
	 	

	
	

Characterization	of	Gene	Candidates	for		

Vacuolar	Sodium	Transport	from	Hordeum	Vulgare	

	

	

	
Thesis	by	

	

Arne	Hagen	August	Scheu	

	

	

In	Partial	Fulfillment	of	the	Requirements	

	

For	the	Degree	of		

	

Master	of	Science	

	

	

	

King	Abdullah	University	of	Science	and	Technology,	Thuwal	

Kingdom	of	Saudi	Arabia	

	

	

	

	
May,	2017	

	

	



	
	

2	

EXAMINATION	COMMITTEE	PAGE	

	
	
The	thesis	of	Arne	Scheu	is	approved	by	the	examination	committee.	
	
	
	
	
Committee	Chairperson:	Professor	Mark	Tester	
Committee	Members:	Professor	Arnab	Pain,	Assistant	Professor	Magdy	Mahfouz	

	

	 	



	
	

3	

COPYRIGHT	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
©	May,	2017	

Arne	Scheu	

All	rights	reserved	



	
	

4	

ABSTRACT	

	

Soil	salinity	is	a	major	abiotic	stress	for	land	plants,	and	multiple	mechanisms	of	salt	

tolerance	have	evolved.	Tissue	tolerance	is	one	of	these	mechanisms,	which	involves	

the	 sequestration	 of	 sodium	 into	 the	 vacuole	 to	 retain	 low	 cytosolic	 sodium	

concentrations.	This	enables	the	plant	to	maintain	cellular	functions,	and	ultimately	

maintain	growth	and	yield.	However,	the	molecular	components	 involved	in	tissue	

tolerance	remain	elusive.		

	

Several	 candidate	 genes	 for	 vacuolar	 sodium	 sequestration	 have	 recently	 been	

identified	 by	 proteome	 analysis	 of	 vacuolar	 membranes	 purified	 from	 the	 salt-

tolerant	cereal	Hordeum	vulgare	(barley).	In	this	study,	I	aimed	to	characterize	these	

candidates	in	more	detail.	I	successfully	cloned	coding	sequences	for	the	majority	of	

candidate	 genes	 with	 primers	 designed	 based	 on	 the	 barley	 reference	 genome	

sequence.	During	the	course	of	this	study	a	newer	genome	sequence	with	improved	

annotations	was	published,	to	which	I	also	compared	my	observations.	

	

To	 study	 the	 candidate	 genes,	 I	 used	 the	 heterologous	 expression	 system	

Saccharomyces	cerevisiae	(yeast).	I	used	several	salt	sensitive	yeast	strains	(deficient	

in	 intrinsic	sodium	transporters)	 to	test	whether	the	candidate	genes	would	affect	

their	salt	tolerance	by	mediating	the	sequestration	of	sodium	into	the	yeast	vacuole.	

I	observed	a	reduction	in	growth	upon	expression	for	several	of	the	gene	candidate	

under	salt-stress	conditions.	However,	confocal	microscopy	suggests	that	most	gene	
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products	are	subject	to	degradation,	and	did	not	localize	to	the	vacuolar	membrane	

(tonoplast).	Therefore,	growth	effects	cannot	be	linked	to	protein	function	without	

further	evidence.	

	

Various	 potential	 causes	 are	 discussed,	 including	 inaccuracies	 in	 the	 genome	

resource	 used	 as	 reference	 for	 primer	 design	 and	 issues	 inherent	 to	 the	 model	

system.	Finally,	 I	make	 suggestions	on	how	 to	proceed	 to	 further	 characterize	 the	

candidate	genes	and	hopefully	identify	novel	sodium	transporters	from	barley. 
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1	-	INTRODUCTION	

	

Soil	salinity	is	a	major	abiotic	stress	reducing	crop	yields	and	field	productivity	that	

has	 been	 estimated	 to	 affect	 six	 percent	 of	 global	 land	 and	 twenty	 percent	 of	

irrigated	farmland	(Munns	and	Tester	2008).	Both	geographic	factors	and	repetitive	

irrigation	with	solute-rich	water	cause	an	accumulation	of	salts	in	the	ground,	even	

in	regions	not	historically	affected	by	soil	salinity	(Yeo	1998).	The	impact	that	soil	

salinity	has	on	plant	performance	will	 likely	become	increasingly	prevalent,	as	 the	

global	 population	 is	 rising,	 food	 is	 in	 higher	 demand	 and	 climate	 conditions	 are	

deteriorating	(Yeo	1998),	making	research	on	this	issue	critically	important.	

	

But	what	causes	most	plants	to	produce	lower	yields	under	saline	conditions?	High	

soil	 salinity	 causes	 a	 two-phasic	 stress	 in	 plants:	Upon	 exposure	 to	 increased	 salt	

concentrations,	plants	are	quickly	affected,	even	before	 ions	can	accumulate	 in	the	

plant.	 This	 has	 also	 been	 termed	 the	 “shoot	 sodium	 accumulation	 independent	

effect”,	and	most	notably	includes	reduced	shoot	growth	(Roy,	Negrao	et	al.	2014).	

As	a	plant	is	exposed	to	elevated	salt	concentrations	for	a	prolonged	time	and	ions	

accumulate	 in	 the	 tissues,	 the	 ion	 specific	 toxicity	 comes	 into	 effect	 in	 the	 “ionic	

phase”.	This	notably	leads	to	premature	senescence	of	older	plant	parts,	e.g.	leaves,	

that	have	been	exposed	to	the	stress	longest	(Munns	and	Tester	2008).		

Of	 the	salts	 that	are	dissolved	 in	a	saline	soil,	sodium	chloride	(NaCl)	 is	 the	

most	 abundant.	While	 both	 ions	may	have	 toxic	 effects,	 sodium	 (Na+)	 is	 generally	

more	prevalent	 than	chloride	 (Cl-)	 in	disrupting	plant	 function	(Munns	and	Tester	
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2008).	On	a	 cellular	 level,	Na+	 toxicity	 especially	 arises	 from	 its	 capability	 to	bind	

and	 disrupt	 the	 function	 of	 potassium	 (K+)-dependent	 biomolecules,	 for	 example	

inhibiting	 protein	 synthesis	 at	 concentrations	 higher	 than	 100	 mM	 (Blumwald,	

Aharon	et	al.	2000).	

	

Plants	 have	 developed	 various	 ways	 to	 cope	 with	 the	 stresses	 introduced	 by	

moderate	 increases	 in	 salinity;	 overall,	 mechanisms	 for	 salinity	 tolerance	 can	 be	

placed	 in	 three	 groups.	 Tolerance	 mechanisms	 that	 improve	 growth	 in	 the	 early	

phase	of	salt-stress	are	poorly	understood,	but	seem	to	 involve	signaling	 from	the	

root	 to	 other	 plant	 parts	 (Roy,	Negrao	 et	 al.	 2014).	 The	 second	mechanism	 is	 ion	

exclusion:	 Reduced	 entry	 of	Na+	 into	 the	 root	 and	 extrusion	 of	Na+	 from	 the	 root	

back	into	the	soil	before	it	enters	the	xylem	lessens	transport	of	Na+	to	the	shoot	and	

thereby	reduces	Na+	accumulation	and	toxicity	(Munns	and	Tester	2008).	To	achieve	

this	 extrusion,	 active	 Na+	 transporters	 such	 as	 the	 Na+/H+	 antiporter	 salt	 overly	

sensitive	1	(SOS1)	are	of	major	importance	(Quintero,	Ohta	et	al.	2002,	Shi,	Quintero	

et	al.	2002).	Finally,	tissue	tolerance	mechanisms	lessen	the	toxicity	of	Na+	that	does	

enter	 the	 shoot,	which,	 for	 example,	 include	 succulence	 and	 salt	 excretion	 by	 salt	

glands.	 At	 the	 cellular	 level,	 Na+	 can	 also	 be	 sequestered	 into	 subcellular	

compartments	 –	 most	 importantly,	 the	 vacuole	 (Munns	 and	 Tester	 2008).	 The	

present	study	focuses	on	tissue	tolerance,	which	is	elucidated	in	more	detail	below.	

1.1	Sodium	transport	in	plant	cells	

Na+	enters	plants	cell	 through	non-selective	cation	channels	(Blumwald,	Aharon	et	

al.	 2000,	 Davenport	 and	 Tester	 2000).	 Although	 flow	 of	 Na+	within	 the	 plant	 is	
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complex,	typically	a	negative	potential	difference	at	the	plasma	membrane	supports	

the	influx	of	Na+	into	plant	cells	in	combination	with	a	cytosolic	concentration	of	Na+	

(1-30	mM)	that	is	either	similar	to	their	environment	(e.g.	1-10	mM	in	the	xylem)	or	

significantly	 reduced	 (e.g.	 compared	 to	 the	 soil)	 (Tester	 and	 Davenport	 2003).	

According	 to	 the	 electrochemical	 potential,	 the	 influx	 of	 Na+	 is	 then	

thermodynamically	favored.	As	such,	to	maintain	low	cytosolic	Na+	concentrations,	

Na+	has	to	be	actively	transported	back	across	the	plasma	membrane	or	sequestered	

into	intracellular	compartments,	e.g.	the	vacuole	(Blumwald,	Aharon	et	al.	2000).	

	

First,	the	salt	overly	sensitive	1	(SOS1)	transporter	facilitates	Na+/H+	antiport	at	the	

plasma	membrane	(Yamaguchi,	Hamamoto	et	al.	2013).	In	Arabidopsis	thaliana,	the	

SOS2/SOS3	 kinase	 complex	 regulates	 the	 activity	 of	 SOS1	 in	 a	 Ca2+-dependent	

manner,	which	 is	 assumed	 to	be	activated	during	 salt	 stress	 (Quintero,	Ohta	et	 al.	

2002,	Shi,	Quintero	et	al.	2002).	At	intracellular	membranes,	the	Na+/H+	exchanger	

(NHX)	 family	 consists	 of	 two	 subfamilies,	 depending	 on	 their	 intracellular	

localization.	Proteins	of	NHX	class	 I	 localize	to	the	vacuolar	membrane	(tonoplast)	

and	NHX	class	II	proteins	to	the	endosomal	membrane	(Yamaguchi,	Hamamoto	et	al.	

2013).			

Endosomal	 NHX	 class	 II	 proteins	 (e.g.	 AtNHX5&6)	 are	 involved	 in	 pH	

regulation	and	vesicle	trafficking	(Reguera,	Bassil	et	al.	2015)	and	also	have	a	role	in	

salinity	 tolerance	 (Bassil,	 Ohto	 et	 al.	 2011).	 More	 prominently,	 the	 vacuolar	 NHX	

class	 I	 proteins	 (e.g.	 AtNHX1)	 were	 long	 assumed	 to	 be	 the	 main	 actors	 in	

intracellular	 sequestration	 of	 Na+	 by	 Na+/H+	 antiport	 into	 the	 vacuole;	 AtNHX1	
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overexpression	under	a	constitutive	promoter	results	in	a	visible	increase	in	shoot	

growth	at	soil	concentrations	of	200	mM	NaCl	in	Arabidopsis	thaliana	(Apse,	Aharon	

et	al.	1999)	and	transgenic	tomato	(Zhang	and	Blumwald	2001,	Leidi,	Barragan	et	al.	

2010)	 compared	 to	wild	 type.	 However,	 AtNHX1	 transports	 both	 Na+	 and	 K+	 and	

shows	 a	 higher	 K+/H+	 activity	 or	 K+	 transport	 rate	 than	 Na+	 transport	 rate,	 with	

vMax(Na+)/vMax(K+)	 of	 0.61	 in	 isolated	 vacuoles	 (Yamaguchi,	 Aharon	 et	 al.	 2005).	

Binding	 of	 the	 calmodulin	 AtCaM15	 further	 decreases	 the	 Na+/H+	 activity	 for	 a	

transport	 ratio	 of	 0.33	 (Yamaguchi,	 Aharon	 et	 al.	 2005),	 although	 the	 regulatory	

implications	(increase	or	decrease	upon	salt-stress	relative	to	unstressed	condition)	

are	under	debate	(Yamaguchi,	Aharon	et	al.	2005,	Jiang,	Leidi	et	al.	2010,	Yamaguchi,	

Hamamoto	et	al.	2013).	And	despite	apparent	tolerance	to	high	salinity,	transgenic	

tomato	 lines	 suffer	 symptoms	 of	 K+	 starvation	 (e.g.	HAK5	 expression)	at	 external	

concentrations	of	just	0.1	mM	K+	(Leidi,	Barragan	et	al.	2010).	Under	low	K+	growth	

conditions,	 Leidi	 et	 al.	 (2010)	 observed	 decreased	 cytosolic	 [K+]	 but	 increased	

vacuolar	[K+],	with	no	significant	increase	in	vacuolar	[Na+]	(Jiang,	Leidi	et	al.	2010,	

Leidi,	 Barragan	 et	 al.	 2010).	 Likewise,	 nhx1	 nhx2	double	 knockout	 in	 Arabidopsis	

thaliana	 results	 in	 acidification	 of	 the	 vacuole	 and	 a	 decrease	 in	 vacuolar	 [K+]	

(Bassil,	 Tajima	 et	 al.	 2011).	 Therefore,	 instead	 of	 vacuolar	 Na+	 sequestration,	 the	

main	 role	 of	 vacuolar	 NHX	 seems	 to	 involve	 pH	 regulation	 and	 K+	 homeostasis	

(Jiang,	Leidi	et	al.	2010).	These	Na+-transporters	are	summarized	in	Figure	1.1.	
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FIGURE	 1.1.	 Cellular	 Na+-transporters	 in	 Arabidopsis	 thaliana.	 Figure	 from	 (Yamaguchi,	
Hamamoto	et	al.	2013).	
	

Experimental	 evidence	 for	 vacuolar	 sequestration	 of	Na+	 is	 not	 trivial,	 as	 suitable	

techniques	to	measure	cytosolic	Na+	directly	are	rare.	Nevertheless,	an	 increase	 in	

total	cellular	[Na+]	without	notable	toxicity	(from	high	cytosolic	[Na+])	 is	observed	

in	many	salt	tolerant	plants	upon	salt	stress,	indicating	that	this	process	of	vacuolar	

sequestration	 is	 highly	 likely	 to	 exist	 (Munns	 and	 Tester	 2008).	 An	 increase	 in	

vacuolar	 [Na+]	 upon	 salt	 stress	 was	 also	 suggested	 by	 electron	 microscopy	

combined	with	energy	dispersive	X-ray	microanalysis	in	tomato	(Leidi,	Barragan	et	

al.	 2010)	 and	P.	 euphratica	root	 cells	 (Chen,	 Diekmann	 et	 al.	 2014).	With	 current	

evidence,	 it	 is,	 however,	 unclear	 how	 Na+	 would	 be	 transported	 into	 the	 plant	

vacuole.	Na+/H+	antiport	is	a	likely	solution:	Vacuolar	pyrophosphatase	and	ATPase	

transport	protons	into	the	vacuole,	making	it	acidic	(pH	5.5	–	5.7)	compared	to	the	

cytoplasm	 (pH	 7.0	 –	 7.4),	which	 provides	 a	means	 to	 activate	 [Na+]	 accumulation	
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(Figure	1.2)	(Blumwald,	Aharon	et	al.	2000).	Furthermore,	vacuolar	vesicles	isolated	

from	 various	 species	 show	 constitutive	 and,	 as	 in	Hordeum	vulgare	 (barley),	 salt-

stress	inducible	Na+/H+	antiporter	activity	(Garbarino	and	Dupont	1988,	Blumwald,	

Aharon	et	al.	2000).		

	

	

FIGURE	1.2:	Presumed	mechanism	of	vacuolar	Na+	sequestration.	Vacuolar	pyrophosphatase	and	
ATPase	 acidify	 the	 vacuole,	 thereby	 enabling	 import	 of	 Na+	 by	 Na+/H+	 antiport.	 Figure	 from	
(Blumwald,	Aharon	et	al.	2000).	
	

1.2	Aim	of	the	study	 	

In	 this	 study,	 I	 aim	 to	characterize	new	candidates	 for	 sequestration	of	Na+	 to	 the	

vacuole.	 So	 far,	 the	 model	 plant	 A.	 thaliana	 has	 mostly	 been	 used	 to	 identify	

mechanisms	 of	 cellular	 Na+-transport	 and	 -tolerance.	 However,	 it	 has	 been	

suggested	that	the	use	of	this	salt-sensitive	system	might	be	poorly	suited	to	identify	

such	mechanisms	(Munns	and	Tester	2008).	In	contrast,	the	cereal	barley	is	able	to	

grow	at	much	higher	soil	salinity	(Figure	1.3),	and	efficient	accumulation	of	Na+	into	

the	vacuole	is	likely	(Munns	and	Tester	2008).		
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FIGURE	1.3:	Salinity	tolerance	of	 land	plants.	Unlike	other	cereals	such	as	rice,	barley	can	sustain	
growth	at	high	soil	salinity.	Figure	from	(Munns	and	Tester	2008).	
	
Study	 of	 the	 barley	 tonoplast	 proteome	 has	 previously	 been	 used	 to	 identify	

promising	 candidates	 for	 Cd2+	 transporters	 (Schneider,	 Schellenberg	 et	 al.	 2009).	

Similarly,	SM	Schmöckel	studied	the	proteome	of	purified	tonoplast	membranes	in	

salt-stressed	barley	plants	compared	to	non-stressed	control	conditions	[Schmöckel,	

unpublished].	 Importantly,	 isolated	 tonoplasts	 from	 barley	 roots	 show	 Na+/H+	

antiport	 activity	 that	 is	 increased	 under	 salt	 stress	 conditions	 (Garbarino	 and	

Dupont	1988,	Garbarino	and	Dupont	1989,	Blumwald,	Aharon	et	al.	2000),	making	

the	 barley	 tonoplast	 proteome	 a	 promising	 target.	 Specifically,	 label-free	 mass	

spectrometry	 of	 vacuoles	 isolated	 from	 the	 primary	 leaf	 of	 barley	 cv.	 Morex	 and	

Baraka	 was	 utilized	 [Schmöckel,	 unpublished].	 The	 relative	 peptide	 abundance	

between	stressed	and	non-stressed	conditions	was	determined	and	assigned	to	the	

database	 of	 predicted	 barley	 protein	 sequences	 to	 identify	 increases	 in	 tonoplast	
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protein	 concentrations	 upon	 salt	 stress.	 Combined	 with	 predicted	 function	 and	

transmembrane	topology,	proteins	that	are	potentially	involved	in	the	transport	of	

Na+	into	the	vacuole	were	identified	[Schmöckel,	unpublished].		

