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Abstract	

Calcium	ions	(Ca!+)	are	used	as	secondary	messengers	across	eukaryotes.	

The	encoding	and	decoding	of	each	calcium	signal	is	vital	to	maintain	its	fidelity	

and	 specificity.	 In	 Medicago	 truncatula,	 nuclear	 calcium	 oscillations	 are	

required	for	root	endosymbioses	with	arbuscular	mycorrhizal	(AM)	fungi	and	

rhizobia	bacteria.	In	Arabidopsis	thaliana,	nuclear	calcium	releases	in	the	root	

apical	meristem	 are	 required	 for	 normal	 primary	 root	 development.	 In	 both	

cases,	these	nuclear	calcium	releases	are	generated	by	the	calcium	ion	channel	

CNGCJK	and	the	counter	cation	channel	DMIJ.	In	this	thesis,	their	regulation	is	

studied	in	both	species	separately.	

Heterotrimeric	G	protein	signalling	has	been	implicated	in	root	legume	

symbioses	with	Gβ	acting	as	a	positive	regulator	of	nodulation	in	soybean.	Here,	

I	identify	an	interactor	of	Medicago	Gβ,	APSRJ,	that	is	required	for	proper	AM	

colonisation	and	is	regulated	by	phosphate	at	the	transcript	 level,	suggesting	

that	it	is	involved	in	the	regulation	of	AM	endosymbiosis	by	phosphate.		

In	Arabidopsis	 thaliana,	 using	 a	 combination	 of	 homology	modelling,	

and	electrophysiology,	I	show	that	the	mutation	of	a	highly	conserved	aspartic	

acid	in	the	C-linker	domain	is	sufficient	to	impair	the	gating	of	AtCNCGJK.	This	

is	 the	first	 time	 the	C-linker	 region	of	 a	plant	CNGC	has	been	 implicated	 in	

channel	gating.	In	addition,	I	show	that	in	the	presence	of	nitrate	AtCNGCJK	

relocalises	 to	 the	 plasma	 membrane	 specifically	 in	 the	 columella	 cells.	 I	

hypothesise	 that	 the	 induction	 of	 primary	 nitrate	 response	 genes,	 such	 as	

LBD89,	LBD8:,	and	LBD8;,	is	modulated	by	different	inputs	of	cytoplasmic	or	

nuclear	calcium	release.	Finally,	I	identify	the	EF-hand	containing	protein	RSAJ	

as	a	potential	decoder	of	the	nuclear	calcium	release	in	Arabidopsis	root	apical	

meristems.	

Keywords:	nuclear	calcium	signalling,	root	development,	channel	gating,	

nitrate,	endosymbiosis	
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Chapter	I:	General	Introduction	

!.!	Calcium	signalling	in	plants	

Calcium	ions	(Ca!+)	are	universal	secondary	messengers	that	coordinate	

a	variety	of	plant	and	animal	cellular	functions.	They	are	involved	in	many	biotic	

and	 abiotic	 stress	 responses,	 as	 well	 as	 growth	 and	 development.	 In	 plants,	

calcium	signalling	is	used	as	one	of	the	earliest	signalling	events	in	response	to	

pests	and	pathogens,	such	as	mechanical	damage	by	 insect	herbivory,	and	in	

PAMP	(pathogen	associated	molecular	pattern)	triggered	immunity	(PTI),	but	

also	 in	 response	 to	 beneficial	 organisms	 such	 as	 endosymbionts	 (Kim	 et	 al.,	

abaa;	Tian	et	al.,	abab).	Calcium	signalling	is	involved	in	the	response	to	abiotic	

stresses	 such	 salinity	 stress,	 stomatal	 closure	 during	 drought	 stress,	 and	 the	

uptake	and	homeostasis	of	various	ions	including	nitrate	(Dong	et	al.,	abaa).	It	

is	also	involved	in	the	development	of	pollen	tubes	(Frietsch	et	al.,	abbd,	Tunc-

Ozdemir	et	al.,	abJf,	Pan	et	al.,	abJg),	root	hairs	(Zhang	et	al.,	abJd,	Brost	et	al.,	

abJg,	Tan	et	al.,	abab)	and	roots	(Leitão	et	al.,	abJg),	and	trap	closure	in	the	

Venus	 flytrap	 (Suda	 et	 al.,	 abab).	 As	 calcium	 ions	 are	 such	 ubiquitous	 and	

versatile	 signalling	molecules,	 specificity	 is	 achieved	 by	 the	 location	 of	 their	

release	at	the	organ,	cellular,	and	subcellular	level,	and	the	time,	duration,	and	

frequency	of	calcium	release.	These	spatiotemporal	patterns	of	calcium	release	

are	known	as	the	calcium	signature	(Aldon	et	al.,	abJj).	Unique	properties	of	

calcium	signatures,	such	as	their	frequency	and	duration,	have	been	shown	to	

encode	 specific	 information,	 as	 their	 variation	 is	 sufficient	 to	 modulate	

physiological	 and	 developmental	 processes	 (Allen	 et	 al.,	 abbJ,	 Leitão	 et	 al.,	

abJg).		

Why	 has	 the	 calcium	 ion	 (Ca!+)	 become	 such	 a	 ubiquitous	 signalling	

molecule,	and	not	a	similar	ion	such	as	the	magnesium	ion	(Mg!+)?	Chemical	

properties	of	Ca!+,	such	as	its	size	and	valency,	allow	it	to	be	bound	quickly,	and	

in	 several	 flexible	 configurations	 within	 biological	 molecules	 (Carafoli	 and	

Krebs,	 abJl).	 Ca!+	 is	 a	 larger	 ion	 than	 Mg!+,	 which	 means	 it	 has	 a	 higher	

coordination	number,	so	it	can	be	bound	to	more	sites	within	a	compound,	and	
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it	 can	 form	 bonds	 of	 variable	 lengths.	 It	 also	 has	 a	 higher	 polarizability	 (its	

electron	cloud	can	be	distorted	more	readily),	meaning	it	binds	to	other	ions	

more	strongly	than	Mg!+.	This	may	seem	counterintuitive,	as	Mg!+	has	a	greater	

charge	density	than	Ca!+,	due	to	it	being	a	smaller	ion	with	the	same	valency.	

However,	 when	 many-body	 effects	 are	 taken	 into	 account,	 which	 are	 the	

collective	effects	of	many	interacting	bodies	forming	bonds	in	close	proximity,	

the	binding	of	Ca!+	is	associated	with	a	lower	cost	than	binding	of	Mg!+	(Jing	et	

al.,	abJj).	This	combination	of	properties	means	Ca!+	can	be	bound	in	a	range	

of	different	configurations,	which	is	useful	for	binding	to	diverse	and	inflexible	

protein	structures	(Carafoli	and	Krebs,	abJl).	This	is	in	contrast	to	Mg!+,	which	

must	have	a	fixed	octahedral	geometry	(Carafoli	and	Krebs,	abJl).		

Calcium	ions	were	present	in	the	oceans	where	early	life	evolved,	but	are	

predicted	 to	have	been	 at	 low	 concentrations	 (Kazmierczak	 et	 al.,	 abJf).	An	

essential	factor	contributing	to	the	success	of	Ca!+	as	a	signalling	molecule	is	the	

fact	that	early	life	developed	with	a	phosphate-based	energy	currency.	Calcium	

phosphate	 salts	 are	 insoluble,	 providing	 a	 requirement	 to	 keep	 Ca!+	

concentrations	low	in	early	cells	(Carafoli	and	Krebs,	abJl).	A	low	initial	Ca!+	

concentration	 is,	 of	 course,	 a	 prerequisite	 for	 signalling,	 which	 requires	 a	

transient,	detectable	increase	in	Ca!+	concentration.	Magnesium	ions	are	at	high	

concentrations	 in	 seawater,	 and	 magnesium	 phosphate	 salts	 are	 soluble,	

abolishing	the	selective	pressure	to	keep	Mg!+	concentrations	low	(Carafoli	and	

Krebs,	 abJl).	 As	 a	 result,	 Mg!+	 is	 used	 to	 bind	 to	 and	 activate	 adenosine	

triphosphate	(ATP)	and	its	cellular	concentrations	are	in	the	millimolar	ranges	

(Kleczkowski	and	Igamberdiev,	abaJ),	whilst	Ca!+	is	kept	at	the	JbbnM	in	the	

cytoplasm	at	resting	state	(Costa	et	al.,	abJj).	

+.+.+	Plant	calcium	ion	channels	and	decoders	

Calcium	signalling	requires	the	detection	of	a	stimulus,	encoding	of	that	

stimulus	 into	 a	 calcium	 signal	 that	 can	be	propagated,	 reception	by	 calcium	

binding	proteins,	and	decoding	of	the	signal	to	give	a	response.	The	encoding	

of	the	signal	is	carried	out	by	calcium	ion	channels	that	can	selectively	move	

calcium	 from	 one	 compartment	 to	 another	 upon	 perception	 of	 a	 particular	
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stimulus.	Plants	have	a	plethora	of	calcium	ion	influx	channels	responsible	for	

encoding	a	complex	range	of	biotic	and	abiotic	signals.	These	include	Glutamate	

Receptor-Like	Channels	(GLRs),	Two-Pore	Channels	(TPCs),	Hyperosmolality-

Gated	 Calcium	 Permeable	 Channels	 (OSCAs),	 Nucleotide-binding	 Leucine-

Rich	 Repeat	 Receptors	 (NLRs),	 Annexins,	 and	 Cyclic	 Nucleotide-Gated	

Channels	 (CNGCs).	 They	 also	 have	 calcium	 efflux	 channels,	 such	 as	 Ca!+-

ATPases,	 Ca!+/cation	 antiporters	 and	 Ca!+/H+	 Exchangers.	 Figure	 J.J	

summarises	the	localisation	and	function	of	these	known	calcium	channels	in	

Arabidopsis	and	rice.		

+.+.+.+ GLRs	

Plant	GLRs	are	non-selective	cation	permeable	channels	that	reside	 in	

various	 cellular	 membranes,	 including	 the	 plasma	 membrane,	 vacuole,	

endoplasmic	reticulum,	plastids	and	mitochondrial	membranes	(Simon	et	al.,	

abaf).	Plant	GLRs	are	similar	in	channel	structure	and	amino	acid	sequence	to	

the	 mammalian	 ionotropic	 glutamate	 receptors	 (iGluRs),	 that	 produce	

glutamate-induced	 excitatory	 currents	 in	 neurons	 (Park	 &	 Shin,	 abaa).	

However,	whilst	iGluRs	are	only	regulated	by	glutamine,	GLRs	can	be	regulated	

by	other	amino	acids;	up	to	l	for	some	Arabidopsis	GLRs	(Stephens	et	al.,	abbj),	

and	 up	 to	 JJ	 for	 some	 rice	 GLRs	 (Yu	 et	 al.,	 abaa).	 Plant	 GLRs	 have	 varying	

selectivity	to	cations	when	heterologously	expressed	in	Xenopus	laevis	oocytes.	

For	 example,	 AtGLRJ.p	 is	 a	 nonselective	 cation	 channel,	 permeable	 to	 Ca!+	

(Tapen	et	al.,	abJf),	whereas	AtGLRf.p	was	found	to	be	highly	selective	for	Ca!+	

(Vincill	et	al.,	abJa).	GLRs	have	diverse	roles,	and	in	Arabidopsis	are	known	to	

be	involved	in	the	regulation	of	seed	germination	under	salt	stress	(Cheng	et	al.,	

abJl),	pollen	 tube	growth,	 response	 to	mechanical	wounding	and	herbivory,	

and	in	drought	and	cold	responses	(reviewed	in	Yu	et	al.,	abaa	(a)).	GLRf.l	in	

Arabidopsis	plays	a	role	in	root	development,	with	the	loss	of	function	mutant	

Atglr8.?-A	displaying	a	smaller	meristem	size,	reduced	primary	root	growth	and	

reduced	 lateral	 root	 number	 (Singh	 et	 al.,	 abJl).	 This	 was	 associated	 with	

increased	 transcript	 abundance	 of	 the	 cell	 cycle	 inhibitor	 KIP-RELATED	

PROTEIN	 p	 (AtKRPp),	 reduced	 expression	 of	 the	 cell	 cycle	 marker	
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proCYCBA;A::GUS,	 and	 reduced	 cytoplasmic	 calcium	 in	 an	 aequorin	

bioluminescence	assay.	Auxin	levels,	and	PINA	mRNA	was	also	reduced	in	the	

mutant,	 suggesting	 that	 AtGLRf.l	 mediated	 calcium	 influx	 regulates	 PIN	

mediated	polar	auxin	transport,	and	therefore	root	development	(Singh	et	al.,	

abJl).	 In	 addition,	AtGLRf.a	 and	f.p	have	been	 shown	 to	 form	a	heteromer	

involved	in	lateral	root	development,	with	both	the	single	and	double	knockout	

mutants	having	an	 increased	number	of	 lateral	 root	primordia,	and	 irregular	

placement	of	these	primordia	along	the	length	of	the	primary	root	(Vincill	et	

al.,	abJf).	

+.+.+.:	TPCs	

Plant	two	pore	channels	are	non-selective	cation	channels	co-regulated	

by	both	voltage	and	calcium	ions,	and	generate	slow	vacuolar	currents	(Park	&	

Shin,	abaa).	They	are	generally	believed	 to	be	 localised	 to	 the	vacuole,	with	

some	studies	also	demonstrating	plasma	membrane	localisation	(Singh	et	al.,	

abJp	(a)).	Arabidopsis	TWO-PORE	CHANNEL	J	 (AtTPCJ)	 is	particularly	well	

studied,	 and	 is	 known	 to	 form	 a	 homodimer,	 with	 a	 EF	 hand	 domains	 per	

homodimer	(Schulze	et	al.,	abJJ;	Dadacz-Narloch	et	al.,	abJJ).	It	is	activated	by	

both	membrane	depolarisation	and	by	Ca!+cyt,	and	is	inhibited	by	vacuolar	Ca!+	

(Beyhl	et	al.,	abbg).	AtTCPJ	has	 roles	 in	plant	 immunity	signalling,	with	 the	

AtTCPJ	gain-of-function	mutant	fouM,	which	is	not	inhibited	by	vacuolar	Ca!+	

(Beyhl	et	al.,	abbg),	having	increased	resistance	to	the	fungus	Botrytis	cinerea	

(Bonaventure	et	al.,	abbd).	In	rice,	OsTCPJ	is	also	involved	in	the	induction	of	

defence	related	genes,	oxidative	bursts,	MAP	kinase	activation	and	cell	death	

upon	the	perception	of	pathogenic	elicitors	(Kurusu	et	al.,	abbK).		

