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ABSTRACT	OF	THE	DISSERTATION	
	

A	Study	of	Aluminum	Dependent	Root	Growth	Inhibition	in	Arabidopsis	thaliana	as	
Mediated	by	the	DNA	Damage	Checkpoint	

	
by	
	

Caroline	Alice	Sjogren	
	

Doctor	of	Philosophy,	Graduate	Program	in	Genetics,	Genomics	and	Bioinformatics	
University	of	California,	Riverside,	June	2016	

Dr.	Paul	B.	Larsen,	Chairperson	
	
	
	
	 Aluminum	 (Al)	 toxicity	 is	 a	 serious	 global	 problem	 that	 reduces	 crop	

production	 due	 to	 severe	 root	 growth	 inhibition.	 While	 Al	 toxic	 regions	 are	

considered	 to	 be	 some	 of	 the	 most	 biologically	 diverse	 areas	 of	 the	 world,	 most	

agriculturally	 relevant	plants	are	derived	 from	species	 that	did	not	evolve	natural	

mechanisms	for	Al	exclusion	or	Al	tolerance	due	to	unconscious	selection.	There	has	

been	significant	progress	towards	understanding	the	mechanisms	for	Al	exclusion,	

but	due	to	the	numerous	pathways	and	variety	of	molecular	targets	within	the	plant	

body	 that	 Al	 can	 interact	 with	 once	 internalized,	 Al	 tolerance	 is	 a	 particularly	

convoluted	and	evasive	subject	of	study.			

	 Several	 Al	 tolerant	 mutations	 have	 been	 identified	 through	 a	 suppressor	

mutagenesis	 approach	 using	 an	 Al	 hypersensitive	 mutant,	 als3-1.	 One	 of	 these	

suppressor	 mutations,	 sog1-7,	 was	 isolated	 and	 represents	 a	 mutation	 in	

SUPRESSOR	OF	GAMMA	RESPONSE	1	(SOG1),	a	NAC	domain	containing	transcription	

factor	known	to	control	cell	cycle	progression	and	entrance	into	endoreduplication	
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in	 response	 to	 DNA	 damage.	 Loss	 of	 SOG1	 fails	 to	 force	 differentiation	 of	 the	

quiescent	center	(QC)	and	halt	root	growth	following	Al	exposure,	indicating	that	is	

a	 required	 factor	 for	 active	 inhibition	 of	 root	 growth	 following	 exposure	 to	 Al.	

Furthermore,	 SOG1-mediated	 Al-dependent	 transcriptional	 responses	 are	 also	

dependent	 on	 two	 previously	 identified	 aluminum	 tolerance	 factor	 ATAXIA	

TELANGIECTASIA	 MUTATED	 AND	 RAD3-RELATED	 (ATR)	 and	 TANMEI/ALUMINUM	

TOLERANT	2	(ALT2)	which	are	both	implicated	in	DNA	damage	responses.		

	 Another	 Al	 tolerant	mutation	was	 identified	 through	 the	als3-1	 suppressor	

mutagenesis	 with	 the	 isolation	 of	 suv2-3.	 This	 mutation	 represents	 an	 early	 stop	

codon	in	SENSITIVE	TO	UV2,	whose	wild	type	protein	product	is	speculated	to	be	the	

functional	plant	homologue	to	the	mammalian	ATR	INTERACTING	PROTEIN	(ATRIP).	

SUV2	 shuts	 down	 root	 growth	 through	QC	differentiation	 as	 part	 of	 the	ATR-	 and	

SOG1-	mediated	transcriptional	response	to	Al.	These	results	show	that	Al	promotes	

root	 growth	 inhibition	 through	 an	 ATR-,	 ALT2-,	 SOG1-	 and	 SUV2-dependent	

transcriptional	 response	 that	 induces	 a	 DNA	 damage	 response	 mechanism,	

ultimately	resulting	in	QC	differentiation	and	endoreduplication.	

	 	



	 viii	

TABLE	OF	CONTENTS	
	
Introduction	
	
Chapter	1:	Aluminum	Toxicity………………………………………………………………………………3	
	
Chapter	2:	Aluminum	Resistance……………………………………………………………………...…17	
	
Chapter	3:	Aluminum	Dependent	DNA	Damage	Response	in	Plants……………………...34	
	
Results	
	
Chapter	4:	Identification	and	Characterization	of	sog1-7……………………………………...42	
	
Chapter	5:	Identification	and	Characterization	of	suv2-3……………………………………101	
	
Discussion	
	
Chapter	6:	SOG1	and	SUV2	Mediate	Root	Growth	Inhibition	Through	an	ATR-
Dependent	Transcriptional	DNA	Damage	Response	to	Aluminum...……………………138	
	
Conclusions	
	
Chapter	7:	Addressing	the	DNA	Damage	Paradox………………………….…………………...150	
	
Materials	and	Methods……………………………………………………………………………………..166	
	
Works	Cited……………………………………………………………………………………………………..185	
	

	
	 	



	 ix	

LIST	OF	FIGURES	

Figure	1.	 Isolation	of	als3-1	Suppressor	Mutant	sog1-7;als3-1……………………….43	

Figure	2.	 Growth	Analysis	of	sog1-7;als3-1	in	an	Al	Toxic	Environment…………44	

Figure	3.	 Callose	Deposition	of	Arabidopsis	Roots	With	and	Without	Exposure		

	 	 to	Al.…………………………...…………………………...…………………………..............46	

Figure	4.	 Al-Inducible	Gene	Expression……………………..…………………………...........47	

Figure	5.	 Al	Uptake	in	Arabidopsis	Roots.…………………………......................................49	

Figure	6.	 Map	Based	Cloning	of	als3-1	Suppressor….…………………………...………..51	

Figure	7.	 Gene	Product	Model	of	SOG1.…………………………...…………………………....52	

Figure	8.	 Functional	Complementation	of	sog1-7;als3-1.………………………….........53	

Figure	9.	 Allelic	Comparison	of	sog1-1	and	sog1-7	Suppression	of	als3-1……….55	

Figure	10.	 sog1-7	Growth	Analysis..…………………………....…………………………............56	

Figure	11.	 mRNA	Expression	of	SOG1…………………………………………………………….61	

Figure	12.	 SOG1	Arrests	the	Cell	Cycle	in	Response	to	Al.……………………….............60	

Figure	13.	 SOG1	Forces	Terminal	Differentiation	of	the	Root	Quiescent		 	

	 	 Center………………………..............………………………..............................................64	

Figure	14.	 Loss	of	SOG1	as	well	as	ATR,	and	ALT2,	Blocks	Al	Dependent		 	

	 	 Endoreduplication.………………………..............……………………….....................66	

Figure	15.	 SOG1	and	ATR	Work	Within	the	Same	Pathway	to	Inhibit	Root	Growth	

	 	 in	the	Presence	of	Al.………………………..............……………………….................68	

Figure	16.	 SOG1	Expression	at	the	Root	Tip	Does	not	Persist	Following	Al			

	 	 Treatment	and	is	ATR	Dependent.	………………………..............………………69	



	 x	

Figure	17.	 SOG1	Localizes	to	the	Nucleus.………………………..............…………………….71	

Figure	18.	 Al-Responsive	Effect	of	SOG1	Localization.………………………....................72	

Figure	19.	 SOG1	Relocalizes	Within	the	Nucleus	in	an	ATR	Dependent		 	

	 	 Manner…...…………………..............……………………….............................................73	

Figure	20.	 ATR	Kinase	Assay	of	MBP	and	MBP-SOG1………………………………………76	

Figure	21.	 Time	Course	Evaluation	of	SOG1:GUS	Persistence…………………………..78	

Figure	22.	 Time	Course	Evaluation	of	QC46:GUS	Persistence…………………………..79	

Figure	23.	 Equal	Expression	of	EF-1α	for	all	RT	PCR	Conditions……………………...81	

Figure	24.	 SOG1	is	Required	for	Al	Dependent	Induction	of	DNA	Damage		 	

	 	 Response	Genes.………………………..............………………………..........................85	

Figure	25.	 atm-2	Genotype	Analysis	for	Generation	of	an	atm-2;als3-1	Double		

	 	 Mutant.………………………..............………………………............................................87	

Figure	26.	 atm	Loss-of-Function	Mutation	Does	not	Suppress	the		 	 	

	 	 Hypersensitivity	Phenotype	of	als3-1,	Unlike	atr	Mutants………………88	

Figure	27.	 atm;als3-1	Mutants	Exhibit	Root	Growth	Inhibition	as	Seen	in		 	

	 	 als3-1….…………………..............………………………...................................................89	

Figure	28.	 Response	to	Al	in	Arabidopsis	is	an	ATR-,	ALT2-,	and	SOG1-Mediated		

	 	 Phenomena	Largely	Independent	of	ATM.………………………..............90-91	

Figure	29.	 sog1-7	is	Sensitive	to	the	DNA	Replication	Fork	Poison,	HU…………….93	

Figure	30.	 sog1-7	is	Sensitive	to	the	γ-Radiation	Mimic	Antibiotic,	Bleomycin…94	

Figure	31.	 sog1-7	is	Sensitive	to	the	DNA	Interstrand	Cross-Linking	Agent,		

	 	 MMC.………………………..............………………………..............………………………..95	



	 xi	

Figure	32.	 sog1-7	is	Sensitive	to	the	DNA	Intrastrand	Cross-Linking	Agent,		

	 	 CDDP.	.………………………..............………………………..............……………………96	

Figure	33.	 Two	Independent	brca1	Mutants	are	Sensitive	to	Al………………………99	

Figure	34.	 Roots	of	Loss-of-Function	Mutants	Involved	in	NHEJ	are	Sensitive	to		

	 	 Al..………………………..............………………………..............………………………....100	

Figure	35.	 Isolation	of	als3-1	Suppressor	Mutant	suv2-3;als3-1……………………..102	

Figure	36.	 Growth	Analysis	of	suv2-3;als3-1	in	an	Al	Toxic	Environment……….103	

Figure	37.	 Callose	Deposition	of	Roots	With	and	Without	Exposure	to	Al………105	

Figure	38.	 Al-Inducible	Gene	Expression……………………………………………………...106	

Figure	39.	 Al	Uptake	Analysis	of	Arabidopsis	Roots	via	ICP-OES……………………108	

Figure	40.	 Map	Based	Cloning	of	als3-1	Suppressor,	suv2-3…………………………..109	

Figure	41.	 Gene	Product	Model	of	SUV2………………………………………………………..110	

Figure	42.	 Alleleic	Comparison	of	suv2-1	and	suv2-3	Suppression	of	als3-1……112	

Figure	43.	 Complementation	Cross	of	suv2	Mutant	Lines	in	the	als3-1		 	

	 	 Background………………………………………………………………………………..114	

Figure	44.	 suv2-3	Growth	Analysis.………………………………………………………………115	

Figure	45.	 mRNA	Expression	of	SUV2.……………………………………………………….…117	

Figure	46.	 SUV2	Expression	at	the	Root	Tip	Persists	Following	Al		 	 	

	 	 Treatment…………………………………………………………………………………..118	

Figure	47.	 SUV2	Localizes	to	the	Nucleus	and	Cytoplasm.…………………………..…120	

Figure	48.	 SUV2	Arrests	the	Cell	Cycle	in	Response	to	Al………………………………121	

	



	 xii	

Figure	49.	 SUV2	Forces	Terminal	Differentiation	of	the	Root		 	 	

	 	 Quiescent	Center………………………………………………………………………...123	

Figure	50.	 Loss	of	SUV2	Blocks	Al	Dependent	Endoreduplication………………..…124	

Figure	51.	 SUV2	is	Required	for	Al	Dependent	Induction	of	DNA	Damage		 	

	 	 Response	Genes.……………………………………………………………….....127-128	

Figure	52.	 suv2-3	is	Sensitive	to	the	DNA	Replication	Fork	Poison,	HU………….130	

Figure	53.	 suv2-3	is	Sensitive	to	the	DNA	Interstrand	Cross-Linking	Agent,		

	 	 MMC.………………………………………………………………………………………….131	

	

Figure	54.	 suv2-3	is	Sensitive	to	the	DNA	Intrastrand	Cross-Linking	Agent,		

	 CDDP.………………………………………………………………………………………………....…132	

Figure	55.	 SUV2	and	ATR	Work	Within	the	Same	Pathway	to	Inhibit	Root	Growth	

	 	 in	the	Presence	of	Al……………………………………………………………………134	

Figure	56.	 Model	for	Al-Dependent	Root	Growth	Inhibition…………………………..137	

	 	



	 xiii	

LIST	OF	TABLES	

Table	1.	 Primer	Sequences....………………….…………………………………………..….58-60	

Table	2.	 Amplification	Efficiencies	of	RT	PCR	Primers..………………………………..83	

	



	 1	

INTRODUCTION	

	 Throughout	 every	 organism’s	 lifecycle,	 exposure	 to	 a	 variety	 of	 biotic	 and	

abiotic	stresses	can	threaten	their	survival.	Unlike	motile	animals	that	can	relocate	

to	avoid	certain	 threats,	plants	are	sessile	organisms	that	must	cope	with	external	

stresses	to	a	much	greater	extent	than	mobile	organisms.	During	the	course	of	their	

evolution,	 the	 development	 of	 complex	 mechanisms	 has	 allowed	 plants	 to	 grow	

under	unfavorable	and	even	hostile	conditions.		

	 The	majority	of	plant	species	are	rooted	in	the	soil;	thus	the	quality	of	the	soil	

greatly	 influences	 the	 virility	 of	 plants.	 From	 the	 soil,	 plant	 roots	 must	 absorb	

sufficient	 water	 and	 mineral	 nutrients	 to	 sustain	 both	 their	 underground	 and	

aboveground	organs.	While	plants	are	dependent	on	the	nutrients	provided	in	soils	

in	order	to	grow,	they	are	adversely	affected	by	undesirable	compounds	in	the	soil	

such	as	salinity,	extremes	of	pH,	and	toxic	substances.		

	 Aluminum	 (Al)	 is	 a	 detrimental	 metal	 ion	 in	 soils	 around	 the	 globe	 that	

drastically	reduces	root	growth	with	a	concomitant	reduction	of	shoot	growth.	This	

negatively	impacts	global	crop	growth	due	to	this	failure	of	the	roots	to	support	the	

aboveground	 organs	with	 the	water	 and	 nutrients	 needed	 in	 order	 for	 the	whole	

plant	 to	 thrive.	 The	 phytotoxicity	 of	 Al	 is	 dependent	 on	 soil	 pH,	 and	 while	 Al	 is	

abundant	 in	 soils	 all	 around	 the	 globe,	 Al	 toxicity	 is	 confined	 to	 acidic	 soils.	 The	

mechanisms	of	Al	resistance	are	of	great	interest	to	better	understand	how	plants,	
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especially	crop	species,	can	grow	on	Al	toxic	soils	in	order	to	feed	a	growing	global	

population.	
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CHAPTER	1:	Aluminum	Toxicity	in	Plants	

Aluminum	Occurrence	and	Toxic	Soils	

	 Al	 toxicity	 is	 a	 global	 agricultural	 problem	 and	 is	 one	 of	 the	 predominant	

factors	that	limit	crop	productivity	in	acidic	soil	regions.	Acidic	soils	have	a	pH	<	5.5	

at	the	surface	layer	and	comprise	greater	than	30%	of	the	land	in	the	world	(Uexküll	

et	al.,	1995),	with	varying	estimates	having	50-70%	of	the	potentially	arable	lands	in	

the	acidic	range	(Hede	et	al.,	2001).	While	plant	growth	inhibition	in	acidic	soils	 is	

due	to	a	combination	of	mineral	toxicities	as	well	as	nutrient	deficiencies,	Al	toxicity	

is	the	single	most	important	factor	inhibiting	plant	growth	and	the	major	constraint	

for	crop	production	(Eswaran	et	al.,	1999).	

	 Al	 is	 the	 most	 abundant	 metal	 in	 the	 earth’s	 crust	 and	 the	 third	 most	

prevalent	element	on	earth	behind	oxygen	and	silicon	(Alloway,	1990).	The	majority	

of	Al	is	contained	within	aluminosilicate	compounds	in	the	primary	mineral,	or	as	Al	

oxides	 and	 aluminosilicates	 in	 secondary	 minerals,	 which	 are	 formed	 during	

weathering	(McBride,	1994).	However,	Al	in	these	forms	is	not	phytotoxic	and	only	a	

small	 percentage	 of	 Al	 in	 the	 soil	 solution	 contributes	 to	 Al	 toxicity	 in	 plants	

(Mossor-Pietraszewska,	 2001).	 It	 is	 the	 soluble	 Al	 ion,	 Al3+,	 that	 is	 primarily	

responsible	for	plant	growth	inhibition	due	to	Al	toxicity.		

	 Al	 solubility	 is	 dependent	 on	 the	 pH	of	 the	 soil	 solution;	 therefore	Al	 toxic	

soils	 are	 confined	 to	 acid	 soil	 environments.	 Al	 can	 become	 dissociated	 from	 the	

primary	and	secondary	minerals	in	acidic	conditions,	which	can	add	to	soil	acidity.	
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In	 acid	 soils,	 soluble	 Al	 speciates	 into	 the	 toxic	 trivalent	 cation,	 Al3+,	 at	

concentrations	 that	 rapidly	 inhibit	 root	 growth.	 As	 the	 pH	 decreases	 further,	 the	

concentration	of	Al	in	the	soil	solution	increases.	Between	pH	of	4.0	to	4.5	in	the	soil	

solution,	a	small	change	in	the	acidity	can	cause	large	changes	in	the	solubility	of	Al	

(Tyler	 et	 al.,	 1987).	 For	 example,	 at	 pH	 <4.2,	 Al3+	 can	 be	 found	 at	 extremely	 high	

concentrations	ranging	from	0.1	to	1.0	mmol/L	(Ulrich,	1983).	Even	though	Al	exists	

in	 many	 forms	 such	 as	 monovalent,	 divalent	 and	 trivalent	 Al	 ions,	 Al	 oxides,	 Al	

sulfates,	 Al	 fluorides	 and	 the	 complex	 Al13,	 only	 Al3+	 and	 the	 Al13	 complex	 have	

been	proven	to	be	toxic	to	plants	(Jones	et	al.,	1995).	Of	these	forms,	Al3+	is	the	most	

prevalent	 species	 in	 soils	 that	 are	 pH	 <	 4.7,	 and	 is	 therefore	 the	most	 significant	

form	for	Al	phytotoxicity.	As	such,	from	here	out	the	elemental	abbreviation	Al	will	

represent	Al3+	in	regards	to	phytotoxicity	unless	otherwise	specified.	

	 Soil	acidity	 is	determined	by	 the	concentration	of	hydrogen	 ions	 in	 the	soil	

solution.	A	variety	of	factors	both	natural	and	manmade	affect	soil	acidity	including	

the	 innate	 characteristic	 of	 the	 soil,	 farming	 practices,	 as	 well	 as	 biological	 and	

environmental	 changes.	 Decay	 of	 organic	 material	 that	 forms	 carbonic	 acid	 and	

other	weak	acids	can	add	to	the	acidity	of	the	soil	solution	(Carver	et	al.,	1995).	The	

amount	of	 rainfall	 can	affect	 the	 rate	of	 soil	 acidification	depending	on	 the	 rate	of	

rain	 water	 flow	 through	 the	 soil	 solution	 (Carver	 et	 al.,	 1995).	 Also,	 soils	 that	

develop	 from	 granite	materials	 acidify	 faster	 than	 soils	 that	 have	 developed	 from	

calcareous	materials.	Sandy	soils	also	acidify	more	rapidly	due	to	higher	leaching	of	

alkalinizing	agents	and	reduced	buffering	capacity	(Carver	et	al.,	1995).		
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	 Utilization	 of	 high-input	 farming	 practices	 is	 common	 in	 industrialized	

nations	that	 include	the	overuse	of	ammonia-based	fertilizers,	which	cause	further	

acidification	of	agricultural	soils	(Westerman,	1987).	Over	cropping	can	also	lead	to	

the	 depletion	 of	 essential	 nutrient	 cations	 from	 the	 soil	 solution	 such	 as	 calcium,	

potassium,	magnesium	 and	 sodium	 (Westerman,	 1987).	 Even	 harvesting	methods	

can	affect	 the	rate	of	acidification	of	 the	soil	solution.	For	example,	removal	of	 the	

straw	 from	 wheat	 cropping	 depletes	 basic	 cations	 to	 a	 great	 extent	 and	 further	

enhances	 acidification	 by	 nitrification	 (Westerman,	 1987).	 While	 the	 cumulative	

impact	of	these	factors	may	be	difficult	to	quantify	over	the	course	of	a	few	years,	it	

is	 important	 to	 acknowledge	 that	 other	 possible	 factors	 could	 additionally	 be	

contributing	to	the	rapid	acidification	of	the	soil	solutions.	

	 Originally	Al	toxicity	was	considered	to	be	restricted	to	tropical	agricultural	

regions,	 or	 areas	 of	 high	 rainfall	 with	 highly	weathered	 soils;	 but	 soil	 acidity	 has	

now	 attracted	 global	 attention.	 Acid	 soils	 occur	 primarily	 in	 two	 geographic	

humidity	belts:	 a	 cool-climate	northern	belt	 spanning	North	America,	Europe,	 and	

Northern	 Asia,	 and	 a	 warm-climate	 southern	 tropical	 belt	 spanning	 Central	 and	

South	 America,	 Sub-Saharan	 Africa,	 South	 East	 Asia	 including	 its	 islands	 and	

Australia	 (Uexküll	 et	 al.,	 1995).	 In	 addition,	 two	 thirds	 of	 the	 acid	 soils	 are	 found	

primarily	 in	 forested	 areas	 and	 17%	 are	 covered	 by	 prairie,	 savanna,	 or	 steppe	

vegetation	 while	 only	 6%	 of	 the	 world’s	 acid	 soils	 are	 used	 for	 agriculture,	

indicating	 that	 acid	 soils	 severely	 compromise	 agricultural	 production	 (Uexküll	 et	

al.,	1995).	Because	acid	soils	are	detrimental	to	crop	production,	especially	several	
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cereal	species,	the	widespread	occurrence	of	acid	soils	serves	as	a	severe	limitation	

on	agricultural	production	in	these	geographic	belts.	

	 Often	the	practice	of	liming	surface	soils	is	used	in	industrialized	countries	to	

ameliorate	 soil	 acidity,	 and	 therefore	 Al	 toxicity;	 however	 this	 practice	 is	 neither	

affordable	 nor	 effective	 as	 a	 long-term	 practice.	 The	 bulk	 of	 agricultural	 lime	 is	

derived	 from	 limestone	 but	 is	 also	 sourced	 from	 marl,	 slag	 from	 iron	 and	 steel	

making,	 flue	dust	 from	cement	plants,	 and	 refuse	 from	sugar	beet	 factories,	paper	

mills,	calcium	carbide	plants,	rock	wool	plants,	and	water	softening	plants	(Thomas	

et	 al.,	 1984).	 However	 total	 production	 and	 use	 of	 lime	 is	 relatively	 low	 and	 is	

generally	only	applied	to	farming	areas	near	the	source,	ie	industrialized	areas.	Lime	

is	either	sprinkled	onto	soils	to	be	mixed	in	during	tillage	operations	or	dissolved	in	

water	where	it	hydrolyzes	to	form	–OH	ions	to	raise	soil	pH,	but	only	at	the	surface	

of	 soils	 (Thomas	 et	 al.,	 1984).	 While	 liming	 soils	 is	 technically	 feasible,	 the	 high	

levels	of	lime	needed	to	change	soil	pH,	the	limitations	of	lime	penetrating	beneath	

surface	soils,	and	the	high	cost	of	transporting	the	soil	additive	to	countries	which	

lack	 sources	 of	 lime	 make	 this	 practice	 largely	 unsustainable,	 unaffordable	 and	

inefficient.		

Physiological	and	Morphological	Effects	of	Aluminum	Toxicity	on	Plants	

	 The	toxic	effect	of	Al	on	plant	development	has	been	reported	on	for	nearly	a	

century	 and	 the	 predominant	 and	 immediate	 consequence	 of	 Al	 toxicity	 is	 the	

inhibition	 of	 primary	 root	 growth	 (McLean	 et	 al.,	 1928).	 At	 the	 cellular	 and	



	 7	

biochemical	 level,	 Al	 has	 been	 found	 to	 interrupt	 cell	 division	 and	 elongation,	

nutrient	 uptake,	 Ca2+	 homeostasis,	 IP3	 and	 hormone	 signaling,	 cytoskeletal	

structure,	vesicle	 trafficking,	plasma	membrane	 integrity,	 and	chromatin	 structure	

(Jones	et	al.,	1995).	Due	to	the	ubiquitous	nature	of	Al	 interference	within	the	cell,	

studying	Al	 toxicity	 has	 been	 a	 largely	 intractable	 field	 of	 study.	Nevertheless	 the	

research	 community	 studying	 Al-dependent	 root	 growth	 inhibition	 has	 made	

significant	 and	 continual	 progress	 in	 the	 pursuit	 to	 understand	 this	 complex	 real	

world	agricultural	problem.	

	 The	 primary	 site	 of	 Al	 toxic	 growth	 inhibition	 is	 at	 the	 root	 and	 more	

specifically	 at	 the	 root	 tip.	This	 is	 expected	 since	 the	primary	 site	of	 contact	of	Al	

with	the	plant	is	between	the	soil	solution	and	the	root.	The	immediate	effect	of	Al	

toxicity	is	reduced	elongation	of	the	root,	which	can	occur	as	quickly	as	30	minutes	

to	 two	 hours	 (Barceló	 et	 al.,	 2002;	 Ryan	 et	 al.,	 1992).	 While	 there	 is	 extensive	

documentation	of	short-term	responses	of	the	root,	upon	extended	treatment	with	

Al,	 the	 root	 begins	 to	 swell	 with	 distorted	 morphological	 integrity,	 root	

discoloration,	 and	 differentiation	 of	 cells.	 Meristematic	 and	 root	 cap	 cells	 also	

become	increasingly	more	vacuolated	and	this,	in	part,	contributes	to	their	increase	

in	cell	volume	despite	inhibited	ability	to	carry	out	growth	by	cell	division.	There	are	

also	changes	in	root	cell	patterning,	irregular	cell	division,	alterations	in	cell	shape,	

cell	 wall	 thickening,	 callose	 accumulation,	 disintegration	 of	 the	 cytoskeleton,	

formation	of	myelin	figures,	alteration	of	the	plasma	membrane,	and	the	production	

of	reactive	oxygen	species	(Illéš	et	al.,	2006).	The	rapid	inhibition	of	root	growth	is	
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likely	caused	by	interference	with	cell	elongation,	while	long-term	inhibition	of	root	

growth	is	likely	due	to	inhibition	of	cell	division	(Jones	et	al.,	1995).	

	 While	it	is	known	that	the	primary	effect	of	Al	toxicity	occurs	at	the	root	tip,	

the	 response	 to	Al	 at	 the	 tip	 can	 vary.	 The	 root	 tip	 is	 divided	 into	many	different	

zones	of	development.	At	the	apex	of	the	root	tip	is	the	root	cap,	which	protects	the	

apical	meristem	of	 the	 root	 and	 the	meristematic	 zone(De	Smet	 et	 al.,	 2015).	 It	 is	

comprised	of	 a	pool	 of	 border	 cells	 that	 excrete	 lubricating	 saccharides	 and	 these	

cells	 are	 continually,	 acropetally	 produced	 and	 sloughed	 off	 the	 root	 tip	 from	 the	

friction	of	 the	growing	root	 through	the	soil.	The	meristematic	zone	 is	 the	zone	of	

cell	division,	which	contains	the	root	apical	meristem	(De	Smet	et	al.,	2015).	Within	

this	 region	 there	 is	 a	 core	 of	 slow	 dividing	 cells	 called	 the	 quiescent	 center	 (QC),	

which	produces	 the	rapidly	dividing	 initial	 cells	 (De	Smet	et	al.,	2015).	Above	 this	

region	(basipetally)	is	the	zone	of	elongation	where	the	root	cells	elongate	and	then	

begin	 to	 differentiate	 (De	 Smet	 et	 al.,	 2015).	 Above	 this	 zone	 is	 the	 final	

developmental	 zone	 of	 root	 development	 called	 the	 zone	 of	 cell	 differentiation,	

where	cell	fates	reach	maturity	and	the	root	hairs	develop	(De	Smet	et	al.,	2015).	A	

study	 using	 fluorescent	 lifetime	 imaging	 in	 plants	 quantified	 Al	 uptake	 in	 vivo	

(Babourina	et	al.,	2009).	This	 report	 confirmed	 that	 the	primary	sites	 for	Al	entry	

are	the	meristematic	zone	and	distal	transition	zones,	while	Al	uptake	is	limited	in	

the	cortex	and	epidermis	of	the	mature	root	zone	(Babourina	et	al.,	2009).		

	 Al	is	taken	up	by	the	roots	in	the	form	of	a	trivalent	cation	and	can	bind	to	a	

vast	array	of	biochemical	sites	once	internalized	because	it	has	a	higher	affinity	for	
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anionic	targets	in	comparison	to	ions	such	as	Mg2+	and	Ca2+.	Uptake	of	Al	into	cells	is	

hypothesized	to	occur	via	ion	channels,	particularly	those	that	transport	cations	of	

similar	radius	like	Fe2+,	Mg2+	or	Ca2+	(Jones	et	al.,	1995),	and	is	proposed	to	enter	the	

symplast	 via	 an	 Nramp-like	 transporter,	 Nrat1	 (Xia	 et	 al.,	 2010).	 Al	 accumulation	

within	root	tissue	can	be	rapid	upon	exposure.	In	soybean	roots,	Al	can	accumulate	

in	 the	 symplasm	 of	 the	 three	 outer	 cortical	 cell	 layers	 after	 only	 30	 minutes	 of	

treatment	(Barceló	et	al.,	2002).	Rapid	uptake	is	also	observed	in	Arabidopsis	roots,	

where	significant	levels	of	Al	accumulate	within	1	hour	of	exposure	(Barceló	et	al.,	

2002).	 This	 accumulation	 of	 Al	 is	 not	 only	 very	 rapid	 but	 also	 disrupts	 cellular	

activities	and	induces	stress	signaling.	

	 Determination	 of	 Al-induced	 toxicity	 is	 complicated	 by	 interference	 with	

mineral	 absorption	 at	 the	 root	 apex,	 resulting	 in	 nutrient	 deficiency	 symptoms	 in	

plants	grown	on	Al	toxic	soils.	This	is	particularly	true	for	the	divalent	cations	Ca2+,	

Mg2+,	 and	 K+	 as	 well	 as	 phosphate	 (PO4)	 of	 which	 low	 pH	 soils	 inhibit	 their	

absorption	 by	 roots	 (Hede	 et	 al.,	 2001).	 In	 addition,	 Al	 has	 been	 found	 to	

competitively	inhibit	uptake	of	Ca2+,	Mg2+	and	K+	and	the	addition	of	these	cations	to	

the	soil	can	ameliorate	the	toxic	effects	of	Al	(Andersson,	1988).	Impairment	of	ion	

uptake	occurs	 via	 blockage	of	 ion	 channels	 in	 the	plasma	membrane	 (Jones	 et	 al.,	

1995)	 and	 is	 likely	 the	 cause	 of	 the	 interruption	 of	 intracellular	 Ca2+	 and	 Mg2+	

homeostasis	 and	 contributes	 to	 the	 rapid	depolarization	of	 the	plasma	membrane	

following	Al	exposure	(Illéš	et	al.,	2006).	
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	 While	 it	 is	 hypothesized	 that	 uptake	 of	 Al	 into	 cells	 can	 occur	 via	 ion	

channels,	 an	Nramp-like	 transporter,	Nrat1	 (Nramp	aluminum	transporter	1),	was	

identified	 in	 rice	 capable	 of	 transporting	 Al	 into	 the	 cell	 (Xia	 et	 al.,	 2010).	 This	

transporter	 is	 specific	 for	Al	and	does	not	 transport	any	other	divalent	metal	 ions	

such	as	iron,	manganese	and	cadmium,	or	any	Al-organic	acid	complexes.	Knockouts	

of	 Nrat1	 are	 hypersensitive	 to	 Al	 but	 loss	 of	 this	 transporter	 did	 not	 affect	 the	

sensitivity	 to	 other	 metals,	 and	 causes	 reduced	 internalized	 Al	 and	 increased	

accumulation	of	Al	at	the	cell	wall.	It	is	hypothesized	that	the	increased	Al	sensitivity	

is	 due	 to	 the	 absence	 of	 cellular	 Al	 detoxification	mechanisms	with	 organic	 acids	

since	 the	 plant	 is	 no	 longer	 able	 to	 transport	 Al	 into	 the	 cell	 and	 instead	 causes	

accumulation	of	Al	at	the	cell	wall.	This	mechanism	of	Al	tolerance	utilizing	Nrat1	for	

Al	internalization	followed	by	detoxification	is	a	more	effect	strategy	than	allowing	

Al	to	accumulate	at	the	root	cell	wall	because	of	the	inhibitory	effects	of	Al	to	root	

growth	 by	 limiting	 cell	 wall	 elongation	 (Xia	 2010).	 These	 changes,	 as	 well	 as	 an	

increase	in	cytosolic	Ca2+,	are	required	for	the	induction	of	callose	synthesis,	which	

is	 a	 hallmark	 Al	 stress	 response	 in	 the	 root	 apex	 that	 acts	 to	 isolate	 cells	 from	

intercellular	transport	of	Al	(Kauss	et	al.,	1989).	

	 Internalized	 Al	 has	 both	 living	 (symplastic)	 and	 non-living	 (apoplastic)	

binding	sites	within	plant	cells.	Al	begins	to	cause	its	toxic	effects	at	the	apoplastic	

cell	wall	and	symplastic	plasma	membrane	of	root	cells.	As	the	cell	wall	is	a	primary	

site	of	Al	accumulation,	 interaction	with	the	cell	wall	accounts	 for	more	than	four-

fifths	 of	 total	 Al	 uptake	 (Clarkson,	 1967).	 This	 initial	 rapid	 phase	 of	 apoplastic	 Al	
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accumulation	by	the	roots	is	due	to	pectin	content	of	the	cell	wall	and	the	degree	of	

methylation	of	 the	pectin,	which	 is	controlled	by	pectin	methylesterase	(Pan	et	al.,	

2004).	Intact	roots	of	maize	have	increased	Al	accumulation	and	Al	dependent	root	

inhibition	 when	 pectin	 methylesterase	 function	 was	 enhanced	 (Horst,	 2010).	 Al	

treatment	also	causes	reduced	root	cell	wall	flexibility	and	binding	of	Al	to	the	pectic	

matrix	may	prevent	cell	wall	extension	physically	and	physiologically	by	decreasing	

the	effectiveness	of	cell	wall-loosening	enzymes	(Wehr	et	al.,	2004).	

	 Al	accumulation	in	the	symplasm	has	been	a	historically	controversial	topic,	

but	has	now	been	clearly	established.	Concentrated	levels	of	Al	have	been	found	in	

organelles	 like	 endosomes	 and	 vacuoles,	 and	 also	 in	 the	 cytoplasm	 where	 Al	

disrupts	microtubule	and	actin	dynamics	(Blancaflor	et	al.,	1998;	 Illéš	et	al.,	2006;	

Vázquez	 et	 al.,	 1999).	 Additionally,	Al	 is	 capable	 of	 infiltrating	 and	binding	 to	 any	

anionic	 sites	 within	 the	 cell,	 including	 the	 nucleus	 where	 the	 negatively	 charged	

phosphate	backbone	of	DNA	is	a	site	of	Al	accumulation(Silva	et	al.,	2000).	

	 Al	rapidly	alters	the	plasma	membrane	by	interactions	with	membrane	lipids	

and	proteins,	which	causes	changes	 in	 its	structural	properties	such	as	membrane	

fluidity,	 permeability	 and	protein-dependent	 transport	 (Khan	et	 al.,	 2009).	Al	 also	

induces	membrane	 depolarization,	 specifically	 in	 the	 distal	 transition	 zone	 of	 the	

root	 tip,	which	may	be	related	to	 the	 inhibition	of	 the	H+-ATPase	activity	and	may	

lead	 to	 the	 disruption	 of	 H+	 homeostasis	 in	 the	 cytosol	 (Ahn	 et	 al.,	 2001).	 These	

changes	 in	 the	 plasma	 membrane	 properties	 caused	 by	 Al	 affect	 ion	 transport	

capabilities,	such	as	causing	a	rapid	decrease	of	K+	efflux	without	changing	K+	influx	
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(Horst	et	al.,	1992).	Al-induced	damage	of	membrane	integrity	also	may	be	related	

to	Al-	 enhanced	oxidative	 stress	 through	 the	 formation	of	 reactive	oxygen	 species	

leading	to	lipid	peroxidation	and	protein	oxidation	(Boscolo	et	al.,	2003;	Jones	et	al.,	

2006).	Oxidative	stress	genes	have	been	shown	to	be	induced	upon	Al	treatment	and	

over	expression	of	these	genes	have	conferred	Al	tolerance	(Ezaki	et	al.,	2001).		

	 Even	 though	 there	are	such	drastic	changes	 in	plasma	membrane	structure	

and	function,	there	is	no	evidence	that	there	is	a	requirement	for	a	severe	disruption	

of	the	plasma	membrane	to	induce	root	growth	inhibition	(Horst	1992).	It	appears	

that	Al	activates	signal	transduction	pathways	that	lead	to	the	observed	symplastic	

disorders,	with	a	rapid	increase	in	cytosolic	Ca2+	playing	a	major	role	in	this	effect	

(Jones	2006).	Since	Al	toxicity	reduces	the	absorption	of	Ca2+	by	the	root,	the	source	

of	Ca2+	is	likely	from	the	apoplast	due	to	Al	liberating	bound	Ca2+	to	the	cell	wall.	Al	

also	 disrupts	 the	 plasma	 membrane	 potential,	 which	 activates	 Ca2+	 channels,	

allowing	for	a	burst	of	Ca2+	to	enter	the	cell;	however,	it	cannot	be	ruled	out	that	Al	

may	 cause	 a	 release	 of	 Ca2+	 from	 symplastic	 Ca2+	 reserves	 as	 well	 (Rengel	 et	 al.,	

2003).	Increasing	Ca2+	levels	within	the	cell	due	to	Al	exposure	can	partially	explain	

why	 callose	 accumulation	and	also	 cytoskeleton	disorganization	occurs	 (Rengel	 et	

al.,	2003).		

	 Al	 entering	 the	 symplast	 accumulates	 within	 the	 cytoplasm	 and	 results	 in	

destabilization	of	the	cytoskeleton.	Disorganized	arrangements	of	actin	filaments	in	

the	stele	cells	of	the	transition	zone	of	maize	roots	occur	upon	Al	uptake(Zhang	et	

al.,	2007).	Gene	expression	of	actin,	as	well	as	profilin,	an	actin-binding	protein	that	
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regulates	the	polymerization	of	actin	filaments	and	plays	a	role	in	cell	elongation,	is	

inhibited	by	Al	exposure	(Zhang	et	al.,	2007).	A	further	effect	on	the	cytoskeleton	is	

the	 reorientation	 of	 microtubules	 and	 microfilaments,	 which	 are	 made	 of	 actin	

monomers.	This	could	explain	the	swollen	root	tip	that	is	symptomatic	of	Al	toxicity	

and	 associated	 with	 cell	 cycle	 arrest	 as	 well	 as	 endoreduplication	 that	 results	 in	

abnormal	cell	plate	division	and	spindle	formation	(Barceló	et	al.,	2002;	Blancaflor	

et	al.,	1998;	Sjogren	et	al.,	2015).	

	 As	 a	 trivalent	 cation,	 Al	 has	 the	 capability	 of	 indiscriminately	 binding	 to	 a	

wide	range	of	negatively	charged	biomolecules	within	the	cell	including	sites	within	

the	nucleus.	Al	can	displace	other	cations	like	Ca2+,	Mg2+,	and	K+,	thus	inhibiting	or	

altering	the	 function	of	 the	structures	with	which	Al	associates	(Silva	et	al.,	2000).	

For	example,	Al	has	been	found	to	bind	to	ATP	with	more	than	100	times	the	affinity	

of	 Mg2+,	 suggesting	 that	 Al	 is	 generally	 inhibitory	 to	 ATP	 requiring	 enzymatic	

reactions	that	depend	on	an	Mg-ATP	complex	to	function	(Macdonald	et	al.,	1988).	

Specific	toxic	effects	include	inhibition	of	Ca2+	influx	across	the	membrane	through	

blockage	of	Ca2+	 channels,	disruption	of	H+	homeostasis,	neutralization	of	 the	zeta	

potential	 at	 the	membrane	 surface,	 and	 inhibition	 of	 H+	 flux	mediated	 by	 the	H+-

ATPase	(Degenhardt	et	al.,	1998;	Pineros	et	al.,	2005).	