	

In	this	study,	 I	aimed	to	characterize	the	 function	of	 these	proteins	 in	more	detail,	

and	 identify	 the	 vacuolar	 Na+/H+	 transporter	 or	 other	 proteins	 important	 for	 the	

sequestration	 of	 vacuolar	 Na+	 in	 plants.	 The	 candidates	 that	 SM	 Schmöckel	

identified	 were	 annotated	 to	 cover	 a	 variety	 of	 transmembrane	 protein	 and/or	

transporter	 families,	 which	 could	 enable	 the	 discovery	 of	 previously	 unexplored	

Na+-transporter	functionality	[SM	Schmöckel,	unpublished].	

	

1.3	Model	System	–	Sodium	transport	in	S.	cerevisiae	

S.	 cerevisiae	 and	 plants	 both	 have	 vacuoles,	 and	 S.	 cerevisiae	 with	 knockouts	 in	

important	 Na+-transporter	 genes	 has	 been	 used	 as	 a	 simple	 eukaryotic	 model	

system	to	study	plant	transporters	(e.g.	(Shi,	Quintero	et	al.	2002)).	Likewise,	I	want	

to	use	such	strains	for	characterization	of	the	candidate	genes.	To	better	understand	

the	knockout	strains,	 the	 function	of	 these	yeast	transporters	 is	explained	 in	short	

below.	

	

At	the	plasma	membrane,	the	Na+/H+	antiporter	Nha1p	transports	Na+	out	of	the	cell	

in	a	fashion	similar	to	AtSOS1.	Utilizing	a	proton	gradient,	it	is	especially	important	

at	 low	 extracellular	 pH	 (Bañuelos,	 Sychrová	 et	 al.	 1998).	 At	 high	 external	 pH,	 the	

main	 Na+-efflux	 is	 instead	 achieved	 by	 the	 Ena1-4	 Na+	 P-Type	 ATPases	 (Haro,	
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Garciadeblas	 et	 al.	 1991,	 Blumwald,	 Aharon	 et	 al.	 2000).	 Like	 plants,	 S.	 cerevisiae	

also	has	an	NHX	antiporter	at	intracellular	membranes.	ScNhx1p	has	been	shown	to	

localize	 to	 endosomal	 and	 prevacuolar	 compartments	 as	 well	 as	 the	 trans-Golgi	

network	(Kojima,	Toshima	et	al.	2012).	Here,	it	is	involved	in	vesicle	trafficking	and	

pH	regulation	and	possibly	plays	a	role	to	deliver	Na+	to	the	vacuole	(Brett,	Tukaye	

et	al.	2005,	Cagnac,	Aranda-Sicilia	et	al.	2010).	Unlike	plants,	S.	cerevisiae	does	not	

seem	 to	have	a	vacuolar	variant	of	NHX.	 In	S.	cerevisiae,	 vacuolar	 sequestration	of	

Na+	is	instead	achieved	by	the	vacuolar	Na+/H+	exchanger	Vnx1p.	Interestingly,	this	

is	 a	 member	 of	 the	 Ca2+/H+	 exchanger	 (CAX)	 family	 with	 a	 mutation	 in	 the	 key	

residue	of	Ca2+/H+	exchange,	resulting	in	loss	of	the	Ca2+-pumping	activity	(Cagnac,	

Leterrier	et	al.	2007).	
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2	–	EXPERIMENTAL	METHODS	

2.1	cDNA	generation	

To	amplify	 the	coding	sequence	of	 the	proposed	candidate	genes,	 I	 first	generated	

cDNA,	 which	 I	 later	 used	 for	 PCR	 amplification.	 Frozen	 leaf	 samples	 of	Hordeum	

vulgare	cv.	Morex	stressed	for	seven	days	with	225	mM	NaCl	or	300	mM	NaCl	grown	

to	a	total	age	of	20	days	were	provided	by	Dr.	Sandra	Schmöckel.	mRNA	was	isolated	

from	 these	 samples	 using	 the	 Direct-zolTM	 RNA	 MiniPrep	 Kit	 (Zymo	 Research)	

following	standard	protocol	and	the	quality	of	isolation	was	verified	by	agarose	gel	

electrophoresis.	To	obtain	coding	sequences	for	the	identified	candidate	genes,	the	

isolated	 mRNA	 was	 used	 as	 template	 for	 reverse	 transcription	 using	 the	

SuperScript®	 III	First-Strand	Synthesis	SuperMix	Kit	 (Invitrogen)	with	6.25	µM	of	

Oligo-(T20)	primer.	The	quality	of	cDNA	amplification	was	verified	by	amplification	

of	 α-tubulin	 by	 PCR	 using	 Platinum®	 Taq	 DNA	 Polymerase	 (Thermo	 Fisher	

Scientific)	and	subsequent	agarose	gel	electrophoresis	(primers	see	Supplementary	

Table	 2).	 For	 comparison,	 the	 PCR	 was	 also	 conducted	 with	 a	 sample	 of	 gDNA	

isolated	 from	 barley	 cv.	 Golden	 Promise,	 prepared	 from	 Fangfang	Wu.	DNA	 band	

sizes	 were	 estimated	 by	 semi-log	 plot	 compared	 to	 1	 kb	 plus	 DNA	 ladder	 and	

rounded	to	the	nearest	50	bp.	

2.2	Gene	amplification	

Predicted	 cDNA	 sequences	were	 obtained	with	 the	 BARLEX	 Barley	 Draft	 Genome	

Explorer	 from	 the	 high	 confidence	 “HC_genes_CDS_Seq_2012”	 or	 low	 confidence	

“LC_genes_CDS_Seq_2012”	databases	(IBSC,	Mayer	et	al.	2012,	Colmsee,	Beier	et	al.	

2015).	Primers	for	amplification	of	candidate	genes	were	designed	to	a	target	TM	of	
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56-60°C	using	the	PREMIER	Biosoft	NetPrimer	tool	under	default	conditions	and	are	

listed	 in	 Supplementary	 Table	 2.	 Gene	 amplification	 from	 cDNA	 was	 attempted	

using	 the	 FailSafe™	 PCR	 System	 (Epicentre),	 Platinum®	 Taq	 DNA	 Polymerase	

(ThemoFisher	 Scientific),	 Phusion®	High-Fidelity	 DNA	 Polymerase	 (NEB)	 or	 KOD	

DNA	Polymerase	(Merck	Millipore)	kits	at	different	conditions.	Depending	on	purity	

of	the	desired	PCR	product,	as	determined	by	agarose	gel	electrophoresis,	amplified	

DNA	was	used	as	 is	or	purified	using	the	QIAEX	II	Gel	Extraction	Kit	(Qiagen).	For	

DNA	not	amplified	with	Platinum®	Taq,	DNA	samples	were	subsequently	incubated	

with	 Platinum®	Taq	 in	 standard	 reaction	 buffer	 supplemented	with	 0.05-0.1	mM	

dATP	 for	15	min	at	72°C	 to	add	3’	 adenine	overhangs.	For	 further	 information	on	

individual	amplification	conditions,	see	Supplementary	Table	1.	

2.3	Cloning	

Amplified	DNA	with	3’	adenine	overhangs	was	incorporated	into	the	pCR8	gateway	

entry	 vector	 using	 the	 topoisomerase-based	 pCRTM8/GW/TOPO®	 TA	 Cloning	 Kit	

(Thermo	 Fisher	 Scientific).	 After	 TOPO	 cloning,	 1-5	 µL	 of	 reaction	 product	 was	

transformed	 into	 OneShot	 TOP10	 chemically	 competent	 E.	 coli	 (Thermo	 Fisher	

Scientific)	 via	 heat-shock	 and	 plated	 onto	 LB	 agar	 containing	 50	µg/mL	

spectinomycin	according	to	the	manufacturer’s	instructions.	After	overnight	growth	

at	 37°,	 individual	 colonies	 were	 inoculated	 into	 liquid	 LB	 medium	 containing	 50	

µg/mL	spectinomycin	and	grown	overnight	at	37°C	with	shaking.	Plasmid	DNA	was	

isolated	 from	 1-2	mL	 overnight	 liquid	 culture	 according	 to	 (Birnboim	 and	 Doly	

1979)	 or	 using	 the	 QIAprep®	 Spin	 Miniprep	 kit	 (Qiagen).	 Entry	 clones	 were	

analyzed	by	restriction	digest	followed	by	agarose	gel	electrophoresis	and	sent	for	
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Sanger	 sequencing	 by	 the	 KAUST	 Bioscience	 Core	 Facility	 (KAUST,	 Thuwal,	 KSA)	

before	 LR	 cloning.	 Genes	 were	 transferred	 to	 the	 gateway	 destination	 vectors	

pAG426GAL-ccdB-eCFP	or	pAG426GAL-ccdB-eGFP	using	the	Gateway	LR	Clonase	II	

Enzyme	Mix	 (Thermo	 Fisher	 Scientific).	 pAG426GAL-ccdB-eCFP	 and	 pAG426GAL-

ccdB-eGFP	 were	 a	 gift	 from	 Susan	 Lindquist	 (Addgene	 plasmid	 #14179	 and	

#14203).	 1	 µL	 reaction	 mix	 was	 transformed	 into	 TOP10,	 transformants	 were	

selected	 with	 50	 µg/mL	 ampicillin	 and	 constructs	 were	 identified	 by	 restriction	

mapping	 as	 above.	 To	 remove	 ccdB	 for	 the	 empty	 vector	 control,	 pCR8	 that	

recircularized	during	entry	cloning	was	used	for	LR	cloning.	

2.4	Sequence	analysis	

Cloned	gene	sequences	were	analyzed	by	Sanger	sequencing	and	compared	 to	 the	

respective	gene	target	as	obtained	via	BARLEX	from	the	“HC_genes_CDS_Seq_2012”	

and	 “LC_genes_CDS_Seq_2012”	 databases	 (Colmsee,	 Beier	 et	 al.	 2015).	 During	 the	

course	 of	 this	work	 a	 revised	 reference	 coding	 sequence	 database	was	 published,	

available	 as	 “Barley_CDS_HC_May_2016”	 and	 “Barley_CDS_LC_May_2016”,	 from	

which	 I	 identified	 the	 respective	 genes	by	BLASTN	 (Altschul,	Madden	et	 al.	 1997)	

and	 compared	 them	 to	 the	 previously	 published	 version	 and	 results	 from	 Sanger	

sequencing	 of	 pCR8	 entry	 clones.	 Deposited	 sequences	 and	 data	 from	 Sanger	

sequencing	were	aligned	using	SnapGene	2.8.3	(GSL	Biotech).	
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2.5	Strains	and	media	

The	salt	sensitive	S.	cerevisiae	strains	B31,	AXT3	and	AXT3K	were	used	in	this	study	

to	 identify	 the	 effect	 of	 the	 candidate	 genes	 on	 salt	 sensitivity.	 Furthermore,	 the	

OC05	 strain	 was	 obtained,	 designated	 for	 studies	 of	 Na+-transport	 on	 isolated	

vacuoles	for	promising	candidates.	The	genotypes	of	the	S.	cerevisiae	strains	used	in	

this	study	are	as	follows:	

B31	 -	W303.1B	background;	MATα	ura3-1,	 leu2-3/112,	 trp1-1	his3-11,15,	 ade2-1,	
can1-100,	ena1-4Δ::HIS3,	nha1Δ::LEU2	(Bañuelos,	Sychrová	et	al.	1998)	
	

AXT3	 -	 W303.1A	 background;	 MATa,	 ura3-1,	 leu2-3,	 trp1-1,	 his3-11,15,	 ade2-1,	
can1-100,	ena1-4Δ::HIS3,	nha1Δ::LEU2,	nhx1Δ::TRP1	(Quintero,	Blatt	et	al.	2000)	
	

AXT3K	 -	 W303.1A	 background;	 MATa,	 ura3-1,	 leu2-3,	 trp1-1,	 his3-11,15,	 ade2-1,	
can1-100,	ena1-4Δ::HIS3,	nha1Δ::LEU2,	nhx1Δ::KanMX1	(Quintero,	Ohta	et	al.	2002)	
	

OC05	 -	 W303	 background;	 MATa	 ura3-1,	 leu2-3,	 trp1-1,	 his3-11,15,	 can1-100,	
nhx1Δ::HIS3,	 vnx1Δ::KanMX6,	 vcx1Δ::HphNT1	 (Cagnac,	 Aranda-Sicilia	 et	 al.	 2010)	
	
The	following	media	were	used	and	prepared	as	described	in	Table	2.1.	

TABLE	2.1	List	of	media	used	in	this	study.	

Lysogenic	broth	(LB)	 -	20	g/L	LB	broth	base,	Lennox	(Invitrogen)	
LB	Agar	 -	35	g/L	LB	broth	with	agar,	Lennox	(Sigma-Aldrich)	
Yeast	Extract-Peptone-
Dextrose	(YPD)	Agar	

-	50	g/L	YPD	Broth	(Sigma-Aldrich)	
-	20	g/L	agar	

Synthetic	Defined	(SD)	
medium	-	uracil	

-	0.77	g/L	Complete	Supplement	Mix		
Drop-Out	-	uracil	(FORMEDIUM)	
-	5	g/L	ammonium	sulfate	
-	1.7	g/L	DifcoTM	Yeast	Nitrogen	Base	(BD)	
-	pH	adjusted	to	5.6	with	potassium	hydroxide	
Supplemented	with	uracil,	NaCl,	glucose	(w/v),	
raffinose	(w/v	as	pentahydrate),	galactose	(w/v)	as	
described	

SD	0.5x	-	uracil	 As	SD	-	uracil,	instead	with	0.35	g/L	Complete	
Supplement	Mix	Drop-Out	-	uracil	(FORMEDIUM)	

Synthetic	Defined	(SD)	
medium		
-	tryptophan/leucine/uracil	

As	SD	-	uracil,	instead	with	0.62	g/L	Complete	
Supplement	Mix	Drop-Out	-
tryptophan/leucine/uracil	(FORMEDIUM)	

As	Agar	 See	SD,	+	20	g/L	agar	
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2.6	Yeast	transformation	

S.	 cerevisiae	 strains	were	 transformed	with	 appropriate	 destination	 vectors	 using	

the	 lithium	 acetate	 transformation	 procedure	 described	 by	 Ohgaki	 et	 Al.	 (2005)	

(Ohgaki,	 Nakamura	 et	 al.	 2005).	 Successful	 transformants	 were	 selected	 on		

SD	-	uracil	+	2%	glucose	agar	plates	by	complementation	of	uracil	auxotrophy	with	

the	transformed	plasmid.		

2.7	Antibiotic	resistance	

To	 confirm	 the	 integrity	 of	 the	 AXT3	 strain	 and	 transformants	 with	 derivates	 of	

pAG426GAL-ccdB-eGFP,	10	µL	of	liquid	culture	were	plated	onto	YPD	supplemented	

with	either	200	µg/mL	geneticin	or	20	µg/mL	hygromycin	B	and	grown	overnight	at	

30°C.	

2.8	Spot	assay		

For	spot	assays	with	B31,	single	colonies	were	inoculated	into	3	mL	SD	0.5x	-	uracil	

+	2%	glucose	liquid	medium	in	single	aerated	culture	tubes	and	grown	at	30°C,	200	

rpm	for	1-2	d.	For	each	 liquid	culture,	optical	density	at	600	nm	(OD600)	of	a	1:10	

dilution	was	measured	with	a	spectrophotometer	(Eppendorf	BioPhotometer	plus)	

and	manually	calibrated	to	an	OD600	of	0.6	in	a	96	well	plate.	10	µL	of	this	dilution	

and	four	1:10	serial	dilutions	were	spotted	with	a	multichannel	pipette	onto	SD	0.5x	

-	 uracil	 +	 2%	 glucose	 +	 2%	 agar	 and	 SD	 0.5x	 -	 uracil	 +	 2%	 galactose	 +	 2%	 agar	

supplemented	with	 NaCl	 as	 indicated	 and	 grown	 for	 1-5	d	 at	 30°C,	 depending	 on	

growth	behavior,	and	then	stored	at	4°C	until	photographed.	
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After	a	series	of	optimizations,	this	protocol	was	changed	as	follows:	For	final	spot	

assays	with	AXT3,	 fresh,	single	colonies	were	inoculated	into	1	mL	of	SD	-	uracil	+	

2%	glucose	liquid	medium	and	grown	in	a	sealed	24-well	plate	for	48	h	at	30°C	and	

200	rpm	to	saturation.	100	µL	of	 this	 liquid	culture	were	then	 inoculated	 into	900	

µL	of	SD	-	uracil	+	2%	glucose	in	a	sealed	24-well	plate.	To	avoid	contamination	by	

aerosols,	 sedimentation	 was	 not	 resuspended	 during	 this	 transfer.	 After	 cultures	

were	 grown	 at	 30°C,	 200	rpm	 for	 another	 24h,	 the	 OD600	 of	 representative	 liquid	

cultures	 after	 resuspension	 was	 determined	 at	 a	 1:10	 dilution.	 All	 cultures	 were	

resuspended	and	diluted	to	an	OD600	of	approximately	0.6	using	the	same	dilution	

factor	in	a	96	well	plate	(e.g.	dilution	of	1:9).	Finally,	10	µL	of	this	dilution	and	four	

1:10	 serial	 dilutions	 thereof	 were	 spotted	 with	 a	 multichannel	 pipette	 onto		

SD	-	uracil	+	2%	glucose	+	2%	agar	and	SD	-	uracil	+	2%	galactose	+	1%	raffinose	+	

2%	agar	supplemented	with	NaCl	as	indicated,	grown	for	1-5	d	at	30°C,	depending	

on	growth	behavior,	and	then	stored	at	4°C.	

