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ABSTRACT	25	

	26	
	27	
In	 non-cyanogenic	 plants,	 cyanide	 is	 produced	 during	 ethylene	 biosynthesis	 and	 is	28	

mainly	 detoxified	 by	 the	 ß-cyanoalanine	 synthase	 CAS-C1.	 Arabidopsis	 plants	 lacking	29	

CAS-C1	 show	 abnormal	 root	 hairs,	 which	 stop	 growing	 at	 early	 stages.	 Root	 hair	30	

elongates	by	polarized	cell	expansion	at	 the	 tip,	and	we	have	observed	 that	CAS-C1-31	

driven	 GFP	 fluorescence	 locates	 in	 mitochondria	 and	 accumulates	 in	 root	 hair	 tips	32	

during	 root	 hair	 elongation.	 Genetic	 crosses	 have	 been	 performed	 between	 cas-c1	33	

plants	 and	 scn1-1	mutants,	 defective	 in	 the	SCN1	 protein	 that	 regulates	 the	NADPH	34	

oxidase	 RHD2/AtrbohC,	 and	 between	 cas-c1	 and	 rhd2-1,	 defective	 in	 the	 NADPH	35	

oxidase	necessary	for	the	generation	of	ROS	and	the	Ca2+	gradient	necessary	for	root	36	

hair	elongation.	The	phenotypic	and	molecular	analysis	of	these	crosses	indicates	that	37	

cas-c1	 is	 hypostatic	 to	 scn1-1	 and	 epistatic	 to	 rhd2-1.	 Furthermore,	 the	 action	 of	38	

cyanide	in	root	hair	development	is	independent	of	ROS	and	of	direct	NADPH	oxidase	39	

inhibition	by	cyanide.	40	

	41	

	42	

43	



	44	
Mitochondria	 are	 double-membrane-bound	 organelle	 found	 in	 most	 eukaryotic	45	

organisms	including	plants.	Mitochondria	oxidize	carbon	fuels	to	form	cellular	energy	46	

through	 the	 oxidative	 phosphorylation,	 which	 requires	 electron	 transfer	 through	47	

several	 large	 protein	 complexes,	 some	 of	 which	 pump	 protons,	 forming	 a	 proton	48	

gradient	 that	 powers	 the	 synthesis	 of	 ATP.	 The	 generation	 of	 ATP	 through	49	

mitochondrial	respiration	also	produces	reactive	oxygen	species	(ROS).	In	excess,	ROS	50	

can	damage	 the	 cell,	 but	 they	 are	 also	 an	 important	 signal	 produced	 in	 response	 to	51	

varied	 stresses	 1.	 In	 addition	 to	 the	 classical	 electron	 transport	 chain	 (ETC),	 plant	52	

mitochondria	possess	an	alternative	ETC	that	modulates	mitochondrial	ROS	production	53	
2.	Cyanide	is	a	disruptor	of	the	ETC	because	it	binds	to	the	heme	iron	of	cytochrome	c	54	

oxidase,	thereby	impairing	vital	functions	3.	55	

	56	

Despite	 its	 toxicity,	 cyanide	 has	 been	 proposed	 to	 act	 as	 a	 regulator	 of	 several	57	

biological	 processes	 such	 as	 seed	 dormancy	 and	 germination	 4-8;	 plant	 immunity	 9-12		58	

and	 root	 hair	 development	 13.	 Our	 previous	 work	 has	 shown	 that	 Arabidopsis	 null	59	

mutants	 in	the	mitochodrial	ß-cyanoalanine	synthase,	CAS-C1,	accumulate	cyanide	to	60	

non-toxic	 level	 because	 the	 plant	 is	 completely	 viable	 but	 shows	 a	 root	 hairless	61	

phenotype	suggesting	a	signaling	role	of	CAS-C1	and	cyanide	in	root	development	7,13.	62	

cas-c1	 root	 hair	 bulges	 start	 growing	 correctly	 but	 they	 do	 not	 elongate	 and	 form	63	

malformed	 protuberances.	 The	 root	 hairless	 phenotype	 is	 phenocopied	 when	 wild	64	