	 Al	 is	 also	 known	 to	 interfere	 with	 the	 production	 and	 transport	 of	 plant	

hormones.	Ethylene	and	auxin	both	have	been	shown	to	synergistically	affect	root	

growth,	 as	 ethylene	 stimulates	 auxin	 biosynthesis	 and	 basipetal	 auxin	 transport	

toward	 the	 elongation	 zone.	 The	 interference	 of	 Al	 with	 this	 hormone-mediated	
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development	will	 cause	 inhibition	 of	 root	 cell	 elongation.	 It	 has	 been	 shown	 that	

there	 is	 a	 link	 between	 ethylene	 and	 auxin	 signaling	 in	Al	 toxicity,	 indicating	 that	

there	is	a	burst	of	ethylene	upon	Al	treatment,	followed	by	auxin	biosynthesis(Sun	

et	 al.,	 2010).	 This	 suggests	 that	 ethylene	 serves	 as	 a	 signal	 to	 cause	 downstream	

changes	in	auxin	distribution	in	roots	by	interacting	with	AUX1	and	PIN2	proteins,	

leading	to	inhibition	of	root	elongation	in	the	presence	of	toxic	Al	(Sun	et	al.,	2010).	

	 Nitric	oxide	production	is	also	negatively	effected	by	Al	treatment,	which	is	a	

signaling	 molecule	 for	 various	 responses	 to	 biotic	 and	 environmental	 stresses.	

Under	 normal	 growing	 conditions	 roots	 express	 nitric	 oxide	 at	 the	 root	 cap	

statocytes,	 quiescent	 center	 and	 the	distal	 transition	 zone,	 but	upon	Al	 treatment,	

nitric	 oxide	 production	 is	 abolished	 in	 the	 distal	 transition	 zone	 only	 (Illéš	 et	 al.,	

2006).	 The	 lack	 of	 nitric	 oxide	 production	 in	 Al	 treated	 roots	 also	 causes	 the	

production	of	 jasmonic	acid,	a	hormone-like	molecule	 in	plants	known	to	regulate	

environmental	stresses	such	as	ozone,	heavy	metals	and	pathogen	attack	(Xue	et	al.,	

2008).	

	 Determination	of	Al-induced	 toxicity	 is	 further	 complicated	by	 interference	

with	mineral	absorption	at	the	root	apex,	resulting	in	deficiency	symptoms	in	plants	

grown	on	Al	toxic	soils.	This	is	particularly	true	for	the	divalent	cations	Ca2+,	Mg2+,	

and	K+	as	well	as	PO4-3	(Hede	et	al.,	2001).	Al	has	been	found	to	competitively	inhibit	

uptake	 of	 Ca2+,	 Mg2+	 and	 K+	 and	 the	 addition	 of	 these	 cations	 to	 the	 soil	 can	

ameliorate	 the	 toxic	 effects	 of	 Al	 (Andersson,	 1988).	 Impairment	 of	 ion	 uptake	

occurs	via	blockage	of	ion	channels	in	the	plasma	membrane	(Jones	et	al.,	1995)	and	
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is	likely	the	cause	of	the	interruption	of	intracellular	Ca2+	and	Mg2+	homeostasis	and	

the	rapid	depolarization	of	the	plasma	membrane	following	Al	exposure	(Illéš	et	al.,	

2006).	

	 In	 response	 to	 the	 cellular	 damage	 caused	 by	 internalization	 of	 Al,	 plants	

must	activate	signal	 transduction	pathways	 in	order	 to	cope	with	the	onslaught	of	

stress	caused	by	Al.	It	is	well	documented	that	Al	induces	transcriptional	programs	

in	 order	 to	 facilitate	 detoxification	 and	 redistribution	 of	Al	within	 the	plant	 body.	

For	 example,	 ALS3	 is	 an	 Al-inducible	 gene	 that	 encodes	 an	 ABC-like	 transporter	

proposed	to	redistribute	Al	away	from	the	most	Al	sensitive	tissues	such	as	the	root	

apical	 meristem	 in	 order	 to	 maintain	 root	 growth	 (Larsen	 et	 al.,	 2005).	 Other	

Arabidopsis	genes	that	are	Al	inducible	have	a	protective	role,	such	as	ALMT1,	an	Al-

inducible	malate	transporter	that	exudes	malate	as	an	Al-chelator,	as	well	as	genes	

those	 involved	 in	 oxidative	 stress	 responses	 such	 as	 AtBCB	 (blue	 copper-binding	

protein),	 peroxidases,	 glutathione-S-transferases,	 and	 superoxide	 dismutase	

(Richards	 et	 al.,	 1998).	 Overexpression	 of	 several	 of	 these	 types	 of	 genes	 in	

Arabidopsis	 reduces	 Al	 toxicity	 symptoms	 in	 conjunction	 with	 lowering	 Al-

dependent	oxidative	damage	(Ezaki	et	al.,	2001).		

	 Another	 well-documented	 hallmark	 of	 Al-inducible	 response	 is	 rapid	

deposition	 of	 callose	 in	 the	 plasmodesmata,	 or	 junctions	 in	 cell	 wall	 that	 allow	

interconnections	between	cells,	which	can	be	observed	in	plants	within	a	few	hours	

of	 treatment	 with	 Al	 (Wissemeir	 et	 al.,	 1987).	 Callose	 is	 a	 β-1,3-glucan	 that	 is	

normally	found	very	rarely	within	plant	cells	and	only	known	to	be	involved	in	a	few	
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specific	 developmental	 processes,	 such	 as	 pollen	 tube	 growth	 and	 as	 part	 of	 p-

protein	plugs	in	sieve	tube	elements	in	response	to	wounding.	Callose	deposition	in	

plasmodesmata	 is	 a	 regulated	 response	 to	 stress,	 likely	 to	 isolate	 affected	 or	

damaged	cells	from	healthy	ones.	Because	deposition	of	callose	is	so	tightly	linked	to	

Al	 exposure,	 callose	 accumulation	 has	 been	 a	 useful	 marker	 for	 assessing	

manifestation	of	Al	 toxicity	 in	cells	of	 the	root	 tip	(Ezaki	et	al.,	2001;	Larsen	et	al.,	

1996).	

	 These	Al-inducible	responses	represent	just	a	few	processes	that	are	related	

to	 the	 hundreds	 of	 genes	 that	 have	 been	 found	 to	 be	 upregulated	 following	 Al	

exposure	(Chandran	et	al.,	2008;	Kumari	et	al.,	2008).	As	of	now,	it	has	been	nearly	

impossible	to	differentiate	between	those	genes	that	are	of	central	importance	to	Al	

toxicity	 and	 stoppage	 of	 root	 growth	 and	 those	 that	 encode	 peripheral	 secondary	

factors	 that	are	only	 tangentially	related.	Determining	whether	various	 factors	are	

related	to	the	primary	or	secondary	effects	of	Al-dependent	root	growth	inhibition	

has	proven	to	be	a	great	challenge	to	understanding	the	nature	of	Al	toxicity	and	the	

molecular	 basis	 of	 Al-dependent	 stoppage	 of	 root	 growth,	 although	 recent	 results	

suggest	that	Al-dependent	DNA	damage	may	be	of	paramount	importance.	 	
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CHAPTER	2:	Aluminum	Resistance	

Mechanisms	of	Aluminum	Resistance	in	Plants	

	 Responses	to	the	toxic	effects	of	Al	soils	have	been	extensively	documented	

for	a	wide	range	of	plant	species.	The	primary	consequence	of	Al	exposure	is	severe	

inhibition	of	growth	of	the	primary	root	(Foy	et	al.,	1978).	As	discussed,	Al	exposure	

has	 been	 found	 to	 impede	 cell	 division	 and	 cell	 elongation,	 nutrient	 uptake,	

hormone	 signaling,	 cytoskeletal	 structure,	 Ca2+	 homeostasis,	 plasma	 membrane	

integrity,	inhibition	of	ATP	requiring	enzymatic	reactions	that	depend	on	an	Mg-ATP	

complexes,	 and	 interference	 caused	 by	 Al	 binding	 anionic	 targets	 within	 the	 cell	

(Jones	 et	 al.,	 1995).	 Plants	 have	 adopted	 two	 distinctly	 different	 strategies	 for	

preventing	Al-dependent	growth	 inhibition.	Exclusion	of	Al	 from	roots,	considered	

to	be	an	Al	resistance	mechanism,	is	an	effective	and	simple	strategy	for	increasing	

root	 growth	 in	 an	 Al	 toxic	 environment	 largely	 because	 Al	 does	 not	 come	 into	

contact	with	its	biochemical	targets.	Al	exclusion	is	a	distinctly	different	mechanism	

from	 true	 Al	 tolerance,	 in	which	 roots	 cope	with	 internalized	 Al.	 The	 study	 of	 Al	

tolerance	 has	 generally	 been	 considered	 to	 be	 an	 intractable	 problem	 largely	

because	of	the	complexity	of	Al	toxicity	as	discussed,	with	the	expectation	being	that	

changes	in	any	one	target	of	Al	would	have	little	positive	impact	on	growth	due	to	

the	sheer	number	of	biochemical	targets	of	Al.		

	 Clearly,	an	effective	and	straightforward	strategy	for	increasing	root	growth	

in	Al	toxic	environments	is	Al	exclusion,	where	plants	prevent	the	internalization	of	
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Al.	Certainly,	based	on	the	predicted	complexity	of	Al-binding	sites	once	it	enters	the	

cellular	 environment,	 prevention	 of	 Al	 uptake	 is	 by	 far	 the	 simplest	 approach	 for	

reducing	Al	 toxicity.	Release	of	Al-chelating	organic	acids	has	been	documented	as	

the	 primary	 Al	 resistance	 mechanism	 in	 multiple	 plant	 species	 including	 wheat,	

maize,	and	barley.	Organic	acids	excreted	from	roots	chelate	Al	in	the	rhizosphere	to	

form	nontoxic	complexes	that	in	some	way	prevent	Al	uptake.		

	 By	not	internalizing	Al,	the	root	tip	is	protected	from	Al-related	damage	that	

can	be	severe	enough	to	cause	terminal	differentiation	of	the	quiescent	center	(QC)	

in	 the	 root	 apical	meristem	 (Jones	 et	 al.,	 1995;	Ma,	 2000).	Al	 chelation	 commonly	

occurs	 through	 exudation	 of	 malate,	 citrate,	 or	 oxalate	 to	 render	 Al	 insoluble	

(Kochian	et	al.,	2005).	Paradoxically,	 it	has	been	argued	that	 in	animal	systems,	an	

Al-citrate	 complex	 is	 the	 form	 that	 is	 most	 readily	 transported	 across	 a	 cellular	

membrane,	thus	making	it	unclear	as	to	why	such	complexes	prevent	internalization	

in	 plants	 (Macdonald	 et	 al.,	 1988).	 Regardless,	 besides	 preventing	 internalization	

into	the	symplast,	these	organic	acid-Al	complexes	also	reduce	the	capability	of	Al	to	

directly	interact	with	the	negative	charges	of	the	apoplast	such	as	polygalacturonic	

acids	 and	 other	 components	 of	 the	 cell	 wall	 like	 pectin,	 which	 would	 normally	

increase	wall	rigidity	and	cause	gross	physical	damage	upon	cell	elongation	(Horst	

et	al.,	1999).	

	 Organic	 acid-dependent	 Al	 exclusion	 was	 first	 reported	 in	 Al	 resistant	

snapbean	cultivars	(Miyasaka	et	al.,	1991)	and	subsequently	studied	intensively	 in	

an	 Al	 resistant	 wheat	 cultivar	 that	 has	 roots	 that	 secrete	 malic	 acid	 into	 the	
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rhizosphere	in	response	to	Al	(Delhaize	et	al.,	1993).	Following	characterization	of	

the	role	of	the	wheat	Alt1	locus	 in	Al	exclusion,	 it	was	found	that	the	Al	resistance	

associated	with	 it	was	dependent	on	 increased	expression	 levels	of	ALMT1,	which	

encodes	an	Al-activated	root	malate	efflux	 transporter	 that	has	subsequently	been	

reported	in	several	plant	species	(Hoekenga	et	al.,	2006;	Sasaki	et	al.,	2004).		

	 In	 Al	 resistant	 species,	 there	 are	 a	 variety	 of	 genes	 that	 have	 been	

characterized	 that	 are	 required	 for	 Al	 resistance.	 It	 has	 been	 determined	 that	

usually	one	or	a	small	handful	of	these	genes	are	required	to	confer	Al	resistance	to	

these	 plants.	 This	was	 first	 identified	 in	 an	 Al	 resistant	wheat	 cultivar	where	 the	

roots	 secrete	 the	 organic	 acid	 malate	 into	 the	 rhizosphere	 to	 chelate	 Al	 after	

exposure	 (Delhaize	 1993).	 Since	 then,	 a	 number	 of	 other	 plant	 species	 have	 been	

found	to	employ	a	similar	 technique	such	as	malate	release	by	Arabidopsis;	citrate	

release	by	maize,	oat,	snapbean,	sorghum	and	soybean;	buckwheat	and	taro	release	

oxalate;	oat,	radish,	rapeseed	and	rye	release	both	citrate	and	malate	(Kochian	1995,	

Ma	2003,	Wong	2003,	Kochian	2004).	Organic	acids	are	also	released	from	the	root	

apex,	as	it	 is	the	primary	site	of	Al-dependent	root	growth	inhibition,	but	not	from	

the	mature	 root	 region	 (Pellet	 1995).	Of	 the	 three	organic	 acids	 that	 are	 secreted	

from	the	root	apex,	citrate	is	the	most	common	and	forms	the	most	stable	and	non-

toxic	 complex	with	 Al	 since	 it	 forms	 a	 1:1	 ratio	with	 Al.	 Oxalate	 and	malate	 both	

have	less	affinity	for	Al	since	they	are	both	divalent	anions	(Kochian	2005).	

	 The	Al-induced	secretion	of	organic	acids	can	be	classified	into	two	patterns	

depending	on	the	plant	species.	In	Pattern	I	plants	such	as	Al-tolerant	wheat	and	
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buckwheat,	there	is	no	delay	between	Al	exposure	and	release	of	organic	acids	into	

the	rhizosphere.	This	pattern	suggests	that	the	transporter	is	not	induced	by	gene	

activation.	There	are	a	variety	of	proposed	mechanisms	on	how	this	occurs:	direct	

interaction	with	channel	proteins,	direct	interaction	with	specific	receptors	on	the	

membrane	that	activates	secondary	messengers	to	change	the	channel	activity,	or	

enters	the	cytoplasm	and	alters	the	channel	activity	either	directly	or	indirectly	(Ma	

2000).	In	contrast,	Pattern	II	plants	such	as	Cassia	tora,	rye	and	triticale	have	a	

delayed	response	to	Al,	signifying	that	gene	induction	may	be	involved.	This	pattern	

probably	involves	activation	of	genes	that	might	be	related	to	the	metabolism	of	

organic	acids,	the	anion	channel	on	the	plasma	membrane	or	transport	of	organic	

acids	from	the	mitochondria.	Also	this	pattern	is	only	observed	for	the	secretion	of	

citrate	(Ma	2000).	

	 Research	 on	 organic	 acid	 secretion	 has	 identified	 specific	 transporters	 and	

mechanisms	 that	 are	 responsible	 for	 the	 export	 of	 organic	 acids	 into	 the	

rhizosphere.	The	 first	Al	 induced	gene	responsible	 for	organic	 ion	efflux	 transport	

was	 found	 in	 wheat,	 Aluminum	 Activated	 Malate	 Transporter	 (ALMT).	 This	

transporter	exports	malate	and	when	it	is	over	expressed	can	confer	Al	tolerance	to	

tobacco	 cells	 and	 also	 barley,	 which	 is	 one	 of	 the	most	 Al	 sensitive	 cereal	 crops.	

Additionally,	over-expressing	ALMT1	in	barley	conferred	increased	resistance	to	Al	

in	 both	 a	 hydroponic	 culture	 and	 in	 acidic	 soils	 (Sasaki	 2004,	 Delhaize	 2004).	

Expression	of	ALMT1	in	tobacco	cells	showed	recovery	beginning	18	hours	after	Al	

exposure.	 Since	 the	 characterization	 of	 wheat	 ALMT1,	 several	 active	 organic	 acid	
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transporters	have	been	identified	such	as:	Arabidopsis	AtALMT1,	sorghum	AltSB,	and	

barley	HvAACT1	 (Furukawa	 et	 al.,	 2007;	 Hoekenga	 et	 al.,	 2006;	 Magalhaes	 et	 al.,	

2007).	 While	 ALMT1	 and	 AtALMT1	 are	 novel	 proteins,	 the	 citrate	 transporter	 in	

barley	is	a	member	of	the	multidrug	and	toxic	compound	extrusion	(MATE)	family	

(Furukawa	et	al.,	2007).	This	suggests	that	there	could	be	other,	unidentified	genes	

that	are	encoding	anion	channels	that	are	important	for	Al-tolerance	(Kochian	et	al.,	

2005).	

	 There	 are	 other	 compounds	 that	 are	 capable	 of	 chelating	 Al	 in	 plants,	

although	 they	 have	 not	 been	 well	 characterized.	 Of	 these	 compounds,	 phenolics	

have	been	receiving	more	attention	in	relation	to	Al	tolerance	due	to	their	ability	to	

complex	 with	metals	 and	 act	 as	 strong	 antioxidants	 in	 response	 to	 abiotic	 stress	

(Kochian	et	al.,	2004).	Phenolics,	characterized	as	organic	compounds	that	have	one	

or	 more	 aromatic	 ring,	 are	 released	 from	 maize	 roots,	 such	 as	 catechin	 and	

quercetin.	 In	 three	 different	 wild	 type	 maize	 genotypes,	 it	 was	 shown	 that	 the	

release	 of	 these	 compounds	 had	 a	 better	 correlation	 between	 the	 ability	 of	 Al-

tolerance	 than	 with	 Al-activated	 oxalate	 release.	 Likely,	 Al-stimulated	 release	 of	

phenolics	may	play	an	important	role	in	the	detoxification	of	Al	at	the	root	tip	(Kidd	

et	al.,	2001).	

	 Chelation	of	Al	as	a	mechanism	of	preventing	root	damage	 is	not	 limited	to	

the	 release	 of	 organic	 acids	 and	 phenolics	 into	 the	 rhizosphere,	 since	 the	 same	

mechanism	 is	 used	 to	 detoxify	 internalized	 Al.	 In	 Al-tolerant	 species	 such	 as	

hydrangea,	 buckwheat,	 and	 tea,	 Al	 is	 chelated,	 internalized	 and	 transported	 as	 a	
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non-toxic	 species	within	 the	 plant.	 The	 two	 extensively	 studied	 plant	 species	 that	

utilize	this	method	are	hydrangea	and	buckwheat.	When	hydrangea	is	grown	in	the	

presence	of	Al,	 its	sepals	change	color	from	red	to	blue	due	to	the	accumulation	of	

the	blue	colored	Al	complex.		

	 The	 Al-citrate	 complex	 is	 an	 incredibly	 strong	 complex.	 Using	NMR,	 it	was	

found	that	the	Al-citrate	complex	is	more	stable	than	the	Al-ATP	complex	suggesting	

that	 this	complex	can	protect	cellular	components	 from	the	damaging	effects	of	Al	

(Ma,	2000).	In	buckwheat,	it	was	found	that	the	plant	secretes	oxalic	acid	from	the	

root	apex,	where	it	forms	a	1:3	Al-oxalate	complex.	The	Al-oxalate	complex	is	then	

transported	through	the	xylem	sap	from	the	roots	to	the	leaves.	The	1:3	Al-oxalate	

complex	 is	 also	 very	 strong,	 and	 also	 has	 a	 higher	 stability	 constant	 that	 is	much	

higher	 than	 Al-ATP,	 meaning	 that	 it	 also	 can	 prevent	 Al	 binding	 to	 cellular	

components	(Ma		et	al.,	1998).		

	 Further	 research	 also	 shows	 that	 the	 Al-oxalate	 complex	 in	 leaves	 of	

buckwheat	is	sequestered	to	the	vacuoles,	which	may	be	an	additional	detoxification	

step	 (Shen	 et	 al.,	 2002).	 Furthermore,	 in	 tea	 it	 has	 been	 proposed	 that	 Al	 is	

transported	through	the	roots	to	the	shoots	as	an	Al-citrate	complex	(Morita	et	al.,	

2004),	where	Al	accumulates	at	the	cell	walls	of	epidermal	cells	(Matsumoto	et	al.,	

1976;	 Tolrà	 et	 al.,	 2011).	 By	 creating	 complexes	 with	 TCA	 intermediates,	 these	

plants	can	accumulate	high	concentrations	of	Al,	which	represents	one	mechanism	

of	true	Al	tolerance.	Transcriptional	activation	of	Al	tolerance	genes	like	ALMT1	and	

ALS3	are	mediated	by	STOP1	and	STOP2,	putative	transcription	factors	responsible	
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for	 the	 upregulation	 of	 a	 suit	 of	 genes	 necessary	 for	 Al	 tolerance	 (Sawaki	 et	 al.,	

2009).	

	 Outside	 of	 organic	 acid	 release	 as	 a	 form	 of	 Al	 tolerance	 or	 resistance,	 a	

logical	 but	unproven	mechanism	of	Al	 tolerance	 is	 root-mediated	alkalinization	of	

the	rhizosphere,	since	Al	toxicity	is	dependent	on	the	pH	of	the	growth	environment.	

Despite	the	appeal	of	 this	process	as	an	Al	tolerance	mechanism,	there	 is	only	one	

report	that	clearly	demonstrates	this	role	 in	Al	tolerance.	An	Al	tolerant	mutant	 in	

Arabidopsis	was	 shown	 to	 release	 similar	 amounts	 of	 organic	 acids	 to	 wild-type	

seedlings,	 indicating	 that	 this	mutant	has	a	different	mechanism	of	Al	 tolerance.	 It	

was	 then	 found	 that	 its	 mechanism	 of	 Al	 tolerance	 was	 correlated	 with	 an	 Al-

activated	root	apical	H+	influx.	This	H+	influx	resulted	in	an	increase	in	rhizosphere	

pH	at	the	surface	of	the	root	tip,	which	was	significant	enough	to	decrease	Al	activity	

around	the	root	tip	(Degenhardt	et	al.,	1998).	

	 In	addition	to	the	various	resistance	mechanisms	described,	 there	has	been	

limited	evidence	that	modification	of	extra-	and	intracellular	anionic	sites	can	have	a	

positive	 impact	 on	 Al	 resistance.	 Polyamines	 are	 small	 aliphatic	 polycationic	

molecules	 that	 could	 compete	 with	 Al	 ions	 for	 binding	 sites	 at	 the	 cell	 wall	 and	

membrane	to	prevent	Al	from	entering	the	cell	(Chen	et	al.,	2008).	Plant	polyamines	

are	detected	in	actively	growing	tissues	and	under	stress	conditions.	They	also	have	

been	connected	to	the	control	of	cell	division,	embryogenesis,	root	formation,	 fruit	

development	and	ripening,	and	responses	 to	biotic	and	abiotic	 stresses	 (Kumar	et	

al.,	1997).		
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	 There	have	been	two	reports	that	describe	the	relationship	between	Al	and	

polyamines;	one	report	has	demonstrated	 the	positive	effects	of	polyamines	on	Al	

tolerance,	while	 another	has	discussed	 the	 effects	 of	Al	 on	 cellular	polyamines.	 In	

saffron,	1mM	polyamines	were	able	to	reduce	Al	toxicity.	Polyamines	were	also	able	

to	decrease	H2O2	content	in	the	presence	of	Al,	as	well	as	decrease	Al	accumulation	

at	the	roots	(Chen	et	al.,	2008).	In	cell	cultures	of	a	woody	plant	Catharanthus	roseus,	

it	was	observed	 that	polyamine	 levels	 increase	upon	Al	exposure.	Spermine	 levels	

increased	 by	 two-	 to	 three-fold	 after	 24	 and	 48	 hours	 of	 exposure	 to	 Al,	 and	

putrescine	 levels	 slightly	 increased	 after	 four	 hours	 of	 exposure,	 but	 was	

surprisingly	followed	by	a	sharp	decrease	(Minocha	et	al.,	1992).	This	suggests	that	

even	non-chelating	molecules	can	have	a	significant	impact	on	Al	tolerance	in	plants.	

	 It	has	been	argued	based	on	these	studies	that	Al	exclusion	must	be	a	rapid	

response	to	minimize	Al	uptake	and	subsequent	Al-dependent	stress.	Interestingly,	

much	 of	 the	 findings	 on	 Al	 exclusion	 mechanisms	 have	 arisen	 from	 studies	 that	

move	 roots	 from	a	no	Al	 environment	 to	one	 that	has	highly	 toxic	 levels	with	 the	

research	 focused	 on	 the	 immediate	 responses	 to	 Al.	 It	 is	 hard	 to	 imagine	 a	 real	

world	 situation	 in	which	 roots	go	 from	an	environment	with	 little	 to	no	Al	 to	one	

that	 has	 highly	 inhibitory	 concentrations.	 Therefore,	 it	 is	 arguable	 whether	 the	

approach	of	studying	immediate	responses	to	Al	is	necessarily	relevant	to	Al	toxicity	

in	 soils	 since	 stoppage	 of	 root	 growth	 in	 such	 an	 environment	 is	 likely	 due	 to	

chronic	 long-term	 exposure	 to	 Al.	 Consequently,	 it	 is	 of	 critical	 importance	 to	

determine	the	toxic	effects	of	Al	as	it	accumulates	within	plant	tissue.	
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Identification	 and	 Characterization	 of	 als,	 alr	 and	 alt	 Mutants	 in	 Arabidopsis	

Thaliana	

	 It	has	been	very	difficult	to	determine	other	mechanisms	of	Al	tolerance	and	

resistance	 in	 agriculturally	 relevant	 plants	 due	 to	 issues	 such	 as	 genome	 size,	

availability	of	knockout	 lines,	generation	time,	and	difficulty	 in	creating	transgenic	

lines.	The	use	of	Arabidopsis	thaliana	has	 evaded	 this	 issue	by	utilizing	 the	model	

plant	that	has	a	smaller	diploid	genome,	an	extensive	library	of	knockout	lines,	and	

short	 generation	 time	 (Jones	 et	 al.,	 1995).	 Additionally	 Arabidopsis	 has	 similar	

sensitivity	 to	 Al	 in	 comparison	 to	 other	 crop	 plants	 and	 shows	 classic	 signs	 of	 Al	

toxicity,	making	Arabidopsis	a	 suitable	plant	model	 for	Al	 toxicity	 for	 crop	 species	

(Larsen	et	al.,	1996).	

	 The	 mechanisms	 of	 Al	 resistance	 have	 been	 intensively	 studied	 on	 crop	

species	using	natural	genetic	variation	within	and	across	species,	such	as	wheat	and	

maize.	While	clearly	an	insightful	approach	that	has	given	extensive	knowledge	on	

Al	exclusion	mechanisms,	this	work	is	limited	based	on	currently	existing	variability	

with	regard	to	growth	in	the	presence	of	Al.	Mutational	approaches	using	the	model	

plant	species	Arabidopsis	have	become	an	important	complement	to	these	studies.	

Beyond	the	obvious	advantages	of	using	a	model	species,	Arabidopsis	has	a	similar	

Al	toxic	threshold	to	many	agriculturally	relevant	crop	species	making	it	a	valuable	

system	 for	 investigating	 how	 plants	 sense	 and	 respond	 to	 Al	 through	 the	

identification	 of	 mutants	 with	 altered	 growth	 capabilities	 in	 the	 presence	 of	 Al	

(Larsen	et	al.,	1996).	This	has	been	particularly	true	with	regard	to	identification	of	
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Al	 sensitive	 (als)	 Arabidopsis	 mutants,	 which	 have	 reduced	 root	 growth	 in	 the	

presence	 of	 Al	 likely	 due	 to	 defects	 in	 mechanisms	 required	 for	 Al	 exclusion,	 Al	

detoxification,	 or	 response	 to	 Al-dependent	 damage.	 By	 screening	 for	Al	 sensitive	

Arabidopsis	mutants,	eight	complementation	groups	were	identified	indicating	that	

Al	 toxicity	 is	 complex,	 which	 is	 to	 be	 expected	 considering	 the	 likely	 number	 of	

factors	involved	in	mechanisms	of	Al	resistance	and	tolerance	(Larsen	et	al.,	1996).	

Most	importantly,	as	will	be	discussed	later,	 identification	of	these	als	mutants	has	

allowed	 for	 use	 of	 a	 suppressor	 mutagenesis	 approach	 that	 has	 resulted	 in	

identification	 of	 factors	 that	 are	 important	 for	 Al-dependent	 stoppage	 of	 root	

growth.	

	 In	 order	 to	 find	 factors	 that	 are	 required	 for	 Al	 stress	 response,	 a	 genetic	

approach	 was	 taken	 to	 identify	 Arabidopsis	 mutants	 that	 exhibit	 increased	 Al	

sensitivity.	 Mutant	 lines	 were	 generated	 through	 ethyl	 methanesulfonate	 (EMS)	

mutagenesis	 of	 Arabidopsis	 thaliana	 ecotype	 Col-0	 wt.	 M2	 seedlings	 were	

subsequently	screened	for	their	response	to	Al	by	identifying	seedlings	with	normal	

growth	in	the	absence	of	Al,	but	restricted	growth	on	low	levels	of	Al.	The	seedlings	

were	grown	on	a	two-layer	gel	system,	with	the	upper	 layer	consisting	of	nutrient	

medium	 with	 no	 added	 Al	 and	 the	 lower	 layer	 consisting	 of	 the	 same	 nutrient	

medium	equilibrated	with	a	subtoxic	 level	of	AlCl3.	Any	seedlings	 that	could	grow	

normally	 through	 the	 upper	 layer	 but	 could	 not	 penetrate	 the	 lower	 layer	 were	

isolated.	Each	of	 these	Al	sensitive	 (als)	mutants	 likely	 represents	defects	 in	genes	

that	 are	 required	 for	 mechanisms	 for	 Al	 resistance	 or	 tolerance.	 Two	 of	 the	
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identified	 mutants,	 als1-1	 and	 als3-1	 have	 been	 studied	 in	 depth.	 Both	 of	 these	

mutations	represent	a	recessive	loss	of	function	mutations	resulting	in	greater	than	

wild	type	root	growth	inhibition	in	the	presence	of	sub-threshold	levels	of	AlCl3.	

	 The	first	mutant	characterized	was	als3-1	due	to	its	extreme	sensitivity	to	Al	

at	 low	 levels.	 When	 grown	 on	 Al	 asl3-1	 shows	 complete	 arrest	 of	 growth	 of	 the	

primary	 root	 and	 shoot	 meristems.	 The	 roots	 of	 als3-1	 are	 stunted	 and	 have	 a	

swollen	club	shaped	root	apex,	with	root	hairs	at	or	near	the	root	tip	when	grown	on	

Al	 media.	 Also,	 als3-1	 roots	 do	 not	 initiate	 any	 lateral	 roots,	 but	 can	 produce	

secondary	 roots	 from	 the	 base	 of	 the	 hypocotyl.	 Growth	 of	 lateral	 roots	 can	

reinitiate	 if	 als3-1	 plants	 are	 removed	 from	 Al	 media,	 but	 the	 primary	 root	 is	

irreversibly	 inhibited	by	 the	Al	 treatment.	 This	 response	differs	 from	 the	 roots	 of	

wild	type	plants,	which	are	able	to	fully	recover	from	the	Al	treatment(Larsen	et	al.,	

1997).		

	 Following	 Al	 treatment	 the	 shoot	 phenotype	 of	 als3-1	 shows	 reduced	

cotyledon	expansion.	als3-1	shoots	show	a	delayed	growth	recovery	in	comparison	

to	the	root,	which	does	not	recover	at	all.	Leaf	expansion	is	blocked	for	several	days	

after	the	Al	recovery.	In	addition,	the	first	true	leaves	of	als3-1	develop	abnormally	

following	Al	treatment.	They	are	severely	stunted	with	very	few	trichomes,	poor	leaf	

expansion,	 and	 irregular	 shaped	 epidermal	 cells	 with	 a	 rough	 leaf	 surface.	 The	

leaves	 that	 developed	 after	 Al	 treatment	 also	 do	 not	 expand	 but	 became	 a	

disorganized	 cluster	 of	 leaf	 pegs	 that	 eventually	 expand	 without	 petiole	

development.	 Eight	 days	 after	 removal	 from	 Al,	 a	 second	 shoot	 apex	 forms	 that	
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develops	relatively	normally	except	for	a	greater	number	of	rosette	leaves	and	some	

fused	 inflorescences.	 This	 shoot	 phenotype	 is	 found	 to	 only	 in	 als3-1	plants	 that	

were	 challenged	with	 Al	 (Larsen	 et	 al.,	 1997)	 and	 has	 not	 been	 described	 for	 als	

mutants	in	general.	

	 Since	 this	 mutation	 is	 completely	 Al-dependent,	 it	 was	 hypothesized	 that	

als3-1	represents	 a	 factor	 required	 for	 Al-tolerance	 or	 resistance.	 This	 factor	was	

found	to	be	specific	for	Al	tolerance	since	als3-1	did	not	show	increased	sensitivity	

to	other	metals	such	as	copper,	nickel,	cadmium	or	lanthanum	and	does	not	display	

any	 other	 growth	 defects	 in	 low	 pH	 without	 Al.	 Staining	 of	 als3-1	 roots	 with	

hematoxylin	 and	morin,	 two	 stains	 that	bind	 to	Al,	 resulted	 in	 similar	 intensity	of	

staining	to	wild	type,	suggesting	that	als3-1	mutation	does	not	alter	the	amount	of	Al	

uptake	(Larsen	et	al.,	1997).	This	was	later	confirmed	using	ICP-OES	(Larsen	et	al.,	

2005).	Although	there	was	no	difference	in	the	amount	of	Al	uptake,	when	wild	type	

and	als3-1	roots	were	stained	with	hematoxylin,	wild	type	plants	showed	a	diffuse	

pattern	of	surface	bound	Al	extending	from	the	root	apex	to	the	mature	region	of	the	

root,	 while	 als3-1	 roots	 displayed	 intense	 staining	 just	 proximal	 to	 the	 root	 tip	

(Larsen	et	al.,	2005).	

	 Map-based	cloning	of	als3-1	showed	that	it	represents	a	defect	in	a	gene	that	

encodes	 an	 ABC-like	 transporter	 homologous	 to	 bacterial	 ybbM,	which	 is	 a	metal	

resistance	protein	from	Escherichia	coli.	Based	on	this	similarity	and	the	localization	

pattern	 of	 ALS3,	 which	 shows	 it	 predominantly	 at	 the	 plasma	membrane	 of	 root	

cortical	 cells	 and	 cells	 of	 the	 vasculature,	 it	was	 proposed	 that	 it	 redistributes	 Al	
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away	from	the	most	sensitive	plant	tissues	in	order	to	maintain	cell	division	(Larsen	

et	al.,	2005;	Larsen	et	al.,	1997).	Loss	of	ALS3	as	in	the	als3-1	mutant	would	result	in	

inappropriate	accumulation	of	Al	in	vulnerable	areas	such	as	the	root	tip	and	would	

consequently	cause	growth	arrest	at	levels	of	Al	that	have	no	measurable	effect	on	

wild	type.	

	 GUS	staining	of	plants	harboring	the	ALS3	promoter	fused	with	GUS	indicates	

that	ALS3	expression	is	localized	primarily	to	the	sieve	tube	elements	of	the	phloem	

in	all	plant	organs,	 and	 trichoblast	 cell	 files	and	 immature	 root	hairs.	GUS	activity	

was	also	found	in	the	epithem	tissue	of	the	hydathodes	but	not	in	the	actual	water	

pore	of	the	hydathode.	Since	Northern	analysis	determined	that	ALS3	is	Al	inducible,	

GUS	 analysis	 of	 Al	 treated	 lines	 resulted	 in	 a	 shift	 of	 expression	 from	 the	 root	

epidermis	to	the	root	cortex.	From	these	results,	ALS3	was	hypothesized	to	mediate	

Al	transport	within	the	plant,	transporting	Al	from	sensitive	tissues	from	the	plant	

such	as	the	root	apical	meristem	in	order	to	sequester	it	in	less	sensitive	tissues	or	

also	 to	 the	 hydathodes	 for	 excretion	 by	 guttation.	 It	 is	 hypothesized	 that	 by	

disrupting	this	partial	ABC	transporter,	there	is	inappropriate	accumulation	of	Al	in	

the	root,	leading	to	severe	symptoms	of	Al	toxicity	(Larsen	et	al.,	2005).	

	 Consistent	with	the	importance	of	ALS3	to	Al	tolerance,	an	ALS3	homolog	was	

identified	 in	 rice,	 called	 STAR2.	Although	 both	 ALS3	 and	 STAR2	 are	 required	 for	

plant	Al	tolerance,	the	expression	patterns	and	cellular	localization	differ.	STAR2	is	

only	expressed	in	roots	upon	Al	treatment	and	is	located	in	all	cell	types	except	for	

the	epidermal	cells	in	the	mature	root	zone	(Huang	et	al.,	2009).	In	contrast,	ALS3	is	
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expressed	at	a	basal	level	in	the	vasculature	throughout	the	plant	and	its	expression	

is	 dramatically	 increased	 in	 the	 Arabidopsis	 root	 tip	 following	 exposure	 to	 Al	

(Larsen	 et	 al.,	 2005).	 Similar	 to	 ALS3,	 STAR2	 contains	 several	 transmembrane	

domains	that	likely	form	a	pore	or	channel	that	is	involved	in	substrate	movement.	

Both	ALS3	and	STAR2	lack	an	ATPase	domain,	making	them	unusual	with	regard	to	

ABC	transporters	that	often	have	the	transmembrane	domains	and	ATPase	domain	

all	 as	 part	 of	 one	 protein.	 While	 a	 separate	 ATPase	 domain	 containing	 protein	

partner	has	not	been	found	for	ALS3	(Larsen	et	al.,	2005),	rice	STAR2	was	shown	to	

interact	with	another	protein,	STAR1,	which	contains	an	ATPase	domain	(Huang	et	

al.,	 2009).	 The	 STAR1/STAR2	 complex	 functions	 together	 as	 a	 bacterial-type	 ABC	

transporter	 that	 is	 speculated	 to	 transport	 UDP-glucose,	 although	 it	 is	 currently	

unclear	as	to	how	the	transport	of	UDP-glucose	by	STAR1/2	is	responsible	for	rice	

Al	tolerance	(Huang	et	al.,	2009).	

	 Other	Arabidopsis	mutants	that	have	been	identified	with	altered	responses	

to	Al	include	als1	and	als7.	Both	als1	and	als7	were	identified	in	the	original	screen	

for	 Arabidopsis	 mutants	 with	 Al	 hypersensitivity.	 als1-1	 was	 also	 identified	 by	

mapped	 based	 cloning	 and	 subsequently	 characterized.	 Similarly	 to	als3-	1,	als1-1	

has	an	extreme	increase	in	Al	sensitivity.	ALS1	encodes	a	half	type	ABC	transporter	

that	was	localized	to	the	vacuolar	membrane	of	root	tip	cells,	suggesting	that	it	may	

be	important	for	compartmentalization	of	internalized	Al	(Larsen	et	al.,	1997).	Map	

based	cloning	revealed	that	the	als1-1	mutation	is	a	single	amino	acid	substitution	in	

this	previously	uncharacterized	half	 type	ABC	 transporter.	 It	 contains	 two	distinct	
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domains:	 the	 N-terminal	 domain	 contains	 at	 least	 four	 predicted	 transmembrane	

regions	and	appears	to	have	a	structure	typical	of	the	membrane	spanning	regions	

of	 ABC	 transporters	 and	 the	 C-terminal	 domain	 has	 all	 the	 required	 motifs	

associated	with	functional	ATPases	of	ABC	transporters	(Larsen	et	al.,	1997).		

	 ALS1	 also	 has	 significant	 homology	 to	 two	 distinct	 ABC	 transporters	 with	

different	 functions.	 ALS1	 is	 homologous	 to	 mammalian	 TAP-type	 transporters	

associated	with	the	endoplasmic	reticulum	to	move	short	polypeptides	for	antigen	

processing.	ALS1	 is	 also	homologous	 to	 yeast	mitochondrial-localized	 subfamily	B	

ABC	 transporter,	 Atm1p,	 and	 vacuolar	 localized	 Ycf1p.	 Atm1p	 is	 an	 essential	

component	in	the	mitochondrial	export	of	Fe/S	clusters	to	the	cytoplasm,	indicating	

that	it	is	essential	for	iron	homeostasis	in	yeast.	Ycf1p	is	required	for	movement	of	

cadmium-glutathione	 into	 the	 yeast	 vacuole	 and	 loss	 of	 Ycf1p	 results	 in	 cadmium	

hypersensitivity.	 It	 is	 possible	 that	 ALS1	 functions	 similarly	 to	 Atm1p	 and	 Ycf1p,	

thus	transporting	a	metal	complex	in	Arabidopsis	(Larsen	et	al.,	2007).	