2.9	Liquid	growth	assay	

Similarly	 to	 plate	 assays,	 this	 protocol	 underwent	multiple	 optimizations.	 For	 the	

last	experiment	with	AXT3K,	fresh,	single	colonies	were	inoculated	into	1	mL	of	SD	-	

uracil	+	2%	glucose	 liquid	medium	and	grown	in	a	sealed	12-well	plate	 for	48h	at	

30°C	and	200	rpm	to	saturation.	100	µL	of	this	liquid	culture	were	then	inoculated	

into	 900	 µL	 of	 SD	 -	 uracil	 +	 2%	 raffinose	 in	 a	 sealed	 12-well	 plate,	 without	

resuspension,	 and	 grown	 for	 another	 24	h	 at	 30°C	 and	 200	rpm.	 Raffinose	 was	

chosen	 to	 prevent	 repression	 of	 induction	 in	 the	 liquid	 medium	 due	 to	 residual	

glucose.	 After	 resuspension,	 5	 µL	 of	 this	 liquid	 culture	was	 added	 to	 each	 of	 two	
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duplicates	 of	 four	 conditions	 of	 95	 µL	 of	 liquid	 medium	 master	 mix	 for	 a	 final	

dilution	of	1x	in	a	96	well	plate.	Conditions	were	as	follows:	SD	-	uracil	+	2%	glucose	

or	 SD	 -	 uracil	 +	 1%	 galactose	 +	 1%	 raffinose,	 each	 either	 with	 no	 extra	 NaCl	 or	

supplemented	with	200	mM	NaCl.	During	optimization	I	experienced	that	baseline	

absorbance	in	the	top	and	bottom	row	of	the	8x12	plate	differed	from	other	lanes;	

therefore,	 the	 “control”	 condition	 SD	 -	 uracil	 +	 2%	 glucose	 +	 200	 mM	 NaCl	 was	

positioned	in	these	lanes.	Plates	were	sealed	with	tape	and	incubated	in	a	Varioskan	

Flash	plate	reader	at	600	rpm,	30°C,	and	the	OD600	of	each	well	was	measured	every	

30	minutes.	

2.10	Confocal	microscopy	

For	confocal	microscopy,	colonies	of	AXT3	 transformed	with	vectors	derived	 from	

pAG426GAL-ccdB-eGFP	 were	 inoculated	 into	 SD	 -	 uracil	 +2%	 raffinose	 liquid	

medium	and	grown	at	28°C,	200	rpm	for	~24h	 in	a	sealed	24-well	plate.	10	µL	of	

this	 liquid	 culture	were	 then	 inoculated	 into	990	µL	of	SD	 -	uracil	+	2%	galactose	

+1%	Rafinose	and	incubated	at	28°C,	200	rpm	overnight.	eGFP	fluorescence	of	the	

yeast	population	or	protein	localization	in	individual	cells	was	observed	by	inverted	

confocal	 microscopy	 using	 a	 Zeiss	 LSM	 710	 Inverted	 Confocal	 Microscope	 and	 a	

Zeiss	 LSM	 710	 Upright	 Confocal	 Microscope	 respectively,	 with	 488	 nm	 laser	

excitation	and	a	493-598	nm	filter.	Notably,	confocal	microscopy	of	B31	and	AXT3K	

transformants	of	vectors	derived	from	pAG426GAL-ccdB-eCFP	was	also	attempted.	
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2.11	Secretory	pathway	prediction	

I	 used	 the	 following	 free	 online	 bioinformatics	 tools	 for	 prediction	 of	 secretory	

signal	 peptides	 as	 an	 indicator	 for	 translocation	 into	 the	 endoplasmic	 reticulum:	

PrediSi	(Hiller,	Grote	et	al.	2004),	Signal-BLAST	(Frank	and	Sippl	2008),	TargetP	1.1	

(Emanuelsson,	Nielsen	et	al.	2000),	Signal-3L	2.0	(Chou	2001,	Shen	and	Chou	2006,	

Chou	 and	 Shen	 2007,	 Shen	 and	 Chou	 2007,	 Zhang	 and	 Shen	 submitted)	 and	

MultiLoc2	(Blum,	Briesemeister	et	al.	2009).	To	simplify	the	comparison,	prediction	

of	N-terminal	 transmembrane	helices	by	 Signal-3L	2.0	were	 counted	 as	 a	 positive	

prediction.	 Likewise,	 for	 MultiLoc2,	 a	 predicted	 localization	 in	 endoplasmatic	

reticulum,	 Golgi	 apparatus,	 plasma	 membrane,	 secretion	 and	 vacuole	 were	 all	

counted	as	a	positive	prediction.	The	following	settings	were	used:	

TABLE	2.2.	Parameters	used	for	signal	peptide	prediction	
	

PrediSi	 Eukaryotic,	70	residue	truncation	
Signal-BLAST	 Eukaryotic,	highest	sensitivity	(SP1)	
TargetP	1.1	 Non-plant,	winner-takes-all	
Signal-3L	2.0	 Eukaryotic	
MultiLoc2	 Fungal,	HighRes	

	

2.12	Additional	tools	

Raw	data	from	liquid	growth	assays	was	processed	with	R	(R-Core-Team	2016)	and	

visualized	 using	 the	 R	 package	 lattice	 (Sarkar	 2008).	 For	 image	 processing	 of	

agarose	gel	electrophoresis	and	confocal	microscopy,	the	Fiji	distribution	of	ImageJ	

was	used	 (Schindelin,	Arganda-Carreras	 et	 al.	 2012).	DNA	sequence	alignments	 in	

the	supplementary	figures	were	generated	using	Snapgene	2.8.3	(GSL	Biotech).	
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3	–	RESULTS	

3.1	cDNA	preparation	

I	isolated	RNA	of	salt	stressed	Hordeum	vulgare	cv.	Morex	leaves	and	subsequently	

generated	 cDNA	 from	 this	 sample	 to	 obtain	 relevant	 coding	 sequences	 for	

amplification	of	the	genes	of	interest.	During	agarose	gel	electrophoresis	of	isolated	

RNA	(Fig.	3.1A)	I	observed	four	clear	bands	at	estimated	sizes	of	1100-1200	bp,	750	

bp,	650	bp	and	550	bp,	respectively,	and	I	further	observed	a	diffuse	band	at	around	

150	bp.	This	agrees	with	our	previous	observations	for	rRNA	isolated	from	Hordeum	

vulgare,	 with	 the	 diffuse	 band	 corresponding	 to	 small	 RNAs.	 Importantly,	 the	

isolated	RNA	 showed	 clear	 bands	with	 little	 smearing,	 indicating	 low	degradation	

and	 high	 RNA	 quality,	 and	 no	 contaminating	 gDNA	 was	 observed	 during	 gel	

electrophoresis.		
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FIGURE	3.1.	Validation	of	RNA	and	cDNA	quality	and	purity.	A:	Agarose	gel	electrophoresis	of	RNA	
isolated	from	salt-stressed	Hordeum	vulgare	cv.	Morex	leaf	samples	treated	with	225	mM	NaCl	(1)	or	
300	 mM	 NaCl	 (2)	 compared	 to	 1	 kb	 plus	 DNA	 ladder	 (L)	 shows	 clear	 bands	 for	 rRNA	 with	 no	
contaminating	gDNA.	B:	Agarose	gel	electrophoresis	of	α-tubulin	amplified	 from	the	corresponding	
cDNA	 (1,	 2)	 or	 gDNA	 for	 comparison	 (3).	 The	 sequence	 generated	 from	 cDNA,	 corresponding	 to	
mature	 mRNA,	 is	 well	 amplified	 and	 smaller	 than	 the	 PCR	 product	 from	 genomic	 DNA.	 No	
amplification	from	contaminating	gDNA	is	observed	in	the	cDNA	sample.	
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To	 further	 ensure	 the	 quality	 and	 purity	 of	 the	 cDNA	 generated	 from	 this	 RNA	

isolation,	I	then	conducted	a	PCR	targeting	the	α-tubulin	gene.	For	amplification	of	

cDNA	 generated	 from	 mature	 mRNA,	 a	 single,	 clear	 DNA	 band	 was	 observed	 at	

~250	 bp,	 distinct	 form	 the	 PCR	 product	 generated	 from	 gDNA	 at	 ~350	 bp	 (Fig.	

3.1B).	 The	 expected	 size	 of	 the	 targeted	 region	 is	 248	 bp	 for	 mature	 mRNA,	

according	to	the	respective	entry	HORVU1Hr1G081280.1	in	the	Barley	CDS	HC	May	

2016	 database,	 and	 371	 bp	 for	 the	 genomic	 region,	 according	 to	

HORVU1Hr1G081280	 in	 the	 Barley	 Genomic	 HC	 Genes	 May	 2016	 database.	 This	

agrees	well	with	my	observation.	As	the	amplification	of	α-tubulin	from	cDNA	was	

successful	and	no	amplification	 from	contaminating	genomic	DNA	was	observed,	 I	

deemed	the	cDNA	suited	as	template	for	further	gene	amplification.			

3.2	Cloning	and	sequence	comparison	

I	 attempted	 PCR	 amplification	 from	 cDNA	 for	 25	 candidate	 genes	 under	 various	

conditions.	Of	these,	I	successfully	amplified	sequences	for	18	candidates	that	I	then	

integrated	into	pCR8	via	TOPO	cloning.	I	further	amplified	and	cloned	a	sequence	for	

MLOC_4602.3	 (HvNHX1).	One	 additional	 candidate	 sequence	with	 the	 correct	 size	

was	amplified	but	not	integrated	into	the	entry	vector	in	the	dedicated	timeframe.	A	

summary	of	the	procedure	is	found	in	Supplementary	Table	1.		

I	 compared	 the	Sanger	 sequencing	 results	of	 entry	 clones	 to	 the	 sequences	

deposited	in	the	BARLEX	high	and	low	confidence	CDS	Seq	2012	databases.	During	

the	 time	of	 this	 study	 an	updated	database	was	published	 (CDS	May	2016),	 and	 I	

further	compared	the	sequences	in	the	two	databases	to	each	other.	The	results	are	
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summarized	 in	Table	3.1,	 and	 I	 refer	 to	 the	sequences	 I	amplified	with	 the	aliases	

listed.	Sequences	fully	agreed	with	both	databases	in	eight	out	of	19	cases.	In	three	

cases	 in	 which	 I	 previously	 observed	 discrepancies	 to	 the	 old	 database,	 G02	

(compared	to	AK375394),	G04	(compared	to	MLOC_65293.1)	and	G11	(compared	to	

AK365354),	 I	 found	 that	 these	differences	matched	with	 the	updated	version.	 For	

G05,	G18,	G24	and	GX1,	results	agreed	with	only	the	old	database	but	not	the	new,	

with	minor	 to	major	 changes	 in	 the	 sequence	 itself.	 For	 G24,	 the	 new	 annotation	

(HORVU2Hr1G090610.14)	 matches	 with	 the	 old	 annotation	 (MLOC_64051.1),	 but	

starts	at	a	downstream	ATG	(see	Supplementary	Figure	5D),	indicating	a	difference	

based	 on	 the	 annotation	 of	 the	 start	 codon.	 However,	 the	 amplified	 sequence	

suggests	that	the	older	sequence	does	represent	a	real	mRNA	transcript.	Finally,	in	

four	cases	(G9,	G14,	G20,	G21),	my	observation	does	not	agree	with	either	database.	

Aside	 from	 G20,	 structural	 differences	 are	 illustrated	 by	 sequence	 alignment	 in	

Supplementary	Figures	5A-5C	and	the	sequence	I	observed	is	provided	in	full	in	the	

supplementary	materials.	For	G14,	I	observed	several	other	variants	aside	from	the	

one	 described	 in	 Table	 3.1,	with	 different	 insertions	 and	 deletions	 relative	 to	 the	

reference	 sequences,	 see	 Supplementary	 Figures	 5B.	 For	 G21,	 the	 new	 database	

annotates	two	separate	genes	to	the	respective	entry	in	the	low	confidence	CDS	Seq	

2012	 database,	MLOC_17288.1,	 although	 I	 observe	 an	 overlapping	 transcript	 (see	

Supplementary	Figure	5C).	Conversely,	the	entry	in	CDS	Seq	2012	(MLOC_17288.1)	

fits	my	observation,	aside	from	a	single	nucleotide	deletion,	which	generates	a	stop	

codon	(TAA).	The	candidate	sequences	I	amplified,	as	described	in	Table	3.1,	were	

then	transferred	to	yeast	expression	destination	vectors	for	further	study.	
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TABLE	3.1.	Sequence	 comparison	between	 the	 amplified	 and	deposited	 sequences.	Candidate	
gene	coding	sequences	identified	from	the	Barley	HC	genes	CDS	Seq	2012	Database	(LC	if	annotated)	
by	proteomics	were	compared	to	the	Barley	HC	genes	CDS	May	2016	database	(LC	if	annotated)	as	
determined	 by	 BARLEX	 nucleotide	 blast	 and	 to	 the	 sequences	 identified	 by	 Sanger	 sequencing	 of	
entry	clones	in	this	study,	excluding	the	stop	codon	and	bases	before	the	first	ATG	in	the	sequence.	
	
Alias	 Target	in	

CDS	Seq	2012	
BLASTN	result	in	
CDS	May	2016	

Sequence	changes	in	
CDS	May	2016	 Cloned	sequence	

G01	 MLOC_59418.1	 HORVU7Hr1G108820.3	
(LC)	 -	 Identical	

G02	 AK375394	 HORVU7Hr1G070330.3	 C595G	 Identical	to	HORVU7Hr1G070330.3	
G03	 MLOC_55325.1	 HORVU3Hr1G028540.1	 -	 Identical	

G04	 MLOC_65293.1	 HORVU7Hr1G008310.1	 A357G,	T537C,	C561A,	G579C,	T624C,	G633A,	T652C	(All	silent)	 Identical	to	HORVU7Hr1G008310.1	

G05	 MLOC_4480.1	 HORVU2Hr1G062850.3	 3':	23	bp	instead	of	143	bp	 Identical	to	MLOC_4480.1	
G06	 AK248152.1	 HORVU4Hr1G007090.1	 -	 Identical	
G07	 AK250130.1	 HORVU1Hr1G004230.1	 C482T,	G1101A,	C1889T,	C2232G	 [Not	cloned]	
G08	 MLOC_6323.5	 HORVU1Hr1G051310.1	 -	 Identical	

G09	 AK359017	 HORVU3Hr1G005830.6	 5':	45	bp	deletion;		
T240C,	G621A	(Both	silent)	

5'	identical	to	Ak359017;	
T240C/G621A	as	in	

HORVU3Hr1G005830.6	

G10	 MLOC_21952.1	
(LC)	

HORVU3Hr1G112250.1	
3'region	of	this	sequence	aligns	with	
small	sequence	variations;	overlaps	

HORVU2Hr1G009680.1	 [Not	cloned]	

HORVU2Hr1G009680.1	
5'	region	of	this	sequence	aligns	with	
small	sequence	variations;	overlaps	

HORVU3Hr1G112250.1	

G11	 AK365354	 HORVU6Hr1G001480.1	 (CGA)6-repeat	instead	of	(CGA)7		
near	5';	21	nt	changes	 Identical	to	HORVU6Hr1G001480.1	

G12	 MLOC_51108.1	 HORVU6Hr1G062860.1	 -	 [Not	cloned]	
G13	 MLOC_40001.1	 HORVU6Hr1G034900.1	 -	 Identical	

G14	 AK375319	
(LC)	 HORVU1Hr1G036060.45	

Sequence	variations:	5’	132	bp	
exchanged	with	501	bp,	internal	51	bp	
exchanged	with	85	bp,	frameshift	

Various	insertions/deletions	
observed;	depicted	variant:	5’	as	
AK375319,	central	region	as	
HORVU1Hr1G036060.45	

G15	 MLOC_38517.1	 HORVU2Hr1G036590.4	 A113G,	G114A,	A116C,	C722T	 [Not	cloned]	
G16	 MLOC_15436.1	 HORVU4Hr1G071020.1	 -	 Identical	

G17	 MLOC_4009.1	
(LC)	 HORVU4Hr1G067450.7	 -	 Identical	

G18	 MLOC_76410.1	 HORVU5Hr1G055850.2	 G252T,	G258T	(Both	silent)	 Identical	to	MLOC_76410.1	

G19	 AK377030	 HORVU4Hr1G088560.2	
(LC)	

Truncated	at	5',	does	not	align	at	3',	
various	nucleotide	changes	 [Not	cloned]	

G20	 MLOC_75136.1	 HORVU2Hr1G070300.1	 -	 C334A	(Silent)	

G21	 MLOC_17288.1	
(LC)	

HORVU2Hr1G013900.17	 3’	region	of	this	sequence	aligns	 Equivalent	to	mloc_17288.1	
without	G472,	resulting	in	

frameshift	and	premature	STOP	
codon	

HORVU2Hr1G013850.3	
Gene	aligns	with	center	to	3’	of	

MLOC_17288.1.	No	G472,	frameshift,	
continues	at	3’	

G22	 AK369426	 HORVU5Hr1G022060.1	 -	 Identical	

G23	 AK358394	
HORVU5Hr1G110220.3	 ATG	282	bp	upsteam;	G1017A;	

T1291G	 [Not	cloned]	
HORVU5Hr1G110180.1	 As	HORVU5Hr1G110220.3,	

longer	5’	region	before	1st	ATG	

G24	 MLOC_64051.1	
(LC)	 HORVU2Hr1G090610.14	 Starting	at	ATG	298	bp	downstream	 Identical	to	MLOC_64051.1	

[Covers	HORVU2Hr1G090610.14]	
G25	 MLOC_58799.1	 HORVU4Hr1G071360.5	 -	 [Not	cloned]	

GX1	 MLOC_4602.3	
(HvNHX1)	 HORVU2Hr1G021020.4	 84	bp	extra	at	position	746	 Identical	to	MLOC_4602.3	
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3.3	Salt-stress	spot	assay	

To	determine	which	genes	might	be	involved	in	Na+-transport,	I	tested	if	expression	

of	 the	amplified	sequences	 in	salt-sensitive	strains	of	S.	cerevisiae	could	rescue	the	

sensitivity	of	the	strain.	After	a	series	of	optimizations,	I	used	constructs	containing	

candidate	genes	in	the	galactose-inducible	yeast	expression	vector	pAG426GAL	for	

C-terminal	 fusion	of	 eGFP	 in	 the	 salt-sensitive	 strain	AXT3,	which	 lacks	 important	

Na+-transporters,	 and	 tested	 the	 growth	 on	 salt-rich	 medium.	 A	 representative	

replicate	of	this	experiment	is	shown	in	Figure	3.2.	

