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Abstract 

Most	of	the	world’s	wine-producing	regions	are	subjected	 to	seasonal	drought,	
and,	in	the	light	of	the	dramatic	climate-change	events	occurring	in	recent	years,	the	
selection	of	resistant	rootstocks	 is	becoming	a	crucial	 factor	 for	 the	development	of	
sustainable	 agricultural	 models	 to	 ensure	 optimal	 grape	 berry	 development	 and	
ripening.	 In	 this	 study,	 roots	 and	 leaves	 of	 101.14	 (drought-susceptible)	 and	 M4	
(drought-tolerant)	 rootstocks	were	 sampled	 in	 progressive	 drought	 and	mRNA-seq	
profiles	were	 evaluated.	 Physiological	 characterization	 indicated	 that	 only	M4	was	
able	to	maintain	high	leaf	transpiration	and	net	assimilation	rates	under	severe	stress	
conditions.	 Statistical	 analyses,	 carried	 out	 on	 mRNA-seq	 data,	 highlighted	 that	
“treatment”	(water	stress)	and	“genotype”	(rootstock-genotype)	seem	to	be	the	main	
variables	 explaining	 differential	 gene	 expression	 in	 roots	 and	 leaves	 tissues,	
respectively.	Upon	water-stress,	roots	and	leaves	of	the	tolerant	genotype	M4	exhibit	a	
higher	 induction	 of	 stilbenes	 (i.e.,	 STS)	 and	 flavonoids	 (e.g.,	 CHS,	 F3H,	 FLS)	
biosynthetic	 genes.	Moreover,	 the	 higher	 expression	 of	 STS	 genes	 in	M4	 is	 coupled	
with	 an	up-regulation	of	WRKYs	 transcription	 factors.	 STS	 genes	promoter	 regions,	
extracted	 from	whole	genome	of	M4	and	101.14,	highlighted	a	higher	number	of	W-
BOX	cis	elements	(binding	site	for	WRKYs)	in	the	tolerant	genotype.	

Keywords:	Vitis,	water	stress,	mRNA-seq,	flavonoids,	stilbenes,	WRKY	
INTRODUCTION	Most	 wine-producing	 regions	 in	 the	 world	 are	 subjected	 to	 seasonal	 drought,	 and,	based	 on	 the	 global	 climate	models	 predicting	 an	 increase	 in	 aridity	 in	 the	 future	 (IPCC,	2007),	water	deficit	may	became	the	major	 limiting	 factor	 in	wine	production	and	quality.	Drought	 is	 associated	 with	 many	 morphological	 and	 physiological	 changes	 in	 plants,	including	 reduced	 expansion	 of	 aerial	 organs	 (Cramer	 et	 al.,	 2007),	 lack	 of	 root	 growth	(Sharp	and	Davies,	1979),	decrease	in	transpiration	rate	and	photosynthesis	(Chaves	et	al.,	2010),	accumulation	of	osmolytes	(Cramer	et	al.,	2007),	activation	of	detoxifying	processes.	Moreover,	it	affected	the	transcriptional	regulation	of	a	large	number	of	genes	(Cramer	et	al.,	2007;	Tillett	et	al.,	2011).	Grapevines	are	well	adapted	to	semi-arid	climates	such	as	that	of	Mediterranean	 regions	and	are	generally	 considered	as	 relatively	 tolerant	 to	water	deficit.	However,	given	 that	a	 large	proportion	of	vineyards	are	 located	 in	regions	where	seasonal	drought	 coincides	 with	 the	 grapevine	 growing	 season,	 the	 combined	 effect	 of	 soil	 water	deficit,	air	temperature	and	high	evaporative	demand	is	known	to	limits	yield	and	delays	the	vintage	date	 (Chaves	et	 al.,	 2010),	with	a	negative	effect	on	 the	berries	and,	 consequently,	wine	quality.	In	 addition	 to	 their	 well	 known	 resistance	 to	 phylloxera,	 rootstocks	 derived	 from	grapevine	 American	 species	 are	 known	 to	 confer	 tolerance	 to	 a	 larger	 range	 of	environmental	stresses,	such	as	drought,	high	salinity	and	low	Fe	(Corso	and	Bonghi,	2014).	A	 biochemical	 and	 physiological	 study	 of	 a	 novel	 candidate	 genotype	 to	 be	 used	 as	rootstock	in	grapevine	was	performed	recently	(Meggio	et	al.,	2014).	This	genotype,	named	M4,	was	selected	for	its	high	tolerance	to	water	deficit	(WS).	In	comparison	with	the	101.14	



commercial	 genotype,	 M4	 ungrafted	 plants	 showed	 a	 greater	 capacity	 to	 tolerate	 WS,	maintaining	 photosynthetic	 activity	 also	 under	 severe	 stress	 conditions.	 Here	 we	 report	large-scale	whole	transcriptome	analyses	performed	on	leaf	and	root	tissues	of	both	M4	and	101.14	 genotypes	under	 the	 same	WS	experimental	 conditions	described	by	Meggio	et	 al.	(2014).	 Water	 deprivation	 in	 our	 experiment	 was	 accomplished	 gradually,	 mimicking	conditions	occurring	in	the	field.	Another	innovative	aspect	of	the	study	is	the	comparative	approach	between	a	drought	tolerant	and	susceptible	genotype	with	regard	to	water	stress,	which	has	not	so	far	been	explored.	