	 Histochemical	staining	of	Arabidopsis	plants	homozygous	for	full	length	ALS1	

fused	 to	GUS	was	 performed.	 It	was	 determined	 that	ALS1	 is	 primarily	 limited	 to	

vascular	tissue	in	the	roots,	leaves,	stems	and	flowers,	with	high	activity	throughout	

the	 distal	 portion	 of	 the	 root	 tip.	 High	 GUS	 activity	 was	 also	 detected	 in	 the	

hydathodes	 and	 the	 area	 surrounding	 the	 water	 pore.	 ALS1	 was	 found	 to	 be	

exclusively	localized	to	the	vacuolar	membrane	using	ALS1	fused	to	GFP	(Larsen	et	

al.,	2007).	
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	 It	was	proposed	that	ALS1	is	potentially	transporting	a	metal	complex	from	

the	 cytosol	 to	 the	 vacuole	 of	 the	 cell,	 similar	 to	 two	 yeast	 homologs	 Atm1p	 and	

Ycf1p.	This	would	allow	sequestration	of	Al	into	the	vacuole	and	remove	interaction	

of	the	Al	cation	within	the	cytosol.	Due	to	this	activity,	it	is	possible	that	ALS3	loads	

and	 unloads	 Al	 from	 the	 phloem	 for	movement	 of	 Al	 to	 less	 sensitive	 cells,	while	

ALS1	 transports	 intracellular	Al	 from	 the	 cytosol	 to	 the	vacuole	 for	 sequestration.	

Mutation	of	either	of	these	two	factors	can	lead	to	inappropriate	accumulation	of	Al	

in	sensitive	tissues	within	the	plant	(Larsen	et	al.,	2007).	

	 ALS7/SLOWWALKER	encodes	a	transcription	factor	that	among	other	things	

is	required	for	regulation	of	expression	of	genes	whose	products	participated	in	the	

production	of	polyamines	such	as	spermine	(Nezames	et	al.,	2013).	Since	als7-1	has	

Al	hypersensitive	roots,	it	is	expected	that	reduced	production	of	polyamines	lowers	

the	protective	 effect	 of	 these	multicharged	 cations	because	of	 reduced	 capacity	 to	

compete	with	Al3+	for	binding	to	anionic	sites	within	the	root	tip.	Anionic	targets	of	

Al3+	 are	 expected	 to	 include	 negative	 charges	 in	 the	 plant	 cell	 wall	 as	 well	 as	

symplastic	targets	such	as	genomic	DNA,	which	directly	binds	to	polyamines	such	as	

spermine	and	spermidine	(Nezames	et	al.,	2013).	

	 Aluminum	 resistant	 (alr)	 mutations	 have	 been	 identified	 by	 using	 EMS	

mutagenized	Arabidopsis	seedlings	that	had	enhanced	root	growth	on	a	phytotoxic	

level	of	AlCl3.	From	 this	 screen,	 five	 lines	were	explored	 further	 in	depth.	Four	of	

these	 lines	were	mapped	 to	 a	 similar	 location	 and	 all	 had	 increased	 organic	 acid	

release	of	malate	and/or	citrate.	The	 fifth	 line	did	not	have	enhanced	organic	acid	
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release,	suggesting	the	resistance	is	conferred	in	a	manner	other	than	organic	acid	

release,	 which	 has	 already	 been	 described	 previously.	 Unfortunately,	 fine	 scale	

mapping	could	not	be	accomplished	due	to	the	difficultly	of	identifying	a	population	

that	had	a	clear	Al	resistant	phenotype	(Degenhardt	et	al.,	1998).		
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CHAPTER	3:	Aluminum	Dependent	DNA	Damage	

Response	in	Plants	

	 Since	 als3-1	has	 such	 a	 profound	 phenotype	 that	 is	 specific	 to	 Al	 stress,	 it	

presented	 a	 unique	 opportunity	 to	 use	 this	mutation	 to	 help	 identify	 factors	 that	

confer	 increased	 Al	 tolerance	 and/or	 resistance	 using	 a	 suppressor	 mutagenesis	

approach.	 EMS	 chemical	 mutagenesis	 on	 als3-1	 was	 performed	 and	 plants	 that	

masked	 als3-1	 hypersensitivity	 on	 low	 levels	 of	 Al	 were	 isolated.	 The	 als3-1	

suppressor	lines	represent	mutations	in	factors	that	confer	increased	Al	resistance	

and/or	tolerance(Gabrielson	et	al.,	2006).	

	 By	using	 this	method,	12	strong	suppressor	mutants	were	 identified,	and	3	

were	initially	chosen	for	further	analysis.	All	three	gave	similar	phenotypes	and	all	

mapped	to	the	same	region.	Therefore	only	one	of	those	lines	was	studied	further,	

alt1-1.	When	 the	 alt1-	 1;als3-1	 suppressor	 mutant	 was	 grown	 in	 the	 presence	 of	

increasing	 concentrations	 of	 AlCl3,	 its	 growth	 not	 only	 reversed	 AlCl3	

hypersensitivity	of	als3-1	but	 it	also	had	 increased	root	growth	compared	to	Col-0	

wt	 in	 higher	 levels	 of	 AlCl3.	 It	 was	 found	 that	 alt1-1	 is	 a	mutation	 that	 does	 not	

exhibit	any	enhancement	in	Al	exclusion,	due	to	callose	accumulation	and	Al	content	

of	alt1-1	being	similar	to	wild	type	(Gabrielson	2006).	

	 Through	map-based	 clonging,	 alt1-1	 (atr-4)	was	 discovered	 to	 be	 a	 loss	 of	

function	 mutation	 in	 ATAXIA	 TELANGEICTASIA	 MUTATED	 AND	 RAD3-RELATED	

(ATR)	 (Rounds	 et	 al.,	 2008).	 In	 higher	 eukaryotes,	 ATR	 encodes	 a	 cell	 cycle	
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checkpoint	 that	 senses	 DNA	 damage	 as	 part	 of	 a	 signal	 transduction	 pathway	

capable	of	halting	the	cell	cycle	in	order	to	repair	damaged	foci	(Siede	et	al.,	2006).	

In	Arabidopsis,	ATR	is	known	to	signal	repair	of	persistence	of	single-stranded	DNA,	

single-stranded	DNA	 breaks,	 replication	 fork	 stalls,	 and	 crosslinks	 (Culligan	 et	 al.,	

2008).	 Alt1-1	 confers	 a	 single	 amino	 acid	 substitution	 of	 G1098E	 in	 the	 highly	

conserved	 yet	 uncharacterized	 UME	 domain,	 which	 is	 speculated	 to	 function	 in	

protein-protein	interactions.	A	second	alt	allele,	alt1-2	was	also	the	results	of	a	point	

mutation	in	ATR	a	L2553F	substitution	in	the	conserved	phosphatidylinositol	3-	and	

4-kinase	 domain	 of	 ATR	 (Rounds	 et	 al.,	 2008).	 Both	 of	 these	 dominant-negative	

mutant	 alleles	 were	 originally	 found	 because	 of	 their	 capability	 to	 suppress	 the	

hypersensitivity	 phenotype	 of	 als3-1	 (Gabrielson	 et	 al.,	 2006).	 Further	 work	 has	

shown	that	a	T-	DNA	insertion	allele,	atr-2,	is	also	capable	of	fully	suppressing	als3-

1,	 thus	 supporting	 the	 argument	 that	 alt1-1	 (atr-4)	 and	 alt1-2	are	mutations	 that	

reduce	the	function	of	ATR	even	though	they	are	dominant	(Rounds	et	al.,	2008).	

	 This	is	particularly	evident	when	one	considers	the	response	of	atr-2	and	atr-

4	 to	 other	 DNA-damage	 agents,	 which	 only	 adds	 to	 the	 conundrum	 of	 why	 Al	

activates	 this	 ATR-dependent	 pathway.	 While	 these	 mutants	 are	 Al	 tolerant,	 as	

demonstrated	by	their	capacity	to	maintain	root	growth	due	to	failure	to	arrest	cell	

cycle	 progression	 and	 force	 QC	 differentiation,	 atr-2	 and	 atr-4	 roots	 exposed	 to	

different	DNA-damage	agents	such	as	the	replication	fork	poison	hydroxyurea	(HU)	

and	the	DNA	crosslinkers	cisplatin	(CDDP)	and	Mitomycin	C	(MMC)	exhibit	extreme	

sensitivity	 (Nezames	 et	 al.,	 2012;	Rounds	 et	 al.,	 2008).	 From	 these	 results,	ATR	 is	
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absolutely	necessary	to	repair	stalled	replication	forks	as	well	as	DNA	crosslinks	yet	

loss	of	this	repair	factor	confers	Al	tolerance.	It	is	difficult	to	reconcile	increased	Al	

tolerance	with	loss	of	such	a	key	DNA-damage	response	factor,	although	it	could	be	

argued	 that	Al	may	 bind	 to	DNA	 in	 a	manner	 similar	 to	 covalent	 crosslinkers	 but	

without	 the	 extreme	 detrimental	 effects	 of	 these	 crosslinkers.	 This	 argument	 is	

based	 on	 the	 likelihood	 that	 Al	 would	 interact	 with	 DNA	 electrostatically	 in	 a	

reversible	manner,	with	binding	likely	holding	DNA	in	an	unfavorable	conformation	

that	subsequently	is	perceived	as	a	replication	fork	stall	by	ATR.	Interestingly,	even	

though	treatment	with	Al	has	been	shown	to	result	in	DSBs	and	micronuclei	(Achary	

et	al.,	2013;	Karlik	et	al.,	1980;	Matsumoto,	1988),	a	loss-of-function	atm	mutant	was	

incapable	of	suppressing	the	Al	hypersensitivity	phenotype	of	als3-1	(Rounds	et	al.,	

2008)	 suggesting	 that	 DSBs	 are	 not	 important	 to	 activating	 the	 DNA-damage	

checkpoint	following	Al	treatment.	

	 The	second	als3-1	suppressor	mutant	 identified	 is	alt2-1,	which	 is	a	 loss-of-

function	mutation	 in	 the	cell	cycle	checkpoint	TANMEI/ALT2.	ALT2	encodes	a	WD-

40	motif	containing	protein	homologous	to	an	integral	component	of	the	mechanism	

required	 for	 response	 to	DNA	damage,	AtCSA,	which	 is	 part	 of	 the	DNA-	damage-

binding	 (DDB)	machinery	 (Biedermann	et	al.,	2010;	Nezames	et	al.,	2012).	WD-40	

proteins	 are	 commonly	 found	 in	many	different	 biochemical	 pathways,	 serving	 as	

scaffolds	 for	 protein	 complexes.	 In	 some	 cases,	 such	 proteins	 participate	 in	 SCF	

ubiquitin	 ligase	 complexes	 in	 order	 to	 tag	 target	 proteins	 for	 degradation.	 Such	 a	

role	 for	 ALT2	 in	 response	 to	 Al	 is	 consistent	with	 the	 observation	 that	 CULLIN4,	
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which	is	a	key	component	of	SCF	ubiquitin	ligases,	interacts	directly	with	DWD	motif	

containing	proteins	(Biedermann	et	al.,	2010;	Lee	et	al.,	2008a).	Such	a	 function	 is	

distinctly	 different	 from	 what	 was	 previously	 described	 for	 human	 CSA,	 which	

functions	 in	TCNER	 to	monitor	 for	 conformational	 changes	 in	DNA	as	assessed	by	

blockage	 of	 transcription	 (Saijo,	 2013).	 Cooperation	 of	 a	WD-40	motif	 containing	

protein	with	CULLIN4	is	characteristic	of	Global	Genome	Nucleotide	Excision	repair	

(GGNER)	and	is	independent	of	RNA	polymerase	II	(Siede	et	al.,	2006).	At	this	point,	

it	 is	 unclear	 in	 which	 if	 either	 NER	 response	 pathway	 ALT2	 may	 participate	

although	 the	 potential	 linkage	 of	 ALT2	 to	 either	 is	 consistent	 with	 Al	 acting	 as	 a	

genotoxin.	

	 Like	atr-2	and	atr-4,	alt2-1	falls	into	the	same	conundrum	since	it	fails	to	halt	

the	cell	cycle	and	force	differentiation	of	QC	in	the	presence	of	a	normally	inhibitory	

concentration	 of	 Al	 yet	 it	 is	 highly	 sensitive	 to	 DNA	 crosslinkers	 (Nezames	 et	 al.,	

2012).	 A	 double	 mutant	 representing	 the	 loss-of-function	 of	 both	 ATR	 and	 ALT2	

showed	no	additive	Al	tolerance	compared	with	the	single	mutants,	suggesting	that	

ATR	 and	ALT2	 act	 together	 to	 detect	Al-dependent	 damage	 and	 actively	 halt	 root	

growth.	Interestingly,	alt2-1	does	not	exhibit	hypersensitivity	to	the	replication	fork	

poison	 HU	 while	 it	 does	 show	 extreme	 sensitivity	 to	 CDDP	 and	 MMC,	 which	 is	

consistent	with	it	being	a	key	regulator	of	cell	cycle	progression	following	exposure	

to	DNA-damage	agents	(Nezames	et	al.,	2012).	Therefore,	at	this	point	the	genotoxic	

nature	 of	 Al	 has	 yet	 to	 be	 defined.	 However,	 it	 is	 clear	 from	 the	 unbiased	 als3-1	

suppressor	 screens,	 in	which	DNA	 damage	 response	 factors	were	 identified	 as	 Al	
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tolerance	mutations,	an	ATR-	and	ALT2-dependent	cell	cycle	checkpoint	pathway	is	

key	to	stoppage	of	root	growth	and	promotion	of	terminal	differentiation	following	

Al	treatment.	

	 Based	on	the	results	with	ATR	and	ALT2,	one	could	argue	that	Al-dependent	

DNA	damage	is	a	critical	determinant	of	root	growth	inhibition,	yet	the	effects	of	Al	

on	 the	nucleus	are	 just	beginning	 to	be	elucidated.	Al	 rapidly	accumulates	 to	high	

levels	 in	 root	 meristem	 nuclei	 (Silva	 et	 al.,	 2000)	 and	 is	 especially	 concentrated	

around	 interphase	chromatin	as	well	as	mitotic	 figures	(De	Boni	et	al.,	1974).	 It	 is	

hypothesized	 that	Al	binds	 to	 the	phosphate	backbone	of	DNA	(Andersson,	1988),	

which	 would	 be	 expected	 to	 result	 from	 an	 electrostatic	 attraction	 of	 Al	 to	 the	

negative	 charges	 of	 the	phosphodiester	 bonds.	 Such	 an	 association	 could	 increase	

the	 rigidity	 of	 euchromatin	 and	 relax	 supercoiled	 heterochromatin	 destabilizing	

genome	topology	through	an	ever-fluxing	torsional	tug-of-war.	Binding	of	Al	to	DNA	

or	chromatin	could	condense	DNA	molecules	and	inhibit	cell	division	by	reducing	its	

capacity	 to	 provide	 a	 viable	 template	 for	 replication,	 mitotically	 relevant	

transcriptional	events,	and	even	proper	DNA	separation	(Matsumoto,	1988).	It	is	not	

unreasonable	 to	 predict	 that	 such	 conformational	 changes	 could	 be	 perceived	 by	

ATR	 as	 being	 deleterious	 to	 replication	 fork	 progression,	 thus	 activating	 this	 cell	

cycle	checkpoint.	

	 It	should	be	noted	that	chromosomal	aberrations	resulting	in	DNA	breakage	

and	intra-strand	crosslinking	are	a	reported	consequence	of	chronic	exposure	to	Al	

that	 lead	 to	 micronuclei	 formation	 (Achary	 et	 al.,	 2013;	 Karlik	 et	 al.,	 1980;	
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Matsumoto,	1988)	although	it	is	not	clear	how	relevant	these	are	to	stoppage	of	root	

growth	 since	 ATM	 does	 not	 appear	 to	 have	 a	 role	 in	 this	 process	 (Rounds	 et	 al.,	

2008;	 Sjogren	 et	 al.,	 2015).	 Clearly,	 further	 studies	 are	 necessary	 to	 define	 if	 and	

how	 Al	 interacts	 with	 genomic	 DNA,	 especially	 since	 it	 is	 the	 Al3+	 species	 that	 is	

predicted	 to	bind	 to	 the	negatively	 charged	DNA	backbone,	 yet	 intracellular	pH	 is	

not	expected	to	favor	the	formation	of	this	species.	In	the	end,	utilizing	Al	toxicity	as	

a	real	world	model	to	study	DNA	damage	in	plant	systems	presents	a	novel	system	

to	 study	 DNA	 damage	 response	 without	 the	 use	 of	 rare	 chemotherapy	 drugs	 or	

types	of	radiation	not	found	in	earthly	environments.	

	 Ultimately,	it	seems	counterintuitive	that	a	plant	gains	tolerance	to	an	agent	

that	 causes	DNA	 damage	 by	 reducing	 the	 function	 of	 a	 factor	 necessary	 for	DNA-

damage	detection.	This	certainly	begs	the	question—if	atr	and	alt2	mutant	roots	can	

maintain	root	growth	even	in	the	presence	of	Al,	what	actual	Al-dependent	damage	

is	detected	by	these	cell	cycle	checkpoints?	It	cannot	be	ruled	out	that	inappropriate	

activation	 of	 the	 cell	 cycle	 checkpoint	machinery	 and	 the	 repair	mechanisms	 that	

they	 regulate	 may	 actually	 be	 the	 cause	 of	 the	 damage	 such	 as	 DSBs	 and	

micronuclei.	 Consequently,	 one	 explanation	 could	 be	 that	 failure	 to	 activate	 this	

pathway	prevents	the	program-dependent	accumulation	of	the	damage	and	results	

in	roots	that	can	grow	in	normally	inhibitory	levels	of	Al.	

	 Determination	of	the	nature	of	Al	genotoxicity	is	currently	at	the	initial	stages	

of	investigation.	While	defining	Al	responsive	mechanisms	is	suggestive	of	the	type	

of	 damage	 Al	 causes,	 it	 is	 crucial	 to	 define	 the	 genotoxic	 consequence	 of	 Al	 that	
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triggers	 this	 response,	 whether	 real	 or	 perceived.	 Additionally,	 unanswered	

questions	also	persist	regarding	which	factors	participate	 in	conjunction	with	ATR	

and	ALT2	to	respond	to	Al-dependent	damage	since	clearly	Al	responsive	stoppage	

of	 root	 growth	 is	 a	 multistep	 process	 progressing	 through	 cell	 cycle	 arrest	 to	

terminal	 differentiation	 associated	 with	 endoreduplication	 or	 DNA	 replication	

without	 cytokinesis.	 Therefore,	 not	 only	 is	 further	 identification	 of	 Al	 tolerance	

factors	 crucial	 to	 our	 understanding	 of	 Al	 response	 signaling,	 it	 is	 also	 of	 critical	

importance	 to	 determine	 how	 these	 factors	 function	 together	 to	 promote	 Al-

dependent	 cell	 cycle	 arrest	 causing	 terminal	 differentiation	 and	 subsequent	 plant	

growth	inhibition.	While	the	genotoxic	consequences	of	Al	 in	plants	have	yet	to	be	

elucidated,	 it	 is	 clear	 from	 our	 als3-1	 suppressor	 mutagenesis	 approach	 that	

components	 of	 the	 DNA	 damage	 response	 machinery	 are	 mediating	 root	 growth	

inhibition	in	response	to	the	likely	negative	impact	of	Al	on	DNA	structure,	integrity,	

or	conformation.	

	 The	 identification	 of	 ATR	 and	 ALT2	 as	 mediators	 of	 Al-dependent	 root	

growth	 inhibition	 presents	 new	 strategies	 and	 opportunities	 to	 engineer	 crop	

species	capable	of	growing	 in	Al	 toxic	soils.	Based	on	 the	critical	 roles	of	ATR	and	

ALT2	in	mediating	Al-dependent	root	growth	inhibition	and	the	current	knowledge	

gained	 from	 the	 field	 of	 plant	 DNA	 damage,	 further	 studies	 need	 to	 be	 done	 to	

identify	mediators	 and	 effectors	within	 the	ATR-	 and	ALT2-mediated	Al	 response	

pathway,	 especially	 those	 responsible	 for	 controlling	 cell	 cycle	 arrest,	 damage	

repair,	and	subsequent	promotion	of	endocycling	at	the	root	apical	meristem	to	stop	
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root	growth.	Our	understanding	of	the	genomic	consequences	caused	by	Al	is	still	in	

the	beginning	stages,	and	more	work	 is	needed.	Continued	testing	of	DNA	damage	

response	mutant	 responses	 to	Al	 can	 give	 us	 the	 opportunity	 to	 elucidate	 further	

how	 genomic	 maintenance	 factors	 are	 involved	 in	 this	 biological	 problem.	 In	

addition	 to	 the	 value	 of	 gaining	 a	 better	 understanding	 the	 role	 of	 DNA	 damage	

response	factors	and	cell	cycle	checkpoints	in	mediating	Al-dependent	DNA	damage,	

Al	 toxicity	 represents	 a	 novel	 and	 biologically	 relevant	 model	 to	 study	 ATR-

dependent	mechanisms	in	the	DNA	damage	response	in	general.	
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RESULTS	

CHAPTER	4:	Identification	and	Characterization	of	

sog1-7	

Isolation	of	an	als3-1	Suppressor	Mutant		

	 In	 previous	 studies,	 seeds	 of	 als3-1	 were	 mutagenized	 with	 ethyl	

methanesulfonate	 and	M2	 seedlings	were	 screened	 for	 roots	 capable	 of	 sustained	

growth	 in	 the	 presence	 of	 0.75	mM	 AlCl3	 (pH	 4.2)	 in	 a	 soaked	 gel	 environment.	

Identified	 seedlings	 were	 rescued	 and	 allowed	 to	 set	 seeds,	 after	 which	 progeny	

were	rescreened	to	identify	bona	fide	als3-1	suppressors.	In	order	to	further	study	

Al-dependent	terminal	differentiation	of	the	Arabidopsis	root,	an	als3-1	suppressor	

mutant	was	chosen	 from	this	 screen	 that	was	capable	of	 sustained	root	growth	 in	

comparison	to	als3-1	 in	the	presence	of	a	range	of	AlCl3	concentrations	(Figures	1	

and	2)	for	further	analysis.	Subsequent	work	showed	this	mutant	to	be	an	allele	of	

SUPPRESSOR	 OF	 GAMMA	 RESPONSE1	 (SOG1).	 Since	 six	 mutant	 alleles	 have	 been	

previously	 published	 (Preuss	 et	 al.,	 2003),	 this	 suppressor	 will	 be	 referred	 to	 as	

sog1-7.		

Characterization	of	sog1-7;als3-1	as	Al	Tolerant	

	 The	sog1-7;als3-1	double	mutant	was	studied	further	to	determine	if	the	als3-

1	suppression	resulted	from	increased	Al	resistance	or	tolerance.	Internalization	of	 	
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Figure	1.	Isolation	of	als3-1	Suppressor	Mutant	sog1-7;als3-1.		
Col-0	 wild	 type,	 als3-1,	 and	 als3-1	 suppressor	 were	 grown	 in	 a	 soaked	 gel	
environment	with	either	no	or	increasing	concentrations	of	AlCl3	(pH	4.2)	for	7	days,	
after	which	seedlings	were	photographed.	
	 	



	 44	

	
Figure	2.	Growth	Analysis	of	sog1-7;als3-1	in	an	Al	Toxic	Environment.		
Col-0	wild	 type,	als3-1,	 and	 sog1;	als3-1	were	 grown	 in	 a	 soaked	 gel	 environment	
with	either	no	or	increasing	concentrations	of	AlCl3	(pH	4.2)	for	7	days,	after	which	
root	 length	was	measured.	Mean	 ±SD	 values	were	 determined	 from	30	 seedlings.	
Relative	Root	Length	(length	on	0mM/length	on	+Al)	ratios	for	Col-0	wild	type,	als3-
1	and	sog1-7;als3-1	following	7	days	of	growth	in	a	soaked	gel	environment	(pH	4.2)	
with	either	no	or	increasing	concentrations	of	AlCl3	(pH	4.2).	
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Al	 has	 been	 associated	 with	 deposition	 of	 the	 β-1,3-glucan,	 callose,	 in	 the	

plasmodesmata	between	cells	in	the	root	tip	(Horst	et	al.,	1997).	Seedlings	of	Col-0	

wild	type,	als3-1,	and	sog1-7;als3-1	were	grown	hydroponically	 for	6	days	 in	0	μM	

AlCl3	 (pH	 4.2),	 and	 then	 exposed	 to	 either	 0	 or	 25	 μM	 AlCl3	 (pH	 4.2).	 This	 is	 a	

concentration	that	causes	inhibition	of	wild-type	root	growth	in	hydroponic	growth	

conditions	 for	 24	 hours.	 After	 these	 treatments,	 the	 seedlings	 were	 stained	 with	

Aniline	Blue	to	detect	callose	with	the	use	of	fluorescent	microscopy.	Roots	of	sog1-

7;als3-1	 accumulated	 callose	 similarly	 to	 both	Col-0	wild	 type	 and	als3-1	which	 is	

consistent	with	plants	being	tolerant	to	internalized	Al	(Figure	3).	This	suggests	that	

while	callose	deposition	is	correlated	with	Al	toxicity	and	has	been	suggested	to	be	

integral	to	Al	dependent	stoppage	of	root	growth,	it	may	not	primarily	responsible	

for	Al	inducible	growth	inhibition	(Horst,	2010).	

	 To	determine	whether	sog1-7;als3-1	showed	Al-responsive	gene	expression,	

it	 was	 tested	whether	 sog1-7;als3-1	 showed	 increases	 in	 transcripts	 known	 to	 be	

induced	 following	 Al	 exposure,	 as	 would	 be	 expected	 for	 enhanced	 Al	 tolerance	

rather	than	increased	Al	exclusion.	For	this	experiment,	seedlings	of	Col-0	wild	type,	

als3-1,	 and	 sog1-7;als3-1	 were	 grown	 hydroponically	 for	 6	 days,	 after	 which	

seedlings	were	exposed	to	0	or	25	μM	AlCl3	for	24	hours.	Following	this,	roots	were	

collected	and	 total	RNA	was	 isolated	 for	a	Northern	analysis	with	 the	Al-inducible	

probes	ALS3	and	ALMT1	(Hoekenga	et	al.,	2006;	Larsen	et	al.,	2005).	When	grown	in	

the	 presence	 of	 Al,	 Col-0	 wild	 type,	 als3-1,	 and	 sog1-7;als3-1	 all	 resulted	 in	 an	

increase	in	expression	of	both	Al-responsive	genes.	This	further	supports	 	
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Figure	3.	Callose	Deposition	of	Arabidopsis	Roots	With	and	Without	Exposure	to	Al.	
Seedlings	of	Col-0	wild	type,	als3-1,	and	sog1-7;als3-1	were	grown	for	6	days	in	0	μM	
AlCl3	(pH	4.2)	hydroponic	nutrient	media	and	then	transferred	to	either	0	or	25	μM	
AlCl3	(pH	4.2)	for	1	day.	Seedlings	were	collected	and	stained	with	Aniline	blue	for	
callose	deposition	and	visualized	using	fluorescent	microscopy.	Bars	=	50	μm.	 	
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Figure	4.	Al-Inducible	Gene	Expression.		
Seedlings	of	Col-0	wild	type,	als3-1	and	sog1-7;als3-1	were	grown	for	6	days	in	0	μM	
AlCl3	(pH	4.2)	hydroponic	nutrient	media	and	then	transferred	to	either	0	or	25	μM	
AlCl3	 (pH	4.2)	 for	1	day.	Seedlings	were	collected	and	total	RNA	was	extracted	 for	
Northern	blot	analysis	with	Al-inducible	genes.	
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characterization	 of	 sog1-7	 as	 an	 Al	 tolerant	 mutation,	 as	 sog1-7	 suppresses	 the	

hypersensitivity	of	als3-1	following	the	internalization	of	Al	(Figure	4).	

	 To	 quantify	 total	 Al	 that	 accumulated	 in	 the	 root	 tissue	 of	 Col-0	wild	 type,	

als3-1,	 and	 sog1-7;als3-1,	dried	and	ashed	 root	 tissue	was	 subjected	 to	 inductively	

coupled	 plasma-optical	 emission	 spectrometry	 (ICP-OES).	 For	 this	 experiment,	

seedlings	were	 grown	hydroponically	 for	 6	 days	 in	 the	 absence	 of	Al,	 after	which	

roots	were	exposed	to	0	or	50	μM	AlCl3	for	24	hours.	Root	tips	were	subsequently	

harvested,	washed	with	nutrient	medium,	 dried,	 and	 then	 ashed	 in	 pure	HNO3	 in	

preparation	 for	 analysis.	 All	 Al-treated	 root	 samples	 showed	 significant	 and	

equivalent	 accumulation	 of	 Al,	 demonstrating	 that	 the	 sog1-7	 mutation	 is	 not	

excluding	Al	internalization	to	suppress	the	als3-1	hypersensitive	response	(Figure	

5).	 Considering	 the	 quantitative	 uptake	 of	 Al	 by	 root	 tissue	 along	 with	 callose	

deposition	and	Al-inducible	gene	expression,	evidence	supports	 that	 the	sustained	

root	growth	for	the	sog1-7;als3-1	mutant	is	due	to	enhanced	Al	tolerance	rather	than	

Al	exclusion	from	the	root	tip.	

A	Loss-of-Function	Mutation	in	SOG1	Suppresses	Al	Hypersensitivity	in	als3-1		

	 A	map-based	cloning	approach	was	used	to	identify	the	nature	of	the	als3-1	

suppressor	mutation.	For	this,	the	als3-1	line	carrying	the	suppressor	mutant	in	the	

Col-0	background	was	crossed	to	an	als3-1	line	that	had	been	introgressed	into	the	

La-0	 background	 (Gabrielson	 et	 al.,	 2006).	 Because	 of	 the	 recessive	 nature	 of	 the	

als3-1	suppressor	mutation,	F2	progeny	from	the	cross	were	grown	on	gel	plates		 	
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Figure	5.	Al	Uptake	in	Arabidopsis	Roots.		
Seedlings	of	Col-0	wild	type,	als3-1,	and	sog1-7;als3-1	were	grown	for	6	days	in	0	μM	
AlCl3	(pH	4.2)	hydroponic	nutrient	media	and	then	transferred	to	either	0	or	25	μM	
AlCl3	 (pH	4.2)	 for	1	day.	Roots	 tips	washed	 in	hydroponic	nutrient	media	without	
AlCl3,	collected,	dried,	and	ashed	in	nitric	acid.	Total	Al	content	was	quantified	using	
ICP-OES.	Mean	±SD	values	were	determined	from	five	samples.	 	
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soaked	with	0.75	mM	AlCl3	(pH	4.2),	and	seedlings	with	roots	that	were	capable	of	

sustained	 growth	 were	 rescued.	 Following	 isolation	 of	 genomic	 DNA,	 PCR-based	

analyses	were	conducted	and	showed	that	the	als3-1	suppressor	mutation	localized	

to	the	top	arm	of	Arabidopsis	chromosome	1	(Figure	6).	Fine	mapping	resulted	in	a	

genetic	window	that	allowed	identification	of	candidate	genes	for	sequence	analysis.	

The	 als3-1	 suppressor	 mutation	 was	 subsequently	 found	 to	 be	 in	 exon	 4	 of	

At1g25580,	 which	 was	 previously	 reported	 as	 the	 ATM-regulated	 transcription	

factor	 SOG1	 that	 is	 responsible	 for	 initiation	 of	 endoreduplication	 following	

exposure	 to	 DNA	 damage	 agents	 (Yoshiyama	 et	 al.,	 2009).	 The	 als3-1	 suppressor	

mutation	 represents	 an	 amino	 acid	 substitution	 (S206F)	 in	 the	 predicted	 NAC	

domain	 of	 this	 NAM	 (no	 apical	 meristem),	 ATAF1/ATAF2,	 CUC	 (cup-shaped	

cotyledon)	(NAC)	family	transcription	factor	(Figure	7).	

	 To	confirm	the	suppression	of	the	als3-1	phenotype	is	caused	by	a	single	base	

change	 in	 At1g25580,	 functional	 complementation	 was	 subsequently	 performed	

using	 a	 full-length	 genomic	 SOG1	 construct	 that	 was	 previously	 reported	

(Yoshiyama	 et	 al.,	 2009).	 Seedlings	 of	 Col-0	 wild	 type,	 als3-1,	 sog1-7;als3-1,	 and	

sog1-7;als3-1	 carrying	 a	 wild-type	 genomic	 version	 of	 SOG1	 were	 grown	 in	 the	

presence	 of	 0.75	mM	AlCl3	 (pH	4.2)	 in	 a	 soaked	 gel	 environment.	After	 7	 days	 of	

growth,	roots	were	assessed	for	terminal	differentiation.	Introduction	of	a	wild-type	

genomic	 version	 of	 SOG1	 into	 sog1-7;als3-1	 fully	 restored	 Al	 hypersensitivity	 to	

sog1-7;als3-1,	 as	 demonstrated	 by	 the	 transgenic	 root	 being	 terminally	

differentiated	in	a	manner	indistinguishable	from	Al-treated	als3-1	(Figure	8).		
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Figure	6.	Map	Based	Cloning	of	als3-1	Suppressor.	
Map	based	cloning	of	the	als3-1	suppressor	in	the	Col-0	background	crossed	to	als3-
1	in	the	La-0	background	was	found	to	be	localized	to	the	top	arm	of	chromosome	1	
confirming	it	as	a	second	site	suppressor	mutation.	Sequencing	of	candidate	genes	
in	 the	 chromosomal	 window	 revealed	 a	 single	 nucleotide	 change	 in	 exon	 4	 of	
At1g25580	previously	identified	as	SOG1.	 	
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Figure	7.	Gene	Product	Model	of	SOG1.	
For	the	amino	acid	sequence	of	SOG1,	amino	acids	highlighted	in	black	represent	the	
predicted	 NAC	 domain,	 those	 in	 yellow	 are	 the	 predicted	 nuclear	 localization	
sequence,	 and	 the	 serine	 embolden	 in	 red	 is	 the	 residue	 affected	 by	 the	 single	
nucleotide	change	of	sog1-7	(S206F).	 	
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Figure	8.	Functional	Complementation	of	sog1-7;als3-1.	
Introduction	of	a	wild	type	genetic	copy	of	SOG1,	including	the	native	promoter,	all	
exons	 and	 introns	 as	 well	 as	 the	 5’	 and	 3’	 untranslated	 regions	 results	 in	 a	
restoration	of	Al	hypersensitivity	to	sog1-7;als3-1.	Seedlings	were	grown	for	7	days	
in	the	presence	of	0.75	mM	AlCl3	(pH	4.2)	in	a	soaked	gel	environment.	 	
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	 While	there	have	been	six	previously	published	alleles	of	sog1,	only	one	allele	

has	 been	maintained	 since	 publication,	 sog1-1	 (Yoshiyama	 et	 al.,	 2009).	This	 sog1	

mutant	represents	a	single	amino	acid	mutation	from	R	to	G	at	residue	155	of	SOG1.	

In	 order	 to	 determine	 if	 this	 allele	 could	 also	 suppress	 the	 als3-1	 phenotype,	 the	

double	mutant,	sog1-1;als3-1	was	generated.	Subsequently,	 seedlings	of	Col-0	wild	

type,	als3-1,	sog1-1;als3-1	and	sog1-7;als3-1	were	grown	in	the	presence	of	0.75	mM	

AlCl3	(pH	4.2)	 in	a	soaked	gel	environment.	After	7	days	of	growth	root	 tips	were	

assessed	 for	 terminal	differentiation.	The	sog1-1	allele	was	capable	of	suppressing	

the	extreme	Al	response	of	als3-1	 in	a	manner	indistinguishable	from	sog1-7,	since	

both	 sog1-1;als3-1	 and	 sog1-7;als3-1	 failed	 to	 exhibit	 the	 severe	 root	 growth	

inhibition	seen	for	Al-treated	als3-1	(Figure	9).	

	 To	 analyze	 sog1-7	 roots	 growth	without	 the	als3-1	mutation	 in	 the	 genetic	

background,	sog1-7	was	backcrossed	to	Col-0	wild	type,	and	homozygous	sog1-7	F2	

progeny	were	identified	by	PCR	analysis.	Col-0	wild-type	and	sog1-7	seedlings	were	

then	 grown	 for	7	days	 in	 the	 absence	or	presence	of	 increasing	 concentrations	 of	

AlCl3	(pH	4.2)	in	a	soaked	gel	environment,	after	which	root	lengths	were	measured.	

In	the	absence	of	als3-1,	the	sog1-7	mutant	roots	showed	greater	growth	than	wild-

type	 roots	 in	 the	presence	of	 a	 range	of	normally	highly	 inhibitory	 levels	of	AlCl3	

(Figure	10).	This	 indicates	 that	SOG1	has	a	prominent	role	 in	actively	halting	root	

growth	following	Al	treatment.		
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Figure	9.	Allelic	Comparison	of	sog1-1	and	sog1-7	Suppression	of	als3-1.	
sog1-1	allele	suppresses	the	Al	hypersensitivity	phenotype	of	als3-1	as	shown	by	the	
growth	of	sog1-1;als3-1	to	be	indistinguishable	from	sog1-7;als3-1.	Seedlings	of	Col-
0	wild	 type,	als3-1,	 sog-1-1;als3-1	and	 sog1-7;als3-1	were	 grown	 for	 7	 days	 in	 the	
presence	of	0.75	mM	AlCl3	(pH4.2)	in	a	soaked	gel	environment.	 	
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Figure	10.	sog1-7	Growth	Analysis.	
Root	growth	of	sog1-7	and	Col-0	wild	type	were	measured	after	7	days	growth	in	the	
absence	or	presence	of	 increasing	concentrations	of	AlCl3	 (pH	4.2)	 in	a	soaked	gel	
media.	Results	show	that	roots	of	sog1-7	are	more	Al	tolerant	than	Col-0	wild	type.	
Mean	±	SD	values	were	calculated	from	30	seedlings.	Asterisk	indicates	significance	
at	P	<	0.01	when	comparing	Al	treated	sample	of	the	same	genetic	background	using	
the	Kruskal-Wallis	one-way-ANOVA-test.	
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	 To	 determine	 if	 SOG1	 expression	 is	 regulated	 by	 Al,	 real-time	 (RT)	 PCR	

analysis	 was	 performed.	 Col-0	 wild-type	 seedlings	 were	 grown	 in	 a	 hydroponic	

environment	for	6	days	and	subsequently	treated	with	0,	25,	or	100	μM	AlCl3	(pH	

4.2)	 for	 24	 hours.	 Root	 tissue	 was	 collected,	 total	 RNA	 was	 isolated	 for	 cDNA	

synthesis	 and	 RT-PCR	 was	 performed	 using	 SOG1	 specific	 PCR	 oligonucleotide	

primers	(Table	1).	There	was	no	indication	that	SOG1	is	transcriptionally	induced	by	

Al.	Similarly,	 seedlings	of	sog1-7	were	grown	 in	a	0	μM	AlCl3	(pH	4.2)	hydroponic	

environment	for	7	days	and	subsequently	analyzed	with	real-time	PCR	and	the	sog1-

7	 mutation	 was	 not	 found	 to	 affect	 transcript	 stability	 since	 Col-0	 wild	 type	 and	

sog1-7	showed	comparable	levels	of	SOG1	transcript	(Figure	11).		

SOG1	Causes	Terminal	Differentiation	in	Response	to	Al		

	 In	 previous	 studies,	 loss-of-function	 mutations	 in	 cell	 cycle	 checkpoint	

factors	 ATR	 and	 ALT2	 resulted	 in	 increased	 root	 growth	 in	 the	 presence	 of	 Al	

(Nezames	 et	 al.,	 2012;	 Rounds	 et	 al.,	 2008).	 This	 tolerance	 was	 correlated	 with	

failure	 to	arrest	cell	 cycle	progression	 in	conjunction	with	 forced	quiescent	center	

(QC)	differentiation.	In	order	to	determine	if	this	is	also	true	for	roots	of	a	sog1	loss-

of-function	 mutant,	 sog1-7	 was	 crossed	 to	 either	 a	 transgenic	 Arabidopsis	 line	

carrying	 a	 reporter	 for	 cell	 cycle	 progression,	CYCB1;1:GUS	 (Colón-Carmona	 et	 al.,	

1999),	or	a	reporter	for	QC	status,	QC46:GUS	(Sabatini	et	al.,	2003).	