	

During	 growth	 on	 glucose	 for	 gene	 repression,	 no	 notable	 differences	 in	 growth	

behavior	were	observed	between	 transformants.	Upon	 induction	with	galactose,	 a	

slight	 reduction	 in	 growth	 was	 observed	 for	 AXT3	 transformed	 with	 G2-eGFP	

(HORVU7Hr1G070330.3,	see	Table	3.1)	or	G16-eGFP,	which	became	more	apparent	

with	further	investigation	 (see	 liquid	 growth	 assay	 below).	 In	 this	 condition,	 no	

change	in	growth	was	observed	for	other	transformants	compared	to	empty	vector	

controls.	With	100	mM	NaCl,	growth	of	AXT3	expressing	G2-eGFP	or	G16-eGFP	was	

clearly	 reduced	 compared	 to	 vector,	 and	 growth	 was	 reduced	 for	 G1-eGFP	 and		

G8-eGFP.	As	higher	salt	stress	was	applied,	a	clearer	pattern	was	observed.	With	an	

increase	of	salt	stress	to	150	mM	or	175	mM	NaCl,	diminished	growth	for	G14-eGFP	

and	G24-eGFP	was	observed.	Minor	differences	compared	to	vector	were	observed	

in	 various	 other	 instances.	 Notably,	 G03-eGFP	 and	 G21-eGFP	 appeared	 to	 have	 a	

small	improvement	in	growth	compared	to	vector	under	these	conditions.	
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Legend	
	

EV	 G01	G02	G03	G04	G05	G06	G08	G09	G11	G13	 EV	

10-1	

10-2	

10-3	

10-4	

EV	 G14	G16	G17	G18	G20	G21	G22	G24	 I	 H2O	 EV	

10-1	

10-2	

10-3	

10-4	 	

Glucose	
No	extra	
NaCl	

Galactose	
Raffinose	
No	extra	
NaCl	

	 	

Galactose	
Raffinose	
+100	mM	
NaCl	
	

Galactose	
Raffinose	
+150	mM	
NaCl	

	 	

Galactose	
Raffinose	
+175	mM	
NaCl	

	
FIGURE	3.2.	Effect	 of	 candidate	 gene	 expression	 on	 ability	 of	 yeast	 to	 grow	on	 saline	media.	
Spot	 assay	 of	 salt-sensitive	 AXT3	 transformed	 with	 different	 constructs	 for	 candidate	 gene	
expression	on	SD	 supplemented	with	 increasing	 concentrations	of	NaCl,	 at	 pH~5.6.	 Constructs	 are	
derived	 from	 pAG426GAL-ccdB-eGFP,	 gene	 expression	 is	 induced	 by	 galactose	 and	 repressed	 by	
glucose.	 Plates	 were	 grown	 at	 30°C	 for	 1-5	 d.	 Top	 Left:	 Legend,	 representing	 the	 alias	 of	 the	
transformed	 gene	 in	 each	 row	 (see	 Table	 3.1)	 at	 a	 dilution	 of	 OD600~0.6	 and	 the	 serial	 dilutions	
thereof.	 EV:	 Empty	 vector	 (eGFP-only);	 I:	 non-functional	 control	 (G14	 variant	 with	 inverted	
sequence,	see	supplementary).	Lanes	for	G14	and	I	are	digitally	swapped.	
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I	had	previously	made	mostly	consistent	observations	for	transformation	of	AXT3K	

with	 constructs	derived	 from	pAG426GAL-ccdB-eCFP.	However,	 potentially	due	 to	

strain	 contamination,	 repeated	 transformations	 of	 the	 strain	 showed	

inconsistencies	 for	 a	 few	 constructs.	 I	 therefore	 requested	 a	 new	 sample	 of	 the	

equivalent	 AXT3	 strain	 and	 carefully	 verified	 it	 by	 auxotrophic	 markers	 and	

antibiotic	 sensitivity	 (see	 Supplementary	 Figure	 1).	 I	 further	 repeated	 LR	 cloning	

into	pAG426GAL-ccdB-eGFP	to	facilitate	fluorescence	microscopy	(see	Chapter	3.4.)	

and	 used	 these	 for	 the	 transformation	 of	 AXT3	 and	 subsequent	 drop	 assays	

described	above.	I	also	transformed	B31	with	constructs	derived	from	pAG426GAL-

ccdB-eCFP,	 shown	 in	 Supplementary	 Figure	 2,	 and	 observed	 similar	 effects	 to	 the	

ones	described	for	AXT3	at	100	mM	NaCl.	The	two	strains	AXT3	and	AXT3K	showed	

the	highest	Na+	sensitivity	and	were	thus	chosen	for	in	depth	experiments.	

	

I	also	conducted	a	liquid	growth	assay	to	observe	the	behavior	of	the	transformants	

in	more	detail.	After	several	rounds	of	optimization,	a	single	preliminary	experiment	

was	 recorded	 under	 the	 final	 growth	 condition.	 This	 experiment	 was	 conducted	

with	transformants	of	AXT3K	with	constructs	derived	from	pAG426GAL-ccdB-eCFP	

and	 is	 shown	 in	 Supplementary	 Figure	 3.	 Briefly,	 the	 trends	 in	 growth	 behavior	

mostly	 match	 the	 results	 obtained	 in	 the	 plate	 assay	 for	 AXT3	 at	 100	 mM	 NaCl.	

Importantly,	 transformants	 of	 AXT3K	 with	 pAG426-G16-eCFP	 suffered	 a	 strong	

decrease	in	growth	upon	gene	induction	even	without	additional	salt	stress,	which	is	

shared	 to	 a	 lesser	 extent	 by	 transformants	 with	 pAG426-G02-eCFP.	 Upon	 closer	

inspection,	this	agrees	with	the	plate	assay.	
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3.4	Confocal	microscopy	

To	assess	protein	abundance	and	subcellular	 localization,	 I	expressed	the	genes	of	

interest	with	C-terminal	fusion	of	a	fluorescent	protein.	I	originally	intended	to	use	

the	already	available	pAG426	vector	with	enhanced	cyan	fluorescent	protein	(eCFP)	

to	 determine	 the	 subcellular	 localization	 of	 these	 proteins	 by	 fluorescent	

microscopy	 even	 before	 salt-stress	 experiments,	 but	 it	 proved	 difficult	 to	

consistently	 acquire	 good	 signals	 after	 gene	 induction.	 As	 eCFP	 has	 low	 (39%)	

brightness	 and	 reduced	 photostability	 compared	 to	 eGFP	 (Patterson,	 Day	 et	 al.	

2001,	 Day	 and	 Davidson	 2009),	 I	 assumed	 that	 this	 fluorescent	 protein	 was	 not	

optimal	and	chose	to	use	eGFP	instead.	After	I	received	the	functionally	equivalent	

pAG426-ccdB-eGFP	 vector,	 I	 repeated	 LR	 cloning	 into	 the	 new	 destination	 vector	

and	 transformed	 the	new	 constructs	 into	AXT3.	With	 these,	 I	 conducted	 the	plate	

spot	assay	and	confocal	microscopy.	

	

First,	 I	 wanted	 to	 know	 how	 well	 proteins	 were	 expressed	 for	 the	 different	

constructs	 in	AXT3.	After	overnight	 induction	 in	a	24-well	plate,	yeast	populations	

were	 observed	 with	 an	 inverted	 confocal	 microscope.	 I	 observed	 clear,	 strong	

fluorescence	 at	 the	 GFP	 wavelength	 for	 the	 vector	 control,	 together	 with	

transformants	 of	 eight	 other	 constructs	 (G01-,G02-,G06-,G08-,G16-,G17-,G22-,GX1-

eGFP).	 Weak	 fluorescence	 was	 observed	 in	 most	 other	 cases,	 with	 no	 notable	

fluorescence	for	G11-	and	G14-eGFP.	Representative	images	are	compiled	in	Figure	

3.3.	For	some	well-expressed	proteins,	 I	already	made	observations	on	subcellular	

localization	 at	 this	 resolution.	 Specifically,	 fluorescence	 obtained	 from	 AXT3	
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transformed	with	G02-eGFP	seemed	more	“focused”	or	spatially	constrained	within	

the	 cells	 than	 for	 other	 constructs;	 G06-eGFP	 produced	 circular	 fluorescence	

consistent	with	localization	to	the	plasma	membrane;	and	I	observed	spotted	signals	

overlaid	 with	 a	 diffuse	 pattern	 in	 cells	 expressing	 G08-	 or	 GX1-eGFP	 (see	

Supplementary	Figure	4).	

	

To	identify	the	subcellular	localization	of	the	viable	gene	products	and	collect	more	

information	on	 the	 transformants	 that	 showed	only	weak	 fluorescence,	 I	 repeated	

gene	 induction	 and	 imaged	 cells	 at	 a	 higher	magnification	 in	 an	 upright	 confocal	

microscope.	 I	 observed	 for	 some	 candidates	 variations	 in	 apparent	 subcellular	

localization	between	individual	cells	and	depending	on	the	induction	condition,	e.g.	

changes	 in	 vacuolar	 accumulation	 after	 prolonged	 growth.	 These	 might	 imply	

processes	 such	 as	 protein	 degradation;	 it	 is	 interesting	 to	 note	 that,	 when	

expression	was	induced	for	a	further	24	hours,	apparent	localization	to	intracellular	

compartments	 changed	 for	 some	 proteins.	 The	 following	 describes	 observations	

after	 overnight	 induction,	 not	 for	 longer	 incubations;	 representative	 images	 are	

shown	 in	 Figure	 3.4.	 I	 observed	 fluorescence	 consistent	 with	 a	 cytoplasmic	

localization	 for	 AXT3	 transformed	 with	 eGFP-only	 vector	 and	 six	 candidate	 gene	

constructs	 (G09-,	 G17-,	 G18-,	 G20-,	 G21-,	 G22-eGFP),	with	 varying	 levels	 of	 signal	

intensity	 (compare	 to	 Figure	 3.3).	 For	 G06	 and	 G16,	 eGFP	 matched	 the	 plasma	

membrane,	 and	 for	 G16	 I	 additionally	 observed	 fluorescence	 consistent	 with	 the	

vacuole.	 There	was	 potentially	 a	minor	 localization	 of	 G06-eGFP	 to	 the	 tonoplast,	

although	this	was	not	clearly	confirmed;	a	marker	will	be	useful	 to	distinguish	the	
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compartment,	 especially	 for	weak	 localization.	 I	 commonly	 observed	 fluorescence	

presumably	 corresponding	 to	 the	 endoplasmic	 reticulum	 (ER)	 (G03-,	 G04-,	 G05-,	

G13-,	G24-,	GX1-eGFP),	 partially	 in	 combination	with	 fluorescence	 consistent	with	

vacuolar	 localization	 (G04-,	G05-,	G13-eGFP).	Punctate	 fluorescence	 inside	 the	 cell	

and/or	at	the	plasma	membrane	was	observed	for	G01-,	G02-,	G08-,	GX1-eGFP	and	

other	 samples,	 possibly	 representing	 endosomes	 or	 prevacuolar	 compartments	

(PVCs),	although	other	compartments	(e.g.	Golgi)	are	possible.	

	

Observations	 for	 G02-,	 G06-,	 G08-	 and	 GX1-eGFP	 coincided	 with	 the	

abovementioned	 observations	 for	 fluorescence	 localization	 (see	 Supplementary	

Figure	 4).	 For	 G11-	 and	G14-eGFP,	 no	 subcellular	 localization	was	 determined.	 In	

total,	non-cytoplasmic	 localization	was	observed	 in	11	of	17	cases,	excluding	G11-	

and	G14-eGFP.	Importantly,	definite	localization	to	the	tonoplast	was	observed	in	no	

instance.		
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EV	(eGFP	only)	

	
G01	

	
G02	

	
G03	

	
G04	

	
G05	

	
G06	

	
G08	

G09	
	

G11	 G13	
	

G14	

	
G16	

	
G17	 G18	

	
G20	

	
G21	

	
G22	

	
G24	

	
GX1	

	
EV	-	Glucose	

FIGURE	 3.3.	 Differences	 in	 apparent	 concentration	 of	 candidate	
proteins.	 Inverted	 fluorescence	 confocal	 microscopy	 of	 AXT3	
transformed	 with	 different	 constructs	 for	 candidate	 gene	 expression	
with	 C-terminal	 fusion	 of	 eGFP	 shows	 that	 expression	 differs	 greatly	
between	 gene	 constructs.	 Glucose	 represses	 expression	 of	 eGFP	 in	 the	
vector	 control.	 Fluorescence	 signal	 of	 eGFP	 (green)	 overlayed	 with	
transmitted	 light	(T-PMT).	Fluorescence	 in	all	 images	 is	set	 to	 the	same	
contrast	for	eased	comparison	of	eGFP	intensity.	Scale	bar	represents	50	
µm.	Compare	to	Supplementary	Figures	4,	5.	
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EV	(eGFP	only)	

	
LC	

	
EV	(eGFP-only)	 HC	

	
G01	

	
LC	

	
G02	

	
LC	

G03	 HC	 G04	
	

HC	

	
G05	

	
HC	 G06	 LC	

	
G08	

	
LC	

	
G09	 HC	

	
G11	

	
HC	

FIGURE	 3.4.	 Localization	 of	 candidate	
proteins	 fused	 to	 eGFP.	 Cell-scale	
fluorescence	 confocal	 microscopy	 of	 AXT3	
transformed	 with	 different	 constructs	 for	
candidate	 gene	 expression	 with	 C-terminal	
fusion	 of	 eGFP.	 Fluorescence	 signal	 of	 eGFP	
(green)	 is	 shown	 next	 to	 the	 transmitted	 light	
image.	 The	 scale	 bar	 represents	 5	 µm.		
[continued	on	next	page]	
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G13	

	
HC	 G14	 HC	

	
G16	 LC	

	
G17	 LC	

G18	 HC	 G20	 HC	

G21	 HC	
	

G22	 LC	

	
G24	

	
HC	 GX1	 LC	

	
EV	-	Glucose	 HC	

	
FIGURE	 3.4,	 CONTINUED.	 Fluorescence	
contrast	 is	 enhanced	 to	 one	 of	 two	 different	
settings	 to	 identify	 localization.	 Low	 contrast	
(LC):	 EV-,	 G01-,	 G02-,	 G06-,	 G08-,	 G16-,	 G17-,	
G18-,	G22-,	GX1-eGFP;	High	contrast	(HC):	G03-,	
G04-,	 G05-,	 G09-,	 G11-,	 G13-,	 G14-,	 G18-,	 G20,	
G21,	G24-eGFP.	
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3.5.	Secretory	pathway	prediction	

Finally,	 I	 used	 a	 series	 of	 bioinformatics	 tools	 to	 predict	 signal	 sequences	 for	 the	

secretory	 pathway,	 based	 on	 the	 predicted	 translation	 of	 the	 gene	 sequences	 as	

described	in	Table	3.1.	The	programs	used	differed	in	their	prediction,	with	TargetP	

and	Signal-BLAST	being	somewhat	more	conservative,	each	predicting	seven	of	the	

19	sequences	to	belong	to	the	secretory	pathway	compared	to	10-11	for	the	other	

tools.	 Taking	 into	 account	multiple	 results,	 the	majority	 (>2)	 of	 tools	 predicted	 a	

signal	 sequence	 for	 eight	 sequences,	 and	 at	 least	 two	 tools	 agreed	 in	 ten	 cases.	

Conversely,	no	signal	peptide	was	detected	by	more	than	one	tool	in	nine	of	the	19	

submitted	sequences.		

	

Simplified	 results	 from	 each	 tool	 for	 signal	 peptide/secretory	 pathway	 prediction	

are	 shown	 in	 Table	 3.2.	 Furthermore,	 signal	 strength	 and	 eGFP-based	 protein	

localization	 as	 determined	 by	 confocal	 microscopy	 as	 well	 as	 effects	 on	 salt-

tolerance	in	AXT3	are	summarized	in	this	table.	
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TABLE	 3.2.	 Summary	 of	 gene	 characterisation.	 Column	 2-7:	 Secretory	 pathway	 prediction	 by	
PrediSi	 [P],	 TargetP	 1.1	 [T],	 Signal-BLAST	 [B],	 Signal-3L	 2.0	 [3L],	MultiLoc2.0	 [M]	 for	 translations	
corresponding	 to	 each	 cloned	 sequence	 (see	 Table	 2.2).	 Predictions	 are	 as	 follows:		
For	 [P],[T],[B],[3L]:	 Y–Secretory	 signal	 peptide,	 N–No	 Secretory	 signal	 peptide;	 For	 [T]:	 M–
Mitochondria;	 For	 [3L]:	 H–N-terminal	 transmembrane	 helix;	 For	 [M]:	 S–Secretory,	 G–Golgi,	 PM–
Plasma	 Membrane,	 M–Mitochondria,	 P–Peroxisome,	 C–Cytosolar.	 Predictions	 indicating	
translocation	 into	 the	ER	are	colored	 in	green,	otherwise	 in	red.	Σ	represents	 the	sum	of	secretory	
pathway	predictions;	>3:	Green,	2:	Orange,	<2:	Red.	Colums	8/9:	Signal	strength	(8)	and	presumed	
main	 localizations	 (9)	 from	 confocal	 microscopy	 of	 AXT3	 with	 eGFP	 after	 overnight	 induction.	
Column	 9:	 ER–Endoplasmic	 reticulum,	 PM–Plasma	 Membrane,	 EMs–Other	 small	 endomembrane	
compartments	 such	 as	 endosomes	 or	 prevacuolar	 compartments.	 For	 blank	 fields,	 no	 localisation	
was	determined.	Observations	indicating	translocation	into	the	ER	are	colored	in	green.	Column	10:	
Salt-stress	 response	 in	AXT3	and	concentration	of	NaCl	at	which	 the	phenotype	was	observed,	 see	
Figure	 3.2.	 Parentheses	 represent	 an	 uncertain/weak	 phenotype.	 For	minor/no	 differences,	 fields	
were	left	blank.	
	