+.+.+.: NLRs	

As	well	as	their	known	roles	as	intracellular	immune	receptors	(Zhang	et	

al.,	 2022),	 NLR	 oligomerizations	 have	 more	 recently	 been	 shown	 to	 act	 as	

calcium	channels.	NLRs	are	classified	by	specific	domains	 in	their	N-termini,	

such	as	a	coiled-coil	(CC)	domain	or	a	Resistance	to	Powdery	Mildew	8	(RPW8)-

like	 CC	 domain,	 and	 these	 domains	 can	 confer	 pore	 formation	 and	 cation	
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conductance	(Maruta	et	al.,	abaa).	In	Arabidopsis,	the	NLR	HOPZ-ACTIVATED	

RESISTANCE	J	(ZARJ)	forms	a	complex	with	other	proteins,	termed	the	ZARJ	

resistome,	which	can	be	activated	by	ATP	(Wang	et	al.,	abJg).	This	resistome	

formation	 was	 found	 to	 be	 triggered	 in	 vivo	 by	 bacterial	 effectors,	 and	 is	

involved	in	disease	resistance	(Hu	et	al.,	abab).	The	resistome	was	also	found	

to	have	calcium	channel	activity,	with	this	calcium	influx	activity	essential	for	

the	triggering	of	cell	death	(Bi	et	al	abaJ).	Similarly,	the	complex	formed	by	the	

Arabidopsis	NLR	N	REQUIREMENT	GENE	J.J	(NRGJ.J)	also	appears	to	act	as	a	

non-selective	cation	channel,	permeable	to	calcium	ions	(Jacob	et	al.,	abaJ).	

	

+.+.+.>	OSCAs	

	 The	first	osmosensing	calcium	ion	channel	to	be	identified	in	plants	was	

OSCAJ,	 which	 was	 identified	 using	 a	 forward	 genetic	 screen	 of	 Arabidopsis	

mutants	that	displayed	reduced	intracellular	Ca!+	increases	under	water	stress	

conditions	 (hyperosmolality).	 The	 oscaA	 mutant	 line	 displayed	 impaired	

osmotic	calcium	signalling	in	the	guard	and	root	cells	(Yuan	et	al.,	abJp).	Since	

then,	JK	OSCA	genes	have	been	identified	in	Arabidopsis	(Liu	et	al.,	abJj),	whilst	

rice	is	predicted	to	have	JJ	(Li	et	al.,	abJK).	They	are	likely	nonselective	cation	

channels,	as	they	have	been	shown	to	be	permeable	to	calcium,	potassium	and	

sodium	ions	when	expressed	in	X.	laevis	oocytes		(Hou	et	al.,	abJp).	As	well	as	

sensing	osmolality,	OSCAs	have	been	shown	to	be	involved	in	plant	defence.	

AtOSCAJ.f	 controls	 stomatal	 closure	 during	 immune	 signalling,	 via	 its	

phosphorylation	by	BOTRYTIS-INDUCED	KINASEJ	(BIKJ)	upon	the	perception	

of	PAMPs	(Thor	et	al.,	abab).				

	

+.+.+.B	Annexins	

	 Annexins	 are	phospholipid	binding	proteins	with	diverse	 functions	 in	

both	plants	and	animals.	In	plants,	they	are	expressed	in	a	variety	of	cell	types	

and	subcellular	locations,	and	their	expression	can	vary	under	different	biotic	

and	 abiotic	 conditions	 (Davies,	 abJp).	 Their	 binding	 to	 lipid	 membranes	 is	

dependent	 on	 various	 factors,	 including	 the	 presence	 of	 calcium	 ions	

(Laohavisit	&	Davies,	abJb).	In	plants,	it	has	been	shown	that	the	expression	of	
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annexins	can	be	regulated	by	Ca!+,	and	that	they	are	involved	in	passive	Ca!+	

transport.	 It	 is	 unclear	 whether	 annexins	 are	 acting	 as	 calcium	 channels	

themselves,	or	simply	facilitating	calcium	ion	transport	through	other	channels	

(Laohavisit	 et	 al	 abJa;	 Richards	 et	 al	 abJp).	 In	 the	 case	 of	 ANNEXIN	 A	 in	

Arabidopsis	(AtANNA),	this	involvement	in	Ca!+	elevation	has	been	implicated	

in	 root	 development	 (Laohavisit	 et	 al	 abJa),	 response	 to	 hydrogen	 peroxide	

(Richards	et	al	abJp)	and	response	to	wounding	and	herbivory	(Malabarba	et	al,	

abaJ).	

	

+.+.+.D	Efflux	channels	

	 As	well	as	these	calcium	influx	channels,	plants	also	have	an	array	of	

calcium	efflux	channels.	These	include	Ca!+-ATPases,	Ca!+/cation	antiporters	

and	Ca!+/H+	Exchangers	(CAXs).	These	are	predominantly	involved	in	the	

termination	of	calcium	signalling	and	maintenance	of	ion	homeostasis	(Park	&	

Shin,	abaa).	For	example,	in	Arabidopsis,	AtCAXJ	and	AtCAXf	have	been	

implicated	in	the	maintenance	of	calcium	ion	homeostasis	following	elevated	

Ca!+	levels,	for	example	those	produced	during	immunity	signalling	(Wang	et	

al.,	abap).	

	

+.+.+.G	CNGCs	

Whilst	plant	CNGCs	were	first	identified	in	barley	in	Jggj	(Schuurink	et	

al.,	Jggj),	the	equivalent	animal	Cyclic	Nucleotide	Gated	(CNG)	channels,	and	

the	 related,	 but	 differently	 regulated	 Hyperpolarization-activated	 Cyclic	

Nucleotide–gated	 (HCN)	 channels	 have	 been	 studied	 for	 far	 longer.	 CNG	

channels	and	CNGCs	function	in	homo-	or	heterotetramers,	and	subunits	have	

a	highly	conserved	protein	structure,	with	six	transmembrane	segments	(SJ-Sl),	

a	pore	region	that	determines	pore	selectivity	and	diameter	between	SK	and	Sl,	

a	 cyclic	 nucleotide	 binding	 domain	 (CNBD),	 a	 calmodulin	 (CaM)	 binding	

domain,	and	a	C-linker	region	(Matulef	and	Zagotta,	abbf).	
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Figure	+.+	Localisation	and	Function	of	Arabidopsis	and	rice	Ca!+	channels	
and	transporters	in	response	to	abiotic	(A)	and	biotic	(B)	stresses.	

Calcium	ion	channels	and	transporters	are	localised	in	a	range	of	different	cell	
types,	including	the	plasma	membrane	(PM),	the	endoplasmic	reticulum	(ER)	
and	 the	vacuole.	They	are	 involved	 in	calcium	transport	 in	 response	 to	both	
abiotic	and	biotic	stresses,	such	as	temperature,	osmolality,	presence	of	heavy	
metals,	wounding,	 cell	 death,	 and	 the	 perception	 of	 pathogens.	 Figure	 from	
Park	&	Shin	(abaa).	
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In	plants,	CNGCs	have	many	described	roles,	 including	 in	pollen	tube	

development	 in	 Arabidopsis,	 with	 pollen	 tubes	 having	 a	 strong	 apical	 Ca!+	

gradient	required	for	their	growth.	CNGCd,	j	and	Jj	are	required	for	normal	

pollen	 germination,	with	CNGCd	 and	 j	 showing	 redundant	 function	 (Tunc-

Ozdemir	et	al.,	abJf)).	CNGCJj	was	 found	to	 interact	with	both	CNGCd	and	

CNGCj,	and	these	channels	 form	a	heterotetramer	that	was	 found	to	 inhibit	

calcium	influx	in	Xenopus	laevis	oocytes	(Pan	et	al.,	abJg).	This	highlights	an	

important	 feature	 of	CNGCs:	 that	 the	 specific	 components	 of	 the	 tetrameric	

complex	 are	 important	 for	 their	 function.	 Other	 roles	 of	 CNGCs	 include	

CNGCJp	in	tip	growth	in	root	hair	cells	and	in	root	gravitropism	in	Arabidopsis	

(Zhang	 et	 al.,	 abJd,	 Shih	 et	 al.,	 abJK),	 CNGCs	 a,	 p,	 JJ	 and	 Ja	 in	 generating	

cytoplasmic	calcium	influx	in	early	immunity	signalling	in	Arabidopsis	(Clough	

et	al.,	abbb,	Jurkowski	et	al.,	abbp,	Yoshioka	et	al.,	abbl),	and	CNGCJK	in	the	

establishment	of	endosymbioses	in	legumes	(Charpentier	et	al.,	abJl)	and	root	

development	in	Arabidopsis	(Tipper	et	al.,	abaf).		

	

+.+.+.O	Calcium	ion	decoders	

Calcium	decoders	must	be	able	to	directly	bind	calcium	or	interact	with	

other	proteins	that	bind	calcium.	Many	known	calcium	decoders	have	an	EF-

hand	 calcium	 binding	 domain.	 For	 example,	 CaMs	 have	 a	 pair	 of	 EF-hand	

domains	at	both	the	N-terminus	and	the	C-terminus	of	the	protein,	allowing	

the	binding	of	four	calcium	ions	(Kretsinger,	Jggd).	Other	families	of	proteins	

containing	 EF-hands	 include	 calcineurin	 B-like	 proteins	 (CBLs),	 Ca!+-

dependent	protein	kinases	(CDPKs	or	CPKs)	and	the	Calmodulin-like	protein	

(CML)	family	(Dodd	et	al.,	abJb;	Kudla	et	al.,	abJj;	Tang	et	al.,	abab;	Dong	et	

al.,	abaJ).	These	proteins	bind	calcium	and	facilitate	downstream	signalling	by	

directly	 binding	 to	 or	 phosphorylating	proteins	 such	 as	 transcription	 factors	

and	CBL-interacting	protein	kinases	(CIPKs).	

CBLs	 and	 their	 interacting	 CIPKs	 have	 well	 known	 roles	 in	 nutrient	

uptake	and	homeostasis	(Dong	et	al.,	abaJ),	acting	as	a	regulatory	hub	in	these	

processes.	CBLs	are	thought	to	have	diverged	from	CaMs,	as	they	share	 little	

sequence	identity,	although	they	do	still	have	p	EF	hand	domains	(Kudla	et	al.,	
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abJj).	CDPKs,	as	calcium	binding	kinases,	combine	both	the	calcium	sensing	

and	signalling	capabilities	in	one	protein.	This	has	been	implicated	in	a	range	

of	biotic	and	abiotic	 stress	 responses	 (Dekomah	et	al.,	abaa).	However,	 they	

have	also	been	shown	to	act	independently	of	calcium,	and	further	research	is	

needed	to	assess	how	these	kinases	are	regulated	in	vivo	(Kudla	et	al.,	abJj).	

+.+.:	The	role	of	calcium	in	nitrate	signalling	

One	example	of	how	calcium	channels	and	decoders	can	be	integrated	

to	transmit	and	receive	a	signal	is	in	the	nitrate	signalling	pathway.	Nitrogen	is	

an	 essential	 plant	 macronutrient	 required	 for	 the	 biosynthesis	 of	 nitrogen-

containing	molecules,	 such	 as	 amino	 acids	 and	nucleic	 acids,	 and	 as	 such	 is	

integral	 for	maintaining	 plant	 productivity	 (Wang	 et	 al.,	 abJj).	 As	 a	 result,	

nitrogen	homeostasis	and	signalling	is	vital,	with	nitrate	being	the	primary	way	

in	which	nitrogen	is	assimilated	(Wang	et	al.,	abJj).		

In	 natural	 soils,	 the	 availability	 of	 nitrogen	 is	 often	 low	 and	 highly	

variable,	 so	 plants	 have	 evolved	 numerous	mechanisms	 to	 enhance	 both	 its	

acquisition	and	its	utilization	(Kiba	&	Krapp,	abJl).	One	of	the	ways	that	plants	

can	maximise	nitrogen	uptake	is	by	altering	the	root	architecture	in	response	to	

availability.	 Plants	 have	 the	 ability	 to	 sense	 their	 overall	 nitrogen	 status	 by	

integrating	 multiple	 signals	 from	 both	 the	 root	 and	 the	 shoot,	 and	 when	

nitrogen	 availability	 appears	 to	 be	 sufficient	 this	 inhibits	 root	 growth.	 In	

contrast,	 uniformly	 low	nitrogen	 conditions	promote	 growth	of	 primary	 and	

lateral	roots	up	to	a	certain	point	(Oldroyd	&	Leyser,	abab),	but	severe	nitrogen	

limitation	 results	 in	 inhibition	 of	 growth	 of	 the	 entire	 root	 system	 (Kiba	 &	

Krapp,	 abJl).	 When	 plants	 are	 grown	 in	 patchy	 nitrogen	 conditions,	 root	

growth	is	promoted	in	nitrogen	rich	patches	and	inhibited	in	nitrogen	deprived	

patches	(Oldroyd	&	Leyser,	abab).	

Nitrate	is	taken	up	at	the	plasma	membrane	by	the	nitrate	and	peptide	

(NPF)	 and	 nitrate	 transporter	 a	 (NRTa)	 gene	 families	 in	 Arabidopsis.	 NRTa	

genes	encode	high	affinity	nitrate	transporters	whilst	NFP	genes	largely	encode	

low	affinity	transporters.	The	exception	to	this	is	NITRATE	TRANSPORTER	J.J	

(NRTJ.J,	also	known	as	NITRATE	TRANSPORTER	J/PEPTIDE	TRANSPORTER	
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FAMILY	l.f	and	CHLORATE-RESISTANT	 J),	which	has	dual	 affinity	 (Kiba	&	

Krapp,	 abJl).	NRTJ.J	was	 later	 termed	 a	 ‘transceptor’	 due	 to	 its	 dual	 nitrate	

receptor	and	transporter	roles	(Remans	et	al.,	abbl,	Ho	et	al.,	abbg,	Wang	et	

al.,	 abbg).	 NRTJ.J	 can	 transport	 nitrate	 at	 both	 low	 and	 high	 affinities,	

depending	on	 the	phosphorylation	 status	of	 the	 threonine	 (Thr)	 JbJ	 residue.	

Phosphorylation	of	Thr	JbJ	confers	NRTJ.J	as	a	high	affinity	transporter,	able	to	

transport	nitrate	across	the	plasma	membrane	at	lower	concentrations	(Liu	and	

Tsay,	abbf).	

Calcineurin	B-like	Interacting	Protein	Kinase	af	(CIPKaf)	is	responsible	

for	 the	 phosphorylation	 of	 the	 Thr-JbJ	 residue	 (Liu	 and	 Tsay,	 abbf),	 and	

Calcineurin	B-like	Interacting	Protein	Kinase	j	(CIPKj)	is	a	positive	regulator	

of	the	low	affinity	phase	of	NRTJ.J	(Hu	et	al.,	abbg).	Calcineurin	B-like	J	and	g	

(CBLJ	and	g)	are	 interactors	of	CIPKaf	that	 inhibit	nitrate	transport	through	

NRTJ.J	(Cheong	et	al.,	abbd,	Ho	et	al.,	abbg,	Léran	et	al.,	abJK).	The	dual	affinity	

of	 NRTJ.J	 is	 used	 not	 only	 for	 transport,	 but	 also	 for	 nitrate	 sensing	 and	

signalling,	 with	 NRTJ.J	 being	 able	 to	 sense	 nitrate	 a	 wide	 range	 of	

concentrations	and	trigger	the	correct	response	(Ho	et	al.,	abbg).		

In	 addition	 to	 its	 role	 in	 the	 regulation	 of	 NRTJ.J,	 calcium	 has	 been	

implicated	in	the	transcriptional	response	to	nitrate	in	leaves	in	Arabidopsis	for	

many	years	(Sakakibara	et	al.,	Jggd,	Sueyoshi	et	al.,	Jggg),	and	nitrate	causes	an	

elevation	in	cytoplasmic	Ca!+	levels	in	Arabidopsis	roots	(Riveras	et	al.,	abJK).	