MATERIALS	AND	METHODS	Two-year-old	 glasshouse-grown	 plants	 of	 the	 susceptible	 and	 tolerant	 grapevine	rootstocks,	respectively	the	widely	used	101.14	genotype	(V.	riparia	×	V.	rupestris)	and	the	experimental	 M4	 ((V.	 vinifera	 ×	 V.	 berlandieri)	 ×	 V.	 berlandieri	 ‘Resseguier	 n.1’)	 were	subjected	to	drought	stress.	Seventy-two	glasshouse-grown	plants	from	each	genotype	were	divided	 into	 two	 groups:	 plants	 grown	 under	 well-watered	 conditions	 (80%	 of	 field	capacity)	 and	 plants	 grown	 under	 water	 deficit	 conditions	 (from	 80	 to	 30%	 of	 field	capacity).	 The	 whole	 drought	 experiment	 lasted	 10	 days,	 during	 which	 leaf	 physiological	measurements	were	performed	on	fully	expanded	leaves	coming	from	at	least	six	plants	for	each	 genotype	 and	 considered	 time	 point.	 Leaf	 transpiration	 rate	 (E,	 mmol	 H2O	 m-2	 s-1)	measurement	was	performed	in	the	following	experimental	conditions:	600	μmol	of	photons	m-2	s-1,	a	CO2	concentration	of	380	μmol	mol-1,	1.5	kPa	of	vapor	pressure	deficit	(VPD)	and	a	block	temperature	of	25°C.	As	 for	 the	 mRNA-seq	 experiment,	 M4	 and	 101.14	 plants	 were	 divided	 into	 two	replicates	(at	least	six	plants	for	each	group)	and	leaf	and	roots	were	sampled	at	four	time	points	 (from	T1	 to	 T4	 corresponding	 to	 2,	 4,	 7and	10	Days	After	 Stress	 Imposition,	DASI,	respectively).	Total	RNA	was	extracted	from	frozen	grapevine	tissues	of	all	samples	using	the	“SpectrumTM	 Plant	 total	 RNA	 Kit”	 (Sigma)	 according	 to	 manufacturer	 instructions.	 All	samples	were	subjected	to	mRNA-sequencing	(mRNA-seq)	according	 to	the	CRIBI	protocol	(http://genomics.cribi.unipd.it/main/services/).	DEseq	 R	 package	 (http://www.r-project.org/)	 was	 used	 to	 perform	 the	 statistical	analyses	 for	 discovering	 differentially	 expressed	 genes	 (DEGs)	 by	 using	 a	 multi-factorial	approach	 (Maza	 et	 al.,	 2013).	 DEGs	 results	 from	 the	multifactorial	 analysis	 (in	 particular	those	in	common	between	all	three	components	and	only	those	in	common	between	R	and	T) were	grouped	based	on	ontological	categories	using	Blast2GO	software	v2.5.0	(Götz	et	al.,2008).	Subsequently,	 genes	 belonging	 to	 selected	 categories	 of	 GO	 was	 carried	 out	“Differential	 Cluster	 Analysis”	 (DCA).	 Briefly,	 the	 DCA	 consists	 in	 i)	 clusterization,	 on	 the	basis	 of	 expression	 profiles,	 of	 the	 genes-set	 related	 to	 M4	 rootstock;	 ii)	 set-up	 of	 the	corresponding	cluster	 in	101.14;	 iii)	 calculation	of	 the	correlation	values	between	M4	and	101.14	 genes	belonging	 to	 the	 same	ontological	 categories;	 iv)	 identification	of	 conserved	clusters	(high	correlation)	and	not	(low	correlation	value)	between	the	two	rootstocks.	