Alias	 P	 T	 B	 3L	 M	 Σ	 Signal	 Presumed	
eGFP	localization	 NaCl-response	

G01	 Y	 Y	 Y	 H	 S	 5	 Good	 Vacuole,	EMs	 Sensitive	 100	mM	
G02	 Y	 Y	 Y	 Y	 G	 5	 Good	 EMs	 Sensitive	 SD	only	
G03	 Y	 Y	 Y	 Y	 PM	 5	 Poor	 ER	 (Tolerant	 175	mM)	
G04	 Y	 Y	 N	 H	 G	 4	 Poor	 Vacuole,	ER	 	 	
G05	 Y	 N	 N	 N	 PM	 2	 Poor	 Vacuole,	ER,	EMs	 	 	
G06	 Y	 Y	 Y	 H	 PM	 5	 Good	 PM,	EMs	 (Sensitive	 175	mM)	
G08	 N	 N	 Y	 N	 P	 1	 Good	 EMs	 Sensitive	 100	mM	
G09	 N	 N	 N	 N	 C	 0	 Poor	 Cytoplasm	 	 	
G11	 N	 N	 N	 N	 P	 0	 Basal	 	 	 	
G13	 N	 N	 N	 N	 PM	 1	 Poor	 Vacuole,	ER	 	 	
G14	 N	 M	 N	 Y	 M	 1	 Basal	 	 Sensitive	 150	mM	
G16	 Y	 N	 N	 N	 P	 1	 Good	 PM,	Vacuole,	EMs	 Sensitive	 SD	only	
G17	 N	 N	 Y	 N	 G	 2	 Good	 Cytoplasm	 	 	
G18	 N	 N	 N	 H	 P	 1	 Poor	 Cytoplasm	 	 	
G20	 Y	 N	 N	 H	 PM	 3	 Poor	 Cytoplasm	 	 	
G21	 N	 N	 N	 N	 C	 0	 Poor	 Cytoplasm	 (Tolerant	 175	mM)	
G22	 Y	 Y	 Y	 H	 ER	 5	 Good	 Cytoplasm	 	 	
G24	 N	 N	 N	 N	 C	 0	 Poor	 ER	 Sensitive	 150	mM	
GX1	 Y	 Y	 N	 H	 PM	 4	 Good	 ER,	EMs	 [Not	determined]	
of	19	 10	 7	 7	 10	 11	 8	 8	 12	 2+/7-	
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4	–	DISCUSSION	AND	CONCLUSION	

	

In	the	first	part	of	this	study,	I	attempted	the	amplification	of	coding	sequences	for	

25	candidate	genes	from	Hordeum	vulgare	cv.	Morex.	For	this,	 I	 isolated	RNA	from	

salt-stressed	leaf	samples	and	generated	cDNA	as	template	for	amplification,	which	I	

verified	 by	 gel	 electrophoresis	 and	 PCR	 of	 α-tubulin.	 From	 this	 template,	 I	

successfully	 amplified	 and	 cloned	 sequences	 for	 18	 candidates	 and	 HvNHX1	

(MLOC_4602.3).	 One	 additional	 sequence	 was	 amplified,	 but	 I	 did	 not	 observe	

integration	 into	the	entry	vector	during	TOPO	cloning,	possibly	due	to	the	relative	

large	 size	 of	 the	 fragment	 (expected	 2.3	 kb).	 For	 sequences	 not	 amplified,	 more	

conditions	 and	 different	 primers	 could	 have	 been	 tested.	 However,	 with	 the	 new	

barley	 genome	 database	 now	 available,	 the	 sequence	 targeted	 by	 primers	 as	

designed	for	the	old	database	might	not	always	correspond	to	a	real	mRNA	target,	

especially	 in	 the	 cases	 where	 5’	 or	 3’	 differ	 (e.g.	 G10,	 G19,	 G23,	 see	 Table	3.1).	 I	

compared	 the	 sequences	 I	 obtained	 to	 the	 annotation	 deposited	 in	 BARLEX	 from	

2012	and	2016	and	found	that	some	discrepancies	of	the	amplified	sequences	to	the	

old	database	matched	with	the	new	annotation,	and	vice	versa.	For	G20	I	observed	a	

silent	mutation,	although	this	could	also	have	arisen	spontaneously;	I	did	not	repeat	

amplification	 and	 cloning	 in	 the	 dedicated	 timeframe,	 which	 resolved	 nucleotide	

changes	for	G01,	as	 it	did	not	 impact	the	protein	sequence.	Interestingly,	G09,	G14	

and	G21	could	be	described	as	a	combination	of	 the	deposited	sequences,	and	my	

observations	also	suggest	 that	 some	of	 the	older	annotations	were	more	accurate.	
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Overall,	 these	 observations	 provide	 additional	 insight	 into	 potential	 errors	 in	 the	

databases,	differences	between	them	and	the	candidate	genes	in	general.		

	

For	 the	 second	 part	 of	 this	 study	 I	 investigated	 these	 candidate	 genes	 in		

S.	 cerevisiae,	 with	 C-terminal	 fusion	 of	 eCFP	 in	 the	 salt-sensitive	 strains	 B31	 and	

AXT3K	and	with	C-terminal	 fusion	of	eGFP	 in	AXT3.	First,	 I	 tested	 if	expression	of	

the	 candidate	 genes	 could	 rescue	 or	 alter	 salt-sensitivity	 of	 these	 strains	 when	

grown	 on	 growth	 media	 supplemented	 with	 NaCl.	 In	 AXT3,	 multiple	 constructs	

conferred	a	notable	increase	in	salt	sensitivity	under	the	tested	conditions,	and	two	

constructs	 (G03	 and	 G21)	 potentially	 conferred	 an	 increase	 in	 salt	 tolerance	

compared	 to	 the	 eGFP-only	 vector	 control.	 At	 high	 salt	 concentrations,	 I	 also	

observed	 smaller	 differences	 in	 growth	 for	 several	 other	 genes	 (see	 Figure	 3.2),	

which	 I	 did	 not	 highlight	 individually	 in	 the	 results;	 as	 this	 experiment	 was	 not	

designed	 to	detect	 small	differences	quantitatively,	 I	 choose	 to	only	emphasize	on	

the	 strongest	 growth	 effects.	 Growth	 on	 glucose	 provided	 a	 control	 for	 technical	

difficulties,	such	as	during	dilutions,	which	could	then	be	excluded.	Consistent	with	

gene	 repression,	 I	 observed	 no	 biological	 differences	 in	 growth	 between	

transformants	on	plates	supplemented	with	glucose.	

		

The	 strong	differences	 in	 salt-sensitivity	 conferred	by	 some	of	 the	 candidate	 gene	

constructs	 made	 them	 promising	 for	 further	 investigation,	 but	 I	 first	 wanted	 to	

verify	 gene	 expression	 and	 localization	 of	 the	 proteins	 to	 the	 tonoplast	 before	

conducting	biochemical	assays.	Upon	induction,	I	observed	strong	GFP-fluorescence	
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for	about	half	of	the	candidate	gene	constructs.	I	further	observed	a	diverse	pattern	

of	 eGFP	 localization	 that	 seem	 to	 correspond	 to	 cytosol,	 vacuole,	 endoplasmic	

reticulum,	plasma	membrane	and	punctate	fluorescence	possibly	representative	of	

endosomes	or	PVCs,	but	compartmental	markers	would	be	needed	to	give	definite	

localizations.	I	did	not	observe	clear	localization	to	the	tonoplast	for	any	construct,	

as	 would	 be	 expected	 to	 be	 the	 native	 localization	 for	 these	 genes	 in	 barley	

[Schmöckel,	unpublished].	This	leads	to	two	questions:	First,	why	does	the	apparent	

localization	of	the	proteins	differ	from	the	intended	one?	And	second,	how	does	this	

fit	the	observations	in	the	spot	plate	and	liquid	growth	assay?	

	

To	 answer	 the	 first	 question,	 I	 have	 to	 distinguish	 between	 localization	 along	 the	

secretory	pathway	and	 cytoplasmic	 localization.	As	 localization	 to	 the	 tonoplast	 is	

dependent	 on	 translocation	 into	 the	 endoplasmic	 reticulum,	 I	 first	 suspected	 that	

this	 mechanism	 might	 be	 affected	 in	 the	 cases	 where	 I	 observed	 cytosolic	

fluorescence.	 I	utilized	various	tools	 to	predict	 the	presence	of	a	N-terminal	signal	

sequence	in	the	gene	products	of	the	amplified	sequence.	I	observed	localization	to	a	

subcellular	compartment	in	most	(six	out	of	eight)	cases	where	the	majority	of	tools	

predicted	 this,	 and	 cytoplasmic	 localization	 as	 predicted	 in	 four	 out	 of	 nine	 cases	

(excluding	G11	 and	G14).	 For	prediction	of	 secretory	proteins,	 benchmark	 testing	

predicts	 an	 accuracy	 of	 >80%	 in	 benchmark	 for	 PrediSi,	 Signal-3L,	 Signal-BLAST,	

and	 SignalP	 [used	 by	 TargetP]	 (Choo,	 Tan	 et	 al.	 2009).	 However,	 transmembrane	

proteins	 often	 have	 an	 internal	 signal	 sequence	 rather	 than	 an	 N-terminal	 one	

(Lodish,	 Berk	 et	 al.	 2000),	 which	 not	 all	 of	 these	 tools	 were	 designed	 to	 detect.	
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Nevertheless,	 the	 signal	 peptide	 prediction	 gives	 an	 indication	 as	 to	 why	 I	

sometimes	observed	cytoplasmic	localization.		

With	 this	 in	mind,	 the	N-terminus	 of	 G09,	 G14,	 G21	 and	G24	 differs	 in	 the	

new	annotation,	 originally	 coming	 from	 the	 low	confidence	database.	Notably,	 the	

selection	of	the	amplified	region,	including	which	ATG	to	choose	as	start	codon	and	

where	to	target	the	reverse	primer,	can	be	enough	to	alter	the	N-	or	C-terminus,	as	

for	G21	and	G24.	For	G09	and	G21,	 this	supports	 the	 idea	 that	 the	 lack	of	a	signal	

sequence	was	the	reason	why	no	translocation	to	the	ER	was	observed.	For	G21,	the	

amplified	 sequence	 further	 contained	 the	 same	 nucleotide	 deletion	 as	

HORVU2Hr1G013850.3,	 which	 results	 in	 a	 frameshift	 and	 premature	 stop	 codon	

compared	to	MLOC_17288.1.	Therefore,	MLOC_17288.1	likely	continues	incorrectly	

into	 a	 3’-untranslated	 region,	which	 I	 similarly	 targeted	 in	 the	 gene	 amplification,	

and	might	 lack	 a	 significant	 region	 encoding	 for	 the	N-terminus	of	 the	protein,	 as	

suggested	in	HORVU2Hr1G013900.17.		

Nevertheless,	cytoplasmic	localization	of	eGFP	does	not	mean	that	the	native	

signal	 peptide	 is	 absent	 from	 the	 sequence.	 Despite	 the	 general	 assumption	 that	

signal	 sequences	 are	 easily	 interchangeable	 between	 organisms,	 this	 is	 likely	

inaccurate	 (Hegde	and	Bernstein	2006).	Furthermore,	 the	apparent	 localization	of	

eGFP	 does	 not	 necessarily	 represent	 an	 intact	 fusion	 protein.	 Considering	 that	 all	

candidate	proteins	are	predicted	 to	be	 transmembrane	proteins	 that	were	 further	

identified	from	tonoplast	proteomics	 in	barley	[Schmöckel,	unpublished],	 I	assume	

that	 apparent	 cytoplasmic	 localization	 corresponds	 to	misfolded	proteins	 that	 are	

yet	to	be	degraded,	degradation	intermediates	(e.g.	release	of	eGFP)	or	unpredicted	
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expression	 products;	 some	 proteins	 might	 also	 assume	 a	 stable,	 potentially	 non-

native,	 conformation.	For	G21,	 the	amplified	 sequence	has	 (in	agreement	with	 the	

new	 database)	 an	 earlier	 stop	 codon	 than	 expected,	 before	 eGFP.	 The	 weak	

fluorescence	 that	 I	 still	 observed	might	 for	 example	 be	 the	 result	 of	 translational	

initiation	 at	 an	 internal	 start	 codon	 (which	 would	 also	 explain	 cytoplasmic	

localization).	For	G14,	the	frameshift	would	produce	a	gene	product	with	a	similar	

size	but	altered	sequence.	Accordingly,	no	notable	fluorescence	was	observed.		

For	 the	 majority	 of	 proteins,	 I	 observed	 fluorescence	 corresponding	 to	

various	non-cytosolic	compartments.	Mislocalisation	of	eGFP	fusion	proteins	to	the	

wrong	compartment	is	not	uncommon	and	retention	in	the	ER	has	for	example	been	

reported	 for	 the	 vacuolar	K+/H+	 antiporter	Vcx1p	with	 C-terminal	 fusion	 of	 eGFP,	

whereas	an	N-terminal	 fusion	to	eYFP	correctly	 localizes	 to	 the	 tonoplast	(Cagnac,	

Aranda-Sicilia	 et	 al.	 2010)	 –	 Likewise,	 eGFP	 signal	 coinciding	with	ER	 localization	

was	a	common	observation	after	overnight	induction.	In	all	of	these	cases	only	low	

levels	of	fluorescence	were	observed,	suggesting	degradation	of	the	protein.	In	half	

of	 these	cases,	 I	also	observed	fluorescence	corresponding	to	the	vacuole,	possibly	

due	 to	 involvement	 in	 this	 process.	 Similarly,	 Liu	 et	 al.	 mention	 vacuolar	

(mis)localization	and	presumably	degradation	when	expressing	a	gene	encoding	for	

a	tonoplast	transporter	from	plants	(Liu,	Huang	et	al.	2016).		

	

Overall,	 the	protein	 expression	did	not	work	as	 intended.	Why	 then	did	 I	 observe	

differential	growth	of	AXT3	transformed	with	the	candidate	genes	under	salt-stress	

conditions?	 I	 suspect	 that	 most	 of	 the	 observed	 effects	 are	 biological	 artifacts,	
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especially	 for	 small	 variations.	 For	 example,	 the	 negative	 impact	 of	 salt	 stress	 on	

protein	 synthesis	 is	 well	 established	 (Blumwald,	 Aharon	 et	 al.	 2000).	

Overexpression	 of	 recombinant	 proteins	 introduces	 additional	 folding	 stress	

(Mattanovich,	 Gasser	 et	 al.	 2004),	 and	 this	 likely	 amplifies	 the	 issue	 and	 stunts	

growth	–	to	a	different	degree	for	different	sequences.	Conversely,	G21,	for	which	I	

observed	weak	 improvements	 in	 growth	 at	 high	 salt	 stress,	 stands	out	due	 to	 the	

fact	 that	 a	 premature	 stop	 codon	 prevents	 expression	 of	 eGFP	 –	 which	 might	

alleviate	 effects	 of	 folding	 stress.	 Growth	 also	 seemed	 to	 be	 improved	 for	 G03	

compared	to	eGFP-only	vector	control.	Here,	eGFP	indicates	 localization	to	the	ER;	

although	 not	 the	 tonoplast,	 the	 growth	 effects	might	 correspond	 to	 a	 (potentially	

non-native)	biological	 function	of	 the	protein.	Furthermore,	G03	 is	homologous	 to	

the	 Arabidopsis	 thaliana	 AtNCL	 (At1g53210)	 with	 62%	 sequence	 identity,	 which	

was	recently	suggested	to	be	a	tonoplast	Na+/Ca2+	exchanger	(Wang,	Li	et	al.	2012,	

Li,	Zhang	et	al.	2016).	Combined	with	the	growth	effect,	this	candidate	is	interesting	

for	 further	 study.	 The	 AXT3	 transformants	 for	 which	 I	 observed	 the	 highest	 salt	

sensitivity	 (G01,	G02,	G08,	G16)	all	belonged	 to	 the	group	of	proteins	which	were	

both	 seemingly	 well	 expressed	 and	 for	 which	 I	 observed	 fluorescence	 fitting	

endosomal/PVC	 or	 plasma	membrane	 localization,	 with	 a	 potential	 reduction	 for	

G06	(see	Figure	3.2).	As	the	localization	is	not	as	expected,	I	cannot	draw	a	decisive	

conclusion	 and	 did	 not	 proceed	 with	 biochemical	 assays.	 However,	 the	 native	

function	 of	 the	 transmembrane	 proteins	 could	 underlie	 these	 observations,	 also	

considering	 that	 ScNhx1p	 is	 itself	 endosomal	 (Brett,	 Tukaye	 et	 al.	 2005).	 For	G02	

and	G16	gene-induction	alone	was	enough	 to	observe	a	reduction	 in	growth,	even	
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without	additional	salt-stress,	although	alkali	 ions	in	the	medium	might	be	enough	

to	 diminish	 growth.	 To	 identify	 these	 candidates	 in	 more	 detail,	 further	 study	 is	

necessary.		

	

Finally,	I	would	like	to	make	some	suggestions	on	how	to	proceed.	First,	due	to	time	

constraints,	 the	 presented	 findings	 mostly	 represent	 a	 single	 independent	

transformation	of	AXT3	and	further	replications	would	be	necessary	to	confirm	the	

experiments	and	rule	out	any	experimental	error.	However,	this	does	not	change	the	

overall	 impression	that	the	expression	did	not	appear	to	work	as	 intended.	Before	

further	experiments	are	conducted,	the	following	should	therefore	be	considered.	 	

ΔNhx1	strains	of	S.	Cerevisiae	show	defects	in	vesicular	trafficking.	Secretion	

of	 vacuolar	 proteins	 has	 been	 observed	 (Bowers,	 Levi	 et	 al.	 2000),	 as	 well	 as	

impaired	delivery	of	proteins	from	the	cell	surface	to	the	vacuole	(Brett,	Tukaye	et	

al.	 2005)	 and,	 importantly,	 tonoplast	 proteins	 to	 the	 vacuole	 (Bowers,	 Levi	 et	 al.	

2000),	accumulating	in	late	endosomes	or	aberrant	prevacualor	compartments.	This	

suggests	 that	 the	 trafficking	 from	 prevacuolar	 compartments	 to	 the	 vacuole	 is	

affected	(Bowers,	Levi	et	al.	2000,	Brett,	Tukaye	et	al.	2005).	Likewise,	I	commonly	

observed	 GFP-fluorescence	 that	 possibly	 represents	 endosomes/PVCs	 and	

localization	in	another	strain	with	 intact	Nhx1p	should	be	tested.	 I	 further	suggest	

trying	 different	 fusion	 sites	 for	 eGFP,	 most	 importantly	 N-terminal	 fusion.	 From	

previous	reports	this	seems	very	promising,	especially	when	retention	in	the	ER	is	

observed	(Cagnac,	Aranda-Sicilia	et	al.	2010).	The	phenotype	of	G21-eGFP	in	AXT3	

and	 growth	 assay	 for	 B31	 (see	 Supplementary	 Figure	 2)	 also	 hint	 at	 a	 negative	
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impact	 of	 eGFP	 expression	 itself;	 if	 the	 fluorescence	 protein	 is	 retained,	 a	 vector	

control	 without	 eGFP	 should	 then	 also	 be	 considered	 for	 functional	 assays.	

Alternatively,	 the	 fluorescent	 protein	 could	 be	 discarded	 altogether,	 opting	 for	 a	

small	 peptide	 tag	 instead.	 Although	 it	 seems	 unlikely,	 these	 changes	 might	 also	

affect	 the	observation	 for	proteins	 that	seemingly	 localize	 to	 the	cytoplasm.	 In	 the	

cases	 where	 the	 database	was	 updated,	 a	more	 promising	 approach	would	 be	 to	

design	new	primers	and	repeat	cloning	–	Thereby	also	accounting	for	the	frameshift	

in	 G14	 and	 G21,	 and	 other	 changes	 in	 the	 database.	 Localization	 with	 eGFP	 or	

immunostaining	 should	 then	 be	 utilized	 at	 the	 very	 first,	 and	 constructs	 with	

mislocalized	proteins	can	either	be	discarded	or	altered	before	functional	assays.	To	

clearly	differentiate	the	subcellular	compartments	corresponding	markers	or	stains	

should	be	used,	such	as	FM4-64	to	identify	tonoplast	localization	in	cells	with	intact	

Nhx1p	(see	Bowers,	Levi	et	al.	2000).	