Both	the	nitrate	sensing	and	transporting	functions	of	NRTJ.J	are	required	for	

this	nitrate-induced	cytoplasmic	calcium	influx	in	roots,	as	well	as	the	activation	

of	 nitrate	 responsive	 genes	 such	 as	 TGACG	 SEQUENCE-SPECIFIC	 BINDING	

PROTEIN	 A	 (TGAA)	 and	AUXIN	 SIGNALING	 F-BOX	 8	 (AFB8)	 (Riveras	 et	 al.,	

abJK).	 To	 identify	 the	 calcium	 decoders	 that	 are	 responding	 to	 the	 calcium	

influx,	 an	 in-gel	 kinase	 assay	 was	 used,	 which	 identified	 high	 levels	 of	 CPK	

activity	in	response	to	nitrate	within	Jb	minutes	(Liu	et	al.,	abJd).	To	identify	

which	of	 the	 fp	Arabidopsis	CPK	 genes	was	 responsible,	 the	 activity	 of	CPK	

promoters	upon	nitrate	treatment	was	assessed	using	a	pCPK-NIR-LUC	system	

(CPK	promoter	driving	NITRITE	REDUCTASE	and	LUCIFERASE).	This	revealed	

activity	within	subgroup	III	of	the	CPKs,	and	although	there	was	a	high	degree	
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of	redundancy,	the	double	knockout	mutant	lines	cpkAX,8M,	cpk8X,8M,	and	the	

icpk	inducible	triple	mutant	line	did	display	defects	in	nitrate-responsive	gene	

expression	 (Liu	 et	 al.,	 abJd).	 CPKs	 Jb,	 fb	 and	 fa	were	 found	 to	 control	 the	

induction	 of	 a	 wide	 range	 of	 genes	 upon	 nitrate	 treatment,	 through	 their	

phosphorylation	 of	 the	 transcription	 factor	 NLPd	 (Liu	 et	 al.,	 abJd).	 This	

indicates	the	existence	of	a	Ca!+-CPK-NLP	signalling	cascade	in	Arabidopsis	in	

which	 calcium	perception	 triggers	 the	 translocation	 of	CPKs	 to	 the	 nucleus,	

where	they	phosphorylate	NPLd,	facilitating	its	nuclear	retention	and	activation	

of	nitrate	responsive	genes.	In	addition	to	CPKs,	CBLs	have	been	implicated	in	

nitrate	 signalling	 in	 rice	 (Yang	 et	 al.,	 abJg)	 and	 wheat	 (Adavi	 et	 al.,	 abaf).	

Whilst	the	role	of	calcium	in	nitrate	signalling	has	been	predominantly	studied	

in	roots,	nitrate	has	been	shown	to	trigger	unique	cytoplasmic	Ca!+	signatures	

in	Arabidopsis	leaf	mesophyll	protoplasts	(Liu	et	al.,	abJd),	indicating	a	crucial	

role	of	nitrate-induced	calcium	signalling	in	a	range	of	cell	types.	

	 As	 for	 the	 generation	 of	 the	 nitrate-induced	 calcium	 influx	 in	

Arabidopsis,	 the	 ion	channel(s)	responsible	had	not	been	 identified	until	 the	

discovery	 that	 a	 loss	 of	 function	 of	CNGCAY	 blocks	 nitrate-induced	 calcium	

influx	(Wang	et	al.,	abaJc).	CNGCAY	was	found	to	be	partially	required	for	the	

induction	of	several	primary	nitrate	response	genes,	and	to	interact	with	NRTJ.J	

via	Bimolecular	Fluorescence	Complementation	(BiFC)	in	N.	benthamiana,	and	

co-immunoprecipitation	(Co-IP)	 in	Arabidopsis	mesophyll	cells	 (Wang	et	al.,	

abaJc).	 This	 interaction	 between	 NRTJ.J	 and	 CNGCJK	 was	 found	 to	 inhibit	

calcium	influx	in	Xenopus	laevis	oocytes,	leading	to	the	suggestion	that	nitrate	

perception	 by	 NRTJ.J	 leads	 to	 its	 dissociation	 with	 CNGCJK	 at	 the	 plasma	

membrane,	 lifting	 this	 repression	 (Wang	 et	 al.,	 abaJc).	However,	 it	must	 be	

noted	that	these	experiments	were	carried	out	in	heterologous	systems,	or	in	

mesophyll	 protoplasts,	 and	 so	 they	 do	 not	 represent	 the	 Arabidopsis	 root	

system.	

+.+.>	Calcium	signalling	in	the	nucleus	

	 The	specificity	of	a	calcium	signature	is	not	only	conferred	by	the	nature	

of	 the	 stimulus,	 such	 as	 the	 presence	 or	 absence	 of	 nitrate,	 but	 also	 by	 the	



20 
 

subcellular	 compartment	 into	 which	 Ca!+	 is	 released.	 Given	 the	 ability	 of	

calcium	 signalling	 to	 transmit	 information	 precisely,	 and	 the	 importance	 of	

coordinating	gene	transcription	with	external	stimuli,	it	is	unsurprising	that	it	

is	used	in	the	nucleus	to	regulate	gene	expression.		

Calcium	 can	 be	 released	 into	 the	 nucleus	 in	 several	 ways.	 In	 early	

endosymbiosis	 signalling	 in	 legumes	 such	 as	Medicago	 truncatula,	 chemical	

elicitors	 from	arbuscular	mycorrhizal	 (AM)	 fungi	or	 rhizobia	bacteria	 trigger	

nuclear	 calcium	 oscillations	 in	 root	 epidermal	 cells,	 where	 the	 calcium	 is	

released	from	the	nuclear	envelope	into	the	nucleoplasm	through	calcium	ion	

channels	(Charpentier	et	al.,	abJl).	These	calcium	oscillations	originate	from	

the	nucleus,	with	some	diffusion	into	the	cytoplasm,	 indicating	that	they	are	

produced	by	a	nuclear	calcium	store	independent	of	the	cytoplasmic	calcium	

(Kelner	et	al.,	abJj).	This	store	is	the	nuclear	lumen	between	the	inner	and	outer	

nuclear	membranes,	which	is	continuous	with	the	endoplasmic	reticulum.	In	a	

similar	way,	calcium	was	found	to	be	released	 into	both	the	nucleus	and	the	

cytoplasm	 independently	 in	 response	 to	 osmotic,	 salt,	 and	 cold	 stress	 in	

Arabidopsis	(Huang	et	al.,	abJd,	Kelner	et	al.,	abJj).	In	the	case	of	salt	and	cold	

stress,	the	nuclear	calcium	release	was	observed	after	the	cytoplasmic	calcium	

release	However,	the	differences	in	the	timings	and	amplitudes	of	the	signals	in	

the	 two	 compartments	 suggests	 that	whilst	 the	nuclear	 calcium	 release	may	

have	been	triggered	by	the	cytoplasmic	calcium	release,	it	is	not	simply	a	result	

of	passive	diffusion	(Kelner	et	al.,	abJj).	This	reinforces	the	idea	that	the	nuclear	

lumen	can	act	as	its	own	independent	store	of	calcium	which	can	be	used	for	

signalling.	Nuclear	 calcium	 release	has	 also	been	observed	 in	 response	 to	L-

glutamate	 (Costa	 et	 al.,	 abJf),	 extracellular	 adenosine	 triphosphate	 (ATP)	

(Costa	et	al.,	abJf),	both	in	Arabidopsis	root	cells,	and	pathogenic	elicitors	such	

as	 cryptogein	 and	 flagellin	 aa	 in	 Nicotiana	 tabacum	 leaf	 cell	 suspensions		

(Lecourieux	et	al.,	abbK).	However,	without	the	use	of	both	cytoplasmic	and	

nuclear	calcium	reporters	simultaneously,	it	is	impossible	to	identify	whether	

this	nuclear	 calcium	release	 is	occurring	 independently,	or	 if	 it	 is	 a	 result	of	

diffusion	from	the	cytoplasm.		
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Even	if	the	exact	mechanism	of	nuclear	calcium	release	is	not	known,	the	

presence	of	nuclear	localised	calcium	binding	proteins	indicates	the	importance	

of	calcium	signalling	in	the	nucleus.	SHORT	ROOT	IN	SALT	MEDIUM	J	(RSAJ)	

is	one	such	calcium	binding	protein,	that	contains	an	EF	hand	calcium	binding	

domain	(Guan	et	al.,	abJfb).	RSAJ	was	found	to	have	roles	in	gene	regulation	in	

a	 wide	 range	 of	 contexts,	 including	 in	 salt	 stress	 tolerance,	 embryo	

development,	 and	 regulation	 of	 flowering	 time	 in	 Arabidopsis	 (Guan	 et	 al.,	

abJfb,	Zhang	et	al.,	abab).	

In	addition	to	calcium	release	directly	into	the	nucleus,	calcium	release	

into	 the	 cytoplasm	 can	 trigger	 shuttling	 of	 regulatory	 components	 to	 the	

nucleus,	 transducing	 the	 signal	 and	 influencing	 gene	 transcription.	 For	

example,	nuclear	retention	of	NLPd	is	not	only	important	in	nitrate	signalling	

(Liu	 et	 al.,	 abJd),	 but	 also	 in	 response	 to	 cold	 stress	 in	 Arabidopsis.	

Phosphorylation	 by	 calcium	 activated	 CALCIUM	 DEPENDENT	 PROTEIN	

KINASE	aj	 (CPKaj)	maintains	NLPd	 in	 the	nucleus,	where	 it	 is	 involved	 in	

transcriptional	 reprogramming	 upon	 cold	 treatment	 (Ding	 et	 al.,	 abaa).	

CALCIUM	DEPENDENT	PROTEIN	KINASE	Ja	(CPKJa)	is	translocated	from	the	

cytoplasm	to	the	nucleus	upon	hypoxia	stress	conditions,	where	it	interacts	with	

and	 phosphorylated	 group	 VII	 ethylene	 responsive	 (ERF-VII)	 transcription	

factors	 (Fan	 et	 al.,	 abaf).	 In	 addition,	 evidence	 for	 calcium	 responsive	 cis-

elements	 in	 plant	 promoters	 highlights	 the	 importance	 of	 calcium	 in	 the	

regulation	of	gene	transcription	(Kaplan	et	al.,	abbl).		

!.0	The	establishment	of	endosymbiosis	in	land	plants	

Over	jb%	of	land	plant	species,	from	all	major	lineages	except	mosses,	

form	 endosymbioses	 with	 arbuscular	 mycorrhizal	 (AM)	 fungi	 of	 the	

Glomeromycota	 and	 Mucoromycotina	 phyla	 (Wang	 and	 Qiu	 (abbl),	

Bidartondo	et	al.	 (abJJ)).	This	endosymbiosis	 is	one	of	 the	most	globally	and	

phylogenetically	 widespread	 and	 is	 of	 extreme	 ecological	 importance.	 It	 is	

hypothesised	 to	 have	 been	 crucial	 for	 the	 colonisation	 of	 land	 by	 formerly	

aquatic	 algae	 in	 the	 middle	 Cambrian–Early	 Ordovician	 interval,	 pbb-pKb	
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million	years	ago	(Morris	et	al.	(abJj),	Pirozynski	and	Malloch	(JgdK),	Strullu-

Derrien	 et	 al.	 (abJp),	 Humphreys	 et	 al.	 (abJb)).	 This	 is	 due	 to	 the	 fungi’s	

branching	 hyphae	 that	 take	 up	 nutrients	 (including	 nitrates	 and	 inorganic	

phosphates)	and	water	from	the	soil,	and	exchange	it	with	the	plant	cells	at	tree-

like	 structures	 called	 arbuscules	 (Pearson	 and	 Jakobsen	 (Jggf),	 Rich	 et	 al.	

(abaJ),	Cliquet	et	al.	(Jggd),	Khalvati	et	al.	(abbK)).	This	increases	the	surface	

area	of	soil	available	to	the	plant,	and	in	return,	the	plant	provides	the	fungi	

with	carbohydrates	and	lipids	in	a	nutrient	exchange	(Solaimanand	and	Saito,	

Jggd,	Bago	et	al.,	abbf,	Rich	et	al.,	abaJ).		

In	 addition	 to	 this,	 four	 related	 orders	 in	 the	 Eurosid	 clade	 of	

angiosperms	(the	Fagales,	Fabales,	Cucurbitales	and	Rosales)	are	able	to	form	

root	 endosymbioses	 with	 nitrogen	 fixing	 bacteria.	 Members	 of	 the	 Fagales,	

Rosales	 and	Cucurbitales	 form	 associations	with	 actinorhizal	 bacteria	 of	 the	

genus	Frankia,	while	the	Fabaceae	(legume)	plant	family,	which	constitutes	the	

majority	 of	 the	 Fabales	 order,	 form	 associations	 with	 rhizobia	 bacteria	

(Markmann	and	Parniske,	abbg).	The	exception	to	this	is	the	genus	Parasponia,	

which	is	part	of	the	Rosales	clade	but	forms	associations	with	rhizobia	bacteria	

(Trinick,	Jgdf).	The	interaction	between	legumes	and	rhizobia	allows	the	plant	

to	obtain	fixed	nitrogen	from	atmospheric	nitrogen	(N!).	The	rhizobia	enter	the	

plant	at	the	root	hairs	or	through	cracks	in	the	epidermis,	and	are	housed	in	

oxygen-deprived	root	nodules,	where	they	use	the	nitrogenase	enzyme	to	fix	N!	

to	ammonia	(Oldroyd	and	Downie,	abbj).		

The	 complex	 and	 intricate	 relationship	 between	 legumes	 and	 both	

rhizobia	and	AM	fungi	helps	the	plant	to	gain	sufficient	nutrients	with	a	reduced	

need	for	external	fertilisation,	making	them	species	of	ecological,	agricultural	

and	economic	importance	(Vasconcelos	et	al.,	abab).	Nitrogen	is	an	essential	

nutrient	 for	plant	growth,	and	 its	availability	 is	often	the	primary	 factor	that	

limits	 crop	 yields	 (Rosenblueth	 et	 al.,	 abJj).	 However,	 only	 fb-Kb%	 total	

nitrogen	in	crop	fields	is	derived	from	biological	nitrogen	fixation	(BNF),	with	

the	rest	being	supplied	in	the	form	of	expensive,	inefficient	and	environmentally	

damaging	nitrogen	 (N)	 fertilisers	 (Rosenblueth	et	al.,	abJj).	Many	species	of	
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legume,	such	as	the	common	bean	(Phaseolus	vulgaris),	soybean	(Glycine	max),	

and	pea	(Pisum	sativum),	are	used	as	food	crops	due	to	their	protein-rich	seeds	

and	non-reliance	on	N	fertilisers.	