RESULTS	AND	DISCUSSION	The	 study	 aims	 to	 shed	 light	 on	 the	 genetic	 determinism	 underlying	 tolerance/	susceptibility	 to	water	 stress	 of	M4	 and	 101.14	 grapevine	 rootstocks,	 displaying	 high	 and	low	levels	of	tolerance,	respectively.	The	 transpiration	 rate	 (E)	 measured	 in	 WW	 conditions	 was	 2.73±0.3	 and	 2.4±0.2	mmol	H2O	m-2	s-1	for	M4	and	101.14	genotypes,	respectively,	and	maintained	similar	values	throughout	the	experiment.	On	the	other	hand,	under	WS,	as	drought	gradually	led	to	severe	stress	 conditions	 (around	 30%	 of	 field	 capacity),	 101.14	 plants	 showed	 almost	 complete	stomatal	closure,	whereas	M4	plants	maintained	a	transpiration	rate	of	approximately	20%	with	respect	to	the	control	(Figure	1).	These	data	are	in	accordance	with	those	discussed	by	Meggio	et	al.	 (2014)	that	observed	a	concurrent	decrease	of	net	assimilation	rate	(An)	and	stomatal	conductance	(gs)	 in	both	genotypes	at	early	stages	of	WS,	but	at	 later	time	points	the	two	genotypes	showed	a	contrasting	physiological	response	to	water	stress.	Indeed,	an	



almost	 complete	 inhibition	 of	 both	 assimilation	 and	 transpiration	 rates	 was	 observed	 in	101.14,	while	M4	plants	maintained	a	gs	value	corresponding	to	20%	of	that	in	the	control;	this	allowed	higher	transpiration	rates	(24%)	and	therefore	An	values	maintaining	an	active	plant	growth	(60%	of	that	in	control	plants).	These	data	indicate	that,	after	a	decrease	of	all	physiological	parameters	occurring	in	both	genotypes	at	the	early	stages	of	drought	(Meggio	et	al.,	2014),	only	the	M4	genotype	was	able	to	maintain	higher	E	and	An	rates	in	more	severe	stress	 condition,	 demonstrating	 a	 much	 better	 ability	 to	 acclimatize	 than	 the	 susceptible	genotype.	

Figure	1.	 Average	 ±	 SE	 values	 of	 net	 CO2	 assimilation	 (An)	 and	 leaf	 transpiration	 (E)	 for	water	 stress	 plants.	 Results	 are	 expressed	 as	 a	 percentage	 of	 control.	 T1-4	represent	sampling	time	points	throughout	the	experimental	period	after	control	(T0).	Values	indicated	with	the	same	letters	do	not	significantly	differ	according	to	Duncan’s	test	(P<0.01).	The	comparison	of	 leaf	 and	 root	mRNA-seq	data	obtained	by	multifactorial	 analyses	(Figure	 2)	 indicated	 that	 in	 roots	 the	 “treatment”	 factor	 is	 the	main	 variable	 that	 affected	genes	expression	(7905	DEGs),	whereas	in	leaves	the	weight	of	the	genotype	(i.e.,	rootstock)	was	the	most	prominent	(3794	DEGs).	This	observation	is	not	surprising,	given	that	the	root	system	 is	 the	 first	organ	 to	perceive	water	deprivation	and	actively	 respond	 to	 this	 stress,	and	 thus	 the	 type	 of	 treatment	 represents	 the	main	 variable	 influencing	 gene	 expression.	The	opposite	is	true	in	the	leaves,	where	the	genotype	factor	appears	to	have	a	major	effect	when	 compared	 to	 the	 other	 components.	 This	 is	 in	 agreement	 with	 a	 previous	 report	(Frensch,	 1997)	 that	 in	maize	 plants	 undergoing	water	 deprivation,	 roots	 and	 leaves	 use	different	 strategies	 to	 respond	 to	 stress	 with	 a	 preferential	 growth	 of	 root	 system	 over	shoots.	