influences	Yield	Components,	Sugar	
Levels,	and	Glucosinolate	Concentrations	in	Cabbage.	

Rajkumar,	M.,	R.	Nagendran,	K.	J.	Lee,	W.	H.	Lee,	and	S.	Z.	Kim.	2006.	'Influence	of	
plant	growth	promoting	bacteria	and	Cr6+	on	the	growth	of	Indian	mustard',	
Chemosphere,	62:	741-8.	



 260 

Ramadoss,	Dhanushkodi,	Vithal	K.	Lakkineni,	Pranita	Bose,	Sajad	Ali,	and	Kannepalli	
Annapurna.	2013.	'Mitigation	of	salt	stress	in	wheat	seedlings	by	halotolerant	
bacteria	isolated	from	saline	habitats',	SpringerPlus,	2:	6.	

Ramírez,	F.,	D.	P.	Ryan,	B.	Grüning,	V.	Bhardwaj,	F.	Kilpert,	A.	S.	Richter,	and	T.		
Manke.	2016.	'deepTools2:	a	next	generation	web	server	for	deep-
sequencing	data	analysis',	Nucleic	Acids	Research,	44(W1),	W160-5.	
https://doi.org/10.1093/nar/gkw257.	

Ramirez,	V.,	A.	Coego,	A.	Lopez,	A.	Agorio,	V.	Flors,	and	P.	Vera.	2009.	'Drought	
tolerance	in	Arabidopsis	is	controlled	by	the	OCP3	disease	resistance	
regulator',	Plant	J,	58:	578-91.	

Raymond,	J.,	J.	L.	Siefert,	C.	R.	Staples,	and	R.	E.	Blankenship.	2004.	'The	natural	
history	of	nitrogen	fixation',	Mol	Biol	Evol,	21:	541-54.	

Raza,	W.,	S.	Yousaf,	and	F.	U.	Rajer.	2016.	'Plant	growth	promoting	activity	of	volatile	
organic	compounds	produced	by	biocontrol	strains',	Sci.	Lett,	4:	40-43.	

Reichelt,	M.,	P.	D.	Brown,	B.	Schneider,	N.	J.	Oldham,	E.	Stauber,	J.	Tokuhisa,	D.	J.	
Kliebenstein,	T.	Mitchell-Olds,	and	J.	Gershenzon.	2002.	'Benzoic	acid	
glucosinolate	esters	and	other	glucosinolates	from	Arabidopsis	thaliana',	
Phytochemistry,	59:	663-71.	

Rejeb,	I.	B.,	V.	Pastor,	and	B.	Mauch-Mani.	2014.	'Plant	Responses	to	Simultaneous	
Biotic	and	Abiotic	Stress:	Molecular	Mechanisms',	Plants	(Basel),	3:	458-75.	

Roman,	G.,	B.	Lubarsky,	J.	J.	Kieber,	M.	Rothenberg,	and	J.	R.	Ecker.	1995.	'Genetic	
analysis	of	ethylene	signal	transduction	in	Arabidopsis	thaliana:	five	novel	
mutant	loci	integrated	into	a	stress	response	pathway',	Genetics,	139:	1393-
409.	

Rosegrant,	M.	W.,	and	S.	A.	Cline.	2003.	'Global	food	security:	challenges	and	
policies',	Science,	302:	1917-9.	

Ryals,	J.	A.,	U.	H.	Neuenschwander,	M.	G.	Willits,	A.	Molina,	H.	Y.	Steiner,	and	M.	D.	
Hunt.	1996.	'Systemic	Acquired	Resistance',	Plant	Cell,	8:	1809-19.	

Saha,	M.,	S.	Sarkar,	B.	Sarkar,	B.	K.	Sharma,	S.	Bhattacharjee,	and	P.	Tribedi.	2016.	
'Microbial	siderophores	and	their	potential	applications:	a	review',	Environ	
Sci	Pollut	Res	Int,	23:	3984-99.	

Santner,	A.,	and	M.	Estelle.	2009.	'Recent	advances	and	emerging	trends	in	plant	
hormone	signalling',	Nature,	459:	1071-8.	

Saranga,	Y.,	M.	Menz,	C.	X.	Jiang,	R.	J.	Wright,	D.	Yakir,	and	A.	H.	Paterson.	2001.	
'Genomic	dissection	of	genotype	x	environment	interactions	conferring	
adaptation	of	cotton	to	arid	conditions',	Genome	Res,	11:	1988-95.	
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