+.:.+	Overview	of	arbuscular	mycorrhization	development	

	 AM	 fungi	 are	 obligate	 biotrophs,	 meaning	 that	 they	 require	 another	

living	organism,	in	this	case	a	plant,	to	complete	their	life	cycle.	Perception	of	

the	plant	by	the	fungi	(Section	J.a.a)	helps	to	promote	spore	germination	and	

hyphal	branching	(Akiyama	et	al.,	abbK),	and	perception	of	 the	 fungi	by	 the	

plant	triggers	nuclear	calcium	oscillations	in	the	epidermal	cell	layer,	priming	

the	cells	for	fungal	entry	(Genre	et	al.,	abJf).	Upon	contact	between	the	fungal	

hyphae	and	the	root	epidermal	layer,	a	hyphopodium	is	formed	that	adheres	to	

the	surface	of	an	atrichoblast	cell	(Parniske,	abbj).	This	triggers	the	assembly	

of	 the	 pre-penetration	 apparatus,	 a	 specific	 complex	 of	 cytoplasm,	 in	 the	

underlying	 plant	 epidermal	 cell	 (Genre	 et	 al.,	 abbK).	 This	 pre-penetration	

apparatus	allows	for	the	invasion	of	the	epidermal	cell	layer	by	the	fungi,	and	

controls	the	direction	of	the	fungal	hyphae,	ensuring	the	hyphae	move	inside	

the	 root	 towards	 the	 cortical	 cell	 layer	 (Genre	 et	 al.,	 abbj).	 Here,	 the	

intraradical	hyphae	infect	inner	cortical	cells	and	form	highly	branched	hyphal	

structures	 called	 arbuscules.	 These	 arbuscules	 are	 key	 sites	 of	 bi-directional	

exchange	of	nutrients	between	 the	plant	and	 the	 fungi,	and	 they	occupy	 the	

majority	of	the	cell	volume	(Bonfante	and	Genre,	abJb).	They	are	enclosed	by	a	

plant-derived	 periarbuscular	 membrane	 (PAM),	 containing	 transporters	 to	

regulate	 the	flux	of	nutrients	 (Javot	et	al.	 (abbd),	Harrison	et	al.	 (abba)).	At	

later	 time	points,	 the	 fungi	develop	 storage	organs	called	vesicles	within	 the	

cortical	cell	layer,	that	are	rich	in	lipids	(Bach	et	al.,	abJj).		

+.:.:	Symbionts	release	elicitors	to	initiate	endosymbiotic	signalling	

The	 establishment	 of	 root	 endosymbioses	 with	 both	 AM	 fungi	 and	

rhizobia	 requires	 a	 complex	 series	 of	 physical	 and	 chemical	 interactions	

between	 the	 plant	 and	 the	 endosymbiont.	 Both	 species	 must	 undergo	

morphological	transitions	and	significantly	alter	their	gene	expression	profiles	
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to	form	a	successful	endosymbiosis.	Some	of	the	components	involved	in	these	

early	 signalling	 events	 are	used	 for	 the	 establishment	of	 endosymbiosis	with	

both	AM	fungi	and	rhizobia,	in	what	is	termed	the	‘common	symbiosis	pathway’	

(Figure	 J.J).	 The	 chemical	 communication	 starts	 with	 the	 secretion	 of	

strigolactones	and	flavonoids	by	the	plant	as	signalling	molecules	to	kickstart	

the	molecular	‘conversation’	with	AM	fungi	and	rhizobia	respectively.	In	order	

to	be	perceived	by	the	plant,	AM	fungi	secrete	Myc	factors:	a	diverse	group	of	

lipochitooligosaccharides	(LCOs)	and	chitooligosaccharides	(COs)	that	induce	

a	downstream	signalling	cascade	in	the	plant	(Maillet	et	al.,	abJJ).	In	the	case	of	

rhizobia,	 the	 secreted	plant	flavonoids	 are	detected	and	 trigger	 the	bacterial	

NodD	 transcription	 factor,	which	 activates	 a	 cassette	of	 common	nod	genes,	

resulting	in	the	production	of	Nodulation	(Nod)	factors	(Lerouge	et	al.,	Jggb)	

(with	one	reported	exception;	Giraud	et	al.,	abbd).	Nod	factors	are	diffusible	

LCOs	that	activate	diverse	developmental	responses	in	the	plant.	Both	Nod	and	

Myc	 factors	 have	 a	 conserved	 core	 structure	 of	 a	 chitin	 backbone,	 with	 an	

addition	of	an	N-linked	fatty	acid	group	in	LCOs	(Oldroyd	and	Downie,	abbj).	

The	backbones	are	decorated	with	a	variety	of	species-specific	side	groups	that	

assist	with	partner	selection.	For	example,	the	length	and	degree	of	saturation	

of	the	fatty	acid	group	varies	between	rhizobia	species,	and	this	also	contributes	

to	 the	 specificity	 of	 the	 interactions	 between	 the	 plant	 and	 the	 bacteria	

(Oldroyd	and	Downie,	abbj).	
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Figure	+.:	The	common	symbiosis	pathway	

Nod	 factor	 and	 Myc	 factor	 perception	 by	 the	 LysM	 receptors	 at	 the	 plasma	
membrane	trigger	nuclear	calcium	oscillations	mediated	by	CNGCJKs,	DMIJ	and	
MCAj.	The	exact	mechanism	 for	 transduction	of	 the	 signal	 from	 the	plasma	
membrane	to	the	nucleus	is	yet	to	be	defined.	Calcium	oscillations	are	perceived	
by	DMIf.	DMIf	phosphorylates	IPDf,	which	acts	as	a	homodimer	to	activate	the	
expression	of	genes	required	for	AM	symbiosis	and	nodulation.	See	text	for	full	
gene	names.	Gene	names	are	for	Medicago	truncatula	unless	otherwise	stated.	

+.:.:	Perception	of	elicitors	by	plants	

Nod	factors	are	perceived	at	 the	plant	plasma	membrane	by	receptor-

like	 kinases	 (RLKs)	 that	 have	 a	 N-acetyl-glucosamine–binding	 lysin	 motif	

(LysM)	 in	 their	extracellular	domain	 (Mulder	et	al.,	abbl).	 In	Medicago,	 the	

Nod	factor	receptors	are	LysM	RECEPTOR	KINASE	f	(LYKf)	and	NOD	FACTOR	

PERCEPTION	(NFP)	(Limpens	et	al.	(abbf),	Madsen	et	al.	(abbf)	Arrighi	et	al.	

(abbl),	Haney	 et	 al.	 (abJJ),	 Smit	 et	 al.	 (abbd),	Moling	 et	 al.	 (abJp)),	whose	

orthologs	in	L.	japonicus	have	been	shown	to	directly	bind	to	LCOs	produced	

by	 rhizobia	 bacteria	 (Broghammer	 et	 al.,	 abJa).	 These	 receptors	 help	 to	

determine	the	specificity	of	the	interaction,	as	Medicago	transformed	with	the	

L.	japonicus	Nod	Factor	Receptors	J	and	K		(LjNFRA/Y)	are	able	to	perceive	the	

natural	 symbiont	 of	 L.	 japonicus	 (Mesorhizobium	 loti)	 as	 well	 as	 its	 own	
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symbiont	(Sinorhizobium	meliloti)	(Radutoiu	et	al.,	abbd).	In	addition	to	LYKf	

and	NFP,	the	receptor-like	kinase	DOES	NOT	MAKE	INFECTIONS	(DMIa)	in	

Medicago	(SYMBIOTIC	RECEPTOR	LIKE	KINASE	(SYMRK)	in	L.	japonicus)	is	

indispensable	 for	endosymbiosis	with	AM	and	rhizobia	 (Stracke	et	al.,	abba,	

Endre	et	al.,	abba,	Ané	et	al.,	abba),	although	 its	precise	 role	 remains	 to	be	

elucidated.	In	L.	japonicus,	knocking	out	SYMRK	results	in	no	development	of	

infection	pockets	or	threads	(Stracke	et	al.,	abba),	whilst	overexpression	results	

in	spontaneous	nodulation	in	the	absence	of	rhizobia	(Ried	et	al.,	abJp).	SYMRK	

contains	three	leucine	rich	repeat	(LRR)	domains	and	one	malectin-like	domain	

(MLD)	 in	 its	 extracellular	 domain,	 and	 a	 kinase	 domain	 in	 its	 intracellular	

domain	(Stracke	et	al.,	abba,	Hok	et	al.,	abJJ).	It	can	associate	with	NFRJ	and	

NFRK	 in	 planta,	 and	 its	 association	 appears	 to	 be	 partly	 dependent	 on	 the	

cleavage	of	the	extracellular	domain	(Antolín-Llovera	et	al.,	abJp,	Ried	et	al.,	

abJp).	 Consistent	 with	 this,	 transformation	 of	Medicago	 dmiM	mutants	 with	

only	 the	 intracellular	 domain	 of	 DMIa	 was	 able	 to	 induce	 spontaneous	

nodulation	 in	the	absence	of	rhizobia	(Saha	et	al.,	abJp).	Another	LysM-RLK	

EXOPOLYSACCHARIDE	RECEPTOR	 f	 (EPRf)	 identified	 in	Lotus	 recognises	

rhizobia	exopolysaccharides,	rather	than	Nod	factors,	indicating	the	presence	

of	an	additional	symbiotic	signal	that	can	be	recognised	to	facilitate	infection	

(Kawaharada	et	al.,	abJK,	Kawaharada	et	al.,	abJd).	

Recognition	 of	Myc	 factors	 by	Medicago	 requires	 several	 LysM-RLKs,	

including	 the	 CHITIN	 ELICITOR	 RECEPTOR	 KINASE	 J	 (MtCERKJ)	 and	 the	

LYSM	RECEPTOR	p	(MtLYRp)	which	are	receptors	of		the	chitooligosaccharide	

COj,	and	NFP,	which	may	perceive	LCOs	from	fungi	as	well	as	rhizobia	bacteria	

(Feng	 et	 al.,	 abJg).	 MtCERKJ	 and	 MtLYRp	 have	 dual	 functionality	 in	 both	

symbiosis	and	immunity	signalling,	and	the	specificity	of	its	role	is	determined	

by	the	presence	or	absence	of	MtDMIa,	respectively,	in	the	complex	(Feng	et	

al.,	 abJg).	 This	 is	 similar	 to	 the	 situation	 identified	 in	 rice,	 where	 the	 CO	

receptors	 MYC	 FACTOR	 RECEPTOR	 J	 (OsMYRJ)	 and	 CHITIN	 ELICITOR	

BINDING	PROTEIN	(OsCEBiP)	compete	for	OsCERKJ,	conferring	symbiosis	or	

immunity	signalling	respectively	(He	et	al.	(abJg);	Zhang	et	al.	(abaJ)).	
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+.:.>	Signal	transduction	from	the	plasma	membrane	to	the	nucleus	

	 Perception	of	Nod	or	Myc	factors	ultimately	results	in	the	production	of	

regular	Ca!+	spikes	in	the	nucleus,	known	as	nuclear	calcium	oscillations.	These	

oscillations	 drive	 changes	 in	 gene	 expression	 which	 are	 required	 for	 AM	 or	

rhizobial	colonisation.	The	generation	of	nuclear	calcium	oscillations	requires	

three	 nuclear	 pore	 complex	 proteins,	 LjNUCLEOPORINjK	 (LjNUPjK),	

LjNUPJff	 and	 LjNENA,	 that	 were	 identified	 through	 genetic	 screens	 of	

symbiosis	 defective	 mutants	 of	 L.	 japonicus.	 nupA88	 mutants	 have	 reduced	

nodulation	 at	 aa°C	 and	no	nodulation	 at	 al°C,	 no	AM	 colonisation,	 and	no	

nuclear	calcium	spiking	upon	addition	of	Nod	factor	(Kanamori	et	al.,	abbl).	

nup:Y	mutants	 form	 few	 nodules	 and	 arbuscules,	 and	 the	 AM	phenotype	 is	

temperature	 sensitive,	 with	 lower	 arbuscule	 formation	 at	 aa°C	 compared	 to	

Jj°C.	nup:Y	mutants	also	fail	to	produce	nuclear	calcium	oscillations	(Saito	et	

al.,	abbd).	NENA	was	shown	to	interact	with	NUPjK,	and	nena	mutants	do	not	

produce	calcium	oscillations.	They	display	reduced	nodulation	and	premature	

abortion	of	hyphal	progression,	failing	in	most	cases	to	reach	the	cortical	cell	

layer	 (Groth	 et	 al.,	 abJb).	 The	 nodulation	 and	 AM	 phenotypes	 were	 also	

temperature	 sensitive,	 with	 reduced	 colonisation	 observed	 at	 higher	

temperatures,	similar	to	nupA88	and	nup:Y	 (Groth	et	al.,	abJb).	This	suggests	

that	the	nuclear	pore	complex	is	required	for	the	generation	of	nuclear	calcium	

oscillations	 and	 subsequent	 endosymbiosis,	 potentially	 by	 transporting	 a	

secondary	messenger	from	the	cytoplasm	to	the	nucleoplasm.	

	 One	candidate	secondary	messenger	is	mevalonate	(MVA).	f-hydroxy	f-

methylglutaryl	CoA	reductase	 J	 (HMGRJ)	 is	an	enzyme	 in	 the	MVA	pathway	

that	catalyses	the	conversion	of	HMG-CoA	to	MVA.	RNA	interference	(RNAi)	

based	silencing	of	HMGRA	in	Medicago	reduces	nodule	development,	prevents	

nuclear	 calcium	 oscillations	 and	 results	 in	 decreased	 expression	 of	 EARLY	

NODULIN	AA	(ENODAA),	an	early	nodulation	gene	frequently	used	in	as	a	marker	

of	early	symbiosis	signalling.	In	addition,	the	product	of	HMGRJ	activity,	MVA,	

appears	 to	 restore	 calcium	 oscillations	 in	 HMGRJ-silenced	 roots	
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(Venkateshwaran	et	al.,	abJK).	Therefore,	MVA	could	be	involved	in	the	signal	

transduction	from	the	plasma	membrane	to	the	nuclear	envelope.	

Another	 described	 signal	 transduction	mechanism	 involves	 G	 protein	

signalling.	Heterotrimeric	G	proteins	are	formed	of	Gα,	Gβ,	and	Gγ	subunits	and	

are	used	widely	in	signalling	across	eukaryotes.	Their	widespread	and	complex	

roles	 in	 animals	 have	 been	 well	 described	 (Wettschureck	 and	 Offermanns,	

abbK;	Syrovatkina	et	al.,	abJl),	and	they	have	several	described	roles	in	plants,	

including	in	immunity	and	development	(Wu	et	al.	(abab);	Ninh	et	al.	(abaJ)).	

In	legumes,	nodulation	gene	expression	can	be	induced	by	the	G	protein	agonist	

mastoparan	 independently	 of	 DMIJ	 and	 DMIa	 (Charron	 et	 al.,	 abbp).	 In	

addition,	nuclear	calcium	oscillations	can	be	induced	by	the	synthetic	analogue	

of	mastoparan	Masd,	and	this	activation	does	not	require	DMIJ,	DMIa	or	NFP,	

implicating	 a	 role	 of	 G	 protein	 signalling	 in	 activating	 the	 nuclear	 calcium	

oscillations	without	DMIJ	or	Nod/Myc	factor	perception	(Sun	et	al.,	abbd).		