In	 order	 to	 identify	 specific	 metabolic	 pathways	 differentially	 affected	 by	 drought	stress	in	M4	and	101.14	roots	and	leaves,	the	DEGs	captured	by	multifactorial	analysis,	i.e.,	the	DEGs	common	to	R,	T,	and	P	components	and	those	common	to	rootstocks	and	treatment	components,	 were	 associated	 to	 their	 respective	 GO	 terms.	 These	 represented	 4072	 and	1152	genes	in	roots	and	leaves,	respectively.	GO	terms	were	grouped	into	macro-categories.	Amongst	the	macro-categories	related	to	root,	“transcription	factors”	was	the	one	counting	the	highest	number	of	DEGs,	with	307	genes	corresponding	to	7.5%	of	all	DEGs	considered	(4072	 in	 total).	 There	 were	 209	 and	 223	 “secondary	 metabolism”	 and	 “sugars”	 DEGs,	respectively,	corresponding	to	5.1	and	5.5%	of	total	DEGs.	The	DEGs	identified	in	WS	leaves	



highlighted	 a	 different	 weight	 of	 ontology	 categories	 compared	 to	 the	 root	 tissue.	Transcripts	 related	 to	 “sugars”	 were	 the	 most	 highly	 represented,	 with	 73	 DEGs	 (6.3%).	“Transcription	 factors”	 and	 “secondary	metabolism”	 categories	were	 represented	with	 56	(4.9%)	and	54	(4.7%)	genes,	respectively.	Finally,	 ‘plant	hormones’,	 ‘antioxidant	responses’	and	‘cell	wall’	categories	were	less	represented	in	both	roots	and	leaves.	

Figure	2.	 Venn	diagrams	of	DEGs	resulting	from	multifactorial	analyses	conducted	on	root	and	 leaf	 tissues	 under	 WS	 treatment,	 according	 to	 a	 p<0.05.	 Number	 of	 DEGs	influenced	 by	 each	 component	 are	 given	 in	 brackets;	 total	 number	 of	 genes	influenced	by	root	and	leaf	tissues	are	also	given	(“Total:”).		‘Secondary	 metabolism’	 ontology	 category	 was	 the	 most	 interesting	 because	 it	 is	common	to	both	root	and	 leaves,	but	 involved	different	responses	(Figure	3).	 In	particular	M4	 roots	 (Figure	 3A)	 showed	 a	 strong	 up-regulation	 of	 genes	 involved	 in	 resveratrol	biosynthesis	(e.g.,	VvSTS18/24/27)	after	T2	and	an	induction	of	four	GST-related	genes	at	T1	and	T2-T4,	in	comparison	to	what	observed	for	101.14.	In	addition	to	the	well-known	effect	of	 many	 biotic	 and	 abiotic	 stresses	 on	 the	 induction	 of	 STS	 genes	 (Versari	 et	 al.,	 2001;	Vannozzi	et	al.,	2012),	it	has	recently	been	reported	that	oxidative	stresses	also	appear	to	up-regulate	STS	genes	in	Vitis	rotundifolia	hairy	roots	(Nopo-Olazabal	et	al.,	2014).	Differently	from	what	observed	for	roots,	in	M4	stressed	leaves,	transcripts	coding	for	enzymes	involved	in	flavonoids	biosynthesis	(e.g.,	CHS,	F3H,	FLS,	LDOX)	undergo	strong	induction	at	T1	and	a	strong	 accumulation	 at	 T2	 (log2	WS/WW	of	 2-4)	 (Figure	 3B).	 The	 up-regulation	 of	 these	genes	and	the	accumulation	of	polyphenols	in	response	to	drought	in	the	aerial	part	of	the	plant	were	reported	in	grapevine	and	in	other	species	(Castellarin	et	al.,	2007;	Ramakrishna	and	Ravishankar,	2011).	Stilbenes	and	flavonoids	have	ROS	scavenging	activity	that	protects	against	oxidative	damage	 and	 controls	ROS	 levels,	which	 is	mandatory	 for	plant	 survival	 in	 the	presence	of	abiotic	 stresses	 (Brunetti	 et	 al.,	 2013).	 