	 Seedlings	 of	 Col-0	wild	 type	 and	 sog1-7	 carrying	 the	CYCB1;1:GUS	 reporter	

were	grown	in	the	absence	or	presence	of	0.75	mM	AlCl3	(pH	4.2)	in	a	soaked	gel		
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Table	1.	Primer	Sequences.	

TAIR	#	
Gene	
Name	 Direction	 Sequence	(5'	to	3')	 Purpose	

	 	 	 	 	AT5G60390		 EF-1A	 5'	FORWARD	 TGAGCACGCTCTTCTTGCTTTCA		 RT-PCR	
AT5G60390		 EF-1A	 3'	REVERSE	 GGTGGTGGCATCCATCTTGTTACA	 RT-PCR	

	 	 	 	 	AT5G45610	 SUV2	 5'	FORWARD	 GCAGAGCTTGACAAGCCAG	 RT-PCR	
AT5G45610	 SUV2	 3'	REVERSE	 GCAGATTGTTTGACTTCTCCC	 RT-PCR	

	 	 	 	 	AT1G25580	 SOG1	 5'	FORWARD	 TCTCTTGGGATCACAGGACAG	 RT-PCR	
AT1G25580	 SOG1	 3'	REVERSE	 CAAGGTCTTAAGCTCGTGGTAG	 RT-PCR	

	 	 	 	 	AT4G21070	 BRCA1	 5'	FORWARD	 GAGCCATATGAGATCACTATG	 RT-PCR	
AT4G21070	 BRCA1	 3'	REVERSE	 ATCCTACAAACAAGTAACAAC	 RT-PCR	

	 	 	 	 	AT2G18600	
	

5'	FORWARD	 ATCTAGAAGGAAACGTCTGTC	 RT-PCR	
AT2G18600	

	
3'	REVERSE	 TCTCAATGTACAAGAGTAGAC	 RT-PCR	

	 	 	 	 	AT5G24280	 GMI1	 5'	FORWARD	 TTGGTGTGCAAATCATCACAG	 RT-PCR	
AT5G24280	 GMI1	 3'	REVERSE	 CACCAACCTGCGCAACGAACG	 RT-PCR	

	 	 	 	 	AT5G20850	 RAD51	 5'	FORWARD	 CTACCGCTCTCTACAGAACAG	 RT-PCR	
AT5G20850	 RAD51	 3'	REVERSE	 GCAGAGAGAAGCAAGGCATTG	 RT-PCR	

	 	 	 	 	AT5G03780	 TRFL10	 5'	FORWARD	 CAGGTAACTTCATCGGTTCAAG	 RT-PCR	
AT5G03780	 TRFL10	 3'	REVERSE	 GTTCACCAAGTCTGGCTTCATC	 RT-PCR	

	 	 	 	 	AT2G45460	
	

5'	FORWARD	 GATAAAACATGGTACTCGTTC	 RT-PCR	
AT2G45460	

	
3'	REVERSE	 GTGTGCGAATACAAAACAAAG	 RT-PCR	

	 	 	 	 	AT2G30250	 WRKY25	 5'	FORWARD	 GTATGGTGAGATAGATGAAGAG	 RT-PCR	
AT2G30250	 WRKY25	 3'	REVERSE	 CATATTACTAGTGACTAAGTC	 RT-PCR	

	 	 	 	 	AT1G17460	 TRFL3	 5'	FORWARD	 CTTGGACTATCTCTGAAGTTG	 RT-PCR	
AT1G17460	 TRFL3	 3'	REVERSE	 ACAGAGAAGTTAACCTCACAG	 RT-PCR	

	 	 	 	 	AT5G66130	 RAD17	 5'	FORWARD	 AGAGGATGTTCCACAGTCAG	 RT-PCR	
AT5G66130	 RAD17	 3'	REVERSE	 GTTGTTAACTATCATACCAG	 RT-PCR	



	 59	

	 	 	 	 	AT5G64060	 ANAC103	 5'	FORWARD	 CTCAAGTATCTCTCGATGGTG	 RT-PCR	
AT5G64060	 ANAC103	 3'	REVERSE	 CCAAAGCAAGAAAGAGCATAAG	 RT-PCR	

	 	 	 	 	AT5G48720	 XRI1	 5'	FORWARD	 GAATGTGCCACCAGAAACAGAG	 RT-PCR	
AT5G48720	 XRI1	 3'	REVERSE	 CTATCAGCTTATTACTACTTAC	 RT-PCR	

	 	 	 	 	AT5G60250	
	

5'	FORWARD	 GAATGATCGTAATCCTGAAGAG	 RT-PCR	
AT5G60250	

	
3'	REVERSE	 CAGTCTTATATAGAACAATAC	 RT-PCR	

	 	 	 	 	AT3G07800	 TK1A	 5'	FORWARD	 CCAATAGCTGATTCTGTGAC		 RT-PCR	
AT3G07800	 TK1A	 3'	REVERSE	 GACCAGAGGCTGTAGAGAAAG	 RT-PCR	

	 	 	 	 	AT4G02390	 PARP2	 5'	FORWARD	 GTTCCACTTGGCAAACCAGTG	 RT-PCR	
AT4G02390	 PARP2	 3'	REVERSE	 GAAGGAGTTTGAAAGAAATAC	 RT-PCR	

	 	 	 	 	AT4G37490	 CYCB1;1	 5'	FORWARD	 CAGCACTCTCAAGCATCACAC	 RT-PCR	
AT4G37490	 CYCB1;1	 3'	REVERSE	 CTAGGCTTGGTTCTTCAGCTTC	 RT-PCR	

	 	 	 	 	AT5G40840	 SYN2	 5'	FORWARD	 TCAAGATTCTGCTGCTTTGAC	 RT-PCR	
AT5G40840	 SYN2	 3'	REVERSE	 ACTACTTCCTCGTCTAGCTTC	 RT-PCR	

	 	 	 	 	AT5G60390	
	

5'	FORWARD	 TGAGCACGCTCTTCTTGCTTTCA		 RT-PCR	
AT5G60390	

	
3'	REVERSE	 GGTGGTGGCATCCATCTTGTTACA			 RT-PCR	

	 	 	 	 	
AT1G25580	 sog1-7	 5'	FORWARD	 CAGAGACTTCCTGTTCAG	

CAPS	
Genotyping	

AT1G25580	 sog1-7	 3'	REVERSE	 CAATCAAAGCTTATAGCACAG	
CAPS	
Genotyping	

	 	 	 	 	
AT5G40820	 atr-4	 5'	FORWARD	 CCTTCCTTCTCTTTCTCTAAGAAG	

CAPS	
Genotyping	

AT5G40820	 atr-4	 3'	REVERSE	 TTCTTCGGTTCAGTTGTATCTG	
CAPS	
Genotyping	

	 	 	 	 	
AT2G37330	 als3-1	 5'	FORWARD	 CTCTCGTTATCGGATTTGTTC	

CAPS	
Genotyping	

AT2G37330	 als3-1	 3'	REVERSE	 GACAGAGAGATCACTAGTGC	
CAPS	
Genotyping	

	 	 	 	 	
TDNA	 SALK	LB	 Left	Border	 TGGTTCACGTAGTGGGCCATCG	

T-DNA	
Genotyping	
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AT3G48190	 atm-2		 5'	FORWARD	 TGCATTGGTTTCGCTTATCA	
WT	
Genotyping	

AT3G48190	 atm-2	 3'	REVERSE	 CAAGCTTGATGTAGATATCTAC	
WT	
Genotyping	

	 	 	 	 	
AT1G25580	 SOG1		 5'	FORWARD	

GGAAGGATTTCAATGGCTGGGCGA
TCATGGCTG	

SOG1	MBP	
fusion	

AT1G25580	 SOG1	 3'	REVERSE	 ATCTAGATCAGTCTTTCCAGTCCC	
SOG1	MBP	
fusion	

	 	 	 	 	
AT1G25580	 SOG1		 5'	FORWARD	

GTGCGCTGGCATAAGACAAGAAGA
ACGAAACCGGTTG	

sog1-1	
MBP	fusion	

AT1G25580	 SOG1	 3'	REVERSE	
CAACCGGTTTCGTTCTTCTTGTCT
TATGCCAGCGCAC	

sog1-1	
MBP	fusion	

	 	 	 	 	
AT1G25580	 SOG1		 5'	FORWARD	

AAGGAAGGTGATTATGTTGTTTTT
AAGATTTTCTACCAGCAGCCA	

sog1-7	
MBP	fusion	

AT1G25580	 SOG1	 3'	REVERSE	
TGGCTGCTGGTAGAAAATCTTAAA
AACAACATAATCACCTTCCTT	

sog1-7	
MBP	fusion	

	 	 	 	 	
AT5G45610	 SUV2	 5'	FORWARD	

AGAATTCATGAGTGGAAATGATGA
AGAA	

SUV2	MBP	
fusion	

AT5G45610	 SUV2	 3'	REVERSE	
AGGATCCTCATATAGTATTGTCAC
CTAAG	

SUV2	MBP	
fusion	

	 	 	 	 	
AT4G21070	 BRCA1	 5'	FORWARD	 AAAGATTGGTGCTTTGACATTG	

BRCA1	
promoter	

AT4G21070	 BRCA1	 3'	REVERSE	 TTTCGATCTTCACTCAGAGAAAAC	
BRCA1	
promoter	

	 	 	 	 	
AT5G40820	 ATR	 5'	FORWARD	

GCGGCCGCATGGCGAAGGACGACA
ATAATC	

ATR	GST	
fusion	

AT5G40820	 ATR	 3'	REVERSE	
GCGGCCGCTCAGAACCAGGGCATC
CACCAG	

ATR	GST	
fusion	

	 	 	 	 	
AT5G45610	 SUV2	 5'	FORWARD	

ACCCGGGGATATAGTATTGTCACC
TAAGAAG	

SUV2	GUS	
Fusion	

AT5G45610	 SUV2	 3'	REVERSE	 CCAGGAGCAAGAATGTTCTCAG	
SUV2	GUS	
Fusion	

	 	 	 	 	
AT5G45610	 SUV2	 5'	FORWARD	 ACCCGGGACTATGCTCCTTCA	

SUV2	GFP	
Fusion	

AT5G45610	 SUV2	 3'	REVERSE	 CCAGGAGCAAGAATGTTCTCAG	
SUV2	GFP	
Fusion	
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Figure	11.	mRNA	Expression	of	SOG1.	
SOG1	transcript	 levels	were	measured	by	 real-time	PCR	 for	Col-0	wild	 type	 in	 the	
absence	or	presence	of	increasing	levels	of	Al	and	in	sog1-7.	Seedlings	were	grown	
for	6	days	 in	 a	hydroponic	nutrient	media	 and	 then	 transferred	either	 to	0,	25	or	
100	μM	AlCl3	(pH	4.2)	for	1	day.	Root	tissue	was	collected	and	mRNA	was	isolated	
for	cDNA	synthesis	as	template	for	real-time	PCR	analysis.	
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environment	 for	7	days,	after	which	they	were	stained	for	GUS	activity.	Col-0	wild	

type	 carrying	 the	 CYCB1;1:GUS	 reporter	 results	 in	 a	 substantial	 increase	 in	 GUS	

activity	following	exposure	to	Al	(Figure	12).	This	is	consistent	with	a	large	number	

of	 root	 cells	 being	 incapable	 of	 exiting	 the	 G2	 phase	 of	 mitosis	 and	 incapable	 of	

proceeding	into	actual	cell	division.	Unlike	previous	reports	for	the	atr-4	and	alt2-1	

loss-of-function	mutations	where	GUS	reporter	levels	were	eliminated	(Nezames	et	

al.,	 2012;	 Rounds	 et	 al.,	 2008),	 sog1-7	 carrying	 CYCB1;1:GUS	 had	 substantially	

reduced	levels	of	the	CYCB1;1:GUS	reporter	compared	with	Col-0	wild	type	(Figure	

12).	This	may	indicate	that	the	role	of	SOG1	in	Al-dependent	inhibition	of	cell	cycle	

progression	at	the	G2	phase,	while	likely	acting	in	conjunction	with	ATR	and	ALT2,	

may	also	function	through	other	factors	to	prevent	CYCB1;1	turnover.		

	 Consistent	with	prior	results,	it	was	found	that	Al	treatment	results	in	loss	of	

the	 QC	 as	measured	 by	QC46	 dependent	 GUS	 activity	 that	 is	 localized	 to	 the	 root	

stem	cells	 (Nezames	et	al.,	2012;	Rounds	et	al.,	2008).	For	 this	analysis,	QC46:GUS	

transgenic	 seedlings	 in	 either	 the	 Col-0	 wild	 type	 or	 sog1-7	 backgrounds	 were	

grown	for	7	days	in	the	absence	or	presence	of	1.50	mM	AlCl3	(pH	4.2)	in	a	soaked	

gel	environment,	after	which	seedlings	were	stained	to	visualize	the	QC.	Both	Col-0	

wild-type	and	sog1-7	roots	had	QC46:GUS	accumulation	in	the	absence	of	Al	(Figure	

13).	Treatment	with	high	levels	of	Al	in	Col-0	wild	type	resulted	in	the	loss	of	the	QC,	

but	 not	 in	 sog1-7	 (Figure	 13).	 This	 indicates	 that	 SOG1	 plays	 an	 active	 role	 in	

differentiation	of	the	QC	following	Al	treatment	and	likely	functions	as	a	step	in	the	

transition	to	endoreduplication	in	the	root	tip.	
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Figure	12.	SOG1	Arrests	the	Cell	Cycle	in	Response	to	Al.	
Seedlings	of	Col-0	wild	type	and	sog1-7	carrying	the	coding	sequence	of	CyclinB1;1,	
including	 its	 predicted	 mitotic-destruction	 box,	 fused	 to	 the	 GUS	 reporter	 were	
grown	 in	 the	 absence	 or	 presence	 of	 0.75	 mM	 AlCl3	 (pH	 4.2)	 in	 a	 soaked	 gel	
environment	 for	 7	 days.	 Seedlings	were	 collected	 and	 stained	 for	 1	 hour	 for	 GUS	
activity.	
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Figure	13.	SOG1	Forces	Terminal	Differentiation	of	the	Root	Quiescent	Center.	
Seedlings	 of	 Col-0	wild	 type	 and	 sog1-7	carrying	 the	 QC	 reporter	QC46:GUS	 were	
grown	 in	 the	 absence	 or	 presence	 of	 1.5	 mM	 AlCl3	 (pH	 4.2)	 in	 a	 soaked	 gel	
environment	 for	 7	 days.	 Seedlings	were	 collected	 and	 stained	 for	 1	 hour	 for	 GUS	
activity.	
	 	



	 65	

	 In	 support	 of	 this	model,	 it	 was	 found	 that	 Al	 treatment	 leads	 to	 terminal	

differentiation	 in	conjunction	with	substantial	 increases	 in	cell	and	nucleus	size	 in	

als3-1	roots.	For	this	analysis,	Col-0	wild-	type,	als3-1,	atr-4;als3-1,	alt2-1;als3-1,	and	

sog1-7;als3-1	plants	were	grown	in	the	absence	or	presence	of	0.75	mM	AlCl3	(pH	

4.2)	 in	a	 soaked	gel	environment	 for	7	days,	 after	which	seedlings	were	 fixed	and	

stained	 with	 4’,6-diamidino-2-phenylindole	 (DAPI).	 Root	 tips	 were	 subsequently	

visualized	 using	 confocal	 microscopy	 at	 the	 same	 magnification	 for	 each.	 Al	

treatment	 results	 in	 substantial	 increases	 in	 both	 cell	 and	 nuclear	 size	 for	 als3-1	

roots,	 which	 is	 consistent	 with	 terminal	 differentiation	 in	 conjunction	 with	

endoreduplication	 (Figure	 14).	 In	 contrast,	 atr-4;als3-1,	 alt2-1;als3-1,	 and	 sog1-

7;als3-1	roots	did	not	show	the	dramatic	Al-dependent	increases	in	cell	and	nuclear	

size	 as	 seen	 for	 Al-treated	 als3-1	 roots	 (Figure	 14).	 This	 shows	 that	 all	 three	

suppressor	 mutants	 block	 the	 Al	 hypersensitivity	 of	 als3-1	 in	 conjunction	 with	

prevention	of	terminal	differentiation	and	endoreduplication.	

ATR	and	SOG1	Function	Together	to	Promote	Al-Dependent	Root	Growth	Inhibition	

	 Since	 loss-of-function	mutants	 for	SOG1	 and	ATR	 are	phenotypically	similar	

with	regard	to	Al	tolerance	(Rounds	et	al.,	2008),	it	might	be	expected	that	these	two	

cell	 cycle	 checkpoint	 factors	 act	 together	 to	 trigger	 Al-dependent	 terminal	

differentiation	of	the	root.	In	order	to	test	whether	there	is	a	relationship	between	

these	 two	 factors	 in	Al-dependent	 stoppage	of	 root	 growth,	 a	 sog1-7;atr-4	mutant	

was	generated	and	tested	for	its	capability	to	grow	in	the	presence	of	Al.	For	this		
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Figure	 14.	 Loss	 of	 SOG1	 as	 well	 as	 ATR,	 and	 ALT2,	 Blocks	 Al	 Dependent	
Endoreduplication.	
Seedlings	of	Col-0	wild	type,	als3-1,	atr-4;als3-1,	alt2-1;als3-1	and	sog1-7;als3-1	were	
grown	 in	 the	 absence	 or	 presence	 of	 0.75	 mM	 AlCl3	 (pH	 4.2)	 in	 a	 soaked	 gel	
environment	 for	 7	 days.	 Seedlings	 were	 collected,	 fixed	 in	 FAA	 and	 stained	 with	
DAPI	 for	 visualization	 of	 cell	 and	 nucleus	 size	 via	 confocal	 microscopy	 at	
magnification	of	40X.	 	
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experiment,	Col-0	wild	type,	sog1-7,	atr-4,	and	sog1-7;atr-4	were	grown	for	7	days	in	

the	 absence	 or	 presence	 of	 1.50	mM	AlCl3	 (pH	 4.2)	 in	 a	 soaked	 gel	 environment.	

Root	lengths	were	measured	and	the	sog1-7;atr-4	double	mutant	was	comparable	to	

sog1-7	 and	atr-4	 for	 Al	 tolerance	 (Figure	 15).	 This	 result	 suggests	 that	 SOG1	 and	

ATR	are	part	of	the	same	pathway	that	halts	root	growth	following	exposure	to	Al.	

Al-Dependent	Terminal	Differentiation	Is	Linked	to	Loss	of	SOG1	Expression		

	 Al	 toxicity	 is	most	pronounced	at	 the	root	 tip	(Ryan	et	al.,	1992),	and	since	

SOG1	 works	 in	 conjunction	 with	 other	 factors	 to	 shut	 down	 root	 grown	 in	 the	

presence	 of	 Al,	 it	 was	 of	 interest	 to	 determine	 the	 tissue	 localization	 pattern	 for	

SOG1.	For	this	analysis,	a	previously	reported	transgenic	Arabidopsis	line	carrying	a	

SOG1:GUS	fusion	construct	(-1840	to	+3794)	(Yoshiyama	et	al.,	2013a)	was	grown	in	

the	 absence	 or	 presence	 of	 1.50	mM	AlCl3	 (pH	 4.2)	 in	 a	 soaked	 gel	 environment.	

After	 7	 days	 of	 growth,	 GUS	 activity	 in	 seedlings	 was	 assessed.	 GUS	 activity	 was	

clearly	observed	throughout	the	root	tip,	which	is	consistent	with	the	role	of	SOG1	

in	promoting	 terminal	differentiation	of	 the	root	 tip	 following	Al	exposure	(Figure	

16).	 In	 contrast,	 root	 tips	 treated	with	Al	 for	7	days	 showed	no	GUS	activity.	This	

indicates	 that	 SOG1	 does	 not	 persist	 after	 a	 root	 has	 terminally	 differentiated	

following	Al	treatment.	

	 Since	 it	was	 determined	 that	 ATR	 and	 SOG1	 act	within	 the	 same	 pathway,	

SOG1:GUS	was	 introgressed	 into	 the	atr-4	mutant.	 Loss	 of	 SOG1	 expression	 in	 the	

presence	of	inhibitory	levels	of	Al	is	apparently	ATR-dependent	since	SOG1:GUS	is	 	
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Figure	15.	SOG1	and	ATR	Work	Within	the	Same	Pathway	to	Inhibit	Root	Growth	in	
the	Presence	of	Al.	
A	 sog1-7;atr-4	 	 double	mutant	was	 grown	 in	 the	presence	or	 absence	of	 1.25	mM	
AlCl3	(pH	4.2)	in	a	soaked	gel	environment	for	7	days.	Root	lengths	were	measured	
to	 determine	 whether	 the	 combination	 of	 mutations	 results	 in	 an	 additive	 Al	
tolerant	phenotype.	The	sog1-7;atr-4	double	mutant	did	not	give	rise	to	additive	Al	
tolerance.	Mean	±	SD	values	were	determined	from	30	seedlings.	Asterisk	indicates	
significance	 at	 P	 <	 0.01	 when	 comparing	 Al	 treated	 lines	 using	 the	 Tukey	 HSD	
test.growth,	 the	 terminal	 differentiation	 seen	 in	 Al-treated	 roots	 is	 not	 associated	
with	tissue	death	as	shown	by	Evan’s	blue	staining	in	previous	studies	(Nezames	et	
al.,	2012;	Rounds	et	al.,	2008).	
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Figure	 16.	 SOG1	 Expression	 at	 the	 Root	 Tip	 Does	 not	 Persist	 Following	 Al	
Treatment	and	is	ATR	Dependent.	
Using	a	SOG1:GUS	transgenic	 line,	seedlings	were	grown	for	7	days	 in	a	gel	soaked	
environment	in	the	absence	or	presence	of	1.50	mM	AlCl3	(pH	4.2).	Seedlings	were	
subsequently	 collected	 and	 stained	 of	 GUS	 activity	 for	 1	 hour.	 It	 was	 found	 that	
SOG1:GUS	 localizes	 to	 the	 root	 tip	 in	 the	 absence	 of	 Al,	 while	 there	 is	 no	
accumulation	of	SOG1:GUS	at	the	root	tip	following	treatment	with	Al.	Furthermore,	
this	 loss	 of	 accumulation	 SOG1:GUS	 in	 Col-0	wild	 type	was	 not	 found	 in	 the	atr-4	
loss-of-function	mutant	in	the	presence	of	Al.	
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maintained	 in	 root	 tips	 of	 the	 loss-of-function	 atr-4	 mutant	 even	 following	 Al	

treatment	(Figure	16).	Even	though	effects	of	Al	toxicity	severely	compromise	root	

growth,	 the	terminal	differentiation	seen	 in	Al-treated	roots	 is	not	associated	with	

tissue	death	as	shown	by	Evan’s	blue	staining	 in	previous	studies	 (Nezames	et	al.,	

2012;	Rounds	et	al.,	2008).	

SOG1	 Nuclear	 Localization	 Aggregates	 in	 an	 Al-responsive	 and	 ATR-dependent	

manner	

	 In	order	to	determine	the	subcellular	localization	of	SOG1,	examination	of	a	

previously	 published	 SOG1:GFP	 translational	 fusion	 (Yoshiyama	 et	 al.,	 2013a)	

allowed	for	visual	localization	via	confocal	microscopy.	Transgenic	seedlings	of	Col-

0	 wild	 type	 carrying	 native	 SOG1	promoter	 controlled	 SOG1:GFP	 fusion	 construct	

were	grown	in	0µM	AlCl3	(pH	4.2)	hydroponic	growth	media	for	6	days,	after	which	

they	were	exposed	to	either	0	or	100µM	AlCl3	(pH	4.2)	for	48	hours.	Root	tips	were	

subsequently	 examined	 using	 confocal	 microscopy	 and	 treated	 with	 the	 nuclear	

specific	 stain,	 Hoechst	 33342.	 In	 the	 absence	 of	 Al,	 SOG1:GFP	 is	 found	 at	 the	

perimeter	 of	 nuclei	 of	 root	 tip	 cells	 (Figure	 17).	 Exposure	 of	 roots	 to	 a	 highly	

inhibitory	concentration	of	Al	in	a	hydroponic	system	(100µM	AlCl3	pH	4.2)	for	48	

hours	results	in	either	a	redistribution	of	SOG1:GFP	to	the	interior	of	the	nucleus	or	

a	morphological	change	to	the	nuclear	architecture	(Figure	18).	While	 it	 is	unclear	

what	is	occurring	to	affect	the	visualization	of	nuclear	aggregation	of	SOG1	following	

Al	treatment,	analysis	of	SOG1:GFP	localization	in	the	atr-4	loss-of-function	mutant		 	
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Figure	17.	SOG1	Localizes	to	the	Nucleus.	
SOG1:GFP	transgenic	seedlings	were	grown	for	7	days	in	0	µM	AlCl3	(pH	4.2)	
hydroponic	media.	Samples	were	examined	by	confocal	microscopy	and	
subsequently	treated	with	Hoechst	33342	to	identify	nuclei.		 	
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Figure	18.	Al-Responsive	Effect	of	SOG1	Localization.	
Transgenic	 Col-0	 wild	 type	 seedlings	 carrying	 a	 SOG1:GFP	 fusion	 construct	 were	
grown	 for	6	days	 in	0	µM	AlCl3	 (pH	4.2)	hydroponic	media	after	which	 they	were	
exposed	 to	 either	 0	 or	 100µM	 AlCl3	 (pH	 4.2)	 hydroponic	 media	 for	 48	 hours.	
Samples	 were	 examined	 by	 confocal	 microscopy	 and	 subsequently	 treated	 with	
Hoechst	33342	to	identify	nuclei.	 	
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Figure	19.	SOG1	Relocalizes	Within	the	Nucleus	in	an	ATR	Dependent	Manner.	
Transgenic	atr-4	seedlings	carrying	a	SOG1:GFP	 fusion	construct	were	grown	for	6	
days	 in	 0	µM	AlCl3	 (pH	 4.2)	 hydroponic	media	 after	which	 they	were	 exposed	 to	
either	0	or	100µM	AlCl3	(pH	4.2)	hydroponic	media	for	48	hours		and	root	tips	were	
examined	by	confocal	microscopy.	
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shows	 that	 in	 both	 the	 absence	 and	 presence	 of	 100µM	 AlCl3	 (pH	 4.2)	 in	

hydroponics,	SOG1:GFP	is	maintained	in	a	comparable	fashion	to	SOG1:GFP	in	Col-0	

wild	type	without	exposure	to	Al	(Figure	19).	Despite	the	uncertainty	of	the	nature	

of	the	change	in	SOG1:GFP	visualization	in	response	to	Al,	this	result	does	indicate	

that	this	change	is	dependent	on	ATR.	

SOG1	Can	Be	Phosphorylated	by	ATR	in	Vitro		

	 ATR	is	a	member	of	the	phosphoinositide	3-kinase-like	kinase	(PIKK)	family	

and	 major	 regulator	 in	 the	 DNA	 damage	 response	 in	 mammalian	 systems	

(Yoshiyama	 et	 al.,	 2013b).	 Since	 there	 is	 an	 apparent	 functional	 relationship	

between	 ATR	 and	 SOG1	 with	 regard	 to	 terminal	 differentiation	 of	 the	 root	 tip	

following	 Al	 exposure,	 it	 was	 of	 interest	 to	 determine	 whether	 SOG1	 is	 a	

phosphorylation	target	of	ATR.	For	this	analysis,	 the	entire	coding	sequence	(CDS)	

of	Arabidopsis	ATR	 representing	2702	amino	acids	was	produced	as	 a	GST	 fusion	

protein	 in	 a	 baculovirus	 protein	 expression	 system.	 In	 conjunction	 with	 this,	 the	

entire	CDS	of	Arabidopsis	SOG1,	 representing	449	amino	acids,	was	produced	as	a	

Maltose	Binding	Protein	(MBP)	fusion	in	an	Escherichia	coli	BL21-DE3	pLysS	protein	

expression	 system.	Approximately	 50	 ng	 of	 GST-ATR	was	 subsequently	 incubated	

with	1	mg	of	either	MBP	or	MBP-SOG1	in	the	presence	of	[γ-32P]	ATP,	after	which	

samples	 were	 separated	 on	 an	 SDS-PAGE	 gel.	 Phosphorylation	 patterns	 were	

visualized	 by	 autoradiography.	 While	 incubation	 of	 MBP	 with	 GST-ATR	 did	 not	

result	 in	measurable	phosphorylation	of	MBP,	MBP-SOG1	incubated	with	GST-ATR	
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resulted	in	a	distinct	radiolabeled	band	that	was	the	same	size	as	that	predicted	for	

MBP-SOG1	 (Figure	 20).	 At	 least	 in	 vitro,	 SOG1	 is	 a	 phosphorylation	 target	 of	 the	

Arabidopsis	ATR	kinase.	

Al	Promotes	Expression	of	a	Group	of	DNA	Damage-Related	SOG1-Regulated	Genes		

	 While	Al	treatment	has	been	associated	with	upregulation	of	a	large	group	of	

genes	in	multiple	plant	model	systems	(Chandran	et	al.,	2008;	Kumari	et	al.,	2008),	it	

has	 been	 difficult	 to	 identify	 which	 members	 of	 these	 Al-inducible	 groups	 are	 of	

primary	relevance	to	Al	toxicity	and	response.	Therefore,	demonstration	that	SOG1	

is	 responsible	 at	 least	 in	 part	 for	 stoppage	 of	 root	 growth	 following	 chronic	

exposure	 to	Al	 is	 expected	 to	allow	 for	determination	of	which	Al-inducible	genes	

are	 central	 to	 Al-dependent	 terminal	 differentiation.	With	 this	 in	 mind,	 it	 was	 of	

interest	to	determine	whether	Al	results	in	similar	SOG1-dependent	changes	in	gene	

expression	 as	 seen	with	 γ-radiation	 (Yoshiyama	 et	 al.,	 2009).	 Several	 genes	 have	

been	 found	 to	 be	 substantially	 upregulated	 following	 exposure	 to	 γ-radiation,	

including	 many	 that	 are	 involved	 in	 response	 to	 and	 repair	 of	 damaged	 DNA.	

Examples	 include	BRCA1,	PARP2,	XRI1,	RAD50,	and	RAD51,	along	with	a	number	of	

genes	 whose	 functions	 in	 relation	 to	 DNA	 damage	 response	 have	 yet	 to	 be	

elucidated	(Yoshiyama	et	al.,	2009).	

	 In	 order	 to	 determine	 whether	 Al	 causes	 changes	 in	 expression	 of	 these	

SOG1-regulated	genes,	it	was	first	necessary	to	determine	the	conditions	that	would	

allow	for	the	best	capture	of	these	changes.	This	was	particularly	problematic	since		 	
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Figure	20.	ATR	Kinase	Assay	of	MBP	and	MBP-SOG1.	
Full	 length	 Arabidopsis	 ATR	 protein	 was	 produced	 using	 a	 baculovirus	 protein	
expression	system.	Approximately	50	ng	of	recombinant	ATR	protein	was	incubated	
with	either	1	mg	of	MBP	or	MBP-SOG1	protein	in	the	presence	of	[γ-32P]ATP,	after	
which	samples	were	separated	by	SDS-PAGE	and	analyzed	by	autoradiography.	
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SOG1	 does	 not	 persist	 after	 Al-dependent	 terminal	 differentiation	 (Figure	 16),	

making	it	necessary	to	determine	at	which	point	damage	had	accumulated	to	a	high	

enough	 level	 to	 promote	 entrance	 into	 endoreduplication	 but	 not	 late	 enough	 to	

where	the	transition	had	already	been	initiated.	For	this	work,	SOG1:GUS	expression	

in	 the	 root	 tip	 was	 followed	 over	 a	 time	 course	 of	 Al	 exposure.	 Col-0	 wild-	 type	

transgenic	 plants	 expressing	 SOG1:GUS	 were	 grown	 in	 the	 presence	 of	 1.50	 mM	

AlCl3	(pH	4.2)	in	a	soaked	gel	environment,	and	samples	were	taken	on	successive	

days	 for	 visualization	 of	 GUS	 activity.	 GUS	 activity	 persisted	 in	 the	 root	 tip	

throughout	the	course	of	the	experiment	for	untreated	samples,	whereas	growth	of	

roots	 in	the	presence	of	Al	resulted	 in	a	progressive	 loss	of	GUS	activity	starting	3	

days	after	planting	(Figure	21).		

	 It	 was	 also	 necessary	 to	 assess	 the	 status	 of	 the	 root	 QC	 on	 a	 daily	 basis	

through	the	use	of	the	QC46:GUS	reporter	line.	Consistent	with	the	loss	of	SOG1:GUS	

activity,	 the	 root	QC	 disappeared	 by	 day	 5	 of	 growth	 in	 the	 presence	 of	 1.50	mM	

AlCl3	 (pH	 4.2)	 in	 a	 soaked	 gel	 environment	 with	 a	 substantial	 decrease	 in	 GUS	

activity	 occurring	 between	 days	 3	 and	 4	 (Figure	 22).	 When	 considered	 in	

conjunction	with	the	results	from	the	SOG1:GUS	time	course,	the	transition	from	an	

actively	growing	 root	 tip	 to	one	 that	has	 transitioned	 to	endoreduplication	occurs	

between	 days	 3	 and	 4	 of	 chronic	 Al	 exposure,	 indicating	 that	 SOG1-dependent	

increases	in	gene	expression	in	response	to	Al	would	be	most	likely	observed	within	

this	3	to	4	day	window.		
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Figure	21.	Time	Course	Evaluation	of	SOG1:GUS	Persistence.	
Col-0	wild	type	seedlings	carrying	a	transgenic	copy	of	SOG1:GUS	were	grown	in	the	
absence	 or	 presence	 of	 1.50	 mM	 AlCl3	 (pH	 4.2)	 in	 a	 soaked	 gel	 environment.	
Everyday	from	3	days	after	germination	to	6	days	after	germination,	seedlings	were	
collected	and	subsequently	stained	for	GUS	activity.	
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Figure	22.	Time	Course	Evaluation	of	QC46:GUS	Persistence.	
Col-0	wild	type	seedlings	carrying	a	transgenic	copy	of	QC46:GUS	were	grown	in	the	
absence	 or	 presence	 of	 1.50	 mM	 AlCl3	 (pH	 4.2)	 in	 a	 soaked	 gel	 environment.	
Everyday	from	3	days	after	germination	to	6	days	after	germination,	seedlings	were	
collected	and	subsequently	stained	for	GUS	activity.	
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	 Because	of	this,	seedling	tissue	was	collected	after	3	days	of	exposure	to	Al	to	

assess	 whether	 Al	 causes	 upregulation	 of	 genes	 in	 a	 similar	 SOG1-dependent	

manner	as	seen	for	γ-radiation.	For	this	experiment,	Col-0	wild-type,	als3-1,	sog1-7,	

and	 sog1-7;als3-1	 seedlings	 were	 grown	 in	 the	 absence	 or	 presence	 of	 1.50	 mM	

AlCl3	 (pH	 4.2)	 in	 a	 soaked	 gel	 environment	 for	 3	 days.	 Subsequently,	 whole	

seedlings	were	harvested	for	isolation	of	total	RNA,	cDNA	synthesis,	and	subsequent	

RT-PCR	analysis.	

	 For	this	experimental	approach,	a	normalization	gene	needed	to	be	selected	

that	 acts	 as	 a	 house	 keeping	 gene,	 which	 is	 expressed	 consistently	 in	 different	

genetic	 lines	 in	 the	 absence	 and	 presence	 of	 Al.	 Generally,	 genes	 encoding	

cytoskeletal	elements	are	often	used;	however,	as	discussed	previously,	Al	disrupts	

microtubule	and	actin	dynamics	so	 this	was	not	an	option	(Blancaflor	et	al.,	1998;	

Illéš	et	al.,	2006;	Vázquez	et	al.,	1999).	Based	on	a	previous	study,	At5g60390	 (EF-

1α)	was	selected	due	to	its	consistent	expression	under	other	heavy	metal	toxicities	

such	as	nickel	and	copper	(Remans	et	al.,	2008).	To	ensure	that	EF-1	α	would	be	an	

ideal	normalization	gene	candidate,	seedlings	of	Col-0	wild-type,	als3-1,	sog1-7,	and	

sog1-7;als3-1	were	grown	in	the	absence	or	presence	of	1.50	mM	AlCl3	(pH	4.2)	in	a	

soaked	gel	environment	 for	3	days.	Subsequently,	whole	seedlings	were	harvested	

for	 isolation	 of	 total	 RNA,	 cDNA	 synthesis,	 and	 subsequent	 RT-PCR	 analysis.	 All	

genetic	lines	under	all	test	conditions	showed	equivalent	expression	(Figure	23).	

	 Several	genes	that	have	been	found	in	a	previous	study	to	be	highly	induced	

by	γ-radiation	in	a	SOG1-dependent	manner	were	used	to	perform	a	survey	with		
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Figure	23.	Equal	Expression	of	EF-1α	for	all	RT	PCR	Conditions.	
Seedlings	of	Col-0	wt,	als3-1,	sog1-7	and	sog1-7;als3-1	were	grown	for	3	days	in	the	
presence	of	either	0	or	1.50	mM	AlCl3	(pH4.2),	after	which	tissue	was	harvested	for	
RNA	 isolation.	 Following	 cDNA	 synthesis,	 real-time	 PCR	 was	 performed	 and	 Ct	
values	were	compared	to	check	for	equivalent	expression	across	all	genotypes	in	the	
presence	and	absence	of	Al.	 	
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regard	 to	 Al	 response	 (Yoshiyama	 et	 al.,	 2009)	 (see	 also	 Table	 1).	 Genes	 tested	

included	 those	 encoding	 a	 Zn	 finger	 of	 unknown	 function	 (At5g60250),	 a	 protein	

with	 an	 unknown	 role	 in	 DNA	 damage	 repair	 (XRI1),	 a	 putative	 ubiquitin	

conjugating	 enzyme	 (At2g18600),	 a	 putative	 telomere	 maintenance	 protein	

(TRFL10),	an	ortholog	of	the	human	breast	cancer	susceptibility	gene	(BRCA1),	and	a	

key	component	of	microhomology-mediated	DNA	repair	(PARP2).	Primers	for	these	

genes	 were	 generated	 and	 tested	 for	 parameters	 essential	 to	 accurate	 RT-PCR	

analysis	 including	 single	 amplicon	 replication	 verified	 via	 melts	 curves	 and	

amplification	efficiencies	(Table	2).		Treatment	 with	 Al	 resulted	 in	 a	 measurable	

increase	in	expression	of	this	subset	of	genes	in	Col-0	wild	type	compared	with	no	Al	

(Figure	 24).	 In	 Al-treated	 als3-1	 seedlings,	 the	 expression	 of	 these	 genes	 also	

increased	significantly,	even	more	so	in	comparison	to	Col-0	wild	type	(Figure	24),	

consistent	with	the	extreme	Al	hypersensitivity	seen	for	this	mutant.	In	contrast,	an	

increase	in	expression	of	these	genes	was	not	observed	for	sog1-7	and	sog1-7;als3-1	

roots	in	comparison	to	the	respective	controls	(Figure	24).	This	result	indicates	that	

Al	 triggers	 a	 SOG1-dependent	 transcriptional	 program	 that	 is	 similar	 to	 that	

observed	following	treatment	with	γ-radiation.		