Gα	 proteins	 cycle	 between	 resting	 and	 activated	 states	 depending	 on	

whether	 they	 are	 bound	 to	 guanosine	 diphosphate	 (GDP)	 or	 guanosine	

triphosphate	(GTP),	respectively.	Activated	GTP-bound	Gα	dissociates	from	the	

Gβγ	heterodimer,	freeing	both	entities	to	interact	with	downstream	signalling	

components.	 Gα	 has	 an	 innate,	 but	 slow,	 GTP	 hydrolysis	 activity	 which	 is	

accelerated	 by	 GTPase	 activity	 accelerating	 proteins	 (GAPs)	 such	 as	 the	

REGULATOR	OF	G-PROTEIN	SIGNALLING	(RGS)	proteins	and	Phospholipase	

C	(PLC)	enzymes.	Hydrolysis	of	GTP	to	GDP	returns	Gα	to	 its	 inactive	state,	

where	 it	 reforms	 the	heterotrimer	with	Gβγ	 (Mohanasundaram	 and	Pandey,	

abaa).		

An	investigation	of	the	roles	of	G	protein	signalling	in	legumes	revealed	

differential	expression	of	certain	G	protein	subunits	in	soybean	(Glycine	max)	

upon	 infection	 with	 the	 native	 symbiont	 Bradyrhizobium	 japonicum.	 In	

addition,	downregulation	or	upregulation	of	G	protein	subunits	was	found	in	

nonnodulating	 or	 supernodulating	 soybean	mutants	 respectively,	 suggesting	

that	 expression	 level	 of	 G	 proteins	 is	 important	 for	 nodule	 development	

(Choudhury	 and	 Pandey,	 abJf).	 Overexpression	 of	 particular	 Gβ	 and	 Gγ	

subunits	 led	 to	 increased	 nodule	 numbers	 (Choudhury	 and	 Pandey,	 abJf),	
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indicating	they	are	positive	regulators	of	nodulation,	whilst	Gα	was	identified	

as	 a	 negative	 regulator	 of	 nodulation	 via	 RNAi	 and	 overexpression	 analyses	

(Choudhury	and	Pandey,	abJK).	In	addition,	RNAi	and	overexpression	analyses	

showed	 that	 the	 soybean	 RGSJ	 and	 a	 proteins	 are	 positive	 regulators	 of	

nodulation,	 and	 that	 this	 regulation	 is	 dependent	 on	 its	 GAP	 activity	

(Choudhury	and	Pandey,	abJK).		

Interestingly,		GαJ,	RGSJ,	and	RGSa	were	found	to	interact	with	NFRJα	

in	planta	(Choudhury	and	Pandey,	abJf,	Choudhury	and	Pandey,	abJK).	NFRJα	

was	shown	to	phosphorylate	RGSJ	and	a,	but	not	GαJ	in	vitro,	and	expression	of	

phosphomimetic	RGSa	 increased	 its	GAP	 activity	 on	GαJ	 and	 restored	 some	

nodulation	in	a	non-nodulating	mutant	background	(Choudhury	and	Pandey,	

abJK).		

Whilst	RGS	J	and	a	are	phosphorylated	by	NFRJα,	GαJ	is	phosphorylated	

by	the	soybean	GmSYMRKα	in	vitro	(Roy	Choudhury	and	Pandey,	abaa).	This	

phosphorylation	was	found	to	inhibit	the	ability	of	GαJ	to	bind	to	both	GTP	and	

Gβγ,	thus	making	it	biochemically	inactive	and	freeing	the	Gβγ	heterodimer	to	

transduce	a	downstream	signal.	Expression	of	phosphomimetic	GαJ	 increases	

the	 number	 of	 soybean	 nodules,	 presumably	 by	 freeing	 Gβγ	 to	 promote	

nodulation	(Roy	Choudhury	and	Pandey,	abaa).	These	findings	suggest	that	G-

protein	signalling	is	being	controlled	by	a	pair	of	RLKs,	NFRJ	and	SYMRK,	in	a	

two-step	signalling	mechanism	that	can	fine	tune	the	activation	of	G	protein	

subunits	(Figure	J.f).	The	action	of	NFRJ	phosphorylating	RGSJ/a	maintains	GαJ	

in	 its	 inactive	GDP-bound	 state.	 This	would	 normally	 sequester	 the	 positive	

regulator	of	nodulation,	Gβγ,	in	a	heterotrimer.	However,	the	action	of	SYMRKs	

phosphorylating	Gα	abolishes	this	binding,	leaving	the	Gβγ	component	free	to	

induce	nodulation	(Figure	J.f).		

The	role	of	G	protein	signalling	in	Medicago	has	also	been	investigated.	

Medicago	 GβJ	 was	 found	 to	 be	 a	 positive	 regulator	 of	 nodulation,	 like	 its	

soybean	 counterpart,	 as	 reducing	 its	 expression	 via	 RNAi	 resulted	 in	 fewer	

nodules,	and	a	decreased	expression	of	early	symbiotic	marker	genes	(Bovin	et	

al.,	abaJ).	
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Figure	+.>	The	role	of	G	protein	subunits	in	early	endosymbiosis	signalling	
upon	Nod	factor	perception	in	Lotus	japonicus.	

Nod	 factor	 perception	 by	 the	 LysM	 receptors	 NFRJ	 and	 NFRK	 results	 in	 the	
phosphorylation	 of	 RGS	 by	 NFRJ.	 This	 activates	 the	 GTPase	 accelerating	
properties	 of	 RGS,	 converting	 GDP-bound	 G𝛼	 to	 GTP-bound	 G𝛼,	 which	
sequesters	the	Gβγ	subunits	in	a	heterotrimer.	Nod	factor	perception	also	results	
in	 the	 phosphorylation	 of	 G𝛼-GTP	 by	 SYMRK,	 causing	 a	 release	 of	 the	 Gβγ	
subunits,	which	 subsequently	 promote	 nodule	development.	 See	 text	 for	 full	
gene	names.	Gene	names	are	for	Lotus	japonicus.	

+.:.B	Generation	of	nuclear	calcium	oscillations	

In	both	rhizobial	and	AM	symbiosis,	perception	of	Nod	and	Myc	factors	

at	 the	 plasma	 membrane	 results	 in	 the	 generation	 of	 nuclear	 calcium	

oscillations.	In	Medicago,	the	channels	required	to	generate	such	oscillations	

are	the	non-selective	cation	channel	DOES	NOT	MAKE	INFECTIONS	J	(DMIJ)	

(Ané	 et	 al.,	 abbp),	 the	 calcium-dependent	 adenosine	 triphosphatase	 M.	

truncatula	CALCIUM	ATPASE	(MCAj)	(Capoen	et	al.,	abJJ),	and	the	CYCLIC	

NUCLEOTIDE	 GATED	 CHANNEL	 (CNGC)	 JKa,	 b	 and	 c	 (Charpentier	 et	 al.	

(abJl)).	 Although	Medicago	 only	 requires	DMIA	 to	 encode	 the	 non-selective	

cation	 channel,	 many	 land	 plants	 require	 two	 DMIA	 paralogues,	 such	 as	

POLLUX	 and	 CASTOR	 in	 L.	 japonicus	 (Imaizumi-Anraku	 et	 al.	 (abbK);	

Charpentier	et	al.	(abbj)).	The	CNGCJK	calcium	channel	is	encoded	by	three	
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homologous	 genes,	 all	 of	 which	 are	 required	 for	 full	 activation	 of	 nuclear	

calcium	 oscillations	 and	 reside	 on	 the	 nuclear	 envelope,	 where	 they	 are	

hypothesised	to	be	arranged	in	a	complex	(Charpentier	et	al.,	abJl).	The	current	

model	 suggests	 that	 DMIJ	 and	 CNGCJK	 are	 simultaneously	 activated	 by	 an	

undefined	secondary	messenger	which	allows	Ca!+	release	into	the	nucleoplasm	

from	the	nuclear	membrane	lumen,	and	a	counter-flow	of	cations	by	DMIJ	in	

the	 opposite	 direction.	 This	 is	 supported	 by	 mathematical	 modelling	 and	

evidence	 that	 DMIJ	 interacts	 with	 all	 three	 CNGCJKs	 in	 the	 nucleus	

(Charpentier	et	al.,	abJl).	CNGCJKs	were	found	to	interact	with	holo-CaMa	in	

Medicago	 root	 hairs,	 and	 was	 found	 to	 regulate	 the	 calcium	 oscillations	 by	

facilitating	 the	 closure	 of	 the	 CNGCJK	 tetramer	 once	 the	 calcium	 had	 been	

released	(Del	Cerro	et	al.,	abaa).	

Generation	of	nuclear	calcium	oscillations	activates	the	nuclear	Calcium-

Calmodulin	Kinase	(CCaMK)	MtDMIf/LjCCaMK,	causing	 it	 to	phosphorylate	

the	 transcription	 factor	 INTERACTING	 PROTEIN	 OF	 DMIf	

(MtIPDf/LjCYCLOPS),	providing	a	link	between	calcium	spiking	and	regulation	

of	transcription	(Lévy	et	al.	(abbp);	Mitra	et	al.	(abbp);	Yano	et	al.	(abbj);	Singh	

et	al.	 (abJp);	 Jin	et	al.	 (abJj)).	A	range	of	other	 transcription	 factors	 such	as	

NODULATION	SIGNALLING	PATHWAY	J	and	a	(NSPJ/a)	(Hirsch	et	al.,	abbg)	

and	REDUCED	ARBUSCULAR	MYCORRHIZATION	J	(RAMJ)	(Pimprikar	et	al.,	

abJl)	 are	 consequently	 activated,	 with	 RAMJ	 involved	 in	 AM	 symbiosis	

(Gobbato	et	al.,	abJa),	and	NSPJ/a	involved	in	both	AM	and	rhizobial	symbioses	

(Maillet	et	al.	(abJJ);	Delaux	et	al.	(abJf);	Lauressergues	et	al.	(abJa)).	

+.:.D	The	regulation	of	nodulation	in	legumes	by	nutrient	status.	

The	 establishment	 of	 endosymbiosis	 is	 energetically	 expensive,	 as	 it	

requires	a	restructuring	of	the	root	tissue	to	accommodate	the	endosymbiont,	

as	well	as	supplying	the	endosymbiont	with	fixed	carbon	and	lipids.	As	a	result,	

plants	need	to	regulate	the	degree	to	which	they	are	colonized	by	arbuscular	

mycorrhizal	(AM)	fungi	or	rhizobia	bacteria	depending	on	the	nutrient	status	

of	the	plant.	For	example,	nodulation,	which	provides	the	plant	with	nitrogen	

(N)	 in	 the	 form	 of	 ammonia	 by	 biological	 nitrogen	 fixation,	 is	 negatively	
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regulated	by	nitrate	and	ammonia	(Streeter	and	Wong,	Jgjj).When	nitrate	is	

abundant,	 legumes	 exhibit	 decreased	 nodulation,	 indicating	 a	 method	 of	

systemic	nitrogen	signalling	(Roy	et	al.,	abab).	In	addition,	very	few	infection	

events	result	in	the	formation	of	a	nodule,	so	the	plants	must	have	a	mechanism	

of	sensing	the	degree	of	root	colonization	and	aborting	nodules	where	necessary	

(Oldroyd	&	Leyser,	abab).		

The	regulation	of	nodulation	in	response	to	nitrate	availability	is	carried	

out	by	several	signalling	pathways.	Legumes	have	evolved	the	autoregulation	of	

nodulation	(AON)	pathway,	a	complex	and	 interconnected	signalling	network	

that	allows	the	plant	to	control	the	degree	to	which	it	is	nodulated	in	response	to	

different	 environmental	 conditions.	 In	 Medicago,	 the	 CLE	 (Clavataf/ESR)	

peptides	CLEJa	and	CLEJf	 (CLE-RSJ/a/f	 in	L.	 japonicus)	are	produced	 in	the	

root	 in	 response	 to	 rhizobial	 infection	and	 travel	 to	 the	shoot	where	 they	are	

perceived	by	MtSUNN	(HARJ	in	L.	japonicus),	a	receptor-like	kinase	(RLK).	This	

results	in	downregulation	of	the	production	of	miRaJJJ,	a	shoot-derived	miRNA,	

which	acts	as	a	shoot-to-root	signal.	miRaJJJ	 targets	and	silences	 the	negative	

regulators	of	nodulation	TOO	MUCH	LOVE	J	(TMLJ)	and	TMLa	in	the	roots.	

Therefore,	a	decrease	 in	miRaJJJ	expression	 in	 response	 to	 rhizobia	 results	 in	

increased	activity	of	TMLJ	and	TMLa,	which	causes	nodulation	to	be	inhibited.	

In	the	absence	of	rhizobia,	miRaJJJ	 is	not	downregulated,	so	can	silence	TMLJ	

and	 TMLa	 and	 maintain	 the	 root	 competency	 for	 nodulation.	 In	 addition,	

cytokinin	signalling	has	also	been	implicated	as	a	shoot-to-root	signal	regulating	

TMLJ/a	(Roy	et	al.,	abab).	

+.:.G	The	regulation	of	mycorrhization	by	phosphate	

The	 establishment	 of	 AM	 symbiosis	 is	 negatively	 regulated	 by	 both	

inorganic	phosphate	(Pi)	and	N	(Azcón	et	al.,	Jgja,	Hepper,	Jgjf,	Thomson	et	

al.,	Jgjl,	Trinick,	Jgdd).Knockdown	lines	of	AM-specific	phosphate	transporters	

(PTs)	display	early	termination	of	AM	symbiosis	(Javot	et	al.,	abbd,	Maeda	et	

al.,	abbl),	 suggesting	a	mechanism	to	sense	 the	amount	of	phosphate	being	

transported	 from	 the	 fungus,	 and	 sustain	 the	 symbiosis	 accordingly.	 For	

example,	knockdown	of	Lotus	japonicus	PHOSPHATE	TRANSPORTER	8	(PT8)	
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caused	 a	 reduction	 in	 the	 number	 of	 arbuscules	 (Maeda	 et	 al.,	 abbl),	 and	

knocking	 down	 (via	 RNA	 interference,	 RNAi)	 or	 removing	 the	 phosphate	

transport	 function	 of	 Medicago	 truncatula	 PHOSPHATE	 TRANSPORTER	 b	

(PTb)	 leads	 to	 infrequent,	 degenerating	 arbuscules,	 and	 low	 levels	 of	

colonisation	(Javot	et	al.,	abbd).	In	addition,	the	arbuscules	showed	premature	

collapse	and	degeneration	in	MtPTb	knockdown	and	knockout	lines,	indicating	

premature	abortion	of	symbiosis,	presumably	related	to	the	reduced	Pi	uptake	

by	 the	 plant	 (Javot	 et	 al.,	 abbd).	 This	 suggests	 that	 the	 repression	 of	 these	

phosphate	transporters	by	Pi	is	a	cause,	rather	than	a	consequence,	of	arbuscule	

degeneration.	 To	 determine	 the	 sequence	 of	 events,	 Breuillin	 et	 al.	 (abJb)	

treated	AM	colonised	Petunia	hybrida	(Petunia)	with	KmM	KH!PO'	(high	Pi)	

and	monitored	the	effect	on	AM	colonisation	and	PHOSPHATE	TRANSPORTER	

Y	 (PhPTY)	 expression.	 They	 found	 that	 downregulation	 of	PhPTY	occurred	 p	

days	post	treatment,	whereas	a	decline	 in	AM	colonisation	was	not	observed	

until	 Jp	 days	 post	 treatment	 (Breuillin	 et	 al.,	 abJb).	 This	 indicates	 that	 Pi	 is	

regulating	 the	 maintenance	 of	 AM	 symbiosis,	 potentially	 mediated	 via	 AM	

specific	PTs.		