type	plants	grow	in	the	presence	of	cyanide	and	is	reverted	in	cas-c1	in	the	presence	of	65	

the	antidote	hydroxocobalamin	13.	66	

	67	

Plant	root	hairs	are	tubular	protrusions	of	root	epidermal	cells	that	 increase	the	root	68	

surface	to	absorb	nutrients	and	water,	establish	relationships	with	soil	microbiota	and	69	

contribute	 to	anchoring	 the	plant	 to	 the	soil.	An	epidermal	 cell	 is	differentiated	 to	a	70	

root	hair	 following	a	well-studied	process	 involving	position-dependent	signaling	and	71	

molecular	 feedback	 loops	 14.	 Once	 differentiated,	 the	 root	 hair	 elongates	72	

unidirectionally	 through	 polarized	 cell	 expansion,	 similarly	 to	 other	 polarized	 cell	73	

growth	such	as	pollen	tube	or	 filamentous	 fungi	growth.	Root	hair	can	reach	growth	74	

rates	of	more	than	1	µm	min-1	15,	which	implies,	that	an	extremely	efficient	mechanism	75	



for	the	delivery	and	modification	of	cell	wall	at	the	tip	of	the	root	hair	and	not	along	76	

the	shanks	is	taking	place.	The	polar	growth	has	been	extensively	studied	and	it	is	well	77	

known	that	polysaccharides,	proteins	and	other	molecules	necessary	for	the	cell	wall	78	

formation	 are	 enclosed	 in	 vesicles	 that	 are	 directed	 to	 the	 cell	 tip	 by	 cytoplasmic	79	

streamings	 14,16-20.	 pH,	 ROS	 and	 calcium	 gradient	 signaling	 are	 involved	 in	 the	80	

establishment	 and	 organization	 of	 this	 traffic	 14,18,20-22.	 For	 this,	 the	 endoplasmic	81	

reticulum	 and	 the	 Golgi	 apparatus	 are	 important	 for	 the	 formation	 of	 vesicles	 and	82	

mitochondria	provide	the	high	amounts	of	energy	required	for	the	active	transport	and	83	

are	calcium	stores	that	move	along	the	cytoskeleton	to	provide	Ca2+	to	the	cell	tip	23,24.	84	

Therefore,	 the	 subapical	 zone	 of	 the	 root	 hair	 is	 rich	 in	 these	 organelles	 including	85	

mitochondria	17,18,25.	86	

	87	

To	deepen	in	the	function	of	CAS-C1	in	the	root	hair	growth	and	to	delimit	the	position	88	

of	the	action	of	this	protein	in	this	process,	several	cellular	and	genetic	strategies	have	89	

been	 used.	 First	 of	 all,	 total	 ATP	 levels	 of	 wild	 type	 and	 cas-c1	 plants	 have	 been	90	

measured,	 and	 no	 differences	 have	 been	 found,	 suggesting	 that	 cas-c1	 mutants,	91	

despite	 they	 accumulate	 high	 levels	 of	 cyanide,	 have	 an	 appropriate	 energy	92	

homeostasis.	Plants	expressing	a	 fusion	protein	CAS-C1-GFP	under	 the	control	of	 the	93	

cas-c1	promoter	have	been	constructed,	showing	that	CAS-C1	locates	in	mitochondria	94	

and	accumulates	 in	 the	subapical	 region	of	 the	 root	hair	 tip,	 suggesting	 that	 it	 could	95	

have	a	function	in	maintaining	the	appropriate	levels	of	cyanide	for	root	tip	elongation.		96	

	97	

Mutants	affected	in	essential	early	steps	of	the	root	hair	elongation	have	been	crossed	98	

with	 cas-c1	 in	 order	 to	 establish	 the	 epistatic	 relationships	 between	 them.	99	