If	S.	cerevisiae	is	again	used	as	the	model	system,	I	also	suggest	adjustments	

for	growth	and	functional	assays.	Growth	in	AXT3K	has	been	reported	to	mostly	halt	

at	70	mM	NaCl	on	Argininine-Phosphate	(AP)	medium	(Quintero,	Ohta	et	al.	2002,	

Martinez-Atienza,	 Jiang	 et	 al.	 2007),	 while	 others	 report	 minor	 growth	 even	 at	

200	mM	 on	 YPD	 (Wang,	 Feng	 et	 al.	 2014),	 which	 agrees	 more	 closely	 with	 my	

observation,	 and	 I	 assume	 that	 this	 difference	 is	 due	 to	 the	 differences	 in	 growth	

media.	 Development	 of	 AP	 medium	 with	 defined	 concentrations	 of	 alkali	 ions	

revealed	 that	 low	 concentrations	 of	 Na+	 significantly	 impact	 assessment	 of	 K+-

transport	(Rodriguez-Navarro	and	Ramos	1984)	and,	likewise,	much	of	literature	on	

Na+-transport	is	established	with	this	medium	(e.g.	(Nass,	Cunningham	et	al.	1997,	
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Bañuelos,	Sychrová	et	al.	1998,	Quintero,	Ohta	et	al.	2002,	Shi,	Quintero	et	al.	2002)).	

Therefore,	AP	medium	should	be	used	for	further	experiments.	Secondly,	the	pH	of	

the	 medium	 should	 be	 altered,	 as	 the	 activity	 of	 these	 transporters	 and	 sodium-

sensitivity	 of	 ΔNha1,	 ΔEna1-4	 (Bañuelos,	 Sychrová	 et	 al.	 1998)	 and	 ΔNhx1	 (Nass,	

Cunningham	et	al.	1997)	knockout	strains	are	highly	dependent	on	this	parameter.	

Likewise,	the	transporters	we	aim	to	identify	are	likely	pH-reliant,	especially	for	H+-

based	antiport.	Finally,	Nhx1p	is	not	localized	to	the	vacuole	in	S.	cerevisiae	(Cagnac,	

Aranda-Sicilia	 et	 al.	 2010).	 As	 we	 are	 especially	 interested	 to	 find	 a	 Na+/H+	

antiporter	 to	 complement	 antiport	 in	 tonoplasts,	 using	 a	 ΔVnx1	 strain	 (yeast	

vacuolar	 transporter)	such	as	byt458	(Petrezselyova,	Kinclova-Zimmermannova	et	

al.	 2013)	 is	 promising.	 After	 a	 broad	 screening,	membranes	 obtained	 from	 intact	

vacuoles	isolated	after	gene	induction	can	then	be	used	to	efficiently	assess	Na+/H+	

antiport	by	pH-gradient	dependent	fluorescent	dye	quenching,	as	utilized	by	Cagnac	

et	al.	(Cagnac,	Leterrier	et	al.	2007,	Cagnac,	Aranda-Sicilia	et	al.	2010).			

Finally,	 other	 methods	 could	 be	 considered	 that	 do	 not	 rely	 on		

S.	Cerevisiae.	Besides	expression	in	a	plant	system,	an	intriguing	approach	is	the	cell-

free	expression	of	transmembrane	proteins	directly	into	liposomes,	as	was	recently	

utilized	to	great	effect	by	Nagarajan	et	al.	to	study	the	function	of	a	Na+-dependent	

anion	transporter	from	barley	(Nagarajan,	Rongala	et	al.	2016).		

	

With	 these	 adjustments,	 it	 should	 be	 possible	 to	 efficiently	 determine	 the	 most	

interesting	 of	 the	 candidates	 genes	 and	 potentially	 identify	 the	 long	 sought	 after	

vacuolar	Na+-transporter	from	Hordeum	vulgare.	



	
	

51	

5	–	REFERENCES	

Altschul,	S.	F.,	T.	L.	Madden,	A.	A.	Schaffer,	J.	Zhang,	Z.	Zhang,	W.	Miller	and	D.	J.	
Lipman	(1997).	"Gapped	BLAST	and	PSI-BLAST:	a	new	generation	of	protein	
database	search	programs."	Nucleic	Acids	Res	25(17):	3389-3402.	

Apse,	M.	P.,	G.	S.	Aharon,	W.	A.	Snedden	and	E.	Blumwald	(1999).	"Salt	tolerance	
conferred	by	overexpression	of	a	vacuolar	Na+/H+	antiport	in	Arabidopsis."	
Science	285(5431):	1256-1258.	

Bañuelos,	M.	A.,	H.	Sychrová,	C.	Bleykasten-Grosshans,	J.	L.	Souciet	and	S.	Potier	
(1998).	"The	Nha1	antiporter	of	Saccharomyces	cerevisiae	mediates	sodium	
and	potassium	efflux."	Microbiology	144	(	Pt	10):	2749-2758.	

Bassil,	E.,	M.	A.	Ohto,	T.	Esumi,	H.	Tajima,	Z.	Zhu,	O.	Cagnac,	M.	Belmonte,	Z.	Peleg,	T.	
Yamaguchi	and	E.	Blumwald	(2011).	"The	Arabidopsis	intracellular	Na+/H+	
antiporters	NHX5	and	NHX6	are	endosome	associated	and	necessary	for	
plant	growth	and	development."	Plant	Cell	23(1):	224-239.	

Bassil,	E.,	H.	Tajima,	Y.	C.	Liang,	M.	A.	Ohto,	K.	Ushijima,	R.	Nakano,	T.	Esumi,	A.	Coku,	
M.	Belmonte	and	E.	Blumwald	(2011).	"The	Arabidopsis	Na+/H+	antiporters	
NHX1	and	NHX2	control	vacuolar	pH	and	K+	homeostasis	to	regulate	growth,	
flower	development,	and	reproduction."	Plant	Cell	23(9):	3482-3497.	

Birnboim,	H.	C.	and	J.	Doly	(1979).	"A	rapid	alkaline	extraction	procedure	for	
screening	recombinant	plasmid	DNA."	Nucleic	Acids	Res	7(6):	1513-1523.	

Blum,	T.,	S.	Briesemeister	and	O.	Kohlbacher	(2009).	"MultiLoc2:	integrating	
phylogeny	and	Gene	Ontology	terms	improves	subcellular	protein	
localization	prediction."	BMC	Bioinformatics	10:	274.	

Blumwald,	E.,	G.	S.	Aharon	and	M.	P.	Apse	(2000).	"Sodium	transport	in	plant	cells."	
Biochim	Biophys	Acta	1465(1-2):	140-151.	

Bowers,	K.,	B.	P.	Levi,	F.	I.	Patel	and	T.	H.	Stevens	(2000).	"The	sodium/proton	
exchanger	Nhx1p	is	required	for	endosomal	protein	trafficking	in	the	yeast	
Saccharomyces	cerevisiae."	Mol	Biol	Cell	11(12):	4277-4294.	

Brett,	C.	L.,	D.	N.	Tukaye,	S.	Mukherjee	and	R.	Rao	(2005).	"The	yeast	endosomal	
Na+(K+)/H+	exchanger	Nhx1	regulates	cellular	pH	to	control	vesicle	
trafficking."	Mol	Biol	Cell	16(3):	1396-1405.	

Cagnac,	O.,	M.	N.	Aranda-Sicilia,	M.	Leterrier,	M.	P.	Rodriguez-Rosales	and	K.	Venema	
(2010).	"Vacuolar	cation/H+	antiporters	of	Saccharomyces	cerevisiae."	J	Biol	
Chem	285(44):	33914-33922.	



	
	

52	

Cagnac,	O.,	M.	Leterrier,	M.	Yeager	and	E.	Blumwald	(2007).	"Identification	and	
characterization	of	Vnx1p,	a	novel	type	of	vacuolar	monovalent	cation/H+	
antiporter	of	Saccharomyces	cerevisiae."	J	Biol	Chem	282(33):	24284-24293.	

Chen,	S.	L.,	H.	Diekmann,	D.	Janz	and	A.	Polle	(2014).	"Quantitative	X-ray	Elemental	
Imaging	in	Plant	Materials	at	the	Subcellular	Level	with	a	Transmission	
Electron	Microscope:	Applications	and	Limitations."	Materials	7(4):	3160-
3175.	

Choo,	K.	H.,	T.	W.	Tan	and	S.	Ranganathan	(2009).	"A	comprehensive	assessment	of	
N-terminal	signal	peptides	prediction	methods."	BMC	Bioinformatics	10	
Suppl	15:	S2.	

Chou,	K.	C.	(2001).	"Using	subsite	coupling	to	predict	signal	peptides."	Protein	Eng	
14(2):	75-79.	

Chou,	K.	C.	and	H.	B.	Shen	(2007).	"Signal-CF:	a	subsite-coupled	and	window-fusing	
approach	for	predicting	signal	peptides."	Biochem	Biophys	Res	Commun	
357(3):	633-640.	

Colmsee,	C.,	S.	Beier,	A.	Himmelbach,	T.	Schmutzer,	N.	Stein,	U.	Scholz	and	M.	
Mascher	(2015).	"BARLEX	-	the	Barley	Draft	Genome	Explorer."	Mol	Plant	
8(6):	964-966.	

Davenport,	R.	J.	and	M.	Tester	(2000).	"A	weakly	voltage-dependent,	nonselective	
cation	channel	mediates	toxic	sodium	influx	in	wheat."	Plant	Physiol	122(3):	
823-834.	

Day,	R.	N.	and	M.	W.	Davidson	(2009).	"The	fluorescent	protein	palette:	tools	for	
cellular	imaging."	Chem	Soc	Rev	38(10):	2887-2921.	

Emanuelsson,	O.,	H.	Nielsen,	S.	Brunak	and	G.	von	Heijne	(2000).	"Predicting	
subcellular	localization	of	proteins	based	on	their	N-terminal	amino	acid	
sequence."	J	Mol	Biol	300(4):	1005-1016.	

Frank,	K.	and	M.	J.	Sippl	(2008).	"High-performance	signal	peptide	prediction	based	
on	sequence	alignment	techniques."	Bioinformatics	24(19):	2172-2176.	

Garbarino,	J.	and	F.	M.	Dupont	(1988).	"NaCl	Induces	a	Na+/H+	Antiport	in	Tonoplast	
Vesicles	from	Barley	Roots."	Plant	Physiol	86(1):	231-236.	

Garbarino,	J.	and	F.	M.	Dupont	(1989).	"Rapid	induction	of	Na+/H+	exchange	activity	
in	barley	root	tonoplast."	Plant	Physiol	89(1):	1-4.	

Gaxiola,	R.	A.,	R.	Rao,	A.	Sherman,	P.	Grisafi,	S.	L.	Alper	and	G.	R.	Fink	(1999).	"The	
Arabidopsis	thaliana	proton	transporters,	AtNhx1	and	Avp1,	can	function	in	
cation	detoxification	in	yeast."	Proc	Natl	Acad	Sci	U	S	A	96(4):	1480-1485.	



	
	

53	

Haro,	R.,	B.	Garciadeblas	and	A.	Rodriguez-Navarro	(1991).	"A	novel	P-type	ATPase	
from	yeast	involved	in	sodium	transport."	FEBS	Lett	291(2):	189-191.	

Hegde,	R.	S.	and	H.	D.	Bernstein	(2006).	"The	surprising	complexity	of	signal	
sequences."	Trends	Biochem	Sci	31(10):	563-571.	

Hiller,	K.,	A.	Grote,	M.	Scheer,	R.	Munch	and	D.	Jahn	(2004).	"PrediSi:	prediction	of	
signal	peptides	and	their	cleavage	positions."	Nucleic	Acids	Res	32(Web	
Server	issue):	W375-379.	

IBSC,	T.	I.	B.	G.	S.	C.,	K.	F.	Mayer,	R.	Waugh,	J.	W.	Brown,	A.	Schulman,	P.	Langridge,	M.	
Platzer,	G.	B.	Fincher,	G.	J.	Muehlbauer,	K.	Sato,	T.	J.	Close,	R.	P.	Wise	and	N.	
Stein	(2012).	"A	physical,	genetic	and	functional	sequence	assembly	of	the	
barley	genome."	Nature	491(7426):	711-716.	

Jiang,	X.,	E.	O.	Leidi	and	J.	M.	Pardo	(2010).	"How	do	vacuolar	NHX	exchangers	
function	in	plant	salt	tolerance?"	Plant	Signal	Behav	5(7):	792-795.	

Kojima,	A.,	J.	Y.	Toshima,	C.	Kanno,	C.	Kawata	and	J.	Toshima	(2012).	"Localization	
and	functional	requirement	of	yeast	Na+/H+	exchanger,	Nhx1p,	in	the	
endocytic	and	protein	recycling	pathway."	Biochim	Biophys	Acta	1823(2):	
534-543.	

Leidi,	E.	O.,	V.	Barragan,	L.	Rubio,	A.	El-Hamdaoui,	M.	T.	Ruiz,	B.	Cubero,	J.	A.	
Fernandez,	R.	A.	Bressan,	P.	M.	Hasegawa,	F.	J.	Quintero	and	J.	M.	Pardo	
(2010).	"The	AtNHX1	exchanger	mediates	potassium	compartmentation	in	
vacuoles	of	transgenic	tomato."	Plant	J	61(3):	495-506.	

Li,	P.,	G.	Zhang,	N.	Gonzales,	Y.	Guo,	H.	Hu,	S.	Park	and	J.	Zhao	(2016).	"Ca(2+)	-
regulated	and	diurnal	rhythm-regulated	Na(+)	/Ca(2+)	exchanger	AtNCL	
affects	flowering	time	and	auxin	signalling	in	Arabidopsis."	Plant	Cell	Environ	
39(2):	377-392.	

Liu,	T.	Y.,	T.	K.	Huang,	S.	Y.	Yang,	Y.	T.	Hong,	S.	M.	Huang,	F.	N.	Wang,	S.	F.	Chiang,	S.	Y.	
Tsai,	W.	C.	Lu	and	T.	J.	Chiou	(2016).	"Identification	of	plant	vacuolar	
transporters	mediating	phosphate	storage."	Nat	Commun	7:	11095.	

Lodish,	H.,	A.	Berk,	S.	Zipursky	and	e.	al.	(2000).	"Molecular	Cell	Biology."	4th	
Edition:	Section	17.15,	Insertion	of	Membrane	Proteins	into	the	ER	
Membrane.	

Martinez-Atienza,	J.,	X.	Jiang,	B.	Garciadeblas,	I.	Mendoza,	J.	K.	Zhu,	J.	M.	Pardo	and	F.	
J.	Quintero	(2007).	"Conservation	of	the	salt	overly	sensitive	pathway	in	rice."	
Plant	Physiol	143(2):	1001-1012.	

Mattanovich,	D.,	B.	Gasser,	H.	Hohenblum	and	M.	Sauer	(2004).	"Stress	in	
recombinant	protein	producing	yeasts."	J	Biotechnol	113(1-3):	121-135.	



	
	

54	

Munns,	R.	and	M.	Tester	(2008).	"Mechanisms	of	salinity	tolerance."	Annu	Rev	Plant	
Biol	59:	651-681.	

Nagarajan,	Y.,	J.	Rongala,	S.	Luang,	A.	Singh,	N.	Shadiac,	J.	Hayes,	T.	Sutton,	M.	
Gilliham,	S.	D.	Tyerman,	G.	McPhee,	N.	H.	Voelcker,	H.	D.	Mertens,	N.	M.	Kirby,	
J.	G.	Lee,	Y.	G.	Yingling	and	M.	Hrmova	(2016).	"A	Barley	Efflux	Transporter	
Operates	in	a	Na+-Dependent	Manner,	as	Revealed	by	a	Multidisciplinary	
Platform."	Plant	Cell	28(1):	202-218.	

Nass,	R.,	K.	W.	Cunningham	and	R.	Rao	(1997).	"Intracellular	sequestration	of	
sodium	by	a	novel	Na+/H+	exchanger	in	yeast	is	enhanced	by	mutations	in	the	
plasma	membrane	H+-ATPase.	Insights	into	mechanisms	of	sodium	
tolerance."	J	Biol	Chem	272(42):	26145-26152.	

Ohgaki,	R.,	N.	Nakamura,	K.	Mitsui	and	H.	Kanazawa	(2005).	"Characterization	of	the	
ion	transport	activity	of	the	budding	yeast	Na+/H+	antiporter,	Nha1p,	using	
isolated	secretory	vesicles."	Biochim	Biophys	Acta	1712(2):	185-196.	

Patterson,	G.,	R.	N.	Day	and	D.	Piston	(2001).	"Fluorescent	protein	spectra."	J	Cell	Sci	
114(Pt	5):	837-838.	

Petrezselyova,	S.,	O.	Kinclova-Zimmermannova	and	H.	Sychrova	(2013).	"Vhc1,	a	
novel	transporter	belonging	to	the	family	of	electroneutral	cation-Cl-	
cotransporters,	participates	in	the	regulation	of	cation	content	and	
morphology	of	Saccharomyces	cerevisiae	vacuoles."	Biochim	Biophys	Acta	
1828(2):	623-631.	

Quintero,	F.	J.,	M.	R.	Blatt	and	J.	M.	Pardo	(2000).	"Functional	conservation	between	
yeast	and	plant	endosomal	Na+/H+	antiporters."	FEBS	Lett	471(2-3):	224-
228.	

Quintero,	F.	J.,	M.	Ohta,	H.	Shi,	J.	K.	Zhu	and	J.	M.	Pardo	(2002).	"Reconstitution	in	
yeast	of	the	Arabidopsis	SOS	signaling	pathway	for	Na+	homeostasis."	Proc	
Natl	Acad	Sci	U	S	A	99(13):	9061-9066.	

R-Core-Team	(2016).	"R:	A	language	and	environment	for	statistical	computing."	R	
Foundation	for	Statistical	Computing.	