	 Further	 evidence	 that	 phosphate	 transporters	 could	 be	 essential	 to	

sustain	plant-beneficial	fungal	interaction	came	from	the	observation	that	the	

Arabidopsis	 thaliana	 PHOSPHATE	 TRANSPORTER	 (PHT)	 A.M	 and	 A.8	 are	

required	 for	 the	maintenance	of	 the	 symbiosis	 between	Arabidopsis	 and	 the	

root	 endophyte	Colletrotrichum	 tofieldiae	 (Hiruma	 et	 al.,	 abJl).	Although	C.	

tolieldiae	 is	not	an	AM	fungus,	 it	does	supply	Arabidopsis	with	Pi	via	hyphae	

specifically	under	phosphate	starvation	conditions,	promoting	plant	growth	by	

increasing	 root	 length	 and	 shoot	 fresh	 weight.	 This	 colonisation	 increased	

expression	levels	of	AtPHTA.M	and	AtPHTA.8,	and	the	promotion	of	plant	growth	

by	C.	tolieldiae	was	diminished	in	the	phosphate	transporter	traffic	facilitator	A	

(phfA)	 mutant	 impaired	 in	 phosphate	 uptake	 (González	 et	 al.,	 abbK)	 and	

phosphate	 starvation	 response	 A	 (phrA)	 and	 phrA-like	 (phlA)	 double	 mutant	

impaired	in	the	phosphate	starvation	response	(Bustos	et	al.	(abJb);	Hiruma	et	

al.	(abJl)).	Interestingly,	C.	tolieldiae	biomass,	assessed	via	qPCR,	was	increased	

in	 both	 phfA	 and	 phrA	 phlA	 under	 low	 Pi	 conditions,	 indicating	 that	 normal	
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phosphate	starvation	response	(PSR)	is	required	to	regulate	colonisation	under	

phosphate	starvation.	This	suggests	that	components	of	the	PSR	pathway,	such	

as	PHR	and	SYGA/PHO:A/XPRA	DOMAIN	(SPX)	genes	that	have	well	described	

roles	 in	Pi	 signalling	and	homeostasis	 (Lv	et	al.,	abJp),	are	 implicated	 in	 the	

regulation	 of	 Pi	 uptake	 from	 symbionts.	 In	 accordance	 with	 this,	 PSR	

components	such	as	Medicago	PHOSPHATE	A	(MtPHOA)	gene	family	members	

and	LjPHRA	have	been	shown	to	regulate	Pi	homeostasis	 in	Medicago	and	L.	

japonicus	nodules	respectively	(Lu	et	al.,	abab,	Nguyen	et	al.,	abab).	

	 The	first	evidence	for	the	roles	of	PHRs	in	the	regulation	of	AM	by	Pi	was	

carried	out	in	rice,	where	it	was	found	that	Oryza	sativa	PHRJ/a/f	bound	to	the	

promoters	of	many	known	AM	related	genes	at	 the	PHRJ	binding	sequences	

(PJBS)	(Shi	et	al.,	abaJ).	The	PJBS	is	a	motif	present	in	the	promoters	of	many	Pi	

regulated	genes,	that	confers	binding,	and	therefore	regulation,	by	PHRs	(Rubio	

et	al.,	abbJ).	 In	addition,	SPX	proteins,	that	are	 implicated	in	rice	phosphate	

starvation	response	by	binding	to	and	inhibiting	PHRs,	were	also	implicated	in	

the	 phosphate	 dependent	 regulation	 of	 AM	 symbiosis.	 OsSPXJ	 suppressed	

OsPHRa	mediated	 activation	 of	 the	 promoters	 of	REDUCED	 ARBUSCULAR	

MYCORRHIZATION	 A	 (RAMA),	 WRINKED	 Y	 (WRIY)	 and	 PHOSPHATE	

TRANSPORTER	 AA	 (PTAA),	 and	 overexpression	 of	 OsSPXA	 and	 OsSPXM	

significantly	 reduced	 AM	 colonisation	 in	 rice	 roots	 (Shi	 et	 al.,	 abaJ).	 In	

agreement,	OsPHRM	 stimulates	 AM	 by	 activating	 expression	 of	 AM	 related	

genes,	 and	 this	 role	 is	 conserved	 in	 Lotus	 japonicus	 (Das	 et	 al.,	 abaa).	 The	

proposed	 model	 in	 rice	 is	 that	 SPXs	 perceive	 Pi	 by	 binding	 to	 inositol	

polyphosphates	(PP-InsPs)	(Jung	et	al.,	abJj).	This	causes	SPXs	to	bind	to	PHRs	

and	inhibit	them,	either	by	inhibiting	their	direct	binding	to	the	PJBS	domain	

(Wang	et	al.,	abJp),	or	by	inhibiting	their	translocation	to	the	nucleus	(Hu	et	

al.,	abJg).	In	low	Pi	conditions,	SPXs	are	degraded,	lifting	this	repression	which	

allows	 for	 the	 activation	 of	 PHR-regulated	 genes,	 such	 as	 CAROTENOID	

CLEAVAGE	 DIOXYGENASE	 9	 (OsCCD9),	 required	 for	 strigolactone	

biosynthesis	 that	 induces	 spore	 germination	 and	 hyphal	 branching,	 and	

components	 of	 the	 common	 symbiotic	 pathway	 such	 as	 OsCERKA	 and	

OsSYMRK	(Das	et	al.,	abaa).		
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	 In	Medicago,	it	was	found	that	MtSPXA	and	MtSPX8	were	induced	upon	

Pi	starvation	in	both	uninoculated	and	inoculated	roots	(Wang	et	al.,	abaJa).	

This	contrasts	with	the	situation	in	rice,	where	OsSPXp	has	been	shown	to	be	

degraded	in	Pi	starvation	conditions	(Lv	et	al.,	abJp).	MtSPXJ	and	f	were	found	

to	be	localised	in	the	cytoplasm	and	the	nucleus,	and	in	inoculated	plants	they	

were	 preferentially	 expressed	 in	 arbuscule	 containing	 cells.	 They	 were	 both	

found	to	interact	with	MtPHRa	specifically	in	high	Pi	conditions	(Wang	et	al.,	

abaJa).	 Analysis	 of	 knock	 out	 mutant	 lines	 reveal	 that	 MtSPX	 J	 and	 f	 are	

involved	in	the	regulation	of	arbuscule	degeneration,	as	spxA,8	plants	had	fewer	

degrading	 arbuscules	 (Wang	 et	 al.,	 abaJa).	 Interestingly,	 their	 promoters	

contain	PJBS	domains,	indicating	that	as	well	as	regulating	the	activity	of	PHRa,	

they	themselves	are	also	regulated	by	PHRs	(Wang	et	al.,	abaJa).	This	suggests	

a	potential	 feed-forward	regulation	mechanism	to	fine	tune	the	levels	of	SPX	

depending	on	 the	Pi	 and	colonisation	 status	of	 the	plant.	Finally,	DWARFM9	

(DM9),	involved	in	strigolactone	biosynthesis	and	usually	upregulated	upon	Pi	

starvation	(Liu	et	al.,	abJJ)	was	not	upregulated	in	Pi	starvation	conditions	in	

spxA/8.	This	suggests	a	positive	role	of	SPXJ	and	f	in	strigolactone	biosynthesis	

in	Medicago.	This	contrasts	with	the	situation	in	rice,	where	it	is	OsPHRa	that	

induces	the	strigolactone	biosynthesis	gene	CCD9,	and	OsPHRa	is	negatively	

regulated	by	SPXs	(Das	et	al.,	abaa).	A	full	picture	of	the	roles	of	SPXs	in	both	

rice	and	Medicago	has	not	been	elucidated	yet,	especially	in	Medicago,	where	

only	SPXJ	and	f	have	been	described.		Therefore,	further	research	could	assist	

our	understanding	of	these	differences	in	PHR-SPX	pathways	between	species.	

Figure	 J.p	 summarises	 the	 known	 roles	 of	 Medicago	 SPXs	 in	 regulating	

colonisation	and	arbuscule	degradation	depending	on	Pi	status.	

	 In	 addition	 to	 the	 PHR-SPX	 pathway,	 gibberellic	 acid	 (GA)	

signalling	has	also	been	implicated	in	the	regulation	of	AM	by	phosphate.	The	

phytohormone	 GA	 regulates	 the	 degradation	 of	 DELLA	 proteins,	 as	 their	

binding	to	GA	receptors	triggers	polyubiquitination	and	degradation	by	the	alS	

proteasome	 pathway	 (Davière	 and	 Achard,	 abJf).	 GA	 and	 DELLAs	 have	

different	effects	on	different	parts	of	AM	colonisation.	For	example,	GA	has	a	

negative	 effect	 on	 arbuscule	 formation,	 as	 the	 induction	 of	 RAMA	 requires	
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DELLAs	(Floss	et	al.,	abJf,	Pimprikar	et	al.,	abJl).	In	contrast,	GA	has	a	positive	

effect	on	hyphal	branching	(Takeda	et	al.,	abJp).	Gene	expression	analysis	of	GA	

and	 AM	 related	 genes	 in	 Petunia	 revealed	 that	 Pi	 treatment	 reduced	 the	

expression	 of	 both	 GA	 and	 AM	 related	 genes.	 In	 contrast,	 GA	 treatment	

transiently	 induced	AM	related	genes	 (Nouri	et	al.,	abaJ).	Overexpression	of	

Arabidopsis	GIBBERELLIN	METHYLTRANSFERASE	A	and	M	(AtGAMTA	and	M)	in	

transgenic	Tobacco	plants	lead	to	faster	AM	colonisation	under	low	Pi,	and	less	

reduction	of	AM	colonization	in	high	Pi.	This	is	consistent	with	the	role	of	GA	

as	 a	 negative	 regulator	 of	 AM,	which	 is	 induced	 upon	 phosphate	 treatment	

(Nouri	et	al.,	abaJ).		
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Figure	+.B.	Summary	model	of	the	SPX/PHR	
mediated	 regulation	 of	 AM	 colonisation	
under	 different	 phosphate	 conditions	 in	
Medicago.	
Phosphate	is	taken	up	at	the	plasma	membrane	
by	 phosphate	 transporters	 (PTs).	 SPX	
DOMAIN	(SPX)	J	and	f,	which	localise	to	the	
cytosoplasm	 and	 nucleus,	 bind	 to	
PHOSPHATE	 STARVATION	 RESPONSE	 a	
(PHRa)	 specifically	 under	 high	 phosphate	
conditions,	preventing	it	from	binding	to	PJBS	
domains	 and	 initiating	 the	 phosphate	
starvation	 response	 (PSR).	 Under	 low	
phosphate	conditions,	SPXJ	and	f	do	not	bind	
to	PHRa,	enabling	the	induction	of	PSR	genes.	
In	 addition,	 SPXJ	 and	 f	 act	 in	 an	 unknown	
pathway	 to	 induce	 DM9,	 thus	 increasing	 the	
production	 of	 strigolactones	 (SLs).	 These	
stimulate	 hyphal	 branching	 and	 Myc	 factor	
production	 in	 the	 fungi,	 leading	 to	 early	
symbiosis	 signalling	 and	 the	 induction	 of	
nuclear	 calcium	 oscillations.	 Once	 the	 plant	
has	been	colonised,	SPX	J	and	f	are	involved	in	
the	 regulation	 of	 arbuscule	 degeneration,	 by	
monitoring	 the	 phosphate	 uptake	 through	
periarbuscular	 membrane	 (PAM)	 phosphate	
transporters	such	as	PTp.	Wang	et	al.,	(abaJ)c.	
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!.9	Arabidopsis	thaliana	root	development	and	the	role	of	
calcium	

+.>.+	Overview	of	Arabidopsis	thaliana	root	development	

In	plants,	all	post-embryonic	primary	root	tip	growth	takes	place	at	the	

root	 apical	meristem	 (RAM),	where	 new	 cells	 are	 generated	 by	mitosis.	 The	

RAM	is	divided	into	multiple	zones,	each	containing	different	cell	types.	Stem	

cells	 are	 maintained	 at	 the	 quiescent	 centre	 (QC)	 where	 they	 divide	 and	

produce	daughter	cells.	These	daughter	cells	divide	and	differentiate	in	the	stem	

cell	niche	(SCN)	surrounding	the	QC,	giving	rise	to	the	different	root	cell	files.	

Differentiated	cells	move	upwards	and	continue	to	divide	in	the	region	known	

as	the	proximal	meristem	(PM).	Further	up	the	root	in	the	elongation	zone	(EZ),	

cells	are	elongating	rather	than	dividing.	The	transition	zone	(TZ)	describes	the	

region	between	the	PM	and	the	EZ	where	cells	are	transitioning	from	division	

to	elongation	(Svolacchia	et	al.,	abab).	

Preserving	a	balance	between	cell	division	and	elongation	is	essential	for	

RAM	maintenance.	The	phytohormones	auxin	and	cytokinin	are	key	players	in	

the	maintenance	of	this	balance	(Dello	Ioio	et	al.,	abbd,	Ioio	et	al.,	abbj,	Müller	

and	 Sheen,	 abbj),	 although	 other	 plant	 hormones,	 such	 as	 gibberellin	

(Moubayidin	 et	 al.,	 abJl,	Ubeda-Tomás	 et	 al.,	 abbg),	 ethylene	 (Street	 et	 al.,	

abJK),	and	abscisic	acid	(Sun	et	al.,	abJj)	also	play	a	role.	In	canonical	auxin	

signalling,	 high	 levels	 of	 auxin	 at	 the	 QC	 promote	 degradation	 of	 Aux/IAA	

(indole-f-acetic	acid)	transcription	factors	by	a	Skp,	Cullin,	F-box	containing	

(SCF)	 complex,	 SCFTIR,/AFB.	 In	 this	 complex,	 the	 TRANSPORT	

INHIBITORJ/AUXIN-SIGNALLING	F	BOX	(TIRJ/AFB)	family	of	F-box	proteins	

act	as	auxin	receptors,	activated	by	auxin	to	 facilitate	 the	ubiquitination	and	

subsequent	 degradation	 of	 Aux/IAA	 transcription	 factors.	 This	 lifts	 the	

repression	on	auxin	responsive	genes	(Kepinski	and	Leyser,	abbK,	Maraschin	

Fdos	et	al.,	abbg,	Boer	et	al.,	abJp).	
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Figure	 +.D	 The	 balance	 between	 auxin	 and	 cytokinin	 levels	 in	 the	
Arabidopsis	primary	root	tip	maintains	meristem	size	and	root	growth.	

Auxin	 concentration	 is	 at	 a	 maximum	 at	 the	 stem	 cell	 niche,	 lifting	 the	
repression	of	auxin	responsive	genes,	leading	to	the	maintenance	of	stem	cell	
identity	and	cell	division.	Here,	cytokinin	biosynthesis	is	repressed	by	ARRd	and	
ARRJK.	At	the	elongation	zone,	cytokinin	biosynthesis	facilitates	cell	elongation	
rather	than	division,	and	activates	SHYa,	leading	to	downregulation	of	PINs	and	
reduced	auxin	expression.	Figure	taken	from	Chapman	&	Estelle,	abbg.	
	