Al-Dependent	Induction	of	DNA	Damage	Response	Genes	Does	Not	Require	ATM		

	 SOG1	has	been	demonstrated	previously	to	function	downstream	of	ATM	in	

response	to	γ-radiation	(Yoshiyama	et	al.,	2013a).	ATR	and	ATM	are	both	members	

of	the	PIKK	family	of	kinases,	and	now	that	ATR	has	been	established	to	work	in		
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Table	2.	Amplification	Efficiencies	of	RT	PCR	Primers.	
Gene	
Name	 TAIR	#	

PCR	
Efficiency	(E)	 %Efficiency	

Standard	
Curve	R2	

	 	 	 	 	
	

AT2G18600	 2.030607799	 103.0607799	 0.99786	

	 	 	 	 	
	

AT2G45460	 2.031139033	 103.1139033	 0.99811	

	 	 	 	 	
	

AT5G60250	 1.992759976	 99.27599759	 0.98949	

	 	 	 	 	ANAC103	 AT5G64060	 2.043687098	 104.3687098	 0.9944	

	 	 	 	 	BRCA1	 AT4G21070	 2.017022902	 101.7022902	 0.99171	

	 	 	 	 	CYCB1;1	 AT4G37490	 2.028091671	 102.8091671	 0.99937	

	 	 	 	 	EF-1A	 AT5G60390		 2.019313383	 101.9313383	 0.99802	

	 	 	 	 	GMI1	 AT5G24280	 2.006901663	 100.6901663	 0.9969	

	 	 	 	 	PARP2	 AT4G02390	 1.977080681	 97.70806809	 0.99721	

	 	 	 	 	RAD17	 AT5G66130	 1.995358804	 99.53588035	 0.999	

	 	 	 	 	RAD51	 AT5G20850	 2.016376466	 101.6376466	 0.99757	

	 	 	 	 	SOG1	 AT1G25580	 2.000721667	 100.0721667	 0.99479	

	 	 	 	 	SYN2	 AT5G40840	 2.013113414	 101.3113414	 0.99618	

	 	 	 	 	TK1A	 AT3G07800	 1.967949173	 96.79491726	 0.99398	

	 	 	 	 	TRFL10	 AT5G03780	 1.99214315	 99.21431497	 0.99875	

	 	 	 	 	TRFL3	 AT1G17460	 2.016075069	 101.6075069	 0.99957	

	 	 	 	 	WRKY25	 AT2G30250	 1.995152065	 99.51520646	 0.99486	

	 	 	 	 	XRI1	 AT5G48720	 1.987031752	 98.70317522	 0.99806	

	 	 	 	 	SUV2	 AT5G45610	 1.977959091	 97.79590907	 0.99849	
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Figure	24.	SOG1	is	Required	for	Al	Dependent	Induction	of	DNA	Damage	Response	
Genes.	
Seedlings	of	Col-0	wt,	als3-1,	sog1-7	and	sog1-7;als3-1	were	grown	in	the	presence	of	
either	0	or	1.50	mM	AlCl3	(pH4.2)	for	3	days,	after	which	tissue	was	harvested	for	
RNA	 isolation.	 	 Following	 cDNA	 synthesis,	 real-time	 PCR	 for	 previously	 described	
SOG1-regulated	 transcriptional	 targets	 was	 performed	 (Yoshiyama	 et	 al.,	 2009).		
Fold	change	values	were	normalized	to	the	expression	of	EF-1a	and	relative	to	the	
expression	levels	for	Col-0	wt	grown	with	0	mM	AlCl3	(pH	4.2).	Error	bars	indicate	
the	standard	deviation	from	three	technical	replicates.	
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conjunction	with	SOG1	to	inhibit	root	growth	in	the	presence	of	Al,	it	was	of	interest	

to	determine	whether	Al-responsive	stoppage	of	root	growth	also	required	ATM.	An	

atm-2;als3-1	double	mutant	was	generated	(Figure	25).	The	capability	of	the	atm-2	

loss-of-function	 mutation	 to	 suppress	 the	 Al	 hypersensitivity	 of	 als3-1	 was	

compared	with	 that	 of	atr-4.	 Seedlings	 of	 Col-0	wild	 type,	als3-1,	atr-4;als3-1,	 and	

atm-2;als3-1	were	 grown	 for	7	days	 in	 the	 absence	or	presence	of	 0.75	mM	AlCl3	

(pH	4.2)	in	a	soaked	gel	environment	(Figures	26	and	27).	Exposure	to	Al	resulted	in	

severe	Al	hypersensitivity	 in	als3-1	 roots	compared	with	Col-0	wild	 type,	whereas	

atr-4;als3-1	 mutant	 roots	 were	 indistinguishable	 from	 Col-0	 wild	 type	 in	 the	

presence	of	Al	(Figures	26	and	27).	In	contrast,	Al-treated	roots	of	atm-2;als3-1	were	

only	marginally	longer	than	those	of	als3-1,	with	both	displaying	the	same	terminal	

differentiation	phenotype	following	Al	exposure	(Figures	26	and	27).	

	 Because	there	is	a	clear	discrepancy	regarding	the	roles	of	ATR	and	ATM	in	

mediating	 stoppage	 of	 root	 growth	 following	 exposure	 to	 Al,	 it	 was	 determined	

whether	 loss-of-function	 mutations	 for	 each	 had	 an	 impact	 on	 SOG1-dependent	

expression	of	genes	following	Al	exposure.	For	this	analysis,	Col-0	wild	type,	als3-1,	

sog1-7;als3-1,	alt2-1;als3-1,	atr-4;als3-1,	and	atm-2;als3-1	were	grown	in	the	absence	

or	 presence	 of	 1.50	 mM	 AlCl3	 (pH	 4.2)	 in	 a	 soaked	 gel	 environment	 for	 3	 days.	

Seedlings	were	 subsequently	 collected	 for	RNA	 isolation,	 cDNA	synthesis,	 and	RT-

PCR	analysis.		
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Figure	 25.	 atm-2	 Genotype	 Analysis	 for	 Generation	 of	 an	 atm-2;als3-1	 Double	
Mutant.	
DNA	 was	 isolated	 from	 the	 leaves	 of	 the	 F2	 progeny	 of	 als3-1	 x	 atm-2	 and	 then	
analyzed	by	PCR	as	follows:	one	repeat	of	30	sec	at	94oC,	and	then	40	repeats	of	30	
sec	 at	 94oC,	 30	 sec	 at	 55oC,	 and	 30	 sec	 at	 72oC.	 Amplicons	 were	 subsequently	
analyzed	 by	 running	 out	 on	 a	 1%	 agarose	 gel	 visualized	 with	 ethidium	 bromide	
under	UV	 light.	 The	T-DNA	band	 amplified	with	At3g48190	 3’	 reverse	 and	T-DNA	
primers	is	predicted	to	result	in	an	amplicon	of	680	bp	whereas	the	band	resulting	
from	 amplification	 with	 the	 At3g48190	 5’	 forward	 and	 3’	 reverse	 primers	 is	
expected	to	result	in	a	product	that	is	598	bp	(see	Table	1	for	WT	and	T-DNA	primer	
sequences).	 	
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Figure	 26.	atm	Loss-of-Function	Mutation	Does	not	Suppress	 the	Hypersensitivity	
Phenotype	of	als3-1,	Unlike	atr	Mutants.	
Col-0	wt,	als3-1,	atr-4;als3-1	 and	atm-2;als3-1	 seedlings	were	grown	 for	7	d	 in	 the	
absence	or	presence	of	increasing	amounts	of	AlCl3	in	a	soaked	gel	environment	(pH	
4.2)	 following	 which	 root	 lengths	 were	 determined.	 Mean	 ±	 SD	 values	 were	
determined	 from	 30	 seedlings.	 Asterisk	 indicates	 significance	 at	 p	 ≤	 0.01	 when	
comparing	Al-treated	lines	using	the	Tukey	HSD	test.		
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Figure	27.	atm;als3-1	Mutants	Exhibit	Root	Growth	Inhibition	Similar	to	als3-1.	
Photos	 show	 representative	 Col-0	wild	 type,	 als3-1,	 art-4;als3-1,	 and	 atm-2;als3-1	
seedlings	in	the	absence	or	presence	of	0.75	mM	AlCl3	after	7	days	of	growth	in	a	gel	
soak	environment.	
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Figure	 28.	 Response	 to	 Al	 in	 Arabidopsis	 is	 an	 ATR-,	 ALT2-,	 and	 SOG1-Mediated	
Phenomena	Largely	Independent	of	ATM.	
Seedlings	 of	 Col-0	 wt,	 als3-1,	 sog1-7;als3-1,	 alt2-1;als3-1,	 atr-4;als3-1,	 and	 atm-
2;als3-1	 were	 grown	 in	 the	 absence	 or	 presence	 of	 1.50	 mM	 AlCl3	 (pH	 4.2)	 in	 a	
soaked	 gel	 environment	 for	 3	 days	 after	 which	 tissue	 was	 collected	 for	 RNA	
isolation.	Following	cDNA	synthesis,	RT-PCR	was	performed	to	examine	expression	
patterns	for	a	group	of	previously	documented	SOG1-regulated	genes	(Yoshiyama	et	
al.,	2009).	Mean	±	SD	values	were	determined	from	three	technical	replicates.	
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	 Treatment	 with	 Al	 resulted	 in	 the	 same	 patterns	 of	 induction	 com-	 pared	

with	 γ-radiation	 for	 all	 genes	 tested	 for	 Col-0	 wild	 type	 and	 als3-1	 with	 the	

exception	of	SYN2	(RAD21),	which	encodes	a	key	sister	chromatid	cohesion	protein	

that	 is	 inducible	 with	 γ-radiation	 but	 not	 Al	 (Dong	 et	 al.,	 2001)(Figure	 28).	 In	

contrast,	there	was	no	apparent	induction	of	any	of	these	SOG1-regulated	genes	in	

sog1-7;als3-1,	alt2-1;als3-1,	or	atr-4;als3-1	(Figure	28).	Thus,	Al	tolerance	in	each	is	

correlated	 with	 failure	 to	 trigger	 the	 SOG1-dependent	 increase	 in	 expression	 of	

these	DNA	damage	response	genes	following	Al	exposure.	Loss	of	expression	of	this	

subset	 of	 genes	 was	 not	 observed	 for	 Al-treated	 atm-2;als3-1,	 which	 had	 clear	

induction	of	all	SOG1-dependent	Al-responsive	genes	to	a	level	that	was	comparable	

to	als3-1	(Figure	28).	

	 Canonically,	 DNA	damage	 checkpoints	 are	 responsible	 for	 the	 arrest	 of	 the	

cell	 cycle	 with	 concomitant	 induction	 of	 DNA	 repair	 mechanisms	 following	 DNA	

damage.	Roots	of	atr	and	alt2	 loss-of-function	seedlings	have	been	observed	 to	be	

sensitive	 to	 the	 DNA	 damage	 agents,	 hydroxyurea	 (HU),	Mitomycin	 C	 (MMC)	 and	

cisplatin	(CDDP)	(Nezames	et	al.,	2012;	Rounds	et	al.,	2008).	Thus	it	was	of	interest	

to	determine	whether	sog1-7	seedlings	followed	canon.	Seedlings	of	Col-0	wild	type	

and	sog1-7	were	grown	in	a	myriad	of	DNA	damage	agent	containing	medias	 for	7	

days	 and	 their	 roots	 were	 subsequently	 measured	 (Figures	 29-32).	 HU	 is	 a	

replication	 fork	 poison,	 as	 it	 reduces	 available	 pools	 of	 dNTPs	 by	 inhibiting	

ribonucleotide	 reductase	 (Toledo	 et	 al.,	 2013).	 Bleomycin	 acts	 by	 inducing	 DNA	

double	strand	breaks	(Hecht,	2000).	Seedlings	of	Col-0	wild	type	and	sog1-7	grown		
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Figure	29.	sog1-7	is	Sensitive	to	the	DNA	Replication	Fork	Poison,	HU.	
Seedlings	of	Col-0	wild	type	and	sog1-7	were	grown	in	the	absence	or	presence	of	
increasing	concentrations	of	HU	for	7	days,	after	which	root	length	was	measured.	
Relative	root	length	inhibition	percentages	calculated	as	(length	on	+HU)	/	(length	
on	0	mM	HU).	Mean	±	SE	values	were	determined	from	30	seedlings.	
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Figure	30.	sog1-7	is	Sensitive	to	the	γ-Radiation	Mimic	Antibiotic,	Bleomycin.	
Seedlings	of	Col-0	wild	type	and	sog1-7	were	grown	in	the	absence	or	presence	of	
increasing	concentrations	of	bleomycin	for	7	days,	after	which	root	length	was	
measured.	Mean	±	SE	values	were	determined	from	30	seedlings.	
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Figure	31.	sog1-7	is	Sensitive	to	the	DNA	Interstrand	Cross-Linking	Agent,	MMC.	
Seedlings	of	Col-0	wild	type	and	sog1-7	were	grown	in	the	absence	or	presence	of	
increasing	concentrations	of	MMC	for	7	days,	after	which	root	length	was	measured.	
Mean	±	SE	values	were	determined	from	30	seedlings.	
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Figure	32.	sog1-7	is	Sensitive	to	the	DNA	Intrastrand	Cross-Linking	Agent,	CDDP.	
Seedlings	of	Col-0	wild	type	and	sog1-7	were	grown	in	the	absence	or	presence	of	
increasing	concentrations	of	CDDP	for	7	days,	after	which	root	length	was	
measured.	Mean	±	SE	values	were	determined	from	30	seedlings.	
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in	 increasing	 concentrations	 of	 either	 HU	 or	 Bleomycin,	 and	 both	 exhibited	 root	

growth	 inhibition	 (Figures	 29	 and	 30).	MMC	 is	 an	 interstrand	 cross-linking	 agent	

(Johnson	et	al.,	1995),	and	CDDP	is	an	intrastrand	cross-linking	agent	(Natasa	Poklar	

et	al.,	1996).	Roots	of	Col-0	wild	type	and	sog1-7	grown	in	increasing	concentrations	

of	MMC	exhibited	inhibition;	however,	roots	of	sog1-7	were	more	sensitive	to	MMC	

(Figure	31).	Similarly,	seedlings	of	Col-0	wild	type	and	sog1-7	grown	in	media	with	

increasing	 concentrations	 of	 CDDP	 also	 exhibited	 root	 growth	 inhibition	 in	which	

sog1-7	demonstrated	greater	sensitivity	than	roots	(Figure	32).	

	 Loss-of-function	mutations	for	both	BRCA1	 (Block-Schmidt	et	al.,	2011)	and	

PARP2	 (Jia	et	al.,	2013),	which	are	Al-inducible	SOG1	targets,	were	tested	for	their	

capability	 to	 grow	 in	 the	presence	of	AlCl3	 in	 a	 soaked	gel	 environment	 (pH	4.2).	

Two	independent	brca1	loss-of-function	mutants	were	modestly	sensitive	to	a	range	

of	Al	concentrations	compared	with	Col-0	wild	type,	suggesting	that	BRCA1	plays	a	

role	in	repair	of	Al-dependent	DNA	damage	rather	than	transition	of	the	root	tip	to	

endoreduplication	 (Figure	 33).	 PARP2,	 in	 conjunction	 with	 PARP1,	 is	 a	 key	

component	 of	 microhomology-mediated	 end	 joining,	 which	 is	 one	 type	 of	

nonhomologous	end	 joining	 (NHEJ)	DNA	repair	mechanism	 that	 is	 related	 to	base	

excision	 and	 single	 strand	 break	 repair	 (Jia	 et	 al.,	 2013).	 Loss	 of	 these	 two	 key	

components	of	microhomology-mediated	end	joining	results	in	increased	sensitivity	

to	 Al	 (Figure	 34),	 consistent	 with	 Al	 acting	 as	 a	 DNA	 damage	 agent.	 Al	

hypersensitivity	was	even	more	pronounced	 for	a	parp1;parp2;ku80	 triple	 loss-of-

function	mutant,	which	represents	a	severe	reduction	in	capability	to	carry	out	both	
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classical	NHEJ	 (KU80-related)	 and	 alternative	NHEJ	 (PARP1-	 and	 PARP2-	 related)	

(Jia	 et	 al.,	 2013).	These	 results	 suggest	 that	Al	has	 substantive	negative	 effects	 on	

DNA	 integrity	 that	 in	 part	 requires	ATR	 and	 SOG1-dependent	 induction	 of	BRCA1	

and	PARP2	to	repair	the	damage.	
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Figure	33.	Two	Independent	brca1	Mutants	are	Sensitive	to	Al.	
Two	different	T-DNA	loss-of-function	alleles	of	BRCA1	were	grown	with	Col-0	wild	
type	in	the	absence	or	presence	of	increasing	concentrations	of	AlCl3	(pH	4.2)	in	a	
soaked	gel	environment	for	7	days,	after	which	root	lengths	were	measured.	Mean	±	
SD	values	were	determined	from	30	seedlings.	
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Figure	34.	Roots	of	Loss-of-Function	Mutants	Involved	in	NHEJ	are	Sensitive	to	Al.		
Seedlings	of	Col-0	wild	type	and	loss-of-function	mutants	of	components	of	C-NHEJ	
(ku80)	 or	 B-NHEJ	 (parp1	 and	 parp2)	 were	 grown	 in	 the	 absence	 or	 presence	 of	
increasing	 concentrations	 of	 AlCl3	 (pH	 4.2)	 in	 a	 gel	 soak	 environment	 for	 7	 days,	
after	which	root	lengths	were	measure.	Mean	±	SD	values	were	determined	from	30	
seedlings.	
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CHAPTER	5:	Identification	and	Characterization	of	

suv2-3	

Isolation	of	an	als3-1	suppressor	mutant		

	 In	 order	 to	 further	 study	 Al-dependent	 terminal	 differentiation	 of	 the	

Arabidopsis	root,	 an	additional	als3-1	 suppressor	mutant	was	capable	of	 sustained	

root	 growth	 in	 comparison	 to	 als3-1	 in	 the	 presence	 of	 a	 range	 of	 AlCl3	

concentrations,	 chosen	 in	 the	 same	 manner	 as	 previously	 described	 for	 isolating	

sog1-7	(Figures	35	and	36).	Subsequent	work	showed	this	mutant	to	be	an	allele	of	

SENSITIVE	TO	UV	 2	 (SUV2).	 Since	 two	 other	 mutant	 alleles	 have	 previously	 been	

published	 (Sakamoto	et	al.,	2009);	 therefore,	 this	 suppressor	will	be	 subsequently	

referred	to	as	suv2-3.		

Characterization	of	suv2-3;als3-1	as	Al	Tolerant	

	 The	suv2-3;als3-1	double	mutant	was	studied	further	to	determine	if	the	als3-

1	suppression	resulted	from	increased	Al	resistance	or	tolerance.	Internalization	of	

Al	 has	 been	 associated	 with	 deposition	 of	 the	 β-1,3-glucan,	 callose,	 in	 the	

plasmodesmata	between	cells	in	the	root	tip	(Horst	et	al.,	1997).	Seedlings	of	Col-0	

wild	 type,	als3-1,	and	suv2-3;als3-1	were	grown	hydroponically	 for	6	days	 in	0	μM	

AlCl3	 (pH	 4.2),	 and	 then	 exposed	 to	 either	 0	 or	 25	 μM	 AlCl3	 (pH	 4.2).	 This	 is	 a	

concentration	 that	 causes	 moderate	 inhibition	 of	 wild-type	 root	 growth	 in	

hydroponic	 growth	 conditions	 for	 24	 hours.	 After	 these	 treatments,	 the	 seedlings	
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Figure	35.	Isolation	of	als3-1	Suppressor	Mutant	suv2-3;als3-1.		
Col-0	 wild	 type,	 als3-1,	 and	 als3-1	 suppressor	 were	 grown	 in	 a	 soaked	 gel	
environment	with	either	no	or	increasing	concentrations	of	AlCl3	(pH	4.2)	for	7	days,	
after	which	seedlings	were	photographed.	
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Figure	36.	Growth	Analysis	of	suv2-3;als3-1	in	an	Al	Toxic	Environment.		
Col-0	wild	type,	als3-1,	and	suv2-3;	als3-1	were	grown	in	a	soaked	gel	environment	
with	either	no	or	increasing	concentrations	of	AlCl3	(pH	4.2)	for	7	days,	after	which	
root	length	was	measured.	Mean	±SD	values	were	determined	from	30	seedlings.		 	
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were	 stained	 with	 Aniline	 Blue	 to	 detect	 callose	 with	 the	 use	 of	 fluorescent	

microscopy.	 Consistent	 with	 plants	 having	 enhanced	 tolerance	 to	 internalized	 Al,	

suv2-3;als3-1	roots	accumulated	callose	similarly	to	both	Col-0	wild	type	and	als3-1	

(Figure	37).	

	 It	was	also	 tested	whether	 suv2-3;als3-1	showed	Al-responsive	 increases	 in	

gene	 expression,	 as	 would	 be	 expected	 for	 enhanced	 Al	 tolerance	 rather	 than	

increased	Al	exclusion.	For	this	experiment,	seedlings	of	Col-0	wild	type,	als3-1,	and	

suv2-3;als3-1	 were	 grown	 hydroponically	 for	 6	 days,	 after	 which	 seedlings	 were	

exposed	to	0	or	25	μM	AlCl3	for	24	hours.	Following	this,	roots	were	collected	and	

total	RNA	was	isolated	for	RNA	gel	blot	analysis	with	the	Al-inducible	probe	ALMT1	

(Hoekenga	et	al.,	2006;	Larsen	et	al.,	2005).	Exposure	of	Col-0	wild	type,	als3-1,	and	

suv2-3;als3-1	 to	 Al	 resulted	 in	 increased	 expression	 of	 the	 Al-responsive	 gene	

indicating	 that	 suv2-3	 suppresses	 the	 hypersensitivity	 of	 als3-1	 	 following	 the	

internalization	Al	similarly	to	Col-0	wild	type	and	als3-1	(Figure	38).		

	 Finally,	total	Al	that	accumulated	in	the	root	tissue	of	Col-0	wild	type,	als3-1,	

and	suv2-3;als3-1	was	measured	using	Inductively	Coupled	Plasma-Optical	Emission	

Spectrometry	(ICP-OES).	For	this	experiment,	seedlings	were	grown	hydroponically	

for	6	days	in	the	absence	of	Al,	after	which	roots	were	exposed	to	0	or	50	μM	AlCl3	

for	24	hours.	Root	tips	were	subsequently	harvested,	washed	with	nutrient	medium,	

dried,	and	then	ashed	in	pure	HNO3	in	preparation	for	analysis.	All	Al-treated	root	

samples,	including	those	of	suv2-3;als3-1,	showed	significant	accumulation	of	Al		
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Figure	37.	Callose	Deposition	of	Roots	With	and	Without	Exposure	to	Al.	
Seedlings	of	Col-0	wild	type,	als3-1,	and	sog1-7;als3-1	were	grown	for	6	days	in	0	μM	
AlCl3	(pH	4.2)	hydroponic	nutrient	media	and	then	transferred	to	either	0	or	25	μM	
AlCl3	(pH	4.2)	for	1	day.	Seedlings	were	collected	and	stained	with	Aniline	blue	for	
callose	deposition	and	visualized	using	fluorescent	microscopy.	 	



	 106	

	

Figure	38.	Al-Inducible	Gene	Expression.		
Seedlings	of	Col-0	wild	type,	als3-1	and	suv2-3;als3-1	were	grown	for	6	days	in	0	μM	
AlCl3	(pH	4.2)	hydroponic	nutrient	media	and	then	transferred	to	either	0	or	25	μM	
AlCl3	 (pH	4.2)	 for	1	day.	Seedlings	were	collected	and	total	RNA	was	extracted	 for	
Northern	blot	analysis	with	the	Al-inducible	gene,	ALMT1.	
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(Figure	 39).	 In	 conjunction	 with	 callose	 deposition	 and	 Al-inducible	 gene	

expression,	 the	quantitative	 intake	of	Al	 in	 root	 tissue	 indicates	 that	 the	observed	

restoration	of	root	growth	for	the	suv2-3;als3-1	mutant	was	dependent	on	enhanced	

Al	tolerance	rather	than	Al	exclusion	from	the	root	tip.		

A	Loss-of-Function	Mutation	in	SUV2	Suppresses	Al	Hypersensitivity	in	als3-1		

	 A	map-based	cloning	approach	was	used	to	identify	the	nature	of	the	als3-1	

suppressor	mutation.	 The	als3-1	 line	 carrying	 the	 suppressor	mutant	 in	 the	 Col-0	

background	was	crossed	to	an	als3-1	 line	that	had	been	introgressed	into	the	La-0	

background	(Gabrielson	et	al.,	2006).	Because	of	 the	recessive	nature	of	 the	als3-1	

suppressor	mutation,	F2	progeny	 from	the	cross	were	grown	on	gel	plates	soaked	

with	 0.75	 mM	 AlCl3	 (pH	 4.2),	 and	 seedlings	 with	 roots	 that	 were	 capable	 of	

sustained	 growth	 were	 rescued.	 Following	 isolation	 of	 genomic	 DNA,	 PCR-based	

analyses	were	conducted	and	showed	that	the	als3-1	suppressor	mutation	localized	

to	 chromosome	 5	 of	 Arabidopsis	 (Figure	 40).	 Fine	mapping	 resulted	 in	 a	 genetic	

window	 that	 allowed	 identification	 of	 candidate	 genes	 for	 sequence	 analysis.	 The	

als3-1	suppressor	mutation	was	subsequently	found	to	be	in	At5g45610,	which	was	

previously	 reported	 to	 encode	a	homologue	of	 the	ATR-interacting	protein,	ATRIP	

(Sakamoto	 et	 al.,	 2009).	 The	 als3-1	 suppressor	 mutation	 represents	 a	 premature	

stop	codon	in	the	eighth	exon	of	SUV2	at	amino	acid	359	(Figure	41).		
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Figure	39.	Al	Uptake	Analysis	of	Arabidopsis	Roots	via	ICP-OES.		
Seedlings	of	Col-0	wild	type,	als3-1,	and	suv2-3;als3-1	were	grown	for	6	days	in	0	μM	
AlCl3	(pH	4.2)	hydroponic	nutrient	media	and	then	transferred	to	either	0	or	25	μM	
AlCl3	(pH	4.2)	for	1	day.	Roots	tips	washed	in	hydroponic	nutrient	media	without	
AlCl3,	collected,	dried,	and	ashed	in	nitric	acid.	Total	Al	content	was	quantified	using	
ICP-OES.	Mean	±SE	values	were	determined	from	five	samples.	 	
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Figure	40.	Map	Based	Cloning	of	als3-1	Suppressor,	suv2-3.	
Map	based	cloning	of	the	als3-1	suppressor	in	the	Col-0	background	crossed	to	als3-
1	in	the	La-0	background	was	found	to	be	localized	to	chromosome	5	confirming	it	
as	a	second	site	suppressor	mutation.	Sequencing	of	candidate	genes	in	the	
chromosomal	window	revealed	a	single	nucleotide	change	in	exon	8	of	At5g4510	
previously	identified	as	SUV2.
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Figure	41.	Gene	Product	Model	of	SUV2.	
Protein	model	in	amino	acid	sequence	of	SUV2:	Highlighted	in	magenta	is	the	coiled-
coil	 motif	 responsible	 for	 homodimerization,	 in	 yellow	 are	 the	 predicted	 PIKK	
phosphorylation	 motifs,	 highlighted	 in	 red	 is	 the	 residue	 affected	 by	 the	 single	
nucleotide	change	of	suv2-3	representing	a	premature	stop	codon,	and	highlighted	
in	blue	is	the	lysine	and	arginine	rich	domain	predicted	to	be	a	nuclear	localization	
motif.	
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	 There	 have	 been	 two	 previous	 publications	 on	 the	 Arabidopsis	 ATRIP	

homologue	 in	 Arabidopsis	 using	 different	 phenotypes	 to	 describe	 the	 gene	 name:	

Sensitive	to	UV2	(SUV2)	 and	Hydroxyurea	Sensitive2	(HUS2)	 (Sakamoto	et	al.,	2009;	

Sweeney	 et	 al.,	 2009).	 One	 of	 these	mutant	 alleles	was	 obtained,	 suv2-1,	 and	was	

introgressed	 into	 the	 als3-1	 background.	 This	 suv2	 mutant	 represents	 a	

chromosomal	rearrangement	within	SUV2	caused	by	ion-beam	irradiation	resulting	

in	a	recessive	loss-of-function	mutation.	A	double	mutant	was	generated	and	a	suv2-

1;als3-1	double	mutant	was	tested	in	order	to	determine	if	it	could	also	suppress	the	

als3-1	phenotype.	Seedlings	of	Col-0	wild	type,	als3-1,	suv2-1;als3-1	and	suv2-3;als3-

1	were	grown	for	7	days	in	the	presence	of	0.75	mM	AlCl3	(pH	4.2)	in	a	soaked	gel	

environment,	after	which	root	tips	were	assessed	for	terminal	differentiation.	This	

showed	 that	 the	 suv2-1	 allele	 can	 suppress	 the	extreme	Al	 response	of	als3-1	 in	 a	

manner	 indistinguishable	 from	 suv2-3	 since	 both	 suv2-1;als3-1	 and	 suv2-3;als3-1	

failed	to	exhibit	the	severe	root	growth	inhibition	seen	for	Al-treated	als3-1	(Figure	

42).	

	 With	this	allelic	comparison	of	suv2-1	yielding	similar	capabilities	as	suv2-3	

in	 suppressing	 the	 hypersensitivity	 of	 als3-1,	 crosses	 were	 made	 between	 suv2-

1;als3-1	and	suv2-3;als3-1	to	establish	that	these	two	mutant	alleles	within	the	same	

complementation	 group.	 Seedlings	 of	 Col-0	 wild	 type,	 als3-1,	 suv2-1;als3-1,	 suv2-

3;als3-1	and	the	F1	progeny	of	the	resulting	crosses	of	als3-1	X	suv2-1;als3-1,	als3-1	

X	 suv2-3;als3-1,	 and	 suv2-1;als3-1	 X	 suv2-3;als3-1	were	 grown	 for	 7	 days	 in	 the	

presence	of	0.75	mM	AlCl3	(pH	4.2)	in	a	soaked	gel	environment.	The	F1	seedlings		
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Figure	42.	Alleleic	Comparison	of	suv2-1	and	suv2-3	Suppression	of	als3-1.	
suv2-1	allele	suppresses	the	Al	hypersensitivity	phenotype	of	als3-1	as	shown	by	the	
growth	of	suv2-1;als3-1	to	be	indistinguishable	from	suv2-3;als3-1.	Seedlings	of	Col-0	
wild	 type,	 als3-1,	 suv2-1;als3-1	 and	 suv2-3;als3-1	were	 grown	 for	 7	 days	 in	 the	
presence	of	0.75	mM	AlCl3	(pH4.2)	in	a	soaked	gel	environment.	
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of	 suv2-1;als3-1	 X	 suv2-3;als3-1	 suppressed	 the	 hypersensitivity	 of	 als3-1	 in	 a	

manner	comparable	to	both	suv2-1;als3-1	and	suv2-3;als3-1	(Figure	43).	Despite	the	

reported	 recessive	nature	of	 the	 suv2-1	mutation	 (Sakamoto	et	 al.,	 2009),	als3-1	 X	

suv2-1;als3-1	 is	marginally	 capable	 of	 suppressing	 the	als3-1	hypersensitivity;	 and	

als3-1	X	suv2-3;als3-1	also	showed	marginal	suppression	of	als3-1	(Figure	43).	Due	

to	these	results,	suv2-3	is	likely	a	semi-dominant	loss-of-function	mutation.	

	 To	 analyze	 suv2-3	 roots	 growth	without	 the	als3-1	mutation	 in	 the	 genetic	

background,	suv2-3	was	backcrossed	to	Col-0	wild	type,	and	homozygous	suv2-3	F2	

progeny	were	identified	by	PCR	analysis.	Col-0	wild-type	and	suv2-3	seedlings	were	

then	 grown	 for	7	days	 in	 the	 absence	or	presence	of	 increasing	 concentrations	 of	

AlCl3	(pH	4.2)	in	a	soaked	gel	environment,	after	which	root	lengths	were	measured.	

In	the	absence	of	als3-1,	the	suv2-3	mutant	roots	showed	greater	growth	than	wild-

type	 roots	 in	 the	presence	of	 a	 range	of	normally	highly	 inhibitory	 levels	of	AlCl3	

(Figure	44).	This	 indicates	 that	SUV2	has	a	prominent	role	 in	actively	halting	root	

growth	following	Al	treatment.		

	 To	 determine	 if	 Al	 regulates	 SUV2	 expression,	 RT-PCR	 analysis	 was	

performed.	Col-0	wild-type	seedlings	were	grown	in	a	hydroponic	environment	for	

6	days	and	subsequently	treated	with	0,	25,	or	100	μM	AlCl3	(pH	4.2)	for	24	hours.	

Root	 tissue	was	collected,	 total	RNA	was	 isolated	 for	cDNA	synthesis	and	RT-	PCR	

was	 performed	 using	 SUV2	specific	 PCR	 oligonucleotide	 primers	 (Table	 1).	 There	

was	no	significant	indication	that	SUV2	transcript	is	altered	following	Al	treatment	
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Figure	43.	Complementation	Cross	of	suv2	Mutant	Lines	in	the	als3-1	Background.	
suv2-1	and	suv2-3	dihybrid	F1	seedlings	are	capable	of	suppressing	the	als3-1	
hypersensitivity	confirming	the	suv2-3	mutation	within	the	same	complementation	
group	as	suv2-1.	Seedlings	of	Col-0	wild	type,	als3-1,	suv2-1;als3-1,	suv2-3;als3-1	and	
the	F1	progeny	of	the	resulting	crosses	of	als3-1	X	suv2-1;als3-1,	als3-1	X	suv2-3;als3-
1,	and	suv2-1;als3-1	X	suv2-3;als3-1	were	grown	for	7	days	in	the	presence	of	0.75	
mM	AlCl3	(pH	4.2)	in	a	soaked	gel	environment.	 	
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Figure	44.	suv2-3	Growth	Analysis.	
Root	growth	of	Col-0	wild	type	and	suv2-3	were	measured	after	7	days	growth	in	the	
absence	or	presence	of	 increasing	concentrations	of	AlCl3	 (pH	4.2)	 in	a	soaked	gel	
media.	Results	show	that	roots	of	suv2-3	are	more	Al	tolerant	than	Col-0	wild	type.	
Mean	±	SD	values	were	calculated	from	30	seedlings.	
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Al	although	there	is	an	observable	decreasing	trend	with	increasing	concentrations	

of	 Al.	 Seedlings	 of	 suv2-3	were	 also	 grown	 in	 a	 0	 μM	 AlCl3	 (pH	 4.2)	 hydroponic	

environment	 for	 7	 days	 and	 subsequently	 analyzed	 with	 RT-PCR	 and	 the	 suv2-3	

mutation	was	not	found	to	affect	transcript	stability	since	Col-0	wild	type	and	suv2-3	

showed	comparable	levels	of	SUV2	transcript	(Figure	45).		

	 Al	toxicity	is	most	pronounced	at	the	root	tip	(Ryan	et	al.,	1992),	and	as	SUV2	

transcript	 levels	 are	marginally	 reduced	 with	 Al	 treatments,	 it	 was	 of	 interest	 to	

determine	the	tissue	localization	pattern	for	SUV2	in	the	absence	and	presence	of	Al.	

For	this	analysis,	a	transgenic	Arabidopsis	line	carrying	a	SUV2:GUS	fusion	construct	

was	generated	and	grown	in	the	absence	or	presence	of	1.50	mM	AlCl3	(pH	4.2)	in	a	

soaked	 gel	 environment	 for	 7	 days,	 after	 which	 seedlings	 were	 stained	 for	 GUS	

activity.	 GUS	 activity	was	 clearly	 observed	 throughout	 the	meristematic	 region	 of	

the	root	tip	in	the	absence	of	Al	(Figure	46).	Root	tips	treated	with	Al	for	7	days	also	

showed	GUS	 persistence	 in	 the	meristematic	 region	 of	 the	 root	 tip,	 but	 there	 is	 a	

discernable	 change	 to	 the	 morphology	 of	 the	 root	 tip	 as	 the	 zone	 of	 division	 is	

compacted	leaving	the	zones	of	elongation	and	maturation	in	closer	proximity	to	the	

meristematic	region	of	the	root	tip	(Figure	46).	This	reduction	in	the	meristematic	

zone	may	account	for	the	insignificant	but	observable	reduction	in	SUV2	transcript	

levels	following	Al	treatment.	

	 In	 order	 to	 determine	 the	 subcellular	 localization	 of	 SUV2,	 a	 transgenic	

Arabidopsis	 line	 carrying	 a	 SUV2:GFP	 fusion	 construct	 was	 generated	 to	 visually	

analyze	seedlings	via	confocal	microscopy.	Transgenic	seedlings	of	Col-0	wild	type	
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Figure	45.	mRNA	Expression	of	SUV2.	
SUV2	transcript	 levels	were	measured	by	 real-time	PCR	 for	Col-0	wild	 type	 in	 the	
absence	or	presence	of	increasing	levels	of	Al	and	in	suv2-3.	Seedlings	were	grown	
for	6	days	 in	 a	hydroponic	nutrient	media	 and	 then	 transferred	either	 to	0,	25	or	
100	μM	AlCl3	(pH	4.2)	for	1	day.	Root	tissue	was	collected	and	mRNA	was	isolated	
for	cDNA	synthesis	as	template	to	real-time	PCR	analysis.	
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Figure	46.	SUV2	Expression	at	the	Root	Tip	Persists	Following	Al	Treatment.	
SUV2	 expression	 was	 found	 to	 be	 localized	 to	 the	 root	 tip	 meristematic	 region	
Seedlings	 of	 Col-0	wildtype	with	 transgenic	 copy	 of	 SUV2:GUS	were	 grown	 in	 the	
absence	or	presence	of	1.50	mM	AlCl3	(pH	4.2	)	 in	a	gel	soaked	environment	for	7	
days.	Seedlings	were	subsequently	collected	and	stained	of	GUS	activity	for	1	hour.	
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carrying	native	SUV2	promoter	controlled	SUV2:GFP	fusion	construct	were	grown	in	

0µM	 AlCl3	 (pH	 4.2)	 hydroponic	 growth	 media	 for	 7	 days.	 Root	 tips	 were	

subsequently	 examined	 using	 confocal	 microscopy	 and	 treated	 with	 the	 nuclear	

specific	stain,	Hoechst	33342.	SUV2:GFP	is	found	in	the	cytoplasm	and	within	nuclei	

of	root	tip	cells	(Figure	47).		

	 In	 previous	 studies,	 loss-of-function	 mutations	 in	 cell	 cycle	 checkpoint	

factors	ATR,	ALT2	and	SOG1	resulted	in	increased	root	growth	in	the	presence	of	Al	

correlated	with	 failure	 to	 arrest	 cell	 cycle	 progression	 in	 conjunction	with	 forced	

quiescent	 center	 (QC)	 differentiation	 (Nezames	 et	 al.,	 2012;	 Rounds	 et	 al.,	 2008;	

Sjogren	et	al.,	2015).	In	order	to	determine	if	this	is	also	the	case	for	roots	of	an	suv2	

loss-of-function	mutant,	suv2-3	was	crossed	to	either	a	transgenic	Arabidopsis	 line	

carrying	 a	 reporter	 for	 cell	 cycle	 progression,	CYCB1;1:GUS	 (Colón-Carmona	 et	 al.,	

1999),	or	a	reporter	for	QC	status,	QC46:GUS	(Sabatini	et	al.,	2003).	Seedlings	of	Col-

0	 wild	 type	 and	 suv2-3	 carrying	 the	 CYCB1;1:GUS	 reporter	 were	 grown	 in	 the	

absence	or	presence	of	0.75	mM	AlCl3	(pH	4.2)	 in	a	soaked	gel	environment	 for	7	

days,	 after	which	 they	were	 stained	 for	GUS	 activity.	 Col-0	wild	 type	 carrying	 the	

CYCB1;1:GUS	 reporter	 results	 in	 a	 substantial	 increase	 in	 GUS	 activity	 following	

exposure	to	Al	(Figure	48).	This	is	consistent	with	a	large	number	of	root	cells	being	

incapable	of	exiting	the	G2	phase	of	mitosis	and	incapable	of	proceeding	into	actual	

cell	division.	
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Figure	47.	SUV2	Localizes	to	the	Nucleus	and	Cytoplasm.	
SUV2:GFP	 transgenic	 seedlings	 were	 grown	 for	 7	 days	 in	 0	 µM	 AlCl3	 (pH	 4.2)	
hydroponic	 media.	 Samples	 were	 examined	 by	 confocal	 microscopy	 and	
subsequently	treated	with	Hoechst	33342	to	identify	nuclei.	 	
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Figure	48.	SUV2	Arrests	the	Cell	Cycle	in	Response	to	Al.	
Seedlings	of	Col-0	wild	type	and	suv2-3	carrying	the	coding	sequence	of	CyclinB1;1,	
including	 its	 predicted	 mitotic-destruction	 box,	 fused	 to	 the	 GUS	 reporter	 were	
grown	 in	 the	 absence	 or	 presence	 of	 0.75	 mM	 AlCl3	 (pH	 4.2)	 in	 a	 soaked	 gel	
environment	 for	 7	 days.	 Seedlings	were	 collected	 and	 stained	 for	 1	 hour	 for	 GUS	
activity.		
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	 Consistent	with	prior	results,	it	was	found	that	Al	treatment	results	in	loss	of	

the	 QC	 as	measured	 by	QC46	 dependent	 GUS	 activity	 that	 is	 localized	 to	 the	 root	

stem	cells	(Nezames	et	al.,	2012;	Rounds	et	al.,	2008;	Sjogren	et	al.,	2015).	For	this	

analysis,	 QC46:GUS	 transgenic	 seedlings	 in	 either	 the	 Col-0	 wild	 type	 or	 suv2-3	

backgrounds	were	grown	 for	7	days	 in	 the	absence	or	presence	of	1.50	mM	AlCl3	

(pH	 4.2)	 in	 a	 soaked	 gel	 environment,	 after	 which	 seedlings	 were	 stained	 to	

visualize	the	QC.	Both	Col-0	wild-type	and	suv2-3	roots	had	QC46:GUS	accumulation	

in	the	absence	of	Al	(Figure	49).	Treatment	with	high	levels	of	Al	resulted	in	loss	of	

the	QC	in	Col-0	wild	type	but	not	suv2-3	(Figure	49).	This	indicates	that	SUV2	plays	

an	active	role	 in	differentiation	of	the	QC	following	Al	treatment	 likely	as	a	step	in	

the	transition	to	endoreduplication	in	the	root	tip.	