Reguera,	M.,	E.	Bassil,	H.	Tajima,	M.	Wimmer,	A.	Chanoca,	M.	S.	Otegui,	N.	Paris	and	E.	
Blumwald	(2015).	"pH	Regulation	by	NHX-Type	Antiporters	Is	Required	for	
Receptor-Mediated	Protein	Trafficking	to	the	Vacuole	in	Arabidopsis."	Plant	
Cell	27(4):	1200-1217.	

Rodriguez-Navarro,	A.	and	J.	Ramos	(1984).	"Dual	system	for	potassium	transport	in	
Saccharomyces	cerevisiae."	J	Bacteriol	159(3):	940-945.	



	
	

55	

Roy,	S.	J.,	S.	Negrao	and	M.	Tester	(2014).	"Salt	resistant	crop	plants."	Curr	Opin	
Biotechnol	26:	115-124.	

Sarkar,	D.	(2008).	"Lattice:	Multivariate	Data	Visualization	with	R."	Springer.	

Schindelin,	J.,	I.	Arganda-Carreras,	E.	Frise,	V.	Kaynig,	M.	Longair,	T.	Pietzsch,	S.	
Preibisch,	C.	Rueden,	S.	Saalfeld,	B.	Schmid,	J.	Y.	Tinevez,	D.	J.	White,	V.	
Hartenstein,	K.	Eliceiri,	P.	Tomancak	and	A.	Cardona	(2012).	"Fiji:	an	open-
source	platform	for	biological-image	analysis."	Nat	Methods	9(7):	676-682.	

Schneider,	T.,	M.	Schellenberg,	S.	Meyer,	F.	Keller,	P.	Gehrig,	K.	Riedel,	Y.	Lee,	L.	Eberl	
and	E.	Martinoia	(2009).	"Quantitative	detection	of	changes	in	the	leaf-
mesophyll	tonoplast	proteome	in	dependency	of	a	cadmium	exposure	of	
barley	(Hordeum	vulgare	L.)	plants."	Proteomics	9(10):	2668-2677.	

Shen,	H.	B.	and	K.	C.	Chou	(2006).	"Ensemble	classifier	for	protein	fold	pattern	
recognition."	Bioinformatics	22(14):	1717-1722.	

Shen,	H.	B.	and	K.	C.	Chou	(2007).	"Signal-3L:	A	3-layer	approach	for	predicting	
signal	peptides."	Biochem	Biophys	Res	Commun	363(2):	297-303.	

Shi,	H.,	F.	J.	Quintero,	J.	M.	Pardo	and	J.	K.	Zhu	(2002).	"The	putative	plasma	
membrane	Na+/H+	antiporter	SOS1	controls	long-distance	Na+	transport	in	
plants."	Plant	Cell	14(2):	465-477.	

Tester,	M.	and	R.	Davenport	(2003).	"Na+	tolerance	and	Na+	transport	in	higher	
plants."	Ann	Bot	91(5):	503-527.	

Wang,	L.,	X.	Feng,	H.	Zhao,	L.	Wang,	L.	An	and	Q.	S.	Qiu	(2014).	"Functional	analysis	
of	the	Na+,K+/H+	antiporter	PeNHX3	from	the	tree	halophyte	Populus	
euphratica	in	yeast	by	model-guided	mutagenesis."	PLoS	One	9(8):	e104147.	

Wang,	P.,	Z.	Li,	J.	Wei,	Z.	Zhao,	D.	Sun	and	S.	Cui	(2012).	"A	Na+/Ca2+	exchanger-like	
protein	(AtNCL)	involved	in	salt	stress	in	Arabidopsis."	J	Biol	Chem	287(53):	
44062-44070.	

Yamaguchi,	T.,	G.	S.	Aharon,	J.	B.	Sottosanto	and	E.	Blumwald	(2005).	"Vacuolar	
Na+/H+	antiporter	cation	selectivity	is	regulated	by	calmodulin	from	within	
the	vacuole	in	a	Ca2+-	and	pH-dependent	manner."	Proc	Natl	Acad	Sci	U	S	A	
102(44):	16107-16112.	

Yamaguchi,	T.,	S.	Hamamoto	and	N.	Uozumi	(2013).	"Sodium	transport	system	in	
plant	cells."	Front	Plant	Sci	4:	410.	

Yeo,	A.	(1998).	"Predicting	the	interaction	between	the	effects	of	salinity	and	climate	
change	on	crop	plants."	



	
	

56	

Zhang,	H.	X.	and	E.	Blumwald	(2001).	"Transgenic	salt-tolerant	tomato	plants	
accumulate	salt	in	foliage	but	not	in	fruit."	Nat	Biotechnol	19(8):	765-768.	

Zhang,	Y.	Z.	and	H.	B.	Shen	(submitted).	"Signal-3L	2.0:	A	hierarchical	mixture	model	
for	enhancing	protein	signal	peptide	prediction	by	incorporating	residue-
domain	cross	level	features."	

	
	 	



	
	

57	

6	–	SUPPLEMENTARY	INFORMATION	

6.1.	Amplification	conditions	

SUPPLEMENTARY	 TABLE	 1.	 Summary	 of	 amplification	 conditions	 of	 candidate	 genes.	 See	
Supplementary	Table	2	for	corresponding	primers.	
	
Alias	 Target	in	

CDS	Seq	2012	
Size	
(bp)	

DNA	
Polymerase	 Reaction	Buffer	 TM	

(°C)	
Cycling	conditions	
[TM(°C)	–	t(s)]	

Purification	
method	

G01	 MLOC_59418.1	 933	 Failsafe	 Buffer	F	 55	 	
Gel	

purification	

G02	 AK375394	 1926	 Phusion	 GC	Buffer	+	3%	DMSO	 61	 98-120,	[98-20,	61-10,	72-30]	
x35,	72-300	

Gel	
purification	

G03	 MLOC_55325.1	 1737	 KOD	 Standard	buffer	+	5%	
v/v	DMSO	 61	 95-120,	[95-20,	61-10,	70-40]	

x30,	70-300	
Gel	

purification	

G04	 MLOC_65293.1	 696	 Phusion	 GC	Buffer	+	3%	v/v	
DMSO	 61	 98-120,	[98-20,	61-10,	72-30]	

x35,	72-300	
Gel	

purification	

G05	 MLOC_4480.1	 633	 KOD	 Standard	buffer	+	5%	
v/v	DMSO	 61	 95-120,	[95-20,	61-10,	70-40]	

x30,	70-300	
Gel	

purification	

G06	 AK248152.1	 873	 Platinum	
Taq	 Standard	buffer	 55	 94-30,	[94-15,	55-30,	68-180]	

x30	 None	

G07	 AK250130.1	 2292	 [KOD]	 [Standard	buffer	+	5%	
v/v	DMSO]	 55	 [95-120,	[95-20,	55-10,	70-60]	

x30,	70-300]	 [Not	cloned]	

G08	 MLOC_6323.5	 1962	 Phusion	 GC	Buffer	+	3%	v/v	
DMSO	 61	 98-120,	[98-20,	61-10,	72-30]	

x35,	72-300	 PCR	cleanup	

G09	 AK359017	 1149	 Platinum	
Taq	 Standard	buffer	 55	 94-30,	[94-15,	55-30,	68-180]	

x30	 None	

G10	 MLOC_21952.1	
(LC)	 1434	 	 	 	 	 	

G11	 AK365354	 1704	 KOD	 Standard	buffer	+	5%	
v/v	DMSO	 55	 95-120,	[95-20,	55-10,	70-60]	

x30,	70-300	 None	

G12	 MLOC_51108.1	 1815	 	 	 	 	 	
G13	 MLOC_40001.1	 1377	 Platinum	

Taq	 Standard	buffer	 55	 94-30,	[94-15,	55-30,	68-180]	
x30	 None	

G14	 AK375319	
(LC)	 1260	 KOD	 Standard	buffer	+	5%	

v/v	DMSO	 61	 95-120,	[95-20,	61-10,	70-40]	
x30,	70-300	

Gel	
purification	

G15	 MLOC_38517.1	 1545	 	 	 	 	 	
G16	 MLOC_15436.1	 1560	 KOD	 Standard	buffer	+	5%	

v/v	DMSO	 55	 95-120,	[95-20,	55-10,	70-60]	
x30,	70-300	 None	

G17	 MLOC_4009.1	
(LC)	 909	 KOD	 Standard	buffer	+	5%	

v/v	DMSO	 61	 95-120,	[95-20,	61-10,	70-40]	
x30,	70-300	

Gel	
purification	

G18	 MLOC_76410.1	 1590	 KOD	 Standard	buffer	+	5%	
v/v	DMSO	 55	 95-120,	[95-20,	55-10,	70-60]	

x30,	70-300	 None	

G19	 AK377030	 2262	 	 	 	 	 	
G20	 MLOC_75136.1	 2010	 KOD	 Standard	buffer	+	5%	

v/v	DMSO	 55	 95-120,	[95-20,	55-10,	70-60]	
x30,	70-300	

Gel	
purification	

G21	 MLOC_17288.1	
(LC)	 756	 Platinum	

Taq	 Standard	buffer	 55	 94-30,	[94-15,	55-30,	68-180]	
x30	 None	

G22	 AK369426	 318	 Phusion	 GC	Buffer	+	3%	v/v	
DMSO	 61	 98-120,	[98-20,	61-10,	72-30]	

x35,	72-300	
Gel	

purification	
G23	 AK358394	 1329	 	 	 	 	 	
G24	 MLOC_64051.1	

(LC)	 441	 Phusion	 GC	Buffer	+	3%	w/v	
DMSO	 61	 98-120,	[98-20,	61-10,	72-30]	

x35,	72-300	
Gel	

purification	
G25	 MLOC_58799.1	 1152	 	 	 	 	 	
GX1	 MLOC_4602.3	 1614	 KOD	 Standard	buffer	+	5%	

w/v	DMSO	 57	 95-120,	[95-20,	57-10,	70-60]	
x30,	70-300	 PCR	cleanup	
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SUPPLEMENTARY	TABLE	2.	List	of	primers	used	in	this	study.	Primers	are	shown	as	5’	to	3’.	
	

Alias	 Target	in	CDS	
Seq	2012	 Forward	primer	(5’->3’)	 Reverse	primer	(5’->3’)	

α-
tubulin	 MLOC_7079.1	 AGTGTCCTGTCCACCCACTC	 AGCATGAAGTGGATCCTTGG	

G01	 MLOC_59418.1	 ATGGCGGCCAAGGC	 GACATTTGCCTCACGGGA	
G02	 AK375394	 ATGACGATATCGCTGCCG	 CTCAATCTTCACAGACGAGTAAATC	
G03	 MLOC_55325.1	 ATGGCGATTCGCCGG	 TGACCAACCGAAGACGAAGT	
G04	 MLOC_65293.1	 ATGTCGCCGTCTCTGCTC	 CAACTGCCCTTCTGGTCCT	
G05	 MLOC_4480.1	 ATGGCCAGGGAGGCG	 GACCAATTCGGACCTCTCAG	
G06	 AK248152.1	 ATGGGAACAGTGCTGGACTC	 GCTGACGGGGTCGCG	
G07	 AK250130.1	 ATGGCTACCATCTATGACATTG	 CCTTTCGGGTATGGAGTCC	
G08	 MLOC_6323.5	 ATGAATGCAGTTTGTTGGATC	 GAGCTCGACTTTCTTCACTGTAT	
G09	 AK359017	 ATGGGGCCTGCAAAAGAA	 GTCCGCCTGCTGCTTACTT	

G10	 MLOC_21952.1	
(LC)	 ATGCTCGCGGCCATG	 TGAGCCAGTATGAGCATCGA	

G11	 AK365354	 ATGAAGAGCCTGCTGGGG	 GGTGGAGTAGTTCTGGACAATC	
G12	 MLOC_51108.1	 ATGACGCAAGGGCCGAC	 TGGGGCTTCAGAAGGCAC	
G13	 MLOC_40001.1	 ATGGGGATTGGGGATGG	 GGCCTCCACCTTCCTGTAGA	

G14	 AK375319	
(LC)	 ATGCAGCAGGGAAGCCG	 GTGATTCAAGTGAGGGTGGATC	

G15	 MLOC_38517.1	 ATGGACCGCGCCGC	 GTTGGTGGCGGCCATT	
G16	 MLOC_15436.1	 ATGTCCAAGGATGTGGCC	 CCGAGTAGTCAACTGCGTG	

G17	 MLOC_4009.1	
(LC)	 ATGCTCACCCTGGGCG	 GACGGTGGCGTTCTTGC	

G18	 MLOC_76410.1	 ATGGCCGGGGGTTTC	 AGCATCTGATTCTGATGTGGC	
G19	 AK377030	 ATGGCCGACGCCGC	 ATAAAAAGCTCTCTTTGTCCCA	
G20	 MLOC_75136.1	 ATGGGATCGGAGGCG	 GGCAAGAGATGGCTTGAAG	

G21	 MLOC_17288.1	
(LC)	 ATGAGCATCTCGGCAGACC	 CCTTGACAAGTTGTTGTTTGTCA	

G22	 AK369426	 ATGGGGATCGGCTACGTC	 TATCTTCAACTTCAAGTCTGCGT	
G23	 AK358394	 ATGGGCCGCAAGCG	 CACGGGCACCGTCCTG	

G24	 MLOC_64051.1	
(LC)	 ATGCTCAGTCCGGAGCTTC	 GAAGGCAAACAAATGCAAAT	

G25	 MLOC_58799.1	 ATGGCGCGGCCAGG	 TAGCTGCACGCCGGTCC	

GX1	 MLOC_4602.3	
(HvNHX1)	 ATGGCGTTCGAAGTGGTG	 TGCCACGATTACGTTTGGA	
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6.2.	AXT3	validation	

	

Legend	
AXT3	
EV	

AXT3	
G01	

AXT3	
G02	

AXT3	
G03	

AXT3	
G04	

AXT3	
G05	

AXT3	
G06	

AXT3	
G08	

AXT3	
G09	

AXT3	
G11	

AXT3	
G13	

AXT3	
G14	

AXT3	
G16	

AXT3	
G17	

AXT3	
G18	

AXT3	
G20	

AXT3	
G21	

AXT3	
G22	

AXT3	
G24	

AXT3	
GX1	 	 	

AXT3K	
EV	

OC05	
-	

YPD	+	20	µg/mL	Hygromycin	B	

	
YPD	+	200	µg/mL	Geneticin	

	

	

SUPPLEMENTARY	FIGURE	1.	Strain	 validation	of	AXT3	by	 antibiotic	 sensitivity.	10	µL	of	 liquid	
culture	 spotted	 on	 selective	 plates	 and	 grown	 at	 30°C.	 Top	 left:	 Legend,	 describing	 strain	 and	
transformed	construct,	derived	from	pAG426-ccdB-eGFP;	top	right:	YPD	+	20	µg/mL	hygromycin	B;	
bottom	left:	YPD	+	200	µg/mL	geneticin.	
	
ΔNhx1	strains	are	hypersensitivite	to	the	toxic	cation	hygromycin	B	(Gaxiola,	Rao	et	

al.	 1999).	 Likewise,	 transformants	 of	 AXT3	 and	 AXT3K	 do	 not	 grow	 at	 low	 (20	

µg/mL)	 concentrations	 of	 hygromycin	 B	 on	 YPD,	 whereas	 untransformed	 OC05	

grows	normally	on	YPD	due	to	its	hygromycin	B	resistance	gene	(HphNT1).	AXT3	is	

also	sensitive	 to	geneticin,	whereas	AXT3K	and	OC05	each	carry	a	resistance	gene	

(KanMX1	and	KanMX6,	respectively).	Integrity	of	AXT3	was	further	confirmed	by	its	

auxotrophy	markers;	 the	 strain	 grows	well	 in	 SD	without	 tryptophan	 and	 leucine	

but	requires	uracil	complementation	or	transformation	with	a	plasmid	for	growth	in	

medium	without	uracil.		
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6.3.	Salt-stress	spot	assay	in	B31	

Legend	
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+150	mM	
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SUPPLEMENTARY	FIGURE	2.	Effect	of	candidate	gene	expression	on	salt	tolerance	in	B31.	Spot	
assay	of	 salt-sensitive	B31	 transformed	with	different	 constructs	 for	 candidate	gene	expression	on	
SD	 supplemented	with	 increasing	 concentrations	 of	 NaCl,	 at	 pH~5.6.	 Constructs	 are	 derived	 from	
pAG426GAL-ccdB-eCFP,	 gene	 expression	 is	 induced	 by	 galactose	 and	 repressed	 by	 glucose.	 Plates	
were	grown	at	30°C	 for	1-5	d.	Top	Left:	 Legend,	 representing	 the	alias	of	 the	 transformed	gene	at	
each	row	(see	Table	1)	at	a	dilution	of	OD600~0.6	and	the	serial	dilutions	thereof.	EV:	Empty	vector	
(eCFP-only).	Note	 that	 galactose	 supplemented	plates	 are	 not	 also	 supplemented	with	 raffinose	 to	
improve	growth.	
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6.4.	Liquid	growth	assay	

		 	

	 	
SUPPLEMENTARY	 FIGURE	 3.	 Liquid	 growth	 assay.	 Transformants	 of	 AXT3K	 with	 constructs	 for		
C-terminal	fusion	of	eCFP	were	grown	at	30°C	in	SD	–	uracil	supplemented	with	2%	glucose	or	1%	
galactose	and	1%	raffinose	(Gal/Raf)	as	well	as	200	mM	NaCl	as	indicated.	Legend	represents	gene	
aliases;	 S	 =	 sterile	 control	 (growth	 medium	 without	 yeast).	 Y-Axis:	 Difference	 in	 Absorbance	 at	
600	nm	from	the	5th	 reading	 for	each	well.	X-Axis:	Time	 in	hours;	one	reading	per	30	minutes.	For	
each	transformant	and	condition,	both	in-plate	duplicates	are	shown	(jagged	lines).	
	