Auxin	and	cytokinin	act	antagonistically	to	control	cell	division	and	cell	

differentiation	 in	 the	 root	 meristem.	 This	 interaction	 involves	 a	 regulatory	

circuit	mediated	by	SHORT	HYPOCOTYL	a	(SHYa),	which	is	a	member	of	the	

Aux/IAA	family	(Ioio	et	al.,	abbj).	Auxin	is	in	high	concentration	at	the	PM,	

where	it	activates	auxin	response	genes	via	auxin	response	factors	(ARFs).	This	

maintains	 auxin	 transport	 via	 PIN-FORMED	 (PIN)	 proteins,	 promotes	 cell	

division,	 and	 leads	 to	degradation	of	 SHYa	by	SCFTIR,	(Ioio	 et	 al.,	 abbj,	Dos	

Santos	 Maraschin	 et	 al.,	 abbg).	 It	 also	 activates	 AUXIN	 RESPONSE	

REGULATOR	 (ARR)	 d	 and	 JK,	 which	 are	 negative	 regulators	 of	 cytokinin	

signalling.	 In	 contrast,	 cytokinin	 signalling	 is	 controlled	 by	 Arabidopsis	

Histidine	 Kinases	 (AHKs)	 that	 activate	 Arabidopsis	 Response	 Regulators	
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(ARRs)	 to	 induce	 target	gene	expression	 (Hwang	and	Sheen,	abbJ,	To	et	 al.,	

abbp).	For	example,	in	the	TZ,	cytokinin	activates	SHYa	via	a	two-component	

system	 of	 ARABIDOPSIS	 HISTIDINE	 KINASE	 f	 (AHKf)	 and	 ARABIDOPSIS	

RESPONSE	 REGULATOR	 J	 (ARRJ).	 This	 promotes	 expression	 of	 cytokinin	

responsive	genes	and	downregulation	of	PIN	proteins,	resulting	in	suppressed	

cell	division	and	promotion	of	differentiation	and	polyploidy	(Moubayidin	et	

al.,	abbg).	Figure	J.K	highlights	the	zones	of	the	Arabidopsis	primary	root,	and	

the	role	of	auxin	and	cytokinin	in	balancing	cell	division	versus	differentiation	

in	these	different	zones.	

Lateral	 root	 development	 is	 also	 regulated	 by	 gradients	 of	 auxin	 and	

cytokinin.	 During	 lateral	 root	 development,	 cell	 divisions	 in	 the	 pericycle	

produce	the	daughter	cells	that	create	the	lateral	root	primordium	(Malamy	and	

Benfey,	Jggd).	This	cell	division	is	initiated	by	auxin,	which	activates	the	IAAJp-

ARFd-ARFJg	 signalling	module	 (Fukaki	 et	 al.,	 abba,	Okushima	et	 al.,	 abbK).	

ARFd	and	ARFJg	then	activate	transcription	factors	such	as	LATERAL	ORGAN	

BOUNDARIES	 DOMAIN	 (LBD)	 Jl	 and	 ag,	 important	 for	 maintaining	 cell	

polarity	and	lateral	root	initiation	(Okushima	et	al.,	abbd).	Following	the	initial	

cell	 divisions	 in	 the	 pericycle,	 repeated	 divisions	 of	 primordia	 cells	 create	 a	

larger	primordia	that	is	able	to	push	through	the	overlying	primary	root	tissues	

(Malamy	 and	 Benfey,	 Jggd).	 As	 with	 primary	 root	 development,	 cytokinin	

antagonises	 auxin	 during	 lateral	 root	 development.	 It	 acts	 as	 a	 negative	

regulator	 and	 controls	 the	 regular	 spacing	 between	 lateral	 root	 primordia	

(Chang	et	al.,	abJK).		

+.>.:	The	role	of	calcium	ions	in	Arabidopsis	primary	root	development	

Calcium	 signalling	 plays	 several	 roles	 in	 primary	 root	 development,	

partially	by	influencing	auxin	signalling.	The	level	of	cytosolic	calcium	in	root	

cells,	including	root	hair	cells,	has	been	shown	to	impact	their	elongation	and	

subsequently	the	overall	root	length	(Schiefelbein	et	al.,	Jgga;	Bibikova	et	al.,	

Jggd;	Wymer	et	al.,	abba;	Chen	et	al.,	abbl;	Bai	et	al.,	abbg).	Auxin	triggers	

extracellular	pH	changes,	membrane	depolarisation	and	calcium	influx,	which	

is	dependent	on	the	TIRJ/AFB-Aux/IAA	nuclear	auxin	perception	(Monshausen	
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et	al.,	abJJ,	Fendrych	et	al.,	abJl).	In	roots,	root	bending	redirects	auxin	to	the	

lower	side	of	the	root	via	PIN	proteins,	causing	increased	cytosolic	calcium	and	

extracellular	alkalization.	Auxin	inhibits	cell	expansion,	 leading	to	downward	

root	bending	and	gravitropism.	cngcAb	knockout	mutants	do	not	display	this	

cytosolic	 calcium	 increase	 on	 the	 lower	 side,	 and	 alkalization	 is	 delayed,	

resulting	in	defects	in	gravitropism	(Shih	et	al.,	abJK).	cngcAb	has	a	more	acidic	

root	surface,	and	a	loss	of	the	alkaline	domain	at	the	TZ	that	is	important	for	

gravitropism.	This	alkaline	domain	at	 the	TZ	was	 found	 to	be	dependent	on	

AUXJ,	AFB,	 and	CNGCJp,	highlighting	 the	 importance	of	 calcium	 influx	and	

signalling	in	root	development	(Serre	et	al.,	abaf).	 In	root	hairs,	 the	calcium	

response	to	auxin	is	also	dependent	on	CNGCJp,	as	well	as	auxin	influx	by	AUXJ,	

and	perception	by	the	SCFTIR,/AFB	complex	(Dindas	et	al.,	abJj).	

In	 addition	 to	CNGCJp,	CNGCa	 and	 p	 also	 play	 a	 role	 in	modulating	

auxin	homeostasis.	This	was	 identified	 from	the	observation	 that	 the	yucca?	

(yuc?)	knockout	mutation	in	a	cngcM	background	can	mask	cngcM	phenotypes,	

including	 reduced	 gravitropism,	 which	 is	 a	 hallmark	 of	 perturbed	 auxin	

homeostasis	(Chakraborty	et	al.,	abaJ).	YUCCA?	encodes	a	component	of	the	

auxin	biosynthesis	pathway,	and	cngcM	and	cngcb	display	a	hyperaccumulation	

of	 IAA	 (Chakraborty	 et	 al.,	 abaJ).	 Potentially	 this	 hyperaccumulation	 is	

compensated	by	yuc?,	restoring	wild	type	phenotypes.	Like	CNGCJp,	CNGCa	

was	found	to	be	required	for	auxin	 induced	calcium	signalling	and	TIRJ/AFB	

signalling	(Chakraborty	et	al.,	abaJ).	It	would	be	tempting	to	predict	that	these	

components	from	a	heterotetramer	at	the	plasma	membrane	responsible	for	the	

cytosolic	calcium	influx	upon	auxin	perception,	however	given	the	pleiotropic	

effects	of	cngcM	 are	not	observed	 in	cngcAb,	 it	may	be	more	 likely	 that	 these	

components	are	acting	independently.	Potentially	the	calcium	influx	mediated	

by	CNGCa	and	CNGCp	is	involved	in	regulating	auxin	biosynthesis	via	YUCl,	

while	CNGCJp	mediates	calcium	influx	upon	auxin	treatment.	

Following	 cytosolic	 calcium	 influx,	 the	 action	 of	 calcium	 binding	

proteins	enables	the	signal	to	be	decoded	and	responded	to.	In	the	context	of	

auxin	 signalling	 in	 primary	 root	 development,	 CA!+-DEPENDENT	

MODULATOR	OF	ICRJ	(CMIJ)	was	identified	as	an	EF-hand	containing	protein	
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with	functions	in	root	development.	cmlA	knockout	plants	have	shorter	primary	

roots	and	smaller	meristems,	caused	by	reduced	auxin	levels	in	the	QC.	CMIJ	

was	found	to	be	induced	by	auxin	in	a	TIRJ/AFB	dependent	mechanism	(Hazak	

et	al.,	abJg).	

Downstream	of	calcium	binding	proteins,	there	is	a	complex	network	of	

interacting	proteins,	often	with	kinase	activity,	 that	are	 involved	in	decoding	

the	 signals.	CBL-INTERACTING	PROTEIN	KINASE	aK	 (CIPKaK)	 is	positively	

regulated	 by	 auxin,	 and	 negatively	 regulated	 by	 cytokinin.	 cipkMY	 knockout	

plants	display	shorter	root	lengths	due	to	reduced	RAM	size	and	reduced	auxin	

transport,	and	are	less	responsive	to	auxin	mediated	root	growth	retardation,	

whilst	overexpression	of	CIPKMY	 results	 in	 longer	 root	 lengths	and	 increased	

expression	of	auxin	related	genes	(Kumar	Meena	et	al.,	abJj).	CIPKaK	was	found	

to	 act	 as	 an	 active	 kinase	 in	 yeast,	 and	 interact	 with	 the	 calcium	 binding	

CALCINEURIN	B-LIKE	p	and	K	(CBLp	and	CBLK)	in	N.	benthamiana	leaves	by	

BiFC.	The	short	root	phenotype	of	cipkMY	can	be	complemented	by	loss	of	SHYM,	

suggesting	 that	CIPKMY	 is	 genetically	 epistatic	 to	 SHYM,	 and	 is	 acting	 as	 its	

negative	 regulator	 (Kumar	 Meena	 et	 al.,	 abJj).	 Given	 that	 CIPKMY	 is	 also	

downregulated	by	cytokinin,	and	is	partially	involved	in	the	downregulation	of	

PINA	 upon	 cytokinin	 treatment,	 it	 is	 plausible	 that	 CIPKaK	 is	 acting	 as	 a	

mediator	of	both	auxin	and	cytokinin	signalling	in	root	development,	through	

regulating	SHYM	and	PIN	proteins	(Kumar	Meena	et	al.,	abJj).	

In	 addition	 to	 the	 role	 of	 cytoplasmic	 calcium	 influx	 in	 primary	 root	

development,	nuclear	 calcium	 influx	has	also	been	 found	 to	play	a	 role.	The	

nuclear	 membrane-localized	 ion	 channels	 DMIJ	 and	 CNGCJK	 are	 not	 only	

required	 for	 nuclear	 calcium	 signalling	 in	 Medicago	 roots,	 but	 also	 in	

Arabidopsis	roots	that	do	not	form	endosymbioses,	where	they	are	implicated	

in	 primary	 root	 development	 (Leitão	 et	 al.,	 abJg,	 Tipper	 et	 al.,	 abaf).	 The	

AtDMIJ	loss	of	function	mutants	dmiA-A	have	longer	primary	roots,	caused	by	

longer	 elongating	 cells	 in	 the	 EZ.	 When	 the	 nuclear	 calcium	 release	 was	

analysed,	dmiA-A	meristematic	nuclei	had	an	increase	in	both	the	rise	and	fall	

times	of	Ca!+	release	(Leitão	et	al.,	abJg).	In	contrast,	the	T-DNA	insertion	line	

dmiA-M,	which	has	an	increased	expression	of	AtDMIA,	has	shorter	primary	roots	
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caused	by	a	 reduction	 in	 the	number	of	RAM	cells.	This	 is	associated	with	a	

decrease	 in	 the	 frequency	 of	 nuclear	 calcium	 release,	 both	 in	 terms	 of	 the	

number	of	plants	with	observable	nuclear	calcium	release,	and	the	number	of	

releases	 per	 meristem	 (Leitão	 et	 al.,	 abJg).	 A	 point	 mutation	 in	 CNGCAY,	

cngcAYD"#$N,	was	also	found	to	cause	a	reduction	in	the	number	of	RAM	cells,	

and	 a	 shorter	 primary	 root	 length,	 like	 dmiA-M.	 This	 is	 also	 associated	 in	 a	

decrease	in	the	frequency	of	nuclear	calcium	release	(Tipper	et	al.,	abaf).		

Interestingly,	 the	 double	 mutant	 dmiA-A	 cngcAYD"#$N	 has	 the	 both	 the	

reduced	frequency	characteristic	of	cngcAYD"#$N,	and	the	increased	rise	time	and	

fall	time	characteristic	of	dmiA-A	calcium	release.	These	double	mutants	have	an	

intermediate	root	length,	highlighting	the	crucial	role	of	these	two	ion	channels	

in	modulating	root	development	(Tipper	et	al.,	abaf).	These	results	suggest	that	

specific	 nuclear	 calcium	 signatures	 are	 required	 for	 normal	 root	 meristem	

development,	but	it	is	not	known	how	these	calcium	signatures	are	decoded.	In	

addition,	 it	was	 found	 that	 auxin	homeostasis	 is	 involved	 in	modulating	 the	

calcium	signatures:	the	defects	in	the	calcium	signatures	of	dmiA-A	and	dmiA-M	

was	 associated	 with	 altered	 auxin	 distribution	 in	 the	 root	 meristem	 and	

differential	expression	of	auxin	related	genes	(Leitão	et	al.,	abJg).	

!.<	Thesis	Aims	

	 The	nuclear	calcium	signals	generated	by	CNGCJK	have	been	studied	in	

two	root	systems,	where	it	has	been	found	to	have	different	roles.	In	Medicago	

truncatula,	 it	has	 roles	 in	 the	establishment	of	 symbiosis	 (Charpentier	et	al.,	

abJl),	and	in	Arabidopsis	it	has	roles	in	primary	root	development	(Tipper	et	

al.,	abaf)	and	nitrate	signalling	(Wang	et	al.,	abaJc).	In	this	thesis,	I	investigate	

the	downstream	components	of	the	nuclear	calcium	signals	in	both	systems.			

In	the	context	of	endosymbiosis,	the	G	protein	β	subunit	is	known	to	be	

a	 positive	 regulator	 of	 root	 nodule	 symbiosis	 in	 soybean,	where	 it	 has	 been	

hypothesised	to	be	involved	in	the	activation	nuclear	calcium	signalling.	Here,	

I	investigate	a	putative	interactor	of	Gβ,	APSRJ,	and	its	role	in	the	regulation	of	
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AM	symbiosis	upon	phosphate	treatment.	I	aim	to	investigate	this	by	answering	

the	following	questions	in	Chapter	f:	

J. Does	APSRJ	interact	with	Gβ?	

a. What	is	the	phylogeny	of	APSRJ,	and	can	closely	related	genes	help	

inform	its	function?	

f. Is	APSRA	regulated	by	nutrient	treatment?	

p. What	is	the	phenotypic	effect	of	apsrA	loss-of-function?		