SUPERCENTIPEDE	 (SCN1)	 is	 a	 Rho	 GTPase	 GDP	 dissociator	 inhibitor	 that	 acts	 as	 a	100	

negative	 regulator	 of	 Rho-related	 GTPases	 (ROPs).	 ROPs	 are	 essential	 for	 the	101	

regulation	of	 the	activity	of	 the	NADPH	oxidase	RHD2/AtbrohC,	which	produces	ROS	102	

specifically	 at	 the	 root	 hair	 tip	 and	 therefore	 stimulates	 local	 Ca2+	 influx.	 The	103	

appropriate	localization	of	the	RHD2	activity	at	the	root	hair	tip	guarantees	the	correct	104	

elongation	of	the	root	hair,	thus	mutants	in	SCN1	show	supernumerary	bulges	that	do	105	

not	elongate	26,	whereas	the	phenotype	of	rhd2	mutants	is	similar	to	cas-c1,	i.e.,	it	has	106	

abnormal	 short	 root	 hairs	 27.	 Double	mutants	 scn1-1	 cas-c1	 and	 rhd2-1	 cas-c1	 have	107	



been	generated	and	their	phenotypic	analysis	has	established	that	cas-c1	mutation	is	108	

hypostatic	to	scn1-1	and	epistatic	to	rhd2-1,	since	the	phenotype	of	the	double	scn1-1	109	

cas-c1	mutant	is	identical	to	the	single	scn1-1	mutant	and	the	phenotype	of	the	double	110	

rhd2-1	 cas-c1	 is	 identical	 to	 the	 single	 cas-c1	 mutant.	 Hydroxocobalamin	 treatment	111	

reverts	the	rhd2-1	cas-c1	phenotype	to	rhd2-1,	whereas	it	has	no	effect	in	the	double	112	

scn1-1	cas-c1	mutant	or	the	scn1-1	single	mutant.	Molecular	data	support	this	epistatic	113	

relationship	 because	 several	 genes	 involved	 in	 the	 root	 hair	 development	 are	 not	114	

significantly	affected	by	the	cas-c1	mutation	in	a	scn1-1	background	while	they	show	a	115	

further	decrease	compared	to	the	single	rhd2-1	mutation	when	combining	the	rhd2-1	116	

and	cas-c1	mutations.	117	

	118	

Finally,	the	effect	of	the	cas-c1	mutation	is	independent	of	ROS	production,	since	the	119	

double	rhd2-1	cas-c1	mutant	has	a	cas-c1	phenotype	but	it	shows	neither	O2
.-	nor	H2O2	120	

staining.	 Moreover,	 it	 has	 been	 confirmed	 that	 the	 NADPH	 oxidase	 activity	 is	 not	121	

inhibited	by	cyanide:	root	protein	extracts	of	cas-c1,	wild	type	and	wild	type	extracts	122	

treated	with	0,1	mM	KCN	show	very	similar	NADPH	oxidase	activities.	123	

	124	

In	 conclusion,	 we	 suggest	 that	 cyanide	 itself	 could	 have	 a	 signaling	 role.	 Indeed,	125	

cyanide	has	been	proposed	to	act	as	a	regulator	of	several	biological	processes	4	and	126	

besides	 its	 possible	 role	 as	 a	 ROS	 producer	 for	 signaling	 purpose,	 a	 direct	 effect	 of	127	

cyanide	as	signaling	molecule	cannot	be	discarded.	128	
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	213	
	214	
Legend	to	the	figure	215	
	216	
Figure	1.	Mitochondria,	which	are	located	at	the	subapical	zone	of	the	elongating	root	217	

hair,	 possess	 a	 mechanism	 for	 cyanide	 detoxification	 based	 in	 the	 CAS-C1	 protein.	218	

Cyanide	 action	 in	 the	 root	 hair	 elongation	 process	 is	 exerted	 in	 a	 step	 between	 the	219	

SCN1	action,	which	inhibits	ROP	proteins,	and	the	RHD2	NADPH	oxidase	action,	which	220	

is	 regulated	by	ROPs	and	 is	essential	 for	ROS	production,	Ca2+	 influx	and,	ultimately,	221	

polar	 root	 hair	 growth.	 Full	 lines:	 established	 relationships;	 dashed	 lines:	 proposed	222	

relationships.	223	
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