A	single	liquid	growth	assay	is	shown,	with	the	following	preliminary	observations;	

please	note	 that	 additional	 replicates	 are	 necessary	 to	 determine	 significance	 and	

rule	 out	 experimental	 error.	 For	 glucose	 without	 salt-stress,	 most	 transformants	

show	 the	 same	 growth	 behavior,	 with	 G17	 as	 a	 notable	 outlier	 in	 multiple	

conditions.	I	previously	observed	inconsistent	growth	of	this	transformant,	possibly	

the	result	of	contamination.	A	strong	reduction	in	growth	is	observed	for	G16	upon	

gene	 induction,	with	a	smaller	effect	 for	G02.	At	high	salt	 concentration	combined	

with	gene	induction,	G01,	G02,	G08	and	G16	showed	reduced	growth	similar	to	plate	

assays.	Growth	was	also	reduced	 for	G04,	but	 this	 is	potentially	artificial	as	 it	also	

showed	reduction	at	high	salt	without	gene	expression.	
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6.5.	Further	detail	of	inverted	confocal	microscopy	

	
EV-Native	Contrast	

		
G2-Native	Contrast	

		
G6-Native	Contrast	

		
G8-Native	Contrast	

		
GX1-Native	Contrast	

		
EV,	Glucose-Native	Contrast	

	

SUPPLEMENTARY	 FIGURE	 4:	 Notable	 subcellular	 localization	 during	 inverted	 fluorescence	
confocal	 microscopy.	 Fluorescence	without	 transmitted	 light	 of	 AXT3	 transformed	with	 different	
constructs	for	candidate	gene	expression	with	C-terminal	fusion	of	eGFP:	G2	(spots),	G6	(rings),	G8,	
GX1	 (Spots/Diffuse)	 and	 GFP-only	 empty	 vector	 (diffuse).	 Compare	 to	 Figure	 3.3.	 Scale	 bar	
represents	50	µm.	
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6.6.	Gene	Sequences	and	Sequence	Alignments	

G09	
	

		

SUPPLEMENTARY	FIGURE	5A.	Sequence	 comparison	 of	 G9.	Alignment	of	HORVU3Hr1G005830.6	
(top)	and	G09	(bottom)	to	AK359017	(Reference).	
	
ATGGGGCCTGCAAAAGAAGAACCTCTAAAATACTTTGCATCATTAGGGTACCAGTGCCCAGATCATGAGAACCCTGCTGAGTTCTTGGCT
GATCTCATTTCCACTGATTATAGCTCAGCTGAAAGTGTACAGTCATCACAGAAAAGGATTGAGAACCTAATTGATGAATTTGCAAATAA
GGTTCTGATTACTGAATTTAACAGCCCAGTAAGACAATCGGAGGGCTCTGAATTTTCTAACAAACTTGCTCAGAAGTCTACTAGAAAGC
AAAGGCGTGGTTGGTGGAGACAATTTCGTTTGCTGTTCAAGAGAGCATGGATGCAGGCTTTTCGTGATGGACCAACAAACAAAGTGAGA
GCAAGAATGTCTGTTGCTTCAGCAATTATATTTGGATCAGTCTTCTGGCGGATGGGGAAAACTCAAACTTCCATACAAGATAGGATGGG
ACTTCTTCAGGTGGCTGCCATAAACACAGCAATGGCTGCTCTGACAAAGACGGTTGGGGTTTTCCCGAAAGAACGAGCTATAGTTGACAG
AGAACGAGCAAAGGGTTCCTATGCACTAGGACCATATCTCTCATCTAAGCTGCTTGCCGAAATTCCGATTGGAGCAGCATTTCCATTGAT
GTTTGGATCAATTCTCTATCCAATGGCTAAACTTCATCCTACAATTTCTAGATTTGCCAAGTTCTGTGGCATCGTGACTGTTGAATCGTT
TGCGGCATCAGCCATGGGTCTTACTGTGGGAGCAATCGCTCCTACAACCGAAGCTGCGATGGCTCTTGGGCCATCACTTATGACGGTGTT
CATTGTCTTTGGAGGATACTATGTGAACCCTGATAACACTCCCGTCATCTTCCGGTGGATCCCAAAAGCATCTCTGATCAGATGGGCCTT
TCAAGGACTTTGTGTCAACGAGTTCAAGGGTCTGCAGTTTGAGCACCAACATTCTTACGATGTTCAAACTGGCGAACAGGCCCTGGAGAG
ATTTTCGCTGGGAGGAATCCGCATTGCCGGCACGCTAGCTGCGCAGGGCAGGATCCTGATGTTCTGGTACTGGCTGACCTACCTCCTCCT
GAAGAAAAACAGACCGAGGTACCAGCAGCTCGTGCCGCCATCCGAGGAAGATCAAAGTAAGCAGCAGGCGGAC	
	
	

G14	
A	

	
B	

	
	
SUPPLEMENTARY	FIGURE	5B.	Sequence	 comparison	of	G14	variants.	A:	Alignment to	AK375319,	
from	top	to	bottom:	HORVU1Hr1G036060.45,	G14	(1st),	G14	2nd	Variant	(“I”,	as	inverted	sequence),	
G14	3rd	Variant,	G14	4th	Variant.	B:	Alignment to HORVU1Hr1G036060.45	in	corresponding	order.	

HORVU3Hr1G005830.6		
G09	
 
AK359017 

AK375319 
G14	
G14	2nd	Variant	
G14	3rd	Variant	
G14	4th	Variant	
	
HORVU1Hr1G036060.45		
 

HORVU1Hr1G036060.45		
G14	
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G14	3rd	Variant	
G14	4th	Variant	
	
AK375319 
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ATGCAGCAGGGAAGCCGCCTCTCCTGGTCGGATTTGCAGAGCCTGGCCCGCCGGAAGCCGGCGGCCTCTGCAGCAGCGGCGGATGGCCGA
CGCCTCGCTAAGGCGCTCTCCGTTCCCCACCTCACGGCCATTGGTGTTGGCTCGACGATTGGCGCCGGCATCTATGTCCTGGTAGGAACGG
TGGCCCATGACCATGCAGGACCAGCCTTGACACTTTCCTTTCTAATTGCTGGCATTGCTGCTGCTCTTTCTGCCTTGTGTTATGCCGAGCT
TTCTTGCCGCTTCCCTTCAGCAGGGAGTGCTTATCACTATTCCTACATTTGCATTGGCGAGAGTGTCGCTTGGCTGATCGGTTGGGCTTT
GATTCTCGAGTACACAATCGGTGGATCATCAGTGGCACGTGGCATCTCACCAAACTTGGCTCTGTTTTTTGGTGGCCAAGACAAGTTGCC
CTTCTTCTTAGCACAAGTACATGTTAAATGGCTTGACACCCCAGTTGATCCTTGTGCTGCCATTCTTGTCCTCATAGTGACCGCATTACT
CTGTCTGGGAATAAAGGAGAGCTCACTTGTGGAAGGCGTCATCACCATTGCAAATGTCGCAATTATGCTGTTTGTCATCTGTGCCGGTGG
ATGGTTAGGATTCCAGAATGGCTGGCCTGGTTATGATGTTCCGAAAGGTTACTTTCCGAATGGTGCAGGTGGAGTTTTTTCTGGATCAGC
AACCCTCTTCTTTGCTTACATTGGCTTTGATGCAGTTGCCAGTACAGCTGAAGAGGTGAAGAATCCTCAACGTGATCTTCCATGGGGAAT
GGGTTTGACTTTGTCAATGTGCTGCTTCCTCTACATGATGGTTTCTGCTGTTATTGTCGGACTGGTGCCATATTATGCAATGGATCCTGA
CACCCCTATTTCATCTGCATTTGATCAATACGGAATGCAATGGGCAGCGTATGTCATTTCCAGTGGGGCTGTTCTTGCTCTCATAGCATC
ACTGATTGGCGCTATTCTCCCTCAGCCAAGAATTGTCATGGCTATGTCAAGAGATGGACTGCTTCCCCCAATATTCTCAGCTGTTAGTCA
ACGGACTCAAGTCCCAACATTGAGCACAATTCTGACTGGGATATGTGCTGCTACCCTTGCTTTTTTCATGGATGTGTCACAATTGGCAGG
GATGGTAAGCGTGGGCACACTATTGGCATTTACAATGGTTGCGATTTCTCTTTTAATAGTAAGATATTCTCCTCCGAATGATATGCCAAT
GGTAGGTGCTGATCCACCCTCACTTGAATCAC	
	

Other	G14	variants	(Changes	relative	to	HORVU1Hr1G036060.45	highlighted)	
	

2nd	variant	(I	–	G14	variant	cloned	as	inverted	sequence)	
	

|501bp	deletion||ATGCAGCAGGGAAGCCGCCTCTCCTGGTCGGATTTGCAGAGCCTGGCCCGCCGGAAGCCGGCGGCCTCTGCAGCAGCG
GCGGATGGCCGACGCCTCGCTAAGGCGCTCTCCGTTCCCCACCTCACGGCCATT|GGTGTTGGCTCGACGATTGGCGCCGGCATCTATGTC
CTGGTAGGAACGGTGGCCCATGACCATGCAGGACCAGCCTTGACACTTTCCTTTCTAATTGCTGGCATTGCTGCTGCTCTTTCTGCCTTGT
GTTATGCCGAGCTTTCTTGCCGCTTCCCTTCAGCAGGGAGTGCTTATCACTATTCCTACATTTGCATTGGCGAGAGTGTCGCTTGGCTGA
TCGGTTGGGCTTTGATTCTCGAGTACACAATCGGTGGATCATCAGTGGCACGTGGCATCTCACCAAACTTGGCTCTGTTTTTTGGTGGCC
AAGACAAGTTGCCCTTCTTCTTAGCACAAGTACATGTTAAATGGCTTGACACCCCAGTTGATCCTTGTGCTGCCATTCTTGTCCTCATAG
TGACCGCATTACTCTGTCTGGGAATAAAGGAGAGCTCACTTGTGGAAGGCGTCATCACCATTGCAAATGTCGCAATTATGCTGTTTGTCA
TCTGTGCCGGTGGATGGTTAGGATTCCAGAATGGCTGGCCTGGTTATGATGTTCCGAAAGGTTACTTTCCGAATGGTGCAGGTGGAGTTT
TTTCTGGATCAGCAACCCTCTTCTTTGCTTACATTGGCTTTGATGCAGTTGCCAGTACAGCTGAAGAG|TACTTCCCAG|GTGAAGAATCC
TCAACGTGATCTTCCATGGGGAATGGGTTTGACTTTGTCAATGTGCTGCTTCCTCTACATGATGGTTTCTGCTGTTATTGTCGGACTGGT
GCCATATTATGCAATGGATCCTGACACCCCTATTTCATCTGCATTTGATCAATACGGAATGCAATGGGCAGCGTATGTCATTTCCAGTGG
GGCTGTTCTTGCTCTCATAGCATCACTGATTGGCGCTATTCTCCCTCAGCCAAGAATTGTCATGGCTATGTCAAGAGATGGACTGCTTCC
CCCAATATTCTCAGCTGTTAGTCAACGGACTCAAGTCCCAACATTGAGCACAATTCTGACTGGGATATGTGCTGCTACCCTTGCTTTTTT
CATGGATGTGTCACAATTGGCAGGGATG|GTAATATGTTACTGGCCATGTAAAATGGTAGCATTGCCAAGTGGAGAGCTACTCCAGGTAA
TAACTGTTTTCTTGATCTGTTTATTCAG|GTAAGCGTGGGCACACTATTGGCATTTACAATGGTTGCGATTTCTCTTTTAATAGTAAGAT
ATTCTCCTCCGAATGATATGCCAATGGTAGGTGCTGATCCACCCTCACTTGAATCAC|500bp	deletion|	
	

3rd	variant	
	

|703bp	deletion||ATGCAGCAGGGAAGCCGCCTCTCCTGGTCGGATTTGCAGAGCCTGGCCCGCCGGAAGCCGGCGGCCTCTGCAGCAGCG
GCGGATGGCCGACGCCTCGCTAAGGCGCTCTCCGTTCCCCACCTCACGGCCATT|GTGTCGCTTGGCTGATCGGTTGGGCTTTGATTCTCG
AGTACACAATCGGTGGATCATCAGTGGCACGTGGCATCTCACCAAACTTGGCTCTGTTTTTTGGTGGCCAAGACAAGTTGCCCTTCTTCT
TAGCACAAGTACATGTTAAATGGCTTGACACCCCAGTTGATCCTTGTGCTGCCATTCTTGTCCTCATAGTGACCGCATTACTCTGTCTGG
GAATAAAGGAGAGCTCACTTGTGGAAGGCGTCATCACCATTGCAAATGTCGCAATTATGCTGTTTGTCATCTGTGCCGGTGGATGGTTA
GGATTCCAGAATGGCTGGCCTGGTTATGATGTTCCGAAAGGTTACTTTCCGAATGGTGCAGGTGGAGTTTTTTCTGGATCAGCAACCCTC
TTCTTTGCTTACATTGGCTTTGATGCAGTTGCCAGTACAGCTGAAGAG|GTTGGCCTTTGTTCTTTCACCATTGAAGAAGTATTTGTGTT
CCTTTGTGGTGTAAATTCTCTCTTGCAGTTTTGGTACTTTAGTGAACACCACTGTTAATGTGCAGTGACATGATTATCTTTTATTTGTCA
AAGTACTTCCCAG|GTGAAGAATCCTCAACGTGATCTTCCATGGGGAATGGGTTTGACTTTGTCAATGTGCTGCTTCCTCTACATGATGG
TTTCTGCTGTTATTGTCGGACTGGTGCCATATTATGCAATGGATCCTGACACCCCTATTTCATCTGCATTTGATCAATACGGAATGCAAT
GGGCAGCGTATGTCATTTCCAGTGGGGCTGTTCTTGCTCTCATAGCATCACTGATTGGCGCTATTCTCCCTCAGCCAAGAATTGTCATGG
CTATGTCAAGAGATGGACTGCTTCCCCCAATATTCTCAGCTGTTAGTCAACGGACTCAAGTCCCAACATTGAGCACAATTCTGACTGGGA
TATGTGCTGCTACCCTTGCTTTTTTCATGGATGTGTCACAATTGGCAGGGATGGTAAGCGTGGGCACACTATTGGCATTTACAATGGTTG
CGATTTCTCTTTTAATAGTAAGATATTCTCCTCCGAATGATATGCCAATGGTAGGTGCTGATCCACCCTCACTTGAATCAC	
|500bp	deletion|	
	

4th	variant	
	

|703bp	deletion||ATGCAGCAGGGAAGCCGCCTCTCCTGGTCGGATTTGCAGAGCCTGGCCCGCCGGAAGCCGGCGGCCTCTGCAGCAGCG
GCGGATGGCCGACGCCTCGCTAAGGCGCTCTCCGTTCCCCACCTCACGGCCATT|GTGTCGCTTGGCTGATCGGTTGGGCTTTGATTCTCG
AGTACACAATCGGTGGATCATCAGTGGCACGTGGCATCTCACCAAACTTGGCTCTGTTTTTTGGTGGCCAAGACAAGTTGCCCTTCTTCT
TAGCACAAGTACATGTTAAATGGCTTGACACCCCAGTTGATCCTTGTGCTGCCATTCTTGTCCTCATAGTGACCGCATTACTCTGTCTGG
GAATAAAGGAGAGCTCACTTGTGGAAGGCGTCATCACCATTGCAAATGTCGCAATTATGCTGTTTGTCATCTGTGCCGGTGGATGGTTA
GGATTCCAGAATGGCTGGCCTGGTTATGATGTTCCGAAAGGTTACTTTCCGAATGGTGCAGGTGGAGTTTTTTCTGGATCAGCAACCCTC
TTCTTTGCTTACATTGGCTTTGATGCAGTTGCCAGTACAGCTGAAGAGGTGAAGAATCCTCAACGTGATCTTCCATGGGGAATGGGTTTG
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ACTTTGTCAATGTGCTGCTTCCTCTACATGATGGTTTCTGCTGTTATTGTCGGACTGGTGCCATATTATGCAATGGATCCTGACACCCCT
ATTTCATCTGCATTTGATCAATACGGAATGCAATGGGCAGCGTATGTCATTTCCAGTGGGGCTGTTCTTGCTCTCATAGCATCACTGATT
GGCGCTATTCTCCCTCAGCCAAGAATTGTCATGGCTATGTCAAGAGATGGACTGCTTCCCCCAATATTCTCAGCTGTTAGTCAACGGACT
CAAGTCCCAACATTGAGCACAATTCTGACTGGGATATGTGCTGCTACCCTTGCTTTTTTCATGGATGTGTCACAATTGGCAGGGATG|GT
AATATGTTACTGGCCATGTAAAATGGTAGCATTGCCAAGTGGAGAGCTACTCCAGGTAATAACTGTTTTCTTGATCTGTTTATTCAG|GT
AAGCGTGGGCACACTATTGGCATTTACAATGGTTGCGATTTCTCTTTTAATAGTAAGATATTCTCCTCCGAATGATATGCCAATGGTAGG
TGCTGATCCACCCTCACTTGAATCAC|500bp	deletion|	

	
G21	

	

	

SUPPLEMENTARY	FIGURE	5C.	Sequence	comparison	of	G21.	Alignment	of	HORVU2Hr1G013850.3	
(top),	HORVU2Hr1G013900.17	(middle)	and	G21	(bottom)	with	MLOC_17288.1	(Reference).	
	
ATGAGCATCTCGGCAGACCAGAAAGGAAAGCAGAATCCGGCAGCAGGAGTTATTGGTGGCATTATAAAAGGATTAAAAGGCAAAGCGGA
TGAAACTGCAAACCTGAGAAGAAGTTTCAATTCACAAACCCCCAGTGAATTATTGGAGTCGATTTTCTTGAAAGGATCATATGTTGAAT
CATCACTAGCATATCCTGATGATCCAATAGAAGAACTGTCAATTGATGACATAGAAATTGACGATGAAGTGCCCCTATCCCCTCCGCCAG
CATCATCCTCTGCATCTCACACGAATTATAAAACAACAGTAGAGGACGAGAGAGCGAAACTGTTTGAAGGATCAAGTGATGCTGACAAA
CCAAGAATGAGAAGTACCCAAGAAATTCTCACCAAATATAAGTTTGGCGGGGACGCAACAGCTGCTGCTGCCCATGCCAAGGATAAGCTC
ATGCAGCGGCAGGAGAAACTCGAG|AGAATAAGCCAACGGACCGCGGAGCTTCAGGATGGAGCGGAAAATTTCGCTTCACTCGCCCAGGA
GCTCGCAAAAACAATGGAAAACAAGAAGTGGTGGAAACTATAAACTATGTGTTTTTTCCCATCATTTGGCTGCATACTATGCGGAGTAC
ATCCAACTCTTGGTACTCGGGAGTGCTTCATTTGTGGGTTGTTATTTATCGTGGCATAGTTCCGCCCATTCCATCCCTTCTTGTGGTGTG
TATATTATGTTCATGGTTGACAAACAACAACTTGTCAAGG	
	

	
G24	

	

	 		

SUPPLEMENTARY	 FIGURE	 5D.	 Sequence	 comparison	 of	 G24.	 Alignment	 of	
HORVU2Hr1G090610.14	(top)	and	G24	(bottom)	to	MLOC_17288.1(Reference).	
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