	 It	 was	 found	 that	 Al	 treatment	 leads	 to	 terminal	 differentiation	 in	

conjunction	with	substantial	increases	in	cell	and	nucleus	size	in	als3-1	roots	but	not	

in	atr-4;als3-1,	alt2-1;als3-1,	and	sog1-7;als3-1	roots	 (Sjogren	et	al.,	2015).	For	 this	

analysis,	Col-0	wild-	type,	als3-1,	and	suv2-3;als3-1	plants	were	grown	in	the	absence	

or	presence	of	0.75	mM	AlCl3	(pH	4.2)	in	a	soaked	gel	environment	for	7	days,	after	

which	seedlings	were	fixed	and	stained	with	4’,6-diamidino-2-phenylindole	(DAPI).	

Root	 tips	 were	 subsequently	 visualized	 using	 confocal	 microscopy	 at	 the	 same	

magnification	for	each.	Al	treatment	results	in	substantial	increases	in	both	cell	and	

nuclear	 size	 for	 als3-1	 roots,	 which	 is	 consistent	 with	 terminal	 differentiation	 in	

conjunction	with	endoreduplication	(Figure	50).	In	contrast,	suv2-3;als3-1	roots	did	

not	show	the	dramatic	Al-dependent	increases	in	cell	and	nuclear	size	as	seen	for	Al-	
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Figure	49.	SUV2	Forces	Terminal	Differentiation	of	the	Root	Quiescent	Center.	
Seedlings	 of	 Col-0	wild	 type	 and	 suv2-3	carrying	 the	 QC	 reporter	QC46:GUS	 were	
grown	 in	 the	 absence	 or	 presence	 of	 1.50	 mM	 AlCl3	 (pH	 4.2)	 in	 a	 soaked	 gel	
environment	 for	 7	 days.	 Seedlings	were	 collected	 and	 stained	 for	 1	 hour	 for	 GUS	
activity.	 	
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Figure	50.	Loss	of	SUV2	Blocks	Al	Dependent	Endoreduplication.	
Seedlings	of	Col-0	wild	type,	als3-1,	and	suv2-3;als3-1	were	grown	in	the	absence	or	
presence	 of	 0.75	 mM	 AlCl3	 (pH	 4.2)	 in	 a	 soaked	 gel	 environment	 for	 7	 days.	
Seedlings	were	collected,	fixed	in	FAA	and	stained	with	DAPI	for	visualization	of	cell	
and	nucleus	size	via	confocal	microscopy	at	magnification	of	40X.	 	



	 125	

treated	als3-1	roots	(Figure	50).	This	shows	that	all	als3-1	suppressor	mutants,	atr-

4,	 alt2-1,	 sog1-7	and	 suv2-3,	 block	 the	 Al	 hypersensitivity	 of	als3-1	 in	 conjunction	

with	 prevention	 of	 terminal	 differentiation	 and	 endoreduplication(Nezames	 et	 al.,	

2012;	Rounds	et	al.,	2008;	Sjogren	et	al.,	2015).	

	 It	was	 of	 interest	 to	 determine	whether	SUV2	 is	 part	 of	 the	 transcriptional	

response	pathway	that	leads	to	this	root	growth	inhibition,	as	do	the	Al	tolerant	cell	

cycle	checkpoints	ATR,	ALT2,	and	SOG1.	The	conditions	that	would	allow	for	the	best	

capture	of	these	changes	elicited	by	these	cell	cycle	check	points	was	determined	to	

be	3	days	after	germination	on	1.50	mM	AlCl3	(pH	4.2)	in	a	soaked	gel	environment	

when	 SOG1	 is	 still	 present	 at	 the	 root	 tip	 and	 the	 QC	 has	 not	 yet	 differentiated	

(Sjogren	et	al.,	2015).	

	 Because	of	this,	seedling	tissue	was	collected	after	3	days	of	exposure	to	Al	to	

assess	 whether	 Al	 causes	 upregulation	 of	 genes	 in	 a	 similar	 SOG1-dependent	

manner	as	seen	for	γ-radiation.	For	this	experiment,	Col-0	wild-type,	als3-1,	suv2-3,	

suv2-3;als3-1,	 suv2-1	 and	 suv2-1;als3-1	 seedlings	 were	 grown	 in	 the	 absence	 or	

presence	 of	 1.50	 mM	 AlCl3	 (pH	 4.2)	 in	 a	 soaked	 gel	 environment	 for	 3	 days.	

Subsequently,	 whole	 seedlings	 were	 harvested	 for	 isolation	 of	 total	 RNA,	 cDNA	

synthesis,	and	subsequent	RT-PCR	analysis.	Several	genes	that	have	been	found	in	a	

previous	 study	 to	 be	 highly	 induced	 by	 γ-radiation	 in	 a	 SOG1-dependent	manner	

were	used	to	perform	a	survey	with	regard	to	Al	response	(Yoshiyama	et	al.,	2009)	

(see	also	Table	1).		

	



	 126	

	 For	this	experimental	approach,	EF-1α	was	chosen	as	the	normalization	gene,	

which	 is	 expressed	 consistently	 in	 different	 genetic	 lines	 in	 the	 absence	 and	

presence	of	Al	(Sjogren	et	al.,	2015).	Genes	tested	were	those	that	were	shown	to	be	

inducible	following	Al	in	an	ATR-,	ALT2-,	and	SOG1-dependent	manner:	a	Zn	finger	

of	unknown	function	(At5g60250),	a	protein	with	an	unknown	role	in	DNA	damage	

repair	 (XRI1),	 a	 putative	 ubiquitin	 conjugating	 enzyme	 (At2g18600),	 a	 putative	

telomere	maintenance	 protein	 (TRFL10),	 an	 ortholog	 of	 the	 human	 breast	 cancer	

susceptibility	gene	(BRCA1),	and	a	key	component	of	microhomology-mediated	DNA	

repair	(PARP2).	Primers	for	these	genes	were	generated	and	tested	for	parameters	

essential	to	accurate	RT-PCR	analysis	including	single	amplicon	replication	verified	

via	melts	curves	and	amplification	efficiencies	(Table	2).	Consistent	 with	 the	

previous	work	on	Al	inducible	DNA	damage	transcriptional	response	(Sjogren	et	al.,	

2015),	 treatment	 with	 Al	 resulted	 in	 a	 measurable	 increase	 in	 expression	 of	 this	

subset	of	genes	 in	Col-0	wild	type	and	 in	Al-treated	als3-1	 seedling	(Figure	51).	 In	

contrast,	increased	in	expression	of	these	genes	was	not	observed	for	suv2-3,	suv2-

3;als3-1,	 suv2-1	 and	 suv2-3;als3-1	 roots	 in	 comparison	 to	 the	 respective	 controls	

(Figure	51).	This	result	indicates	that	SUV2	functions	as	part	of	the	Al	inducible	DNA	

damage	 transcriptional	 response	 that	 is	 similar	 to	 that	 observed	 following	

treatment	with	γ-radiation.		
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Figure	51.	SUV2	is	Required	for	Al	Dependent	Induction	of	DNA	Damage	Response	
Genes.	
Seedlings	 of	 Col-0	 wt,	 als3-1,	 suv2-3,	 suv2-3;als3-1,	 suv2-1	 and	 suv2-3;als3-1	 were	
grown	in	the	presence	of	either	0	or	1.50	mM	AlCl3	(pH4.2)	for	3	days,	after	which	
tissue	was	harvested	for	RNA	isolation.		Following	cDNA	synthesis,	real-time	PCR	for	
previously	 described	 Al-inducible	 and	 ATR-,	 ALT2-,	 and	 SOG1-regulated	
transcriptional	 targets	 was	 performed	 (Sjogren	 et	 al.,	 2015).	 Fold	 change	 values	
were	normalized	to	the	expression	of	EF-1α	and	relative	to	the	expression	levels	for	
Col-0	wt	grown	with	0	mM	AlCl3	(pH	4.2).	Error	bars	indicate	the	standard	deviation	
from	three	technical	replicates.	
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Loss	of	SUV2	Results	in	Sensitivity	to	DNA	Damage	Agents	

	 Canonically,	 DNA	damage	 checkpoints	 are	 responsible	 for	 the	 arrest	 of	 the	

cell	 cycle	 with	 concomitant	 induction	 of	 DNA	 repair	 mechanisms	 following	 DNA	

damage.	Roots	of	atr,	alt2,	and	sog1-7	loss-of-function	seedlings	have	been	observed	

to	be	sensitive	 to	 the	DNA	damage	agents,	hydroxyurea	(HU),	Mitomycin	C	(MMC)	

and	 cisplatin	 (CDDP)	 (Nezames	 et	 al.,	 2012;	 Rounds	 et	 al.,	 2008),	 thus	 it	 was	 of	

interest	 to	determine	whether	 suv2-3	seedlings	 followed	canon.	 Seedlings	of	Col-0	

wild	 type	 and	 suv2-3	were	 grown	 in	 a	 myriad	 of	 DNA	 damage	 agent	 containing	

medias	for	7	days	and	their	roots	were	subsequently	measured	(Figures	52-54).	HU	

is	 a	 replication	 fork	 poison,	 as	 it	 reduces	 available	 pools	 of	 dNTPs	 by	 inhibiting	

ribonucleotide	reductase	(Toledo	et	al.,	2013).	Seedlings	of	Col-0	wild	type	and	suv2-

3	 grown	 in	 0	 or	 1	 mM	 HU	 in	 nutrient	 media	 and	 both	 exhibited	 root	 growth	

inhibition	with	 suv2-3	 being	 significantly	more	 sensitive	 (Figures	 52).	 MMC	 is	 an	

interstrand	 cross-linking	 agent	 (Johnson	 et	 al.,	 1995),	 and	CDDP	 is	 an	 intrastrand	

cross-linking	agent	(Natasa	Poklar	et	al.,	1996).	Roots	of	Col-0	wild	type	and	suv2-3	

grown	in	nutrient	media	containing	0	or	2.5	µM	MMC	exhibited	inhibition;	however,	

roots	of	suv2-3	were	again	significantly	more	sensitive	to	MMC	than	Col-0	wild	type	

(Figure	53).	Similarly,	seedlings	of	Col-0	wild	type	and	suv2-3	grown	in	0	or	10	µM	

CDDP	 in	 nutrient	 media	 and	 yet	 again	 roots	 of	 suv2-3	 demonstrated	 greater	

sensitivity	than	roots	of	Col-0	wild	type	(Figure	54).	
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Figure	52.	suv2-3	is	Sensitive	to	the	DNA	Replication	Fork	Poison,	HU.	
Seedlings	of	Col-0	wild	type	and	suv2-3	were	grown	in	the	absence	or	presence	of	i	
HU	for	7	days,	after	which	root	length	was	measured.	Mean	±	SE	values	were	
determined	from	30	seedlings.	
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Figure	53.	suv2-3	is	Sensitive	to	the	DNA	Interstrand	Cross-Linking	Agent,	MMC.	
Seedlings	of	Col-0	wild	type	and	suv2-3	were	grown	in	the	absence	or	presence	of	
MMC	for	7	days,	after	which	root	length	was	measured.	Mean	±	SE	values	were	
determined	from	30	seedlings.	
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Figure	54.	suv2-3	is	Sensitive	to	the	DNA	Intrastrand	Cross-Linking	Agent,	CDDP.	
Seedlings	of	Col-0	wild	type	and	suv2-3	were	grown	in	the	absence	or	presence	of	
CDDP	for	7	days,	after	which	root	length	was	measured.	Mean	±	SE	values	were	
determined	from	30	seedlings.	



	 133	

ATR	and	SUV2	Function	Together	to	Promote	Al-Dependent	Root	Growth	Inhibition	

	 Since	 loss-of-function	mutants	 for	SUV2	 and	ATR	 are	similar	with	regard	 to	

their	roles	responding	to	Al	toxicity	as	well	as	other	DNA	damage	agents	(Nezames	

et	 al.,	 2012;	 Rounds	 et	 al.,	 2008),	 it	 might	 be	 expected	 that	 these	 two	 cell	 cycle	

checkpoint	 factors	 act	 together	 to	 trigger	Al-dependent	 terminal	 differentiation	of	

the	root.	In	order	to	test	whether	there	is	a	relationship	between	these	two	factors	

in	Al-dependent	stoppage	of	root	growth,	a	suv2-3;atr-4	mutant	was	generated	and	

tested	for	its	capability	to	grow	in	the	presence	of	Al.	For	this	experiment,	Col-0	wild	

type,	 suv2-3,	 atr-4,	 and	 suv2-3;atr-4	 were	 grown	 for	 7	 days	 in	 the	 absence	 or	

presence	of	1.50	mM	AlCl3	(pH	4.2)	in	a	soaked	gel	environment.	Root	lengths	were	

measured	and	the	suv2-3;atr-4	double	mutant	was	comparable	to	suv2-3	and	atr-4	

for	Al	tolerance	(Figure	55).	This	result	suggests	that	SUV2	and	ATR	are	part	of	the	

same	pathway	that	halts	root	growth	following	exposure	to	Al.		
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Figure	55.	SUV2	and	ATR	Work	Within	the	Same	Pathway	to	Inhibit	Root	Growth	in	
the	Presence	of	Al.	
A	 suv2-3;atr-4	 	 double	mutant	was	 grown	 in	 the	presence	 or	 absence	 of	 1.25	mM	
AlCl3	(pH	4.2)	in	a	soaked	gel	environment	for	7	days.	Root	lengths	were	measured	
to	 determine	 whether	 the	 combination	 of	 mutations	 results	 in	 an	 additive	 Al	
tolerant	phenotype.	The	suv2-3;atr-4	double	mutant	did	not	give	rise	to	additive	Al	
tolerance.	Mean	±	SD	values	were	determined	from	30	seedlings.		 	
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SUV2	Can	Be	Phosphorylated	by	ATR	in	vitro		

	 SUV2/HUS2	 is	 a	 homologue	 of	 ATR	 interacting	 protein	 (ATRIP)	 from	

vertebrates,	 Lcd1	 from	 S.cerevisiae,	 and	 Rad26	 from	 S.	 pombe.	 These	 all	 exhibit	

evolutionary	 conservation	 as	 DNA	 binding	 proteins	 that	 partner	 with	

ATR/Mec1/Rad3	and	recruit	their	respective	kinase	partner	to	sites	of	DNA	damage	

(Siede	 et	 al.,	 2006).	 Along	 with	 this	 conserved,	 functional	 relationship	 between	

homologues	of	ATR	and	its	interacting	partner,	ATRIP,	 in	a	DNA	damage	response,	

there	is	now	also	a	relationship	between	ATR	and	SUV2	in	Arabidopsis	with	regard	

to	terminal	differentiation	of	the	root	tip	following	Al	exposure.	It	was	of	interest	to	

determine	whether	SUV2	is	a	phosphorylation	target	of	ATR	as	has	been	shown	for	

SOG1	(Sjogren	et	al.,	2015).	

	 For	 this	 analysis,	 the	 entire	 coding	 sequence	 (CDS)	 of	 Arabidopsis	 ATR	

representing	 2702	 amino	 acids	 was	 produced	 as	 a	 GST	 fusion	 protein	 in	 a	

baculovirus	protein	expression	 system.	 In	 conjunction	with	 this,	 the	entire	CDS	of	

Arabidopsis	 SUV2,	 representing	 646	 amino	 acids,	 was	 produced	 as	 a	 Maltose	

Binding	 Protein	 (MBP)	 fusion	 in	 an	 Escherichia	 coli	 BL21-DE3	 pLysS	 protein	

expression	 system.	Approximately	 50	 ng	 of	 GST-ATR	was	 subsequently	 incubated	

with	1	mg	of	either	MBP	or	MBP-SUV2	in	the	presence	of	[γ	-32P]	ATP,	after	which	

samples	 were	 separated	 on	 an	 SDS-PAGE	 gel	 without	 ATR-GST.	 Phosphorylation	

results	were	visualized	by	autoradiography.	While	incubation	of	MBP	with	GST-ATR	

did	not	result	 in	measurable	phosphorylation	of	MBP,	 in	contrast,	MBP-SUV2	with	

GST-ATR	 resulted	 in	 a	 distinct	 radiolabeled	 band	 that	 was	 the	 same	 size	 as	 that	
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predicted	for	MBP-SUV2	(Figure	56).	MBP-SOG1	was	also	run	as	a	positive	control	of	

ATR’s	 phosphorylative	 capabilities.	 At	 least	 in	 vitro,	 SUV2	 is	 a	 phosphorylation	

target	of	the	Arabidopsis	ATR	kinase.	  
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Figure	56.	ATR	Kinase	Assay	of	MBP	and	MBP-SUV2.	
Full	 length	 Arabidopsis	 ATR	 protein	 was	 produced	 using	 a	 baculovirus	 protein	
expression	system.	Approximately	50	ng	of	recombinant	ATR	protein	was	incubated	
with	either	5	mg	of	MBP	or	MBP-SUV2	protein	in	the	presence	of	[γ-32P]ATP,	after	
which	samples	were	separated	by	SDS-PAGE	and	analyzed	by	autoradiography.	 	
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DISCUSSION	
	

CHAPTER	6:	SOG1	and	SUV2	Mediate	Root	Growth	
Inhibition	Through	an	ATR-Dependent	
Transcriptional	Response	to	Aluminum	

	
	 Al	 toxicity	 poses	 a	 significant	 agricultural	 problem	 in	 acid	 soil	 regions,	

especially	 in	 countries	 lacking	 industrialized	 methods	 to	 overcome	 the	 stress	

resulting	from	this	metal	ion,	which	reduces	plant	growth	and	moreover	crop	yields	

(Uexküll	 et	 al.,	 1995).	 Research	 investigating	 Al	 tolerance	 mechanisms	 in	 plants	

seeks	to	address	this	problem	in	hopes	of	overcoming	the	agricultural	challenge	in	

the	development	of	Al	 tolerant	 crop	plants.	This	has	 the	potential	 to	 alleviate	 this	

reduced	 crop	 growth	 on	 Al	 toxic	 soils,	 thus	 holding	 the	 promise	 to	 improve	 the	

capability	to	feed	an	ever-expanding	global	population.	The	previously	studied	and	

recently	introduced	als3-1	suppressor	mutations	represent	four	Al	tolerance	genes,	

ATR,	ALT2,	SOG1	and	SUV2,	which	all	hold	 the	potential	 to	be	 introduced	 into	crop	

species	as	 their	mutant	alleles	 in	order	 to	augment	 the	basal	 level	of	Al	 tolerance.	

Further	 research	 is	 needed	 to	 determine	 if	 these	 candidate	 genes	 are	 actually	

appropriate	 for	 conferring	 Al	 tolerance	 into	 crop	 species	 like	 barely	 or	 rice	 since	

even	 further	 research	 is	 needed	 to	 determine	 the	 effects	 of	 Al	 consumption	 in	

humans.		

	 Besides	 their	 capabilities	 to	 confer	 Al	 tolerance,	 these	 als3-1	 suppressor	

mutations	 represent	 four	 genes	 involved	 the	 plant	 DNA	 damage	 response	
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mechanism	that	responds	to	agents	that	result	in	the	stalling	of	the	replication	fork.	

Identification	 of	 these	 four	 factors	 that	 have	 previously	 established	 roles	 in	 DNA	

damage	responses	suggests	that	a	primary	effect	of	Al	toxicity	is	directly	related	to	

compromised	genomic	integrity.	Whether	the	genotoxicity	of	Al	is	real	or	perceived,	

plants	have	evolved	a	DNA	damage	response	to	internalized	Al.	

	 The	previously	 reported	Al	 tolerance	DNA	damage	response	genes	are	ATR	

and	ALT2.	 The	 first	 factor	 reported	was	ATR,	which	encodes	 a	PIKK	 family	kinase	

that	 is	 a	 cell	 cycle	 checkpoint	 responsible	 for	 detection	 and	 responding	 to	 DNA	

damage	by	arresting	the	cell	cycle	and	activating	repair	mechanisms	(Rounds	et	al.,	

2008).	This	gene	along	with	its	related	PIKK	factor	ATM	are	highly	conserved	in	all	

eukaryotes.	While	both	these	related	gene	products	play	partially	overlapping	roles	

in	the	DNA	damage	response,	there	is	a	clear	division	of	function	between	ATR	and	

ATM	 in	 response	 to	 Al	 (Aluminum	 Stress	 Adaptation	 in	 Plants,	 2015).	 Loss-of-

function	 atr	 mutants,	 while	 tolerant	 to	 Al	 stress,	 are	 hypersensitive	 to	 the	

replication	 fork	 poison	HU	 (Rounds	 et	 al.,	 2008).	 In	 contrast,	atm	 loss-of-function	

mutants	do	not	present	Al	tolerance.	

	 The	second	mutation	reportedly	capable	of	suppressing	the	als3-1	sensitivity	

phenotype	was	found	in		ALT2,	which	encodes	a	protein	homologous	to	Arabidopsis	

Cockayne	Syndrome	type	A	protein	(AtCSA).	AtCSA	has	been	described	as	having	a	

DDB1-binding	WD-40	motif	and	is	integral	to	the	mechanism	required	for	detection	

of	UV-B-dependent	DNA	damage	 (Nezames	 et	 al.,	 2012).	 Together,	ATR	and	ALT2	

have	 been	 shown	 to	 function	 in	 a	 non-additive	 manner	 to	 detect	 Al-dependent	
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damage	and	actively	halt	 root	 growth	 (Nezames	et	 al.,	 2012).	Much	 like	atr-4,	 the	

alt2-1	mutant,	 while	 tolerant	 to	 Al	 stress,	 is	 hypersensitive	 to	 DNA	 cross	 linking	

agents	like	CDDP	and	MMC	(Nezames	et	al.,	2012).	

	 As	described	in	Chapter	4,	a	third	mutation	was	isolated	using	this	unbiased	

mutagenesis	 screen	 for	 als3-1	 suppressors.	 sog1-7	 was	 identified	 as	 a	 single	

nucleotide	change	in	SOG1,	a	gene	that	encodes	a	NAC	domain	family	transcription	

factor	 responsible	 for	 initiation	 of	 a	 transcriptional	 response	 leading	 to	

endoreduplication	following	exposure	to	Al.	This	previously	described	DNA	damage	

response	related	transcription	factor,	which	has	been	described	as	a	direct	effector	

of	 ATM,	 showed	 no	 evidence	 of	 acting	 in	 conjunction	 with	 its	 established	 kinase	

activator	 in	 the	 presence	 of	 Al.	 Instead,	 results	 show	 that	 SOG1	 acts	 almost	

exclusively	with	ATR	to	halt	root	growth	in	the	presence	of	Al.	Therefore,	both	cell	

cycle	 arrest	 and	 differentiation	 of	 the	 QC	 are	 dependent	 on	 SOG1	 following	 Al	

exposure	and	that	these	responses	ultimately	lead	to	endoreduplication	as	a	means	

for	terminal	differentiation	of	the	root	meristem	following	Al	treatment.		

	 Tissue-	 and	 cell-specific	 localization	 of	 SOG1	 was	 shown	 to	 be	 within	 the	

nucleus	 of	 actively	 dividing	 cells	 in	 the	 root	 tip.	While	 it	 localizes	 throughout	 the	

meristematic	regions	of	the	root	tip	in	the	absence	of	Al,	there	is	a	progressive	loss	

of	 SOG1expression	when	 grown	 in	 an	Al	 toxic	 environment,	which	 is	 lost	 entirely	

once	 the	 root	 tip	 is	 terminally	 differentiated.	 At	 the	 subcellular	 level,	 SOG1	 is	

present	 in	 the	 nucleus,	 consistent	 with	 previous	 findings;	 however,	 unlike	 any	

previous	data	in	response	to	other	genotoxins,	SOG1	does	show	a	change	following	
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Al	 exposure	 that	 is	 ATR-dependent	 and	 may	 be	 the	 result	 of	 relocalization,	

morphological	 changes	 to	 the	 cell	 identity,	 as	 well	 as	 possible	 diminished	

visualization	due	to	protein	degradation.	

	 Post-translational	modification	of	SOG1	was	determined	to	be	crucial	to	the	

regulation	 of	 its	 function.	 There	 is	 no	 significant	 transcriptional	 change	 to	 SOG1	

expression	in	the	presence	of	Al,	despite	protein	accumulation	subsiding	following	

Al	 exposure.	 This	 suggests	 that	 there	 may	 be	 an	 undetermined	 mechanism	 for	

protein	 turnover	 following	 SOG1	 activation.	 As	 the	 p53	 functional	 homologue	 in	

Arabidopsis,	SOG1	turnover	could	prove	to	be	a	conserved	regulatory	mechanism	as	

p53	is	ubiquitinated	by	the	E3	ligase,	MDM2,	in	mammals	(Levav-Cohen	et	al.,	2014;	

Siede	 et	 al.,	 2006).	 Perhaps	 this	 is	 even	 a	 speculative	 role	 for	 ALT2,	 as	 WD40	

proteins	have	been	shown	to	associate	with	E3	ubiquitin	 ligases.	 It	 is	unlikely	that	

ALT2	would	be	 responsible	 for	SOG1	 turnover	as	part	of	an	ubiquitin-proteasome	

pathway	as	loss	of	ALT2	would	result	in	inappropriate	persistence	of	SOG1	and	lead	

to	 hypersensitivity	 rather	 than	 tolerance	 as	 is	 observed.	 As	 of	 yet,	 evidence	 only	

supports	 that	 the	 activation	 mechanism	 in	 response	 to	 Al	 is	 dependent	 on	 ATR,	

likely	 through	 phosphorylation	 of	 SOG1	 by	 ATR.	 Future	 studies	 are	 needed	 to	

determine	how	SOG1	 is	degraded	 following	ATR-dependent	activation	 in	response	

to	Al	as	well	as	to	other	stresses.	

	 As	shown	in	Chapter	5,	the	fourth	Al	tolerance	gene	isolated	from	the	als3-1	

suppressor	 screen	 was	 SUV2,	which	 encodes	 the	 Arabidopsis	 homologue	 of	 the	

mammalian	 ATR-interacting	 protein,	 ATRIP.	 The	 suv2-3	 mutation	 represents	 a	
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premature	 stop	 codon	 in	 the	eighth	exon	of	SUV2	at	 amino	acid	359	of	646.	After	

establishing	 the	 als3-1	 suppressor	 as	 an	 Al	 tolerant	 suv2	 mutation,	 it	 was	

characterized	as	being	part	of	the	same	ATR-mediated	pathway,	further	supporting	

SUV2	as	 an	 interacting	partner	of	ATR	 in	Arabidopsis.	 Additionally,	 both	 cell	 cycle	

arrest	 and	 differentiation	 of	 the	 QC	 were	 established	 to	 be	 dependent	 on	 SUV2	

following	 Al	 exposure,	 and	 that	 these	 responses	 ultimately	 lead	 to	

endoreduplication	as	a	means	to	terminal	differentiation	of	the	root	meristem.	

	 Tissue-	and	cell-specific	localization	of	SUV2	was	shown	to	be	present	within	

the	 cytoplasm	 and	 nucleus	 of	 actively	 dividing	 cells	 of	 the	 root	 tip.	 There	 is	

accumulation	 of	 SUV2	 throughout	 the	meristematic	 regions	 of	 the	 root	 tip	 in	 the	

absence	 of	 Al.	 When	 grown	 in	 an	 Al	 toxic	 environment,	 SUV2	 persists	 in	 the	

meristematic	region	of	the	root	tip,	but	this	zone	has	significantly	been	reduced	in	

size	and	therefore	there	is	a	concomitant	reduction	of	SUV2	in	the	root	organ.	At	the	

subcellular	 level,	 SUV2	 is	 present	 in	 the	 cytoplasm	and	 the	nucleus	 of	 cells	 at	 the	

root	 tip	 in	 both	 the	 absence	 and	 presence	 of	 Al.	 It	 is	 likely	 that	 as	 Al	 causes	

differentiation	 of	 the	 root	 meristem	 up	 to	 the	 point	 of	 complete	 stem	 cell	

consumption,	the	zone	of	cell	division	becomes	reduced	while	the	zone	of	elongation	

encroaches	 closer	 to	 the	 apex	 i.e.	 a	 morphological	 reduction	 in	 zones	 of	 root	

development.	 This	 reduction	 in	 the	 meristematic	 zone	 may	 account	 for	 the	

insignificant	 but	 observable	 progressive	 reduction	 in	 SUV2	 transcript	 levels	

following	treatment	with	increasing	amounts	of	Al.	
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	 As	with	SOG1,	SUV2	is	phosphorylated	by	ATR	in	vitro.	While	in	vivo	studies	

are	needed	in	both	cases	to	confirm	this	post-translational	modification,	this	would	

be	 considered	 a	 conserved	 relationship	 between	 ATR	 and	 SUV2,	 as	 this	

phosphorylation	is	known	to	occur	in	the	homologous	proteins	in	yeast	and	humans	

(Rouse	et	al.,	2002;	Siede	et	al.,	2006).	This	begs	the	question:	what	are	the	bona	fide	

substrates	of	ATR	in	the	Al	response	pathway?	While	SOG1	has	been	demonstrated	

to	have	5	ATM/ATR	phosphorylation	sites,	defined	as	TQ	or	SQ	motifs,	and	SUV2	is	

speculated	to	contain	two	sites,	in	a	recent	phosphoproteomics	study,	SOG1	was	not	

even	 identified	as	a	substrate	of	ATR	or	ATM	in	response	to	 ionizing	radiation,	 let	

alone	SUV2	(Mechtler,	2015;	Yoshiyama	et	al.,	2013a).	Some	DNA	repair	factors	such	

as	LIG4,	UVH3	and	MRE11	as	well	other	DNA	maintenance	and	metabolism	factors	

like	 CHR4,	 HTA7/HTA10,	 PCNA1,	MCM4	 and	H2AXA	were	 proven	 to	 be	 ATR	 and	

ATM	 targets	 in	 this	 kinase	 target	 study	 (Mechtler,	 2015).	 While	 the	 authors	

acknowledge	that	their	experimental	technique	using	adverse	tryptic	cleavage	likely	

was	responsible	for	not	identifying	SOG1	in	their	large-scale	identification	of	kinase	

targets,	 this	 large-scale	 proteomic	 endeavor	 only	 tested	 IR	 stress	 and	 did	 not	

distinguish	 between	 ATR	 versus	 ATM	 phosphorylated	 targets	 (Mechtler,	 2015).	

Despite	 the	 substantial	 contribution	 these	 findings	 offer	 to	 the	 field	 of	 plant	DNA	

maintenance	and	repair,	more	in	depth	studies	are	needed	not	just	for	Al	responses,	

but	also	for	the	myriad	types	of	damage	to	plant	DNA	that	must	be	repaired.	

	 Al	 treatment	 leads	 to	root	growth	 inhibition	due	 to	 terminal	differentiation	

by	means	of	endoreduplication	as	visualized	by	increases	in	cell	and	nucleus	size	of	
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cells	 of	 the	 root	 tip.	 Al	 treatment	 results	 in	 substantial	 increases	 in	 both	 cell	 and	

nuclear	 size	 for	 als3-1	 roots,	 which	 is	 consistent	 with	 terminal	 differentiation	 in	

conjunction	 with	 endoreduplication.	 This	 increase	 in	 size	 was	 shown	 to	 be	

dependent	on	the	Al	tolerance	factors:	ATR,	ALT2,	SOG1	and	SUV2.	This	shows	that	

all	 four	 genetic	 factors	 control	 terminal	 differentiation	 and	 endoreduplication	 in	

response	to	Al.	

	 Previous	 studies	 of	 a	 sog1	 loss-of-function	 mutant	 defined	 a	 set	 of	 SOG1-

mediated	 genes	 that	 were	 inducible	 by	 γ-radiation	 (Yoshiyama	 et	 al.,	 2009).	 In	

response	 to	 Al	 toxicity,	 SOG1	 and	 ATR	 have	 now	 been	 established	 to	 be	 acting	

within	the	same	response	pathway,	so	it	was	of	great	interest	to	determine	if	SOG1,	

ATR,	ALT2,	and	SUV2	were	responsible	for	the	induction	of	this	established	gene	set	

after	treatment	with	Al.	

	 The	 proper	 conditions	 to	 determine	 whether	 Al	 causes	 changes	 in	 known	

SOG1-mediates	genes	was	determined	by	a	time	course	study	of	the	persistence	of	

SOG1	 accumulation	 without	 completed	 QC	 differentiation	 in	 response	 to	 high	 Al	

concentrations.	After	4	days	of	growth	on	highly	inhibitory	concentrations	of	Al,	the	

pool	of	stem	cells	in	the	root	meristem	differentiate	into	cells	no	longer	capable	of	

dividing;	 while	 SOG1	 is	 completely	 absent	 from	 the	 root	 tip	 after	 5	 to	 6	 days	 of	

growth	on	high	concentrations	of	Al.	Taken	together,	this	established	that	3	days	of	

growth	in	Al	was	the	optimal	point	at	which	expression	changes	would	be	analyzed,	

satisfying	 the	 need	 for	 SOG1	 actively	 inducing	 transcriptional	 changes	 that	would	

lead	to	root	growth	inhibition	in	response	to	Al.		
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	 Genes	 that	were	 selected	 for	 expression	 analysis	were	 found	 in	 a	 previous	

study	 as	 being	 highly	 induced	 following	 γ-radiation	 in	 a	 SOG1-dependent	manner	

(Yoshiyama	et	al.,	2009).	From	the	γ-radiation	study,	a	number	of	DNA	repair	genes	

like	BRCA1,	the	ortholog	for	the	human	breast	cancer	susceptibility	gene;	PARP2,	a	

key	 component	 of	 microhomology-mediated	 DNA	 repair;	 GMI1,	 involved	 in	

homologous	 recombination	 and	 chromosome	 maintenance;	 and	 members	 of	 the	

RAD	 family	of	genes,	RAD17	 and	RAD51.	CYCLINB1;1	(CYCB1;1)	 accumulates	 in	 the	

G2	 phase	 of	 cell	 cycle	 progression	 and	 is	 regulated	 by	 transcriptional	 activation.	

During	normal	cell	cycle	progression,	in	a	population	of	cells	like	the	root	rip,	a	few	

would	 be	 in	 the	 G2	 phase	 at	 a	 given	 time	 expressing	CYCB1;1,	 but	 an	 increase	 in	

expression	would	suggest	more	cells	within	 the	cell	population	were	halted	 in	 the	

G2	 phase,	 indicative	 of	 a	 G2	 cell	 cycle	 arrest.	 Other	 transcription	 factors	 were	

induced	in	this	γ-radiation	study,	like	TRFL3	and	TRFL10,	MYB	family	transcription	

factors	 known	 to	 have	 roles	 in	 developmental	 processes,	 defense	 responses	 and	

DNA	maintenance	(Yanhui	et	al.,	2006).	In	total,	16	genes	were	assayed	(Table	2).	

	 Treatment	 with	 Al	 resulted	 in	 a	 measurable	 increase	 in	 expression	 of	 the	

subset	of	assayed	genes	in	Col-0	wild	type	compared	with	no	Al,	and	for	als3-1	there	

was	 an	 even	 larger	 increase	 of	 gene	 expression.	 In	 contrast,	 an	 increase	 in	

expression	of	these	genes	was	not	observed	for	any	of	the	Al	tolerant	single	mutants	

or	 double	 mutants	 (i.e.	 within	 the	 als3-1	 background)	 in	 comparison	 to	 the	

respective	controls.	This	indicates	that	Al	triggers	an	ATR-,	ALT2,	SUV2-	and	SOG1-

dependent	 transcriptional	 program	 that	 is	 similar	 to	 that	 observed	 following	
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treatment	 with	 γ-radiation,	 providing	 an	 important	 link	 between	 the	 cell	 cycle	

checkpoints	involved	in	DNA	damage	detection	and	transcription	in	response	to	Al.	

	 Clearly,	cell	cycle	checkpoints	are	emerging	as	key	regulators	of	Al	response,	

indicating	 that	 Al-dependent	 activation	 of	 these	 factors	 is	 central	 to	 terminal	

differentiation	following	chronic	exposure	to	Al.	Unlike	γ-radiation,	this	stoppage	of	

root	growth	is	ATM-independent,	as	demonstrated	by	real-time	PCR	analysis	of	an	

atm	 loss-of-function	mutant,	 indicating	 that	 at	 least	 in	 respect	 to	 Al	 stress,	 SOG1	

functions	 downstream	 of	 ATR	 rather	 than	 ATM.	 This	 is	 of	 particular	 importance	

since	 it	 is	 indicative	 of	 the	 type	 of	 damage	 that	 ATR,	 ALT2,	 SOG1	 and	 SUV2	 are	

detecting	in	the	context	of	Al.	There	are	clear	transcriptional	differences	between	Al	

treatment	 and	 γ-radiation.	 Examples	 of	 these	 differences	 would	 be	 the	 lack	 of	

induction	 of	 AtRAD21	 in	 the	 absence	 or	 presence	 of	 Al,	 as	 well	 as	 the	 ATM-

independent	manner	of	SOG1-dependent	transcript	induction	in	Al	treated	seedlings	

while	they	are	ATM-dependent	upon	exposure	to	γ-radiation.	The	difference	in	the	

role	of	ATM	in	response	to	these	two	stresses	is	interesting,	especially	considering	

that	 ATM	 is	 largely	 uninvolved	 in	 the	 Al	 response	 despite	 the	 requirement	 of	

functional	 ATR,	 ALT2,	 SOG1	 and	 SUV2.	 This	 indicates	 that	 ATR,	 ALT2,	 SOG1	 and	

SUV2	comprise	an	Al-response	pathway	that	does	not	primarily	require	ATM.	This	

suggests	that	each	DNA	stress	results	in	a	unique	transcriptional	profile	that	may	be	

revealing	in	relation	to	their	respective	impacts	on	genomic	integrity.	

	 With	the	overwhelming	evidence	that	the	DNA	damage	response	factors	ATR,	

ALT2,	 SOG1	 and	 SUV2	all	 play	 a	 role	 in	detecting	Al	 dependent	damage,	 it	was	 of	
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interest	to	examine	their	roles	in	response	to	known	genotoxins.	HU	is	an	inhibitor	

of	 ribonucleotide	 reductase	 by	 scavenging	 free	 radicals	 that	 are	 used	 for	 the	

reduction	of	 ribonucleotides	 (Yarbro,	1992).	This	stalls	 the	replication	 fork	due	 to	

depletion	of	 deoxyribonucelotides.	ATR	 functions	 to	detect	 replication	 fork	blocks	

and	single	stranded	DNA	breaks	and	atr	mutants	are	sensitive	to	HU	(Rounds	et	al.,	

2008).	MMC	is	an	interstrand	cross-linking	agent	(Johnson	et	al.,	1995),	and	CDDP	is	

an	intrastrand	cross-linking	agent	(Natasa	Poklar	et	al.,	1996).	MMC	is	an	aziridine-

containing	 antibiotic	 isolated	 from	 Streptomyces	 caepitosus	 (Johnson	 et	 al.,	 1995).	

MMC	itself	does	not	react	with	DNA,	but	once	 it	becomes	reduced	by	quinone,	 the	

aziridine	opens	 and	allows	MMC	 to	 attack	 the	DNA	 (Tomasz,	 1995).	This	 reaction	

forms	 crosslinks	 across	 the	 complementary	 strands	 of	 the	 DNA	 double	 helix,	 or	

interstrand	 crosslinks	 (Tomasz,	 1995).	 DNA	 crosslinking	 can	 also	 occur	 between	

adjacent	bases,	called	intrastrand	DNA	crosslinking.	The	chemotherapy	drug	CDDP	

is	a	platinum-containing	drug	that	is	a	neutral	molecule	until	it	is	activated	through	

a	 series	 of	 spontaneous	 aquation	 reactions,	 which	 involve	 the	 sequential	

replacement	of	the	cis-chloro	ligands	of	CDDP	with	water	molecules	(Siddik,	2003).	