Stilbenoids	 (resveratrol	 in	particular)	 are	powerful	defence	 antioxidant	 molecules	 found	 in	 several	 species	 and	 their	 accumulation	 is	particularly	 high	 in	 grapevine	 (Vannozzi	 et	 al.,	 2012;	 Höll	 et	 al.,	 2013;	 Stuart	 and	 Robb,	2013).	 Furthermore,	 it	 has	 been	 suggested	 that	 flavonoids,	 whose	 biosynthetic	 genes	 are	induced	only	 in	M4	 leaves	under	WS	 (Figure	3B),	 act	 as	 antioxidants	 in	plant	 response	 to	oxidative	stresses	(Brunetti	et	al.,	2013).	Indeed,	they	protect	against	oxidative	stress	due	to	an	excess	of	excitation	energy	in	the	chloroplast	by	absorbing	solar	wavelengths	(Agati	et	al.,	2012)	and	environmental	perturbations	(Agati	et	al.,	2012;	Brunetti	et	al.,	2013).	Flavonoids	may	also	reduce	the	activity	of	 ‘primary’	ROS	scavenger	enzymes	(i.e.,	SOD	and	CAT)	in	the	chloroplast	(Brunetti	et	al.,	2013).	In	addition,	flavonoids	are	capable	of	quenching	H2O2	and	other	 free-radicals,	 thus	 protecting	 the	 chloroplast	 membrane	 from	 oxidative	 damage	 by	stabilizing	membranes	containing	non-bilayer	lipids	(Agati	et	al.,	2012).	



Figure	3.	 Heat	map	showing	the	expression	of	101.14	and	M4	genes	involved	in	roots	(A,	C)	and	 leaves	 (B,	 D)	 secondary	 metabolites	 biosynthesis	 (A,	 B)	 and	 transcription	factors	 (C,	 D).	 Yellow	 (value	 =	 1)	 and	 blue	 (value	 =	 -1)	 indicate	 up-	 and	 down-regulated	genes	upon	water	stress	(log2	WS/WW	mRNAseq	counts),	respectively.	V1	12X	identifier	(Vitis	ID)	and	gene	name	are	also	indicated	in	the	figure.	The	 data	 support	 the	 hypothesis	 that	 in	 addition	 to	 the	 activation	 of	 “primary	mechanisms”	 of	 ROS	 scavenging,	 drought-tolerant	 Vitis	 species,	 such	 as	 M4,	 also	 induce	“secondary	mechanisms”	leading	to	the	biosynthesis	of	other	types	of	secondary	compounds	in	roots	and	leaves.	TFs	 likely	 play	 an	 important	 role	 in	 the	 differential	 regulation	 of	 flavonoids/		stilbenoids-related	 genes	 in	 roots	 and	 leaves	 of	 both	 M4	 and	 101.14	 genotypes.	 Stress-responsive	TFs	interact	with	cis-elements	 in	the	promoter	regions	of	several	stress-related	genes	and	thus	modulate	the	expression	of	target	genes	resulting	in	imparting	abiotic	stress	tolerance	 (Agarwal	 and	 Jha,	 2010).	 In	 root,	 three	 classes	 of	 TFs	 (WRKY,	MYB	 and	 NAC)	showed	major	differences	 in	 transcript	abundance	between	M4	and	101.14	 in	response	 to	water	deficit.	The	most	represented	among	these	are	WRKY	genes	(Figure	3C)	encoding	an	important	 class	 of	 transcriptional	 regulators	 involved	 in	 biotic	 and	 abiotic	 stresses	 (e.g.,	drought,	high	salinity,	UV).	A	relatively	large	group	of	VvWRKY	genes	were	strongly	induced	in	M4	 root	 at	4	DASI.	The	 co-expression	of	 a	 large	number	of	WRKYs	 (VvWRKY24/28/29/	