When	 the	 aquation	 event	 occurs,	 this	 allows	 the	 platinum	 atom	 to	 bind	 to	 DNA,	

preferentially	guanine	bases,	which	forms	DNA–DNA	intrastrand	crosslinks	(Siddik,	

2003).	DNA	crosslinks	block	replication	because	when	they	go	unrepaired,	collapse	

of	the	replication	fork	occurs	blocking	replication	and	leading	to	cell	death	(Siddik,	

2003;	 Tomasz,	 1995).	 ALT2	 is	 the	 Arabidopsis	 homologue	 of	 the	 human	 protein,	

CSA,	 which	 monitors	 conformational	 changes	 in	 DNA	 as	 assessed	 by	 blockage	 of	
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DNA	replication	and	RNA	 transcription,	 a	known	effect	 caused	by	DNA	crosslinks.	

alt2-1	is	hypersensitive	to	MMC	and	CDDP	(Nezames	et	al.,	2012).	 

	 SOG1,	the	plant	functional	homologue	of	the	human	transcription	factor	p53,	

is	a	transcription	factor	in	Arabidopsis	responsible	for	the	initiation	of	DNA	damage	

responses	 including	 DNA	 repair	 as	 well	 as	 the	 initiation	 of	 endoreduplication	 in	

plants.	 sog1	 loss-of-function	 mutants	 are	 sensitive	 to	 both	 the	 replication	 fork	

poison,	 HU,	 and	 the	 DNA	 cross	 linking	 agents,	 MMC	 and	 CDDP.	 SUV2	 is	 the	

Arabidopsis	 functional	homologue	 to	 the	human	protein,	ATRIP,	which	 is	 required	

for	 recruiting	 ATR	 to	 sites	 of	 DNA	 damage,	 presumably	 to	 regions	 coated	 in	

Replication	Protein	A	(RPA).	RPA	is	a	heterotrimeritc	protein	complex,	comprised	of	

subunits	RPA1,	RPA2,	and	RPA3,	which	binds	 to	single	stranded	DNA	to	protect	 it	

from	nuceolytic	degradation	and	hairpin	formation,	similar	to	the	prokaryotic	Single	

Stranded	Binding	 (SSB)	 protein	 (Aklilu	 et	 al.,	 2014).	 Studies	 in	 yeasts	 and	 animal	

cells	suggest	that	RPA-coating	of	single	stranded	DNA	act	as	a	signal	to	activate	ATR-

dependent	 downstream	phosphorylation,	 primarily	 through	 an	 associated	 protein	

called	ATRIP	(Siede	et	al.,	2006).	SUV2	is	required	for	repair	of	UV	induced	damage,	

as	 is	 its	namesake,	 and	 suv2	mutants	 are	also	 sensitive	 to	HU,	MMC	and	CDDP.	 In	

sum,	 ATR,	 ALT2,	 SOG1	 and	 SUV2	 are	 all	 required	 for	 DNA	 damage	 response	 as	 a	

result	of	replication	fork	stalls.	

	 This	requirement	of	ATR,	ALT2,	SOG1	and	SUV2	for	a	plant’s	survival	in	the	

response	 to	 specific	 genotoxins	 as	 seen	 with	 HU,	 MMC	 and	 CDDP	 heightens	 the	

curiosity	as	to	what	the	true	nature	of	Al’s	impact	on	DNA	is.	As	the	sensitivity	of	atr,	
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alt2,	sog1	and	suv2	mutant	roots	to	defined	genotoxins	demonstrates,	 loss	of	these	

factors	should	lead	to	sensitivity	to	Al	rather	than	tolerance	if	Al	directly	causes	DNA	

damage.	 It	 seems	 counterintuitive	 that	 a	 plant	 gains	 Al	 tolerance	 by	 reducing	 the	

function	of	 factors	necessary	 for	DNA	damage	 response.	 If	atr,	alt2,	sog1	 and	 suv2	

mutant	 roots	 can	 maintain	 root	 growth	 even	 in	 the	 presence	 of	 Al,	 what	 actual	

damage	is	detected	by	ATR,	ALT2,	SOG1	and	SUV2	in	the	presence	of	Al?		
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CONCLUSIONS	

	
CHAPTER	7:	Addressing	the	DNA	Damage	Paradox		

	

Models	for	How	Al	Activates	the	ATR-Cell	Cycle	Checkpoint	

	 Identification	of	four	factors	that	have	clear	roles	in	DNA	damage	responses	

suggests	 that	 a	 primary	 effect	 of	 Al	 toxicity	 is	 directly	 related	 to	 compromised	

genomic	 integrity,	 with	 Al	 possibly	 serving	 as	 a	 genotoxic	 agent,	 whether	 real	 or	

perceived.	It	is	curious	that	loss	of	any	one	cell	cycle	checkpoint	results	in	increased	

tolerance	to	Al	rather	than	sensitivity	as	 is	observed	with	known	genotoxic	agents	

like	 HU,	 MMC	 and	 CDDP.	 This	 may	 suggest	 that	 these	 checkpoints	 are	 either	 so	

sensitive	 that	 even	 the	 limited	 amount	 of	 genomic	 stress	 that	 might	 directly	 or	

indirectly	 occur	 with	 Al	 could	 activate	 these	 factors	 yet	 in	 reality	 be	 relatively	

inconsequential	 to	 growth,	 or	 that	 Al	 is	 inappropriately	 perceived	 as	 a	 genotoxic	

agent	by	ATR,	ALT2,	SOG1	and	SUV2.	

	 Based	 on	 the	 current	 findings	 on	 SOG1	 and	 SUV2	 in	 conjunction	 with	 the	

previous	reports	on	ATR	and	ALT2,	a	DNA	damage	response	is	the	primary	cause	of	

Al	dependent	 root	growth	 inhibition	 in	Arabidopsis.	What	kind(s)	of	Al	dependent	

DNA	damage	these	factors	are	detecting	is	still	unknown;	however,	 in	concurrence	

with	research	from	the	fields	of	Al	toxicity	and	DNA	damage	responses,	there	could	

be	 a	 multitude	 of	 sources	 of	 this	 damage,	 including	 but	 not	 limited	 to:	 Reactive	
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Oxygen	Species,	phosphate	deficiency	 leading	to	dNTP	depletion,	competition	with	

Mg2+	 causing	 ATP	 depletion	 and	 enzymatic	 dysfunction,	 and	 topological	 strain	

affecting	replication	fork	stalls	or	reduced	transcriptional	capabilities.		

	

Reactive	Oxygen	Species	

	 Chronic	high	levels	of	Al	exposure	have	been	shown	to	result	in	peroxidation	

of	lipids	within	the	membranes	of	cells	(Barceló	et	al.,	2002;	Yamamoto	et	al.,	2001).	

Lipid	peroxidation	 is	 likely	a	downstream	result	of	Al	damage,	perhaps	 caused	by	

Reactive	Oxygen	Species	(ROS)	known	to	be	generated	by	Al	(Richards	et	al.,	1998;	

Yamamoto	 et	 al.,	 2002).	ROS	 can	 cause	DNA	damage,	where	damage	 to	 individual	

bases	may	also	be	implicated,	and	could	be	tested	for	in	a	comet	assay.	In	peripheral	

blood	lymphocytes	treated	with	Al,	a	high	incidence	of	oxidized	bases,	particularly	

purines	 and	 apurinic/apyramidinic	 sites,	 were	 attributed	 to	 Al-generated	 ROS	

(Lankoff	et	al.,	2006).	 In	the	human	genome	such	base	lesions	are	indeed	repaired	

by	ATR-mediated	nucleotide	excision	repair	(Jiang	et	al.,	2006).	In	Arabidopsis,	over	

expression	 of	 a	 variety	 of	 factors	 in	 the	 antioxidant	 pathway	 have	 resulted	 in	

increased	 Al	 tolerance	 in	 Arabidopsis	 such	 as	 glutathione	 S-transferase	 and	

peroxidase	 (Ma	 2008).	 However,	 a	 loss-of-function	 mutant	 of	 At4g10500,	 an	

uncharacterized	 member	 of	 the	 2-oxoglutarate	 and	 Fe(II)-dependent	 oxygenase	

superfamily,	 tested	 for	possible	 scavenging	of	ROS	 in	 response	 to	Al	 exposure	did	

not	show	any	phenotypic	changes	in	response	to	Al	(Nezames,	2011). Additionally,	if	

Al-generated	ROS	were	indeed	primarily	responsible	for	root	growth	inhibition,	the	
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loss-of-function	 mutants	 for	 DNA	 damage	 response	 factors	 would	 result	 in	

heightened	 sensitivity	 rather	 than	 tolerance	 to	 Al.	 Unrepaired	 damage	 caused	 by	

ROS	leads	to	oxidative	damage	of	lipids,	amino	acids,	and	DNA	which	can	lead	to	cell	

death.	Although	ROS	is	likely	a	detrimental	symptom	of	Al	exposure,	as	Al	toxicity	is	

a	 complex	 and	widely	 destructive	 biological	 assault,	 it	 is	 unlikely	 that	ATR,	ALT2,	

SOG1,	and	SUV2	are	detecting	damage	caused	by	ROS.	

Phosphate	Deficiency 

	 Al	 toxicity	 and	 phosphate	 (Pi)	 deficiency	 typically	 coexist	 due	 to	 acid	 soil	

conditions	that	promote	Al	bioavailability	while	simultaneously	reduce	Pi	uptake	by	

the	roots	(Foy	et	al.,	1978),	and	ALS3	has	been	identified	as	a	required	factor	in	a	Pi	

starvation	 response	 in	 a	 sucrose-dependent	manner	 (Belal	 et	 al.,	 2015).	While	 Pi	

deficiency	 has	 many	 varied	 symptoms	 as	 phosphorous	 is	 required	 for	

photophosphorylation,	 genetic	 metabolism,	 transportation	 of	 nutrients,	 and	

phospholipid	composition	of	cell	membranes	(Kruse	et	al.,	2015),	it	has	dire	effects	

on	DNA	replication	as	massive	quantities	of	Pi	are	needed	in	the	form	of	dNTP’s	that	

are	 polymerized	 in	 order	 to	 form	 DNA	 as	 well	 as	 in	 the	 ATP	 consumed	 in	 the	

polymerization	 reaction.	 dNTP	 depletion	 caused	 by	 Pi	 deficiency	 would	 cause	

replication	fork	stalls,	and	lead	to	replication	catastrophe,	much	like	HU	treatment.	

A	 Pi	 starvation	 growth	 assay	 where	 seedlings	 of	 Col-0	 wild	 type,	 als3-1,	and	 atr-

4;als3-1	could	be	tested	for	Pi	starvation	responses.	If	atr-4	is	capable	of	suppressing	

the	 als3-1	 phosphate	 sensitivity,	 this	 could	 resolve	 whether	 or	 not	 Pi	 deficiency	
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plays	a	predominant	role	in	the	Al-dependent	damage	response.	However,	damage	

caused	 by	 Pi	 deficiency	 would	 logically	 result	 in	 heightened	 Al	 sensitivity	 rather	

than	tolerance	as	is	observed	for	the	loss-of-function	mutants	for	ATR,	ALT2,	SOG1	

and	 SUV2.	 Alternatively,	with	 sucrose	 being	 a	 required	 factor	 for	 Pi	 sensitivity	 in	

als3-1,	an	Al	growth	assay	where	seedlings	of	Col-0	wild	type	and	als3-1	are	grown	

in	the	absence	of	sucrose	with	increasing	amounts	of	AlCl3	(pH	4.2)	could	assess	the	

ALS3-dependent	 PI	 starvation	 response.	 If	 Al	 toxicity	 is	 actually	 the	 result	 of	 Pi	

starvation,	als3-1	should	grow	similarly	to	Col-0	wild	type	in	the	absence	of	sucrose,	

rather	than	a	hypersensitive	response	to	Al.	 It	seems	highly	 improbable	given	that	

Al	 exposure	 forces	 terminal	 differentiation	 through	 means	 of	 endoreduplication,	

requiring	rounds	of	DNA	replication,	as	possible	mechanism	to	inhibit	root	growth	

caused	by	Pi	deficiency.		

	

Magnesium	Competition	

	 Al3+	 ions	 complete	 with	 magnesium	 ions	 for	 binding	 sites	 on	 the	 plasma	

membrane	 and	 decrease	 the	 uptake	 of	 magnesium	 into	 the	 root.	 Increasing	

concentrations	of	available	magnesium	in	soil	or	nutrient	media	or	over	expressing	

magnesium	transport	genes	enhance	Al	resistance	as	increased	magnesium	released	

into	 the	 rhizosphere	 competes	 with	 Al.	 Magnesium	 is	 the	 predominant	 ionic	

regulator	 of	 metabolism,	 largely	 through	 its	 role	 as	 a	 cofactor	 for	 all	 phosphoryl	

transfers	 in	 the	 cell.	Magnesium	 is	 a	key	 regulator	of	metabolic	processes	 such	as	

glycolysis	and	the	Krebs	cycle.	It	also	acts	as	a	second	messenger	for	growth	factors	
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in	 regulation	 of	 protein	 synthesis	 and	 is	 required	 to	 maintain	 genomic	 stability.	

Besides	 its	 stabilizing	 effect	 on	 DNA	 and	 chromatin	 structure,	 magnesium	 is	 an	

essential	cofactor	in	almost	all	enzymatic	systems	involved	in	DNA	processing.	Most	

obvious	in	DNA	replication,	its	function	is	not	only	charge-related,	but	very	specific	

with	respect	to	the	high	fidelity	of	DNA	synthesis	(Hartwig,	2001).	Furthermore,	as	

an	 essential	 cofactor	 in	 nucleotide	 excision	 repair,	 base	 excision	 repair	 and	

mismatch	repair,	magnesium	is	required	for	the	removal	of	DNA	damage	generated	

by	environmental	mutagens,	endogenous	processes,	and	DNA	replication	(Hartwig,	

2001).	More	studies	are	warranted	to	study	how	Al	 interferes	with	the	function	of	

magnesium	in	plants	under	Al	toxic	conditions.	Al	growth	responses	in	the	presence	

of	excess	magnesium	could	be	tested	for	atr-4;als3-1,	alt2;als3-1,	sog1-7;als3-1,	and	

suv2;als3-1	 in	 comparison	 with	 Col-0	 wild	 type	 and	 als3-1	 to	 determine	 if	

magnesium	supplementation	can	alleviate	the	effects	of	Al	toxicity.	This	test	would	

likely	be	indicative	of	Al	resistance,	showing	magnesium	outcompeting	Al	for	entry	

into	 the	 cells	 of	 the	 root.	 If	 Al	 interferes	with	DNA	 replication	machinery,	 in	vitro	

investigations	 such	 as	 PCR	 assays	 could	 be	 tested	 for	 amplicon	 lengths	 in	 the	

presence	 of	 Al	 to	measure	 processivity,	 as	 such	 assays	 has	 been	 demonstrated	 in	

yeast	(Washington	et	al.,	1999).	Such	assays	could	be	performed	with	commercially	

available	 DNA	 ploymerases,	 as	 Arabidopsis	 polymerase	 enzymes	 are	 not	 readily	

available.		

	

	



	 155	

Topological	Strain	

	 The	 effects	 of	 Al	 at	 the	 nuclear	 level	 are	 poorly	 understood.	 Al	 rapidly	

accumulates	 at	 high	 levels	 in	 root	meristem	nuclei	 and	 is	 especially	 concentrated	

around	interphase	chromatin	as	well	as	mitotic	figures	(De	Boni	et	al.,	1974;	Silva	et	

al.,	2000).	Al	does	not	appear	to	have	a	base	composition	preference	and	it	is	likely	

that	this	lack	of	base	discrimination	is	due	Al	binding	to	the	phosphate	backbone	of	

DNA	(Andersson,	1988;	Karlik	et	al.,	1989b).	This	could	result	from	an	electrostatic	

attraction	 of	 Al3+	 to	 the	 negative	 charges	 of	 the	 phosphodiester	 bonds.	 Such	 an	

association	 could	 increase	 the	 rigidity	 of	 euchromatin	 and	 relax	 supercoiled	

heterochromatin	 destabilizing	 genome	 topology	 through	 an	 ever-fluxing	 torsional	

tug-of-war.	 DNA	 gyrases	 and	 topoisomerases	 regulate	 topological	 strains	 such	 as	

supercoiled	and	relaxed	DNA,	especially	caused	by	replisome	progression,	and	are	

required	 to	 prevent	 replication	 fork	 stalls	 caused	 by	 supercoiled	 DNA	 in	 front	 of	

unwinding	 (Sissi	 et	 al.,	 2010).	 Loss-of-function	 mutants	 of	 topI	 or	 topII	 could	 be	

tested	 for	growth	responses	 to	Al.	Perhaps	 in	reality,	overexpression	mutants	of	a	

topoisomerase	would	be	capable	of	counteracting	the	strain	Al	exerts	on	DNA	and	

should	 be	 generated	 and	 tested.	 However,	 despite	 the	 effectiveness	 of	

topoisomerases	 to	 alleviate	 replication	 induced	 topological	 strains,	 their	 functions	

would	not	rid	the	nucleus	of	Al3+	and	would	likely	be	unable	to	ameliorate	the	affect	

of	Al	on	the	whole	genome.	

	 Such	a	topological	strain	caused	by	binding	of	Al	to	DNA	or	chromatin	could	

condense	DNA	molecules	and	inhibit	cell	division	by	reducing	its	capacity	to	provide	
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proper	DNA	separation	as	is	necessary	for	DNA	replication	and	mitotically	relevant	

transcriptional	 events	 (Matsumoto,	1988).	Others	have	 shown	 that	Al	 causes	DNA	

compaction,	 as	well	 as	 compaction	 of	 chromatin,	 potentially	 through	 inhibition	 of	

unwinding	of	genomic	DNA	since	Al3+	will	raise	the	Tm	of	the	double	helix	(Karlik	et	

al.,	1989a;	Latha	et	al.,	2002;	Lukiw,	2010).	Al	has	been	shown	to	precipitate	DNA	

out	 of	 solution	 in	 vitro,	 especially	 templates	 normally	 found	 in	 transcriptionally	

active	 euchromatin,	 extending	 the	 implication	 that	 Al	 compaction	 could	 lead	 to	

transcriptional	repression.	Importantly,	many	of	these	gene-silencing	effects	can	be	

explained	due	 to	 the	 extraordinary	 charge	 density	 of	 the	Al	 ion,	 and	perhaps	 this	

alone	 is	 reason	 enough	 to	 disrupt	 DNA	 processes	 that	 activate	 checkpoint	

responses.		

	 While	gene	silencing	may	indeed	result	from	internalized	Al,	this	is	likely	not	

a	significant	consequence	of	the	effect	of	Al	on	DNA,	as	Al-inducible	gene	expression	

is	a	confirmed	response	to	the	internalization	of	Al	(Sjogren	et	al.,	2015).	However,	it	

is	not	unreasonable	 to	predict	 that	such	conformational	changes	to	 the	DNA	could	

be	 perceived	 by	 ATR	 as	 being	 deleterious	 to	 replication	 fork	 progression.	 Such	 a	

topological	 strain	 on	 DNA	 caused	 by	 Al	 may	 cause	 a	 conformational	 change	

reminiscent	of	covalent	crosslinkers,	such	as	MMC	and	CDDP.	Since	Al3+	is	expected	

to	 have	 high	 affinity	 for	 the	 negatively	 charged	 phosphodiester	 backbone	 of	 DNA	

(Karlik	et	al.,	1980)	and	would	presumably	 interact	with	 this	backbone	differently	

than	divalent	cations	and	could	cause	an	electrostatic	interaction	where	Al	acts	as	a	

non-covalent	pseudo-crosslink.	 If	Al	acted	as	a	pseudo-crosslinker	that	disrupts	or	
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restricts	 unwinding	 of	 DNA	 during	 processes	 such	 as	 DNA	 replication	 and	 RNA	

transcription,	 this	 may	 trigger	 ATR-dependent	 checkpoint	 activation,	 similar	 to	 a	

replication	fork	stall	caused	by	a	true	DNA	crosslink.	As	discussed,	ATR,	ALT2,	SOG1	

and	SUV2	are	all	required	to	respond	to	DNA	crosslinking	agents	and	all	are	linked	

to	Al-dependent	stoppage	of	root	growth	(Nezames	et	al.,	2012;	Rounds	et	al.,	2008;	

Sjogren	et	al.,	2015).	

	

Paradoxical	Hypothesis	

	 Many	uncertainties	persist	in	regards	to	the	nature	of	the	unknown	damage	

detected	by	ATR,	ALT2,	SOG1	and	SUV2.	It	seems	counterintuitive	that	a	plant	gains	

tolerance	to	an	agent	that	causes	DNA	damage	by	reducing	the	function	of	a	factor	

necessary	 for	 DNA-damage	 detection.	 Peculiarly,	 the	 genomic	 stability	 of	

Arabidopsis	 roots	 is	 secure	 enough	 to	 endoreduplicate	 following	 Al	 exposure,	

indicating	that	unlike	true	DNA	crosslinks,	the	effect	of	Al	on	the	DNA	is	not	severe	

enough	to	inhibit	multiple	rounds	of	DNA	synthesis	phases	that	would	be	required	

for	the	endoreduplication	cycle.	Yet,	visualization	of	micronuclei	 formation	 in	cells	

of	 the	 root	 tip	 indicates	 that	 real	breakage	of	 chromosomes	occurs	 following	 long	

term	exposure	to	Al.	Once	more,	it	is	perplexing	that	ATM	is	largely	uninvolved	with	

the	 Al	 response	 despite	 the	 consequent	 DNA	 breakage	 in	 the	 formation	 of	

micronuclei.		

	 Perhaps	 these	 factors	 force	 root	 growth	 inhibition	 in	 the	 presence	 of	 Al	 in	

order	 to	 prevent	 passage	 of	 minor	 damage	 to	 subsequent	 generations.	 Since	 the	
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negative	 short-term	 effects	 of	 Al	 on	 growth	 are	 apparently	 limited	 given	 that	

inhibition	 is	alleviated	without	checkpoint	 function,	conceivably	 these	checkpoints	

have	 evolved	 to	 detect	 the	 minor	 strain	 on	 an	 individual’s	 genomic	 stability	 and	

serve	 to	 prevent	 transmission	 of	 Al-dependent	 genetic	 defects	 to	 subsequent	

generations	that	ultimately	would	compromise	the	viability	of	the	population.	These	

checkpoints	sacrifice	the	individual	by	halting	the	cell	cycle	in	the	root	and	forcing	

endoreduplication	to	prevent	an	Al-dependent	generational	penalty	with	regard	to	

heritable	 genomic	 integrity.	 Cells	 of	 the	 shoot	 meristem	 generate	 the	 floral	

reproductive	organs	of	the	plant,	and	thus	the	heritable	genetic	material.	While	the	

root	is	the	most	affected	organ	of	the	plant	in	the	Al	toxic	response,	Al	is	reallocated	

and	 sequestered	 to	 other	 regions	 of	 the	 plant	 body	 as	 Al-oxalate	 complexes	 can	

transport	 Al	 through	 the	 xylem	 from	 the	 roots	 to	 the	 shoots	 (Ma	 et	 al.,	 2000).	 In	

addition	to	a	root	hypersensitive	phenotype,	shoots	of	als3-1	grown	in	Al	containing	

media	display	reduced	cotyledon	and	leaf	expansion,	as	well	as	a	second	shoot	apex	

(Larsen	et	al.,	1997).	Thus	shoots	are	indeed	affected	by	Al	toxicity	which	could	pose	

a	threat	to	plant	reproductive	processes;	therefore,	it	is	plausible	that	Al-dependent	

root	growth	inhibition	could	serve	as	a	means	to	preserve	genomic	integrity	of	the	

species.	

	 In	all	likelihood,	it	is	plausible	that	Al	induces	an	inappropriate	activation	of	

the	DNA	damage	response	by	detecting	Al-dependent	pseudo-crosslinks.	This	could	

be	 the	 result	of	 topological	 strain	on	 the	DNA	and/or	 functional	 interference	with	

Mg-dependent	replication	machinery,	activating	unnecessary	repair	of	the	DNA	that	
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may	actually	be	the	true	detrimental	effect	of	Al-dependent	root	growth	inhibition.	

Repair	 processes	 like	 nucleotide	 excision	 repair	 (NER)	 and	 nonhomologus	 end	

joining	 (NHEJ)	 may	 be	 at	 work	 as	 shown	 by	 hypersensitivity	 to	 Al	 for	 loss-of-

function	 mutants	 in	 ALT2	 and	 PARP1,	 PARP2	 and	 KU80	 respectively.	 The	 repair	

mechanisms	 could	 then	 result	 in	 subsequent	 damage	 inflicted	 on	 DNA,	 much	 of	

which	may	be	related	to	double	strand	breaks	that	are	regularly	observed	following	

Al	 treatment.	The	specific	 repair	pathway	activated	 in	 response	 to	Al	 treatment	 is	

unknown,	 as	well	 as	whether	or	not	 this	unknown	process	 inflicts	damage	on	 the	

DNA	during	the	repair.	If	indeed	Al	is	acting	to	cause	pseudo-crosslinks,	it	stands	to	

reason	 that	 this	 effect	would	 also	 inhibit	 proper	DNA	 repair	 processes	 and	 could	

further	cause	damage	to	the	DNA.	As	such,	failure	to	activate	this	response	pathway	

prevents	the	program-inflicted	damage	and	results	in	roots	that	can	grow	normally	

in	the	presence	of	inhibitory	levels	of	Al.	

	

Speculative	Molecular	Mechanism	

	 While	it	is	speculative	at	this	time	as	to	what	the	true	nature	of	the	effect	of	

Al	is	on	DNA	integrity,	an	ATR-dependent	DNA	damage	response	pathway	is	clearly	

activated	in	the	presence	of	internalized	Al.	Whatever	the	direct	effect	of	Al	is,	based	

on	 the	 response	 factors,	 it	 can	 be	 speculated	 how	 these	 factors	 assemble	 and	

respond	to	Al	stress	based	on	their	functional	homology	to	related	proteins:	

	 	SUV2	likely	aggregates	at	sections	of	persistent	single	stranded	DNA	coated	

by	 the	heterotrimer,	Replication	Protein	A,	known	 to	aggregate	 to	 single	 stranded	
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DNA	(Aklilu	et	al.,	2014).	SUV2	may	act	as	a	homodimer	as	it	has	been	shown	to	bind	

to	 itself	 through	 its	 N-terminal	 coiled-coil	 domain	 as	 demonstrated	 by	 a	 yeast-2-

hybrid	(Sakamoto	et	al.,	2009).	The	proline-rich	repeats	at	the	N-terminus	of	SUV2	

suggest	 a	 stiff	 elbow-hinge	 that	 could	 “wag”	 as	 a	 mechanism	 of	 recruiting	 other	

response	factors	to	the	locus.	It	is	possible	that	this	homodimerization	is	controlled	

by	 phosphorylation	 of	 SUV2	 since	 the	 dimerization	 domain	 has	 two	 SQ	

phosphorylation	motifs	associated	with	it.	

	 SUV2	would	act	to	recruit	ATR	to	this	region	of	DNA	in	a	manner	similar	to	

their	homologues	 in	yeast	and	mammals	(Burrows	et	al.,	2008).	The	interaction	of	

SUV2	 and	 ATR	 with	 persistent	 single	 stranded	 DNA	 should	 induce	

autophosphorylation	 of	 ATR,	 and	 phosphorylation	 of	 SUV2	 by	 ATR.	 It	 is	 possible	

that	ATR	will	also	be	phophorylating	other	substrates,	such	as	RPA2	and	H2AX,	 to	

orchestrate	 additional	 responses.	 Once	 ATR	 has	 activated	 these	 sensors,	 likely	 in	

conjunction	 with	 other	 unidentified	 proteins,	 they	 would	 then	 induce	 the	 signal	

transduction	pathway	by	activation	of	SOG1,	again,	 likely	through	phosphorylation	

by	 ATR.	 Conserved	 serine-glutamine	 (SQ)	 motifs	 are	 preferential	 ATM	 and	 ATR	

phosphorylation	 targets	 in	mammals	 (Yoshiyama	 et	 al.,	 2013a).	 SOG1	 has	 five	 SQ	

motifs	 in	 the	 C-terminal	 transcriptional	 activation	 domain	 and	 SUV2	 has	 two	 SQ	

motifs	near	the	N-terminus,	one	of	which	is	within	the	dimerization	domain.		

	 Following	 activation	 of	 SOG1,	 expression	 of	 a	 group	 of	 genes	 is	 promoted,	

specifically	genes	tested	from	an	established	set	of	SOG1-mediated	genes	involved	in	

a	DNA	damage	response.	This	subset	of	Al-induced	SOG1	mediated	genes	 includes	
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genes	 known	 to	 repair	DNA	 e.g.	BRCA1,	RAD51,	RAD17,	GMI1,	and	PARP2	 and	 halt	

the	cell	cycle	e.g.	CYCB1;1	as	well	as	more	 transcription	 factors	e.g.	TRFL10,TRFL3,	

ANAC103	 and	 WRKY25.	 Perhaps	 it	 is	 these	 transcription	 factors,	 as	 well	 as	

unidentified	genes	promoted	as	part	of	 this	response	that	are	responsible	 in	some	

unknown	manner	 for	a	mechanism	that	 forces	a	programmatic	 change	 in	 the	 root	

tip	 and	QC,	 thus	 triggering	 this	 tissue	 to	 switch	 to	 endoreduplication	 and	 causing	

terminal	differentiation	and	permanent	stoppage	of	growth	of	the	primary	root.		

	 While	 little	 is	 known	 about	 the	 placement	 of	 ALT2	 within	 this	 signal	

transduction	pathway,	 it	 likely	functions	as	a	scaffold	protein,	perhaps	as	part	of	a	

ubiquitin	 ligase	signaling	mechanism,	acting	analogously	 to	other	WD-40	proteins.	

WD40	 repeat	 proteins	 are	 a	 class	 of	 proteins	 that	 are	 generally	 involved	 in	

mediating	interactions	between	other	proteins,	associating	with	a	variety	of	protein	

complexes,	 including	E3	ubiquitin	 ligases	 (van	Nocker	et	al.,	2003).	 In	eukaryotes,	

proteins	are	targeted	for	degradation	via	the	ubiquitination-proteasome	system,	but	

ubiquitination	also	plays	an	important	role	in	post-translational	modification	(PTM)	

of	proteins	 in	 the	activation	of	 signaling	pathways.	As	part	of	a	 crucial	 step	 in	 the	

DNA	damage	response	pathway	in	mammals,	following	phosphorylation	by	ATM	or	

ATR,	 one	 of	 the	 core	 histones	 of	 the	 nucleosome,	 γ-H2AX,	 is	mono-ubiquitinated.	

This	 mono-ubiquitination	 is	 required	 for	 the	 recruitment	 of	 subsequent	 repair	

factors	like	BRCA1	and	53BP1	to	both	double	and	single	stranded	DNA	breaks	(Meas	

et	 al.,	 2015).	 In	 plants,	 CULLINs	 (CUL),	 which	 are	 part	 of	 a	 family	 of	 scaffolding	

proteins,	 form	 the	 largest	 family	 of	 E3	 ligase	 complexes.	 85	 Arabidopsis	 proteins	
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containing	 WD40	 domains,	 including	 ALT2,	 are	 proposed	 to	 be	 capable	 of	

interacting	with	the	DDB1-CUL4-ROC1	complex	(Lee	et	al.,	2008b).	The	recruitment	

structures	 and	 mechanisms	 are	 not	 well	 understood	 for	 CULLIN	 based	

ubiquitination	 signaling;	 however,	 CUL4	 has	 been	 shown	 to	 form	 a	 complex	with	

DW40	proteins	 in	 response	 to	UV	damage	 that	 is	 ATR	dependent	 (Molinier	 et	 al.,	

2008).	 This	 establishes	 a	potential	 link	between	ATR	and	ALT2	 in	 a	DNA	damage	

response	where	resulting	crosslinks	would	cause	a	replication	fork	stall,	as	Al	likely	

causes.	

	

Summary	

	 A	model	for	stoppage	of	root	growth	following	chronic	exposure	to	Al	can	be	

developed	in	accordance	with	current	evidence.	In	this	model,	Al	impacts	DNA	in	a	

currently	 unknown	 way,	 likely	 from	 a	 pseudo-crosslinking	 effect	 resulting	 in	 a	

replication	fork	stall.	Based	on	the	genetic	factors	responsible	for	activating	the	Al-

dependent	 DNA	 damage	 response,	 it	 is	 a	 reasonable	 prediction	 that	 such	 an	

interaction	 would	 hold	 DNA	 in	 a	 conformation	 that	 inhibits	 replication	 fork	

progression.	 Regardless	 of	 the	 physical	 consequences	 of	 Al	 on	 DNA	 structure	 or	

integrity	 that	 have	 yet	 to	 be	determined,	 the	predicted	 genotoxic	 effects	 of	Al	 are	

clearly	sufficient	 to	activate	an	ATR-,	ALT2-,	SOG1-	and	SUV2-dependent	cell	cycle	

checkpoint	 mechanism	 as	 demonstrated	 by	 the	 increase	 in	 Al	 tolerance	 seen	 for	

each	loss-of-function	mutant.	This	mechanism	functions	to	promote	transcription	of	
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a	 group	 of	 genes	 related	 to	 halting	 the	 cell	 cycle	 and	 to	 repair	 the	 perceived	

damaged	DNA.	

	 Furthermore,	 it	 is	 likely	 that	 additional	 genes	 are	 included	 in	 this	

transcriptional	response	that	are	related	in	some	unknown	manner	to	a	mechanism	

that	 forces	 a	 programmatic	 change	 in	 cells	 of	 the	 root	 tip	 and	 especially	 the	 QC.	

These	genes	would	trigger	cells	to	differentiate,	losing	their	meristematic	identity	by	

switching	from	a	normal	cell	cycle	progression	to	endoreduplication.	Ultimately,	it	is	

this	 terminal	differentiation	that	permanently	stops	growth	of	 the	primary	root	as	

the	 primary	 cause	 of	 Al	 toxicity.	 While	 significant	 work	 remains	 to	 be	 done,	

especially	 in	determining	 the	 genotoxic	 consequences	of	Al	 that	 activate	 this	DNA	

damage	response	pathway	and	developing	a	transcriptional	profile	of	SOG1	targets	

that	 lead	 to	 inhibited	 root	 growth	 following	Al	 treatment,	 it	 is	 clear	 that	 terminal	

differentiation	 of	 the	 root	 tip	 following	 chronic	 exposure	 to	 Al	 is	 an	 active	 event	

mediated	by	the	DNA	damage	checkpoint	factors	ATR,	ALT2,	SOG1	and	SUV2.	

	 Our	understanding	of	 the	genomic	consequences	caused	by	Al	 is	still	 in	 the	

beginning	 stages,	 and	 more	 work	 is	 needed.	 Continued	 testing	 of	 DNA	 damage	

response	mutant	 responses	 to	Al	 can	 give	 us	 the	 opportunity	 to	 further	 elucidate	

how	 genomic	 maintenance	 factors	 are	 involved	 in	 this	 biological	 problem.	 In	

addition	to	the	value	of	gaining	a	better	understanding	of	 the	role	of	DNA	damage	

response	factors	and	cell	cycle	checkpoints	in	mediating	Al-dependent	DNA	damage,	

Al	 toxicity	 represents	 a	 novel	 and	 biologically	 relevant	 model	 for	 studying	 ATR-

dependent	mechanisms	in	the	DNA	damage	response	in	general.	 	
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Figure	56.	A	Model	for	Al-Dependent	Root	Growth	Inhibition.	
Based	 on	 the	 results	 from	 identification	 of	 als3-1	 suppressors	 that	 increase	 Al	
tolerance,	 it	 is	 expected	 that	 Al	 acts	 as	 a	 genotoxic	 agent	 that,	 in	 an	 unknown	
manner,	activates	an	ATR-,	ALT2-,	SOG1-,	and	SUV2-dependent	cell	cycle	checkpoint	
pathway	 to	stop	cell	division	 following	chronic	Al	exposure.	ATR,	ALT2,	and	SUV2	
but	not	ATM,	 function	 to	halt	cell	division,	 trigger	QC	differentiation,	and	promote	
endoreduplication	 through	 SOG1.	 This	 includes	 promotion	 of	 a	 transcriptional	
response	 to	 Al	 that	 is	 composed	 of	 a	 suite	 of	 genes	 that	 are	 related	 to	 distinctly	
different	 functions.	 At	 present,	 it	 is	 not	 clear	 what	 role	 the	WD-40	 protein	 ALT2	
plays	 in	 this	 active	 process,	 although	 it	 could	 be	 argued	 that	 ALT2	 functions	
analogously	 to	 other	 WD-40	 proteins	 involved	 in	 the	 mammalian	 DNA	 damage	
detection	 pathways	 of	 nucleotide	 excision	 repair.	 Signal	 transduction	 through	
transcriptional	 targets	 promotes	 largely	 three	 functions:	 cell	 cycle	 arrest,	 DNA	
repair,	and	endoreduplication.	The	first	set,	as	demonstrated	by	analyses	of	loss	of	
function	mutants	 for	BRCA1	and	PARP2,	encodes	products	 that	are	responsible	 for	
repair	of	the	apparently	limited	DNA	damage	that	occurs	following	treatment	with	
Al.	The	second	set,	which	is	not	yet	fully	elucidated	but	includes	CYCB1;1,	represents	
factors	 that	are	responsible	 for	arresting	actively	dividing	root	cells.	The	third	set,	
while	still	cryptic	with	regard	to	its	members,	leads	to	terminal	differentiation	and	
endoreduplication	of	root	meristem	cells	following	Al	treatment.	It	could	be	argued	
that	 increased	 Al	 tolerance	 occurs	 following	 mutational	 loss	 of	 these	 cell	 cycle	
checkpoints	 because	 the	 negative	 consequences	 of	 the	 Al	 response	 are	 more	
detrimental	to	plant	growth	than	actual	genotoxic	consequences	of	Al.		
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Materials	and	Methods	

Growth	Media	and	Conditions		

	 For	all	growth	experiments,	seedlings	were	surface	sterilized,	vernalized,	and	

etiolated	before	planting.	Seeds	were	immersed	in	70%	ethanol	and	then	washed	4	

times	with	 sterile	water.	 Seeds	were	 then	 immersed	 in	50%	bleach	 (Clorox)	 for	5	

minutes,	 after	 which	 seeds	 were	 washed	 4	 times	 with	 sterile	 water.	 Seeds	 were	

wrapped	in	foil	and	imbibed	at	4°C	for	4	days	before	planting.		

	 The	 AlCl3	 (pH	 4.2)	 soaked	 gel	 environment	 was	 sterilely	 prepared	 by	

pouring	 a	 lower	 gel	 layer	 consisting	 of	 80	mL	 of	 nutrient	 medium	 (pH	 4.2)	 plus	

0.125%	 gellan	 gum	 (Gel-Gro,	 ICN	 Biomedicals)	 in	 Nunc	 Lab-Tek	 Extra-Depth	

Polystyrene	Dishes	100	x	25	mm	(Fisher	Scientific,	Pittsburg,	PA).	Nutrient	medium	

consisted	of	2	mM	KNO3,	0.2	mM	KH2PO4,	2	mM	MgSO4,	0.25	mM	(NH4)2SO4,	1	

mM	Ca(NO3)2,	 1	mM	CaSO4,	 1	 μM	MnSO4,	 5	 μM	H3BO3,	 0.05	 μM	CuSO4,	 0.2	 μM	

ZnSO4,	0.1	μM	CaCl2,	0.02	μM	Na2MoO4,	0.001	μM	CoSO4,	and	1%	sucrose.	Al	was	

introduced	by	overlaying	 the	 solidified	 lower	 layer	with	20	mL	of	 "soak	 solution"	

containing	 the	 proper	 concentration	 of	 AlCl3.	 Trail	 soak	 solution	 was	 made	

consisting	of	the	nutrient	solution	medium	described	above,	while	only	brought	to	

90%	of	the	intended	volume.	50	mL	trail	solutions	were	made	consisting	of	45	mL	

the	slightly	concentrated	nutrient	medium,	X	mL	25mM	AlCl3,	Y	μL	0.1	N	KOH		and	Z	

mL	 diH2O	 (Z	 =	 5	mL	 -	 X	 -	 Y).	 The	 trail	 soak	 solution	was	made	 to	 determine	 the	

amount	of	0.1	N	KOH	to	use	to	adjust	the	pH	of	the	nutrient	soak	containing	AlCl3.	
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The	amount	of	base	 to	add	was	determined	empirically	by	adjusting	 the	pH	on	an	

aliquot	of	the	soak	solution	containing	AlCl3.	The	amount	of	base	determined	from	

this	trial	soak	solution	was	added	to	the	actual	soak	solution	prior	to	adding	AlCl3.	

The	 sterilized	 soak	 solution	was	 allowed	 to	 equilibrate	with	 the	 lower	 layer	 for	2	

days	and	was	then	poured	off.	This	method	was	used	for	all	concentrations	of	AlCl3	

for	plants	grown	in	a	gel	soaked	environment.		

	 In	 hydroponics	 experiments,	 Al-screening	media	 was	 sterilely	 prepared	 as	

above	 without	 gellan	 gum	 and	 AlCl3.	 Seeds	 were	 sowed	 on	 250-μm	 mesh,	

polypropylene	screen	(Small	Parts,	Inc.,	Miami	Lakes,	FL)	in	Parter	Medical	Products	

Quad	 Perti	 Dish	 100	 X	 15	mm	 (Parter	Medical	 Products	 Inc,	 Carson,	 CA).	 After	 6	

days	 of	 growth	 unless	 otherwise	 specified,	 screens	 were	 transferred	 to	 new	 Al-

screening	media	supplemented	with	either	0	μM,	25	μM	AlCl3	or	50	μM	AlCl3.		

	 For	 treatment	with	 hydroxyurea	 (Alfa	 Aesar,	Ward	 Hill,	 MA),	mitomycin	 C	

(Fisher	 Scientific,	 Pittsburg,	 PA),	 bleomycin	 (EMD	 Chemicals,	 Gibbstown,	 NJ),	 or	

cisplatin	 (Sigma-	 Aldrich,	 St.	 Louis,	MO)	were	 added	 to	 plant	 nutrient	media	 plus	

sucrose	(PNS).	Seeds	were	sowed	and	allowed	to	grow	for	seven	days,	after	which	

roots	were	measured.		

	 For	 experiments	 on	 plant	 nutrient	 media	 plus	 sucrose	 (PNS),	 the	 medium	

consisted	of	5	mM	KNO3,	2.5	mM	KH2PO4,	2	mM	MgSO4,	2	mM	Ca(NO3)2,	50	μM	

FeEDTA,	1	μM	MnSO4,	100	nM	CaCl2,	100	nM	CoSO4,	5	nM	H3BO3,	50	nM	CuSO4,	20	

nM	NaMoO4,	0.8	M	Sucrose,	0.8%	agar.	Plants	were	grown	in	24-hour	light	at	20°C	
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in	 I-36LLVL	 biological	 incubator	 (Percival	 Scientific,	 Perry,	 IA).	 After	 one	 week,	

plants	were	repotted	in	Sunshine	Special	Blend	potting	soil	with	controlled	release	

fertilizer,	15-9-12	+	minors	(Lehle	Seeds,	Round	Rock,	TX).	Plants	were	grown	in	24-	

hour	 continuous	 light	 at	 22°C	 in	 a	 plant	 growth	 room	 with	 Sylvania	 Gro-Lite	

fluorescent	bulbs	until	maturity.	

als3-1	Suppressor	Identification		

	 To	generate	the	sog1-7	and	suv2-3	mutations,	als3-1	seeds	were	treated	with	

EMS.	M2	seedlings	were	screened	for	mutants	that	suppressed	the	hypersensitivity	

of	als3-1	to	Al	in	a	0.75	mM	AlCl3	gel	soaked	environment.	EMS	treated	seeds	were	

planted	around	the	periphery	of	the	plates	and	were	grown	for	7	days	at	20°C	with	a	

24	 hr	 continuous	 light	 cycle.	 After	 7	 days,	 seedlings	 with	 roots	 that	 grew	 to	 the	

bottom	of	 the	 plate	were	 rescued	on	PNS	media.	 After	 2	weeks,	 putative	mutants	

were	transferred	to	soil	and	allowed	to	self-pollinate.	M3	seeds	were	collected	from	

their	M2	mutant	 parent	 and	were	 screened	 using	 the	 same	 system.	 Two	 of	 these	

lines	 that	 were	 able	 to	 restore	 growth	 on	 the	 AlCl3	 media,	 were	 then	 further	

characterized,	and	after	mutation	identification	named	sog1-7	and	suv2-3.		

DNA	Extraction		

	 DNA	 extraction	 on	 plants	 was	 performed	 using	 a	 modified	 version	 of	 the	

method	 described	 by	 (Fulton	 et	 al.,	 1995).	 DNA	 extraction	 buffer	 was	 freshly	

prepared	by	using	2.5	parts	of	Extraction	buffer	(0.35	M	sorbitol,	0.1	M	Tris-base,	5	

mM	EDTA	pH	7.5)	2.5	parts	Nuclei	Lysis	Buffer	(0.2	M	Tris,	0.05	M	EDTA,	2	M	NaCl,	
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2%	 CTAB),	 1	 part	 5%	 Sarkosyl	 and	 0.136	 g	 sodium	 bisulfite	 per	 36	 mL	 DNA	

extraction	buffer.	A	small	amount	of	tissue	was	collected	from	either	a	rosette	leaf	or	

floral	buds	and	ground	in	200	μL	of	fresh	DNA	extraction	buffer,	after	which	another	

300	μL	buffer	was	added.	Samples	were	incubated	for	30-60	minutes	at	65°C,	after	

which	500	μL	cholorform	:	isoamyl	alcohol	(24:1)	was	added.	Sampled	were	mixed	

well	and	centrifuged	at	10,000	g	for	5	minutes.	The	aqueous	phase	was	kept	and	400	

μL	 volume	 ice-cold	 isopropanol	 added.	 The	 samples	were	mixed	 immediately	 and	

centrifuged	 for	 5	 minutes.	 The	 supernatant	 was	 discarded	 and	 400	 μL	 of	 70%	

ethanol	was	added.	The	samples	were	centrifuged	for	5	minutes	at	10,000	g	and	the	

supernatant	was	discarded.	The	pellet	was	dried	in	a	vacuum	desiccator	and	finally	

resuspended	in	50	μL	of	sterile	distilled	water.	

Identification	of	sog1-7	and	suv2-3	Mutations	by	Mapped	Based	Cloning		

	 To	 determine	 the	 location	 of	 the	 sog1-7	 and	 suv2-3	mutations,	 PCR	 based	

markers	either	CAPS	or	SSLPs	were	used	that	represented	many	different	areas	of	

the	 genome.	 Most	 marks	 displayed	 a	 recombination	 frequency	 of	 about	 50%	

indicating	no	linkage	for	the	appropriate	mutation.	Once	a	chromosome	region	that	

showed	linkage	was	established,	candidate	genes	from	this	region	were	amplified	by	

PCR	 and	 sequenced	 by	 the	 Interdisciplinary	 Center	 for	 Biotechnology	 Research	

(ICBR)	 (University	 of	 Florida,	 Gainsville).	 For	 sequencing,	 candidate	 genes	 were	

cloned	 into	 pGEMT-EZ	 (Promega,	 Madison,	 WI)	 and	 transformed	 into	 DH5α	

competent	E.	coli. 
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	 For	 the	 sog1-7	mutation,	 linkage	 was	 localized	 to	 chromosome	 1.	 Markers	

used	 for	 this	 fine	 scale	 analysis	 with	 their	 respective	 recombination	 ratios	 were:	

M235	(15/256),	ZFPG	(3/256),	At1g25570	(0/256),	and	NGA392	(2/122).	Candidate	

gene	sequences	 from	the	 linked	chromosomal	window	were	cloned	and	compared	

to	 the	 published	 Arabidopsis	 thaliana	 genome	 archived	 on	 The	 Arabidopsis	

Information	Resource	(TAIR)	to	identify	potential	mutations.		

	 For	the	suv2-3	mutation,	linkage	was	located	to	chromosome	5.	Markers	used	

for	 this	 analysis	with	 their	 respective	 recombination	 ratios	were:	CIW9	(16/108),	

and	 RPS4-CT	 (2/122).	 Candidate	 gene	 sequences	 from	 the	 linked	 chromosomal	

window	were	cloned	and	compared	 to	 the	published	Arabidopsis	thaliana	genome	

archived	 on	 The	 Arabidopsis	 Information	 Resource	 (TAIR)	 to	 identify	 potential	

mutations.	

Generating	sog1-7	and	suv2-3	Lines	Without	the	Hypersensitive	als3-1	Background	

	 To	generate	sog1-7	without	als3-1,	sog1-7;als3-1	was	crossed	with	Col-0	wild	

type.	 F1	 lines	were	 allowed	 to	 self-pollinate	 and	 F2	 lines	were	 screened	 for	wild	

type	ALS3	by	PCR.	The	als3-1	mutation	can	be	followed	by	amplification	with	CAPS	

markers	as	 listed	 in	Table	1	 followed	by	restriction	enzyme	digest	with	ClaI	(New	

England	Biolabs,	Beverly,	MA).	The	wild	type	ALS3	contains	a	ClaI	site,	while	als3-1	

mutation	has	lost	this	site.	Digested	amplicons	were	analyzed	by	gel	electrophoresis,	

resolving	wild	type	or	mutant	genotype	results	in	a	2%	agarose	gel.	Lines	that	were	

homozygous	 for	 ALS3	 were	 then	 screened	 for	 the	 sog1-7	mutation.	 The	 sog1-7	
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mutation	can	be	followed	by	the	amplification	with	CAPS	markers	as	listed	in	Table	

1	followed	by	a	restriction	enzyme	digest	with	DdeI	(New	England	Biolabs,	Beverly,	

MA).	 The	 wild	 type	 SOG1	 contains	 a	 DdeI	 site,	 while	 sog1-7	 has	 lost	 this	 site.	

Digested	 amplicons	 were	 analyzed	 by	 gel	 electrophoresis,	 resolving	 wild	 type	 or	

mutant	genotype	results	in	a	3%	agarose	gel.	

	 To	generate	suv2-3	without	als3-1,	suv2-3;als3-1	was	crossed	with	Col-0	wild	

type.	 F1	 lines	were	 allowed	 to	 self-pollinate	 and	 F2	 lines	were	 screened	 for	wild	

type	ALS3	by	PCR.	The	als3-1	mutation	can	be	followed	by	amplification	with	CAPS	

markers	as	 listed	 in	Table	1	 followed	by	restriction	enzyme	digest	with	ClaI	(New	

England	Biolabs,	Beverly,	MA).	The	wild	type	ALS3	contains	a	ClaI	site,	while	als3-1	

mutation	has	lost	this	site.	Digested	amplicons	were	analyzed	by	gel	electrophoresis,	

resolving	wild	type	or	mutant	genotype	results	in	a	2%	agarose	gel.	Lines	that	were	

homozygous	 for	 ALS3	 were	 then	 screened	 for	 the	 suv2-3	mutation.	 The	 suv2-3	

mutation	did	not	result	in	the	loss	of	a	restriction	enzyme	recognition	site,	therefore	

this	mutation	was	 followed	by	 the	amplification	with	markers	as	 listed	 in	Table	1	

followed	 by	 sequence	 comparisons	 to	 the	 SUV2	 published	 gene	 sequence	 of	 the	

Arabidopsis	 thaliana	 genome	 archived	 on	 The	 Arabidopsis	 Information	 Resource	

(TAIR)	to	identify	the	suv2-3	mutation.	

Generating	the	atm-2;als3-1	Line	

	 To	generate	atm-2;als3-1,	 the	T-DNA	mutant	atm-2	was	purchased	from	the	

Arabidopsis	 Biological	 Resource	 Center	 (ARBC)	 and	were	 crossed	with	 als3-1.	F1	
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lines	 were	 allowed	 to	 self-pollinate	 and	 F2	 lines	 were	 screened	 for	 the	 als3-1	

mutation.	The	als3-1	mutation	can	be	followed	by	amplification	with	CAPS	markers	

as	 listed	 in	Table	1	 followed	by	 restriction	enzyme	digest	with	ClaI	(New	England	

Biolabs,	Beverly,	MA).	The	wild	type	ALS3	contains	a	ClaI	site,	while	als3-1	mutation	

has	 lost	 this	 site.	 Digested	 amplicons	 were	 analyzed	 by	 gel	 electrophoresis,	

resolving	wild	type	or	mutant	genotype	results	in	a	2%	agarose	gel.	Lines	that	were	

homozygous	for	als3-1	were	then	screened	for	the	atm-2	mutation.	Its	mutation	can	

be	followed	by	a	lack	of	PCR	amplification	with	the	ATM	wild	type	primers	(Table	1),	

and	the	positive	detection	of	PCR	amplification	with	the	LBa1	TDNA	primer	with	the	

3’	ATM	wild	type	primer.	

Generating	sog1-7;atr-4	and	suv2-3;atr-4	Lines		

	 To	 generate	 sog1-7;atr-4,	 sog1-7	 was	 crossed	 with	 atr-4.	 F1	 lines	 were	

allowed	 to	 self-pollinate	 and	 F2	 lines	 were	 screened	 for	 sog1-7	 by	 PCR	 and	

restriction	 enzyme	 digest.	 The	 sog1-7	mutation	 can	 be	 followed	 by	 amplification	

with	CAPS	markers	as	listed	in	Table	1	followed	by	a	restriction	enzyme	digest	with	

DdeI	(New	England	Biolabs,	Beverly,	MA).	The	wild	type	SOG1	contains	a	DdeI	site,	

while	 sog1-7	 has	 lost	 this	 site.	 Digested	 amplicons	 were	 analyzed	 by	 gel	

electrophoresis,	resolving	wild	type	or	mutant	genotype	results	in	a	3%	agarose	gel.	

Lines	that	were	homozygous	for	sog1-7	were	then	screened	for	the	atr-4	mutation.	

The	atr-4	mutation	can	be	followed	by	amplification	with	CAPS	markers	as	listed	in	

Table	1	 followed	by	a	 restriction	enzyme	digest	with	BstXI	(New	England	Biolabs,	
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Beverly,	MA).	The	wild	type	ATR	contains	a	BstXI	site,	while	atr-4	has	lost	this	site.	

Digested	 amplicons	 were	 analyzed	 by	 gel	 electrophoresis,	 resolving	 wild	 type	 or	

mutant	results	in	a	2%	agarose	gel.		

	 To	 generate	 suv2-3;atr-4,	 suv2-3	 was	 crossed	 with	 atr-4.	 F1	 lines	 were	

allowed	 to	self-pollinate	and	F2	 lines	were	screened	atr-4	by	PCR	and	subsequent	

restriction	enzyme	digest.	The	atr-4	mutation	can	be	followed	by	amplification	with	

CAPS	markers	as	listed	in	Table	1	followed	by	a	restriction	enzyme	digest	with	BstXI	

(New	England	Biolabs,	Beverly,	MA).	The	wild	type	ATR	contains	a	BstXI	site,	while	

atr-4	has	 lost	 this	 site.	 Digested	 amplicons	 were	 analyzed	 by	 gel	 electrophoresis,	

resolving	 wild	 type	 or	 mutant	 results	 in	 a	 2%	 agarose	 gel.	 Lines	 that	 were	

homozygous	 for	 atr-4	 were	 then	 screened	 for	 the	 suv2-3	mutation.	 The	 suv2-3	

mutation	did	not	result	in	the	loss	of	a	restriction	enzyme	recognition	site,	therefore	

this	mutation	was	 followed	by	 the	amplification	with	markers	as	 listed	 in	Table	1	

followed	 by	 sequence	 comparisons	 to	 the	 SUV2	 published	 gene	 sequence	 of	 the	

Arabidopsis	 thaliana	 genome	 archived	 on	 The	 Arabidopsis	 Information	 Resource	

(TAIR)	to	identify	the	suv2-3	mutation.	

Generating	Cell	Cycle	and	Quiescent	Center	GUS	Reporter	Lines	

	 	To	generate	the	sog1-7	and	suv2-3	lines	carrying	either	the	CycB1;1::GUS	or	

QC46	 reporters,	 parent	 lines	 of	 sog1-7	 and	 suv2-3	 were	 crossed	 and	 F1	 seeds	

allowed	to	self-pollinate.	Genomic	DNA	was	extracted	from	F2	plants	for	genotyping.		
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	 For	 sog1-7;	 CyclinB1;1	 and	 sog1-7;QC46	plants	 were	 screened	 to	 select	 for	

plants	homozygous	for	the	sog1-7	by	PCR	and	restriction	enzyme	digest.	The	sog1-7	

mutation	can	be	 followed	by	amplification	with	CAPS	markers	as	 listed	 in	Table	1	

followed	by	a	 restriction	enzyme	digest	with	DdeI	(New	England	Biolabs,	Beverly,	

MA).	The	wild	type	SOG1	contains	a	DdeI	site,	while	sog1-7	has	lost	this	site.	Digested	

amplicons	 were	 analyzed	 by	 gel	 electrophoresis,	 resolving	 wild	 type	 or	 mutant	

genotype	 results	 in	 a	 3%	 agarose	 gel.	 Plants	 that	 were	 identified	 as	 sog1-7	

homozygotes	 were	 GUS	 stained	 to	 identify	 lines	 that	 were	 homozygous	 for	 the	

reporter	line,	either	CycB1;1	or	QC46.		

	 For	suv2-3;CyclinB1;1	and	suv2-3QC46	plants	were	first	screened	to	select	for	

GUS	 activity	 to	 identify	 lines	 that	 contained	 the	 reporter	 constructs.	 Plants	 that	

stained	positive	for	GUS	were	then	screened	to	select	for	plants	homozygous	for	the	

suv2-3	mutation.	 The	 suv2-3	mutation	 did	 not	 result	 in	 the	 loss	 of	 a	 restriction	

enzyme	recognition	site,	therefore	this	mutation	was	followed	by	the	amplification	

with	markers	 as	 listed	 in	 Table	 1	 followed	 by	 sequence	 comparisons	 to	 the	SUV2	

published	 gene	 sequence	 of	 the	 Arabidopsis	 thaliana	 genome	 archived	 on	 The	

Arabidopsis	Information	Resource	(TAIR)	to	identify	the	suv2-3	mutation.	

Generating	atr-4	Lines	with	SOG1:GUS	and	SOG1:GFP	Reporter	Lines	

	 	To	generate	an	atr-4	mutant	line	carrying	either	the	SOG1:GUS	or	SOG1:GFP	

reporters,	parent	 lines	of	atr-4	were	crossed	 to	parents	of	 the	 respective	 reporter	

and	F1	seeds	allowed	to	self-pollinate.	Genomic	DNA	was	extracted	from	F2	plants.	
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	 For	atr-4;SOG1:GUS	 the	atr-4	mutation	was	 first	screened	 for	 to	select	atr-4	

homozygous	mutants.	 This	 mutation	 can	 be	 followed	 by	 amplification	 with	 CAPS	

markers	as	listed	in	Table	1	followed	by	a	restriction	enzyme	digest	with	BstXI	(New	

England	Biolabs,	Beverly,	MA).	The	wild	type	ATR	contains	a	BstXI	site,	while	atr-4	

has	 lost	 this	 site.	 Digested	 amplicons	 were	 analyzed	 by	 gel	 electrophoresis,	

resolving	wild	type	or	mutant	results	in	a	2%	agarose	gel.	Plants	that	were	identified	

as	 atr-4	 homozygotes	 were	 allowed	 to	 mature	 and	 seeds	 from	 the	 F3	 were	

harvested	for	GUS	staining	to	identify	lines	that	were	homozygous	for	the	reporter	

line	SOG1:GUS.	30	seeds	from	the	F3	were	planted	on	PNS	and	stained	again	for	GUS	

activity.	 Lines	with	 staining	 in	 all	 30	 seedlings	 proved	 to	 be	 homozygous	 for	 and	

SOG1:GUS.	For	 atr-4;SOG1:GFP	 F2	 plants	 were	 grown	 on	 PNS	 medium	 containing	

kanamycin	for	10	days	and	seedlings	were	selected	for	resistance	to	the	antibiotic.	

Selected	individuals	were	allowed	to		recover	on	PNS	and	transplanted	into	soil	until	

maturity.	The	F3	 seeds	were	 then	harvested,	 and	30	 seeds	were	planted	again	on	

PNS	media	 containing	 kanamycin,	 and	 lines	with	100%	germination	proved	 to	 be	

homozygous	for	kanamycin	resistance,	and	therefore	SOG1:GFP	homozygotes.	Plants	

that	 were	 identified	 as	 SOG1:GFP	homozygotes	 were	 then	 screened	 for	 the	 atr-4	

mutation.	 This	 mutation	 can	 be	 followed	 by	 amplification	 with	 CAPS	 markers	 as	

listed	 in	Table	1	 followed	by	a	restriction	enzyme	digest	with	BstXI	(New	England	

Biolabs,	Beverly,	MA).	The	wild	 type	ATR	contains	a	BstXI	site,	while	atr-4	has	 lost	

this	 site.	Digested	 amplicons	were	 analyzed	 by	 gel	 electrophoresis,	 resolving	wild	

type	or	mutant	results	in	a	2%	agarose	gel.	
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GUS	Staining		

	 All	 GUS	 staining	 experiments	 were	 conducted	 as	 previously	 described	

(Rounds	 and	 Larsen,	 2008),	 with	 microscopy	 performed	 using	 a	 Leica	 DMR	

differential	interference	contrast	light	microscope.	Seedlings	were	grown	on	soaked	

gel	media	for	7	days,	unless	otherwise	specified,	collected,	and	subsequently	fixed	in	

5	mL	90%	acetone	on	ice	for	20	to	30	minutes.	Acetone	was	removed	and	seedlings	

were	rinsed	 in	5	mL	of	rinse	solution	[50	mM	NaPO4,	0.5	mM	K3Fe(CN)6,	and	0.5	

mM	K4Fe(CN)6].	Rinse	solution	was	removed	and	seedlings	were	treated	with	5	mL	

GUS	stain	[50	mM	NaPO4,	0.5	mM	K3Fe(CN)6,	0.5	mM	K4Fe(CN)6,	and	2	mM	X-Gluc	

(Gold	 Bio-	 technology	 G1281C)],	 vacuum	 infiltrated	 for	 5	 minutes	 at	 room	

temperature,	 and	 incubated	 at	 37°C	 for	 noted	 times.	 Stain	 solution	was	 removed	

and	 seedlings	 were	 stored	 in	 70%	 ethanol	 until	 analyzed	 using	 differential	

interference	 contrast	 microscopy.	 For	 CYCB1;1	 GUS	 analyses,	 60	 total	 seedlings	

from	each	line	and	each	treatment	were	scored	for	level	of	blue	color	at	the	root	tip	

after	1	hour	staining	for	GUS	activity.		

Generation	of	Transgenic	Plants	

	 To	 generate	 the	 SUV2:GUS	 line,	 the	 full	 length	 At1g45610	 including	 the	

promoter	 was	 amplified	 from	 genomic	 DNA.	 PCR	 was	 performed	 using	 a	 high	

fidelity	Taq	polymerase,	Phusion	(New	England	Biolabs,	Beverly,	MA)	following	the	

manufacturer’s	 instructions.	 This	 was	 assembled	 in	 the	 pGEMT	 EASY	 vector	 and	

then	cloned	into	pBI101	containing	GUS	to	create	the	SUV2:GUS	fusion.	The	construct	



	 177	

was	 electroporated	 into	 Agrobacterium	 tumefaciens	 strain	 Aglo,	 which	 was	 then	

used	 to	 transform	 Col-0	 wt.	 F0	 lines	 were	 screened	 on	 PNS	 with	 kanamycin	 for	

resistance.	Kanamycin	 resistant	 lines	were	 allowed	 to	 self	 and	F1	 lines	were	 then	

screened	again	on	kanamycin	to	identify	homozygous	lines.		

	 To	 generate	 the	 SUV2:GFP	 line,	 the	 full	 length	 	 At1g45610	 including	 the	

promoter	 was	 amplified	 from	 genomic	 DNA.	 PCR	 was	 performed	 using	 a	 high	

fidelity	Taq	polymerase,	Phusion	(New	England	Biolabs,	Beverly,	MA)	following	the	

manufacturer’s	 instructions.	 This	 was	 assembled	 in	 the	 pGEMT	 EASY	 vector	 and	

then	cloned	into	pBI101	containing	GFP	to	create	the	SUV2:GFP	fusion.	The	construct	

was	 electroporated	 into	 Agrobacterium	 tumefaciens	 strain	 Aglo,	 which	 was	 then	

used	 to	 transform	 Col-0	 wt.	 F0	 lines	 were	 screened	 on	 PNS	 with	 kanamycin	 for	

resistance.	Kanamycin	 resistant	 lines	were	 allowed	 to	 self	 and	F1	 lines	were	 then	

screened	again	on	kanamycin	to	identify	homozygous	lines.	Images	were	taken	with	

a	 Lecia	 SP2	 confocal	 microscope	 and	 nuclei	 were	 counterstained	 with	 Hoescht	

33342.		

Visualization	of	Root	Cell	and	Nucleus	Size	via	DAPI	Staining	

	 For	estimation	of	cell	nucleus	size,	seedlings	were	fixed	in	FAA	under	vacuum	

for	2	hours,	washed	two	times	in	1	X	PBS,	stained	in	1	mg/mL	DAPI	overnight	at	4°C,	

and	stored	in	1	X	PBS.	Stained	root	tips	were	viewed	using	a	Leica	SP2	confocal	laser	

microscope	at	403	magnification	with	excitation	at	360	nm	and	emission	at	460	nm.		
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MBP-SOG1	Fusion	Protein	Production		

	 A	 cDNA	 for	 the	 full	 CDS	of	SOG1	was	 generated	by	PCR	with	PfuTurbo	 Taq	

DNA	 polymerase	 (Agilent	 Technologies),	 cloned	 into	 pGEM-T	 EZ	 (Promega),	 and	

sequenced.	 After	 transferring	 into	 the	 pMAL-C2	 expression	 vector	 with	 XmnI	 and	

XbaI	 (New	 England	 Biolabs),	 the	 MBP-SOG1	 construct	 was	 transformed	 into	

BL21(DE3)-competent	Escherichia	coli	 (New	England	Biolabs)	 after	which	 protein	

was	 produced	 following	 induction	 for	 3	 hours	 with	 0.4	 mM	 isopropyl	 b-D-1-

thiogalactopyranoside.	 MBP-SOG1	 was	 isolated	 by	 sonication	 followed	 by	

purification	with	amylose	resin	(New	England	Biolabs)	and	then	elution	with	50	mM	

maltose.		

In	Vitro	ATR	Kinase	Assay		

	 A	cDNA	representing	the	full	CDS	of	ATR	was	amplified	by	PCR	with	PfuTurbo	

Taq	DNA	polymerase,	 cloned	 into	pGEM-T	EZ,	 sequenced,	 and	 then	 transferred	 to	

the	 pAcGHLT-B	 (BD	 Biosciences)	 baculovirus	 vector	 with	NotI	 (primer	 sequences	

can	be	found	in	Table	1).	Recombinant	baculovirus	was	generated	according	to	the	

manufacturer’s	 instructions,	 after	 which	 GST-ATR	 protein	 was	 produced	 by	

infection	 of	 Sf9	 insect	 cells.	 Proteins	 were	 purified	 per	 the	 manufacturer’s	

instructions,	 including	use	of	 insect	cell	 lysis	buffer	and	glutathione	agarose	beads	

to	produce	a	GST-ATR	fusion	protein.		

	 For	the	ATR	kinase	assay,	50	ng	of	GST-ATR	was	incubated	in	vitro	with	1	mg	

of	either	MBP	or	MBP-SOG1	produced	in	BL21(DE3)	E.	coli	cells.	Reaction	buffer	was	
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composed	of	10	mM	HEPES	(pH	7.5),	50	mM	NaCl,	10	mM	MgCl2,	1	mM	DTT,	0.5	mM	

Na3VO4,	10	mM	ATP,	and	20	mCi	of	 [γ	 32P]	ATP	 (3000	Ci/mmol).	Reactions	were	

incubated	for	30	minutes	at	20°C,	after	which	samples	were	separated	by	SDS-PAGE,	

dried,	and	visualized	by	autoradiography.		

Agrobacterium-mediated	transformation		

	 All	 pBI101	 constructs	 were	 electroporated	 into	 the	 Algo	 strain	 of	

Agrobacterium	 tumefaciens	 using	 a	 Bio-Rad	 MicroPulser	 (Bio-Rad,	 Hercules,	 CA)	

following	 the	 manufacturer’s	 instructions.	 Colonies	 were	 screened	 for	

transformants	on	LB	medium	containing	Kanamycin	and	Streptomycin	and	colonies	

that	appeared	to	contain	the	plasmid	were	grown	and	tested	via	PCR	for	the	insert.	

Genomic	DNA	from	the	Agrobacterium	line	was	grown	overnight	in	1mL	LB	medium	

containing	 Kanamycin	 and	 Streptomycin	 and	 at	 28°C.	 Cells	 were	 pelleted	 and	

resuspened	in	0.1	mL	of	ice-cold	Solution	I	(4mg/mL	lysozyme,	50	mM	glucose,	10	

mM	EDTA,	 25	mM	Tris-HCl,	 pH	 8.0).	 Cells	were	 incubated	 for	 5	minutes	 at	 room	

temperature.	To	the	cell	suspension,	30	μL	of	phenol	equilibrated	with	two	volumes	

of	 solution	 II	 (1%	 SDS,	 0.2	 N	 NaOH)	 was	 added	 and	 vortexed	 gently	 for	 a	 few	

seconds.	To	this	mixture,	150	μL	of	3	M	sodium	acetate,	pH	4.8	was	added	and	the	

tube	 was	 shaken	 briefly.	 The	 tube	 was	 incubated	 at	 -20°C	 for	 15	 minutes,	

centrifuged	for	3	minutes	and	then	supernatant	was	poured	into	a	new	1.5	mL	tube.	

The	 tube	was	 filled	with	 ice-cold	95%	ethanol,	mixed	by	 inversion	and	stored	at	 -

80°C	 for	15	minutes.	The	 tube	was	centrifuged	 for	3	minutes	and	 the	supernatant	
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was	discarded.	To	the	pellet,	0.5	mL	of	0.3	M	sodium	acetate,	pH	7.0	was	added	and	

the	 pellet	 was	 resuspended.	 The	 tube	 was	 filled	 with	 ice-cold	 95%	 ethanol	 and	

mixed	well	by	inversion.	The	tube	was	then	stored	at	-80°C	for	15	minutes.	The	tube	

was	 centrifuged	 for	 3	 minutes,	 the	 supernatant	 was	 decanted	 and	 the	 tube	 was	

inverted	on	a	paper	towel	to	drain	remaining	supernatant.	To	the	tube,	1	mL	of	ice-

cold	70%	ethanol	was	 added,	 the	 tube	was	 vortexed	briefly	 and	 centrifuged	 for	1	

minute.	 All	 the	 supernatant	 was	 discarded	 and	 the	 pellet	 was	 dried	 briefly	 in	 a	

vacuum	desiccator.	The	pellet	was	resuspended	in	50	μL	of	TE	(1	mM	EDTA,	10	mM	

Tris-HCl,	pH	8.0).	DNA	was	then	screened	for	by	PCR	using	original	cloning	primers	

to	detect	complete	SUV2:GUS	or	SUV2:GFP	constructs.	

	 Flowering	 Col-0	 wild	 type	 Arabidopsis	 thaliana	 was	 transformed	 with	

Agrobacterium	 lines	 that	 were	 confirmed	 to	 contain	 the	 appropriate	 plasmid.	

Agrobacterium	 lines	 carrying	 the	 appropriate	 plasmid	 were	 grown	 over	 night	 at	

30°C	in	500	mL	of	LB	with	appropriate	antibiotics	from	a	5	mL	starter	culture.	The	

overnight	 culture	 was	 pelleted	 at	 5,000	 rpm	 in	 a	 GSA	 rotor	 for	 10	 minutes.	 The	

supernatant	was	decanted	and	the	cells	were	resuspended	in	500	mL	of	infiltration	

medium	 (0.5	 X	 MS	 salts,	 1	 X	 B5	 vitamins,	 5%	 (w/v)	 sucrose,	 44	 nM	

benzylaminopurine,	 0.02%	 (v/v)	 Silwet	 L-77).	 Invert	 flowering	 plants	 into	

Agrobacterium	 solution	 and	 swirl	 for	 1	 minute	 making	 sure	 that	 the	 leaves	 and	

flowers	were	fully	submerged.	The	top	of	the	pots	were	wrapped	with	saran	wrap	

and	covered	for	3	days,	after	which	plants	were	hand-watered	until	seeds	were	fully	

set.		
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Callose	staining		

	 Col-0	wild	 type,	als3-1,	 sog1-7;als3-1	and	 suv2-3;als3-1	were	grown	 in	 a	 gel	

soaked	environment	with	0mM	or	0.75mM	AlCl3	for	7	days.	Seedlings	were	fixed	in	

5	mL	of	 FAA	 (50%	ethanol,	 5%	 formaldehyde,	 10%	acetic	 acid)	 for	 1	 hour	 under	

vacuum	 infiltration	 pressure.	 The	 fixed	 seedlings	 were	 washed	 twice	 with	 0.1	 M	

K2HPO4,	pH	9.0	and	stained	with	0.1%	aniline	blue	(Sigma-Aldrich,	St.	Louis,	MO),	

0.1	M	K2HPO4,	pH	9.0	overnight.	Images	were	taken	with	a	Lecia	fluroscope.		

ICP-OES	analysis		

	 Roots	 of	 Col-0	wild	 type,	als3-1,	 sog1-7;als3-1	and	 suv2-3;als3-1	1	seedlings	

were	grown	hydroponically	and	were	treated	with	0	μM	or	25	μM	AlCl3,	pH	4.2	for	

48	hours.	After	treatment,	roots	were	washed	with	nutrient	medium	briefly.	Roots	

were	harvested,	dried	at	65°C	for	two	days,	weighed	and	ashed	in	50	μl	90%	nitric	

acid.	 Samples	 were	 resuspended	 in	 5	mL	 of	 1%	 nitric	 acid	 and	 analyzed	 using	 a	

Perkin-Elmer	Optima	7300	DV	ICP-OES	(Perkin-Elmer,	Norwalk,	CT).		

RNA	extraction	and	Northern	Analysis		

	 Col-0	wild	type,	als3-1,	sog1-7;als3-1,	and	suv2-3;als3-1	seedlings	were	grown	

in	hydroponics	for	7	days,	then	transferred	to	hydroponic	media	supplemented	with	

either	 0	 or	 25	 μM	 AlCl3	 for	 24	 hours.	 Roots	 were	 collected	 and	 frozen	 in	 liquid	

nitrogen.	Total	RNA	was	extracted	using	TRIzol	 reagent	 (Invitrogen,	Carlsbad,	CA)	

following	the	manufacturer’s	instructions.	RNA	yield	was	measured	on	a	nanodrop	

and	 an	 aliquot	 of	 10	 μg	 of	 RNA	 was	 reserved.	 Loading	 buffer	 (1	 X	 MOPS,	 18%	



	 182	

formaldehyde,	 50%	 formamide,	 10%	 glycerol,	 2	 μL/mL	 ethidium	 bromide)	 was	

added	to	10	μg	of	total	RNA.	Total	RNA	was	run	on	a	1%	agarose	gel	containing	1	X	

MOPS	and	18%	formaldehyde	(Sambrook	1989).	Even	loading	was	visually	verified	

by	 the	 relative	 amount	 of	 RNA	 in	 each	 lane	 by	 visualized	with	 ethidium	 bromide	

staining	on	a	UV	 light	box.	RNA	was	 transferred	 to	a	Zeta	Probe	GT	nitrocellulose	

membrane	 (BioRad,	 Hercules,	 CA)	 through	 RNA	 Capillary	 Transfer	 as	 per	

manufacturer’s	instructions.	RNA	was	crosslinked	using	optimal	crosslink	setting	on	

a	SpectroLinker	XL-1000	UV	Crosslinker	 (Spectronics	Corporation,	Westbury,	NY).	

The	blot	was	pre-hybridized	by	incubating	at	65°C	in	prehybridization	solution	(6	X	

SSC,	2	X	Denhardt’s	solution,	50%	formamide,	100ug/mL	Herring	sperm	DNA,	0.1%	

SDS)	for	at	least	one	hour	before	adding	the	probe.	The	probe	was	made	using	[32P]-

labeled	 dCTP	 (PerkinElmer,	 Waltham,	 MA)	 with	 the	 RadPrime	 kit	 (Invitrogen,	

Carlsbad,	 CA)	 following	manufacturer’s	 instructions.	 The	 probes	were	 cleaned	 up	

using	 an	 illustra	 MicroSpin	 G-50	 column	 (GE	 Heathcare,	 Buckinghamshire,	 UK)	

following	 the	 manufacturer’s	 instructions.	 The	 probes	 were	 boiled,	 quick	 chilled	

then	 injected	 into	 the	 prehybridization	 solution	 and	 allowed	 to	 hybridize	 for	

overnight	 at	 65°C.	 The	 blots	 were	 then	 washed	 in	 progressively	 more	 stringent	

washes	 in	 the	 following	order	2	X	SSC,	0.1%	SDS;	0.5	X	SSC,	0.1%	SDS;	0.1%	SSC,	

0.1%	SDS,	for	30	minutes	each.	The	blots	were	exposed	to	BioMax	Light	film	(Kodak,	

Rochester,	NY)	and	developed	using	a	MiniMedical	Automatic	Film	Processor	(AFP	

ImageWorks,	Elmsford,	NY).		
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Real-Time	PCR	Analysis		

	 For	real-time	PCR	analysis,	seedlings	were	grown	in	the	absence	or	presence	

of	 1.50	 mM	 AlCl3	 (pH	 4.2)	 in	 a	 soaked	 gel	 environment,	 after	 which	 tissue	 was	

collected	 for	 RNA	 extraction	 using	 Trizol	 (Invitrogen).	 RNA	 samples	 were	 DNase	

treated	with	 RQ1	RNase-free	DNase	 (Promega),	 and	 cDNA	was	 generated	 using	 a	

SuperScript	 III	 kit	 (Invitrogen	 18080-051)	 following	 the	 manufacturer’s	

instructions.	Real-time	PCR	reactions	were	performed	according	to	Bio-Rad	iQ	SYBR	

Green	Supermix	instructions	and	run	on	the	Bio-Rad	iQ	Real-time	system	under	the	

following	 conditions:	 one	 repeat	 of	 3	 min	 at	 95°C,	 followed	 by	 40	 repeats	 of	 30	

seconds	 at	 95°C,	 40	 seconds	 at	 55°C,	 and	 45	 seconds	 at	 72°C,	 followed	 by	 a	melt	

curve	encompassing	80	steps	of	0.5°C	from	55	to	95°C.	Fluorescence	was	measured	

during	the	72°C	extension	step	and	at	each	step	of	the	melt	curve.	Gene	expression	

levels	were	 calculated	 using	 the	DDCt	method	 as	 described	 in	 the	Real-Time	 PCR	

Handbook	 (Scientific,	 2014).	 Mean	 ±	 SD	 values	 were	 determined	 from	 three	

technical	 replicates,	 and	 the	 equations	 listed	 below	 were	 used	 for	 calculations.	

Arabidopsis	EF-1α	was	used	as	the	reference	gene	(Remans	et	al.,	2008)	because	its	

expression	was	found	to	be	Al	independent	for	all	genotypes	considered	(Figure	23).	

Primer	sequences	for	all	genes	used	can	be	found	in	Table	1.	Replication	efficiencies	

of	 RT-PCR	 primers	were	 generated	 from	 standard	 curves	 produced	 from	 RT-PCR	

reactions	 as	 described	 above	 with	 500,	 100,	 50,	 10,	 5,	 1,	 0.5,	 and	 0.1	 ng	 of	

Arabidopsis	cDNA	template.	Log	values	of	template	quantity	were	graphed	against	

the	Ct	values	as	determined	from	three	technical	replicates	to	generate	a	standard	



	 184	

curve	 for	 each	 primer	 set,	 the	 slope,	 and	 R2	 values,	 from	 which	 were	 used	 to	

calculate	reaction	efficiencies	(Table	2).	Only	efficiencies	between	95	and	105%	and	

standard	curve	R2	>	0.98	were	accepted.		

SD	=	√(	SD	reference	gene	2	+	SD	GOI	2)	

Ct	GOI	(Col-0,	0	mM)	–	Ct	reference	gene	(Col-0,	0	mM)	=	DCt	CALIBRATOR	

Ct	GOI	(sample)	–	Ct	reference	gene	(sample)	=	DCt	SAMPLE	

DCt	SAMPLE	–	DCt	CALIBRATOR	=	DDCt	

Relative	Fold	Change	=	2	–DDCt	

E	=	10	-1/slope	from	standard	curve	

%	Efficiency	=	(E	–	1)	*100	

Abbreviations:	Standard	deviation,	SD;	gene	of	 interest,	GOI;	delta	cycle	 threshold,	

DCt;	delta	delta	cycle	threshold,	DDCt;	PCR	Efficiency,	E.	 	
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