37/41)	and	VvSTSs	genes	(Figure	3A,	C),	raises	the	hypothesis	that	some	of	these	WRKYs	are	actively	involved	in	the	regulation	of	STSs	gene	expression	in	Vitis	species.	This	relationship	is	 further	 supported	 by	 the	 presence	 of	 W-BOX	 Cis-regulatory	 elements	 in	 the	 promoter	region	of	M4	and	101.14	VvSTSs	(data	not	shown).	It	was	shown	recently	that	is	possible	to	predict	the	expression	level	of	a	given	gene	based	on	a	cis-regulatory	network	obtained	from	promoter	sequences	and	gene	co-expression	networks	(Gao	et	al.,	2013).	In	this	context,	the	higher	expression	of	VvSTSs	genes	under	WS	in	M4,	can	be	related	to	the	significantly	higher	frequency	of	WBOXs	in	their	promoter	regions	in	comparison	to	that	observed	in	101.14	and	PN40024	(data	not	shown).	Fewer	TFs-related	DEGs	were	observed	in	leaf	compared	to	root	tissues,	and	most	of	these	TFs	belong	to	the	MYB-family.	In	this	study,	all	MYBs	identified	as	DEGs	were	induced	at	 T1	 and	 T2	 (Figure	 3D)	 in	 the	 tolerant	 rootstock	 and	 their	 expression	 paralleled	 that	observed	 for	 DEGs	 coding	 for	 flavonoid	 biosynthetic	 enzymes	 (Figure	 3B).	 A	 strong	connection	between	MYB	and	flavonoids	is	well	documented	(for	a	review	see	Czemmel	et	al.,	 2012).	 R2R3-MYB	 proteins	 have	 been	 identified	 as	 key	 determinants	 in	 regulatory	networks	 controlling	 the	 expression	 of	 flavonoids-related	 genes	 during	 plant/fruit	



development	and	in	responses	to	biotic	and	abiotic	stresses.	
CONCLUSIONS	The	 data	 provide	 a	 comprehensive	 description	 of	 the	 transcriptomic	 responses	 to	drought	 in	 roots	 and	 leaves	 of	 two	 genotypes.	 In	 contrast	 to	 other	 studies	 (Cramer	 et	 al.,	2007;	Tillett	et	al.,	2011),	we	did	not	consider	responses	to	water	stress	that	are	common	to	susceptible	and	tolerant	plants	(e.g.,	genes	involved	in	ABA	metabolism	or	those	responsible	for	 ROS	 production	 and	 primary	 ROS	 scavenging),	 but	 rather	 focused	 on	 genes	 whose	expression	 is	 strictly	 related	 to	 the	 tolerant	 genotype.	 From	 this	 point	 of	 view,	 the	 data	suggest	that	M4	drought	 tolerance	could	be	associated	to	enhanced	scavenging	capacity	of	secondary	 ROS.	 In	 water-stressed	 M4	 plants,	 the	 higher	 ROS	 detoxification	 ability	 could	allow	lateral	root	growth	to	be	maintained	that	results	in	higher	water	uptake	capacity	from	the	soil,	as	observed	by	Tsukagoshi	(2012).	Likewise,	at	the	leaf	 level	a	higher	E	and	An,	 in	the	drought	 tolerant	genotype	would	promote	active	plant	growth	and	photosynthesis.	On	the	 contrary,	 in	 101.14	 where	 the	 oxidative	 stress	 is	 not	 efficiently	 counteracted,	 the	functionality	of	roots	and	leaves	is	strongly	impaired.	The	genes	and	mechanisms	found	in	this	study	to	be	the	main	factors	underlying	the	better	adaptation	to	water	stress	of	the	M4	genotype	will	be	further	validated	using	an	association	genetics	approach.	The	expression	of	selected	 candidate	 genes	 is	 currently	 under	 evaluation	 on	 a	 large	 range	 of	 genotypes	exhibiting	 differential	 responses	 to	 water	 stress	 in	 order	 to	 assess	 whether	 the	 drought	tolerance	strategies	operating	in	M4	rootstock	are	conserved	in	other	genotypes	and,	if	so,	to	use	 the	 identified	 genes	 as	 functional	markers	 for	 the	 selection	 of	WS-tolerant	 grapevine	rootstocks.	
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