In	 the	 context	 of	 Arabidopsis	 root	 development,	 a	 point	mutation	 in	

CNGCJK,	cngcAYD"#$N,	has	been	shown	to	alter	nuclear	calcium	signalling	and	

subsequent	 primary	 root	 development	 (Tipper	 et	 al.,	 abaf).	My	 aims	 are	 to	

further	explore	 the	effect	of	 this	point	mutation,	by	answering	 the	 following	

questions	in	Chapters	p	and	K:		

J. What	 effect	 does	 the	 novel	 mutation	 cngcAYD"#$N	 have	 on	 the	

structure	and	function	of	CNGCJK	in	Arabidopsis?	

a. Given	 CNGCJK	 also	 has	 a	 role	 in	 nitrate	 signalling	 (Wang	 et	 al.,	

abaJc),	how	do	these	a	roles	interplay?	Are	they	occurring	in	different	

cell	types	or	at	different	developmental	stages?	

f. 		What	 is	 responding	 to	 the	 nuclear	 calcium	 release	 mediated	 by	

CNGCJK?	What	are	the	potential	regulators	and	decoders	facilitating	

normal	primary	root	development?		
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Chapter	II:	Material	and	Methods	

0.!	Medicago	truncatula	(Medicago)	plant	materials	and	
growth	conditions	

The	Medicago	 RJbj	 ecotype	 and	 the	 tntA	 insertion	 lines	NFpplp	 and	

NFJalaa	 purchased	 from	 the	 Noble	 Research	 Institute	 (https://medicago-

mutant.noble.org)	were	used	in	this	study.	

Seeds	 were	 scarified	 with	 sandpaper,	 surface-sterilized	 in	 Ja%	 (v/v)	

sodium	hypochlorite	for	K	minutes,	and	washed	K	times	in	sterile	water.	Seeds	

were	soaked	in	a	solution	of	Kµg/ml	nystatin	(Duchefa	Biochemie;	NbJfj)	and	

Kbµg/ml	augmentin	(Duchefa	Biochemie;	AbJjg)	for	at	least	p	hours,	changing	

the	liquid	at	 least	once	in	this	time.	They	were	washed	once	in	sterile	water,	

then	 plated	 on	 square	 plates	 (Greiner	 Bio-One;	 Jab/Jab/Jdmm;	 ID:ljjJlJ)	

containing	Buffered	Nodulation	Medium	(BNM)	with	J%	agar	and	left	at	p°C	in	

the	 dark	 upside	 down	 for	 K-l	 days,	 and	 then	 placed	 at	 room	 temperature	

overnight	to	germinate.		

Under	 sterile	 conditions,	 the	 seed	 coats	were	 removed,	 and	 the	 seeds	

were	 plated	 on	 square	 plates	 containing	 Modified	 Fahraeus	 Plant	 media	

(ModFP)	 pHl	 J%	 (w/v)	 	 agar	 (Sigma-Aldrich;	 AdgaJ)	 media	 lined	 with	

Whatman®	filter	 paper	 (Sigma-Aldrich;	WHAJbffpflK)	 (to	 prevent	 the	 roots	

penetrating	the	media)	and	moved	to	the	growth	cabinet	for	one	week	(af°C,	

Jl-hour	photoperiod,	 fa%	humidity	 and	 fbb	µmol/m!/s	 light	 intensity).	 For	

nutrient	 and	 symbiosis	 assays,	 plants	were	 placed	 in	 terragreen	 and	 sand	 as	

outlined	in	sections	a.a	and	a.f,	and	transferred	to	a	controlled	environment	

room	(aa°C,	Jl-hour	photoperiod,	and	fbb	µmol/m!/s	light	intensity)	for	a-K	

weeks,	depending	on	the	experiment.	

0.0	Medicago	nutrient	treatments	

Seedlings	 were	 grown	 in	 pb	 cell	 trays	 of	 Terragreen/Sand	 (Oil-Dri	

Company,	Wisbech,	UK)	in	a	J:J	ratio.	Low	and	high	phosphate	conditions	were	

made	 by	 watering	 with	 JmM	 and	 KmM	 KH!PO'	 respectively.	 High	 nitrate	

conditions	were	made	by	watering	with	KmM	KNO2.	Pots	were	watered	with	

https://medicago-mutant.noble.org/
https://medicago-mutant.noble.org/
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their	respective	nutrient	treatments,	or	water,	every	three	days	as	needed	when	

the	 Terragreen/Sand	 became	 dry.	 Roots	 were	 harvested	 after	 a	 weeks	 of	

treatment.	

0.9	Medicago	nodulation	and	mycorrhization	treatments	

For	 nodulation	 assays,	 plants	 were	 grown	 in	 pots	 of	 sterilised	

Terragreen/Sand	in	a	J:J	ratio	and	inoculated	with	Kml	Sinorhizobium	meliloti	

strain	abJJ	(SmabJJ)	at	OD344	=	b.bJ	per	plant	under	sterile	conditions.	SmabJJ	

was	prepared	by	growing	on	selective	Lysogeny	Broth	(LB)	J%	(w/v)	agar	plates	

(Greiner	Bio-One;	Jab/Jab/Jdmm;	ID:lffJjJ)	containing	JbbµM	spectinomycin	

and	pµM	tetracyclin	for	a-f	days	at	aj°C.	A	single	colony	was	inoculated	in	Jbml	

selective	LB	liquid	medium	and	grown	for	a-f	days	at	aj°C	with	rotation	at	fbb	

revolutions	per	minute	(rpm)	in	a	sterile	universal.	The	culture	was	spun	down	

by	 centrifugation	 at	 pbbbrpm	 for	 Jb	 minutes	 and	 resuspended	 in	 sterile	

deionised	H!O	(dH!O)	so	the	Optical	Density	at	lbbnm	(OD344)	was	b.bJ.	The	

OD344	was	measured	with	a	spectrophotometer.	Kml	of	this	diluted	suspension	

was	used	to	inoculate	each	plant	using	a	Corning®	StripettorTM	and	aKml	sterile	

stripettes	(Corning®;	ppjg).	Nodulation	was	assessed	at	a	weeks	and	p	weeks	

post	inoculation	using	a	light	microscope.	Plants	were	watered	with	dH!O	or	

KmM	KNO2	every	three	days.	

For	 mycorrhization	 assays,	 plants	 were	 grown	 in	 J:J	 Terragreen/Sand	

(Oil-Dri	 Ltd.,	 UK)	 and	 inoculated	 with	 Jb%	 (v/v)	 mycorrhizal	 inoculum	

(homogenized	soil	substrate	containing	Allium	schoenoprasum	roots	colonised	

with	Rhizophagus	irregularis	DAOM	JgdJgj).	Pots	were	watered	with	dH!O,	or	

JmM	or	KmM	KH!PO'	every	three	days.	Plants	were	dug	up	and	stained	around	

d	weeks	post	inoculation,	when	the	level	of	arbuscule	colonisation	in	RJbj	was	

around	 Kb%.	 Fungal	 structures	 in	 roots	 inoculated	 with	 R.	 irregularis	 were	

stained	by	first	 clearing	 the	 roots	 in	 Jb%	 (v/v)	KOH	at	gj°C	 for	 Jj	minutes,	

washing	 in	 water,	 then	 staining	 with	 K%	 (v/v)	 acetic	 acid	 and	 f%	 (v/v)	

permanent	 blue	 ink	 (Parker)	 for	 l	 minutes	 at	 gj°C	 and	 washed	 in	 water.	

Percentage	colonisation	was	counted	using	a	light	microscope	and	the	Gridline	
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Intersect	Method	(Giovannetti	and	Mosse,	Jgjb).	The	stained	root	sample	was	

spread	out	on	a	square	plate	marked	with	a	Jcm	x	Jcm	grid.	The	vertical	grid	

lines	were	scanned	under	the	light	microscope,	and	at	the	intersection	between	

the	 gridline	 and	 the	 root,	 the	 presence	 or	 absence	 of	 intraradical	 hyphae,	

arbuscules	and	vesicles	was	counted.	Percentage	colonisation	was	calculated	by	

dividing	the	number	of	occurrences	of	each	structure	by	the	total	number	of	

intersections	counted.					

0.C	Arabidopsis	thaliana	(Arabidopsis)	plant	materials	and	
growth	conditions	

The	 SALK	 and	 SAIL	 lines	 (NjJpbaa:	 dmiA-M	 (Leitão	 et	 al.,	 abJg),	

NlKfalg:	dmiA-A	(Leitão	et	al.,	abJg),	Ngfajb:	cngcAYD"#$N	(Tipper	et	al.,	abaf),	

NJlbal:	rsaA-8	(Guan	et	al.,	abJfa))	and	wild	type	Col-b	and	Col-b	erAXY	were	

bought	 from	 the	 Nottingham	 Arabidopsis	 stock	 centre.	 The	 cngcAYD"#$N	

suppressor	mutant	lines	were	generated	by	an	EMS	screen	of	cngcAYD"#$N	plants	

prior	to	my	arrival	in	the	lab.	Plants	that	recovered	the	wild-type	root	length	

phenotype	 and	 flowering	 time	 phenotype	 were	 identified	 and	 the	 seeds	

harvested.	The	CYCBJ.J-GFP	line	was	kindly	gifted	by	Alex	Costa.	

Seeds	were	sterilised	in	J.a%	(v/v)	sodium	hypochlorite	for	ab	minutes	

with	rotation,	then	washed	K	times	with	sterile	water.	They	were	plated	on	half	

strength	Murashige	and	Skoog	(MS),	J%	(w/v)	sucrose,	b.j%	(w/v)	agar	(Sigma-

Aldrich;	AdgaJ)	pH	K.j	and	left	to	stratify	for	f-K	days	in	dark	conditions	at	pºC.	

Plates	 were	 moved	 to	 a	 growth	 cabinet	 (af°C,	 Jl-hour	 photoperiod,	 fa%	

humidity	and	fbb	µmol/m!/s	light	intensity).	 ‘Nitrate	free’	½	MS	and	Jb	mM	

nitrate	½	MS	were	made	by	adding	JmM	L-glutamine	(Merck;	GdKJf)	and	Jb	

mM	KNO2,	respectively,	to	½	MS	media	made	with	no	added	nitrate.		

For	 seed	production	 and	 genotyping,	 seedlings	were	 transferred	 Jb-Jp	

days	post	germination	 (dpg)	 to	pb	cell	 trays	containing	Levington	Fa	starter	

plus	grit	(Scotts,	gb%	(v/v)	peat,	Jb%	(v/v)	grit).	After	a	weeks,	seedlings	were	

repotted	 in	 jcm	 pots	 containing	 Levington	 Fa	 starter	 plus	 grit,	 and	

inflorescence	 stems	were	 caned	 and	 tied.	 After	 a	weeks,	 stems	were	 bagged	

using	ffbxJjbmm	glassine	bags	and	cable	ties.	Watering	was	reduced	and	seeds	
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were	harvested	when	all	siliques	were	brown	and	dried,	around	a	weeks.	Seeds	

were	dried	at	aj°C	for	at	least	a	days	before	being	stored	in	aml	Eppendorf	tubes	

with	a	silica	drying	pearls	(Sigma-Aldrich;	gpbgj)	per	tube.	

0.<	Genotyping	

Single	leaf	samples	were	taken	from	each	plant	d-Jb	days	after	planting	

on	soil.		DNA	extraction	was	carried	out	using	the	DNeasy®	gl	plant	kit	(Qiagen)	

according	to	the	manufacturer’s	instructions,	with	some	modifications.	In	brief,	

two	 mature	 leaves	 were	 taken	 from	 each	 plant	 and	 placed	 in	 collection	

microtubes	(Qiagen;	JgKlb).	One	tungsten	carbide	bead	(Qiagen;	lgggd)	was	

placed	in	each	tube	and	tubes	were	sealed	with	the	provided	caps.	Tissue	was	

disrupted	with	a	TissueLyser	II	(Qiagen)	for	J.K	minutes	at	fbHz	prior	to	the	

addition	of	the	Lysis	Buffer,	and	then	for	another	J.K	minutes	at	fbHz	with	the	

addition	of	Lysis	Buffer.	Plates	were	briefly	centrifuged,	Buffer	Pf	was	added,	

and	 plates	 were	 incubated	 at	 -ab°C	 for	 Jb	 minutes.	 Plates	 were	 spun	 at	

l,bbbrpm	 for	 K	 minutes	 and	 the	 supernatant	 was	 transferred	 to	 a	 new	

microtube.	Buffer	AWJ	was	added,	and	the	solution	was	loaded	into	the	DNeasy®	

gl	 plates	 placed	 on	 top	 of	 the	 provided	 S-blocks.	 Plates	 were	 centrifuged,	

washed	with	Buffer	AWa,	and	centrifuged	twice	more	 to	dry	 the	membrane.	

DNA	was	eluted	using	a	x	aKµl	Buffer	AE.		

Genotypes	 were	 assessed	 by	 PCR	 using	 GoTaq	 Ga	 Green	Master	Mix	

(Promega)	 according	 to	 the	 manufacturer’s	 instructions	 (Section	 a.Jj.J	

Polymerase	Chain	Reaction	 (PCR)).	 For	T-DNA	 insertion	 lines,	 gene-specific	

primers	 were	 designed	 that	 flank	 the	 T-DNA	 insertion	 site,	 to	 yield	

amplification	in	wild	type	or	heterozygous	plants,	and	a	combination	of	a	gene-

specific	 and	 a	 T-DNA	 specific	 primer	 was	 used	 to	 yield	 amplification	 in	

heterozygous	or	homozygous	mutant	plants.	A	summary	of	the	primers	used	

can	 be	 seen	 in	 Table	 a.J.	The	 PCR	 products	 were	 sequenced	 to	 confirm	 the	

location	of	T-DNA	insertions,	or	the	location	of	the	DpbjN	point	mutation	in	

the	case	of	cngcAYD"#$N.	Protocol	 for	sequencing	 is	described	in	section	a.Jj.f	

(Sequencing	of	PCR	products	and	plasmids).	
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0.E	Generation	of	the	Arabidopsis	double	mutants	by	crossing	

The	double	mutant	plants	generated	in	this	study	are:	colb	NR-GECOJ.a	

CYCBJ.J-GFP,	 cngcAYD"#$N	 NR-GECOJ.a	 CYCBJ.J-GFP,	 dmiA-M	 NR-GECOJ.a	

CYCBJ.J-GFP,	dmiA-M	rsaA-8		and	dmiA-A	rsaA-8.		Double	mutants	were	generated	

by	manual	hand	pollination,	followed	by	seed	propagation	and	genotyping	of	

the	Ta	generation	by	PCR	as	described	in	sections	a.K	(Genotyping)	and	a.Jj.J	

(Polymerase	Chain	Reaction	(PCR))	to	obtain	homozygous	mutants.	

0.F	Quantification	of	gene	expression	

	 Total	RNA	was	extracted	using	the	Qiagen	RNeasy®	Plant	Mini	kit	or	

RNeasy®	Micro	kit	(for	extraction	from	Arabidopsis	root	tips).		Plant	tissues	were	

placed	 in	 aml	 Eppendorf	 tubes	 with	 one	 Tungsten	 Carbide	 bead	 (Qiagen;	

lgggd)	per	tube	and	flash	frozen	in	liquid	nitrogen.	They	were	then	disrupted	

with	a	TissueLyser	II	(Qiagen)	for	one	minute	at	fbHz,	flash	frozen	in	liquid	

nitrogen,	 and	 disrupted	 again	 for	 one	 minute	 at	 fbHz.	 The	 TissueLyser	 II	

Adapter	was	pre-cooled	in	liquid	nitrogen	to	prevent	samples	thawing	during	

disruption.	Then	the	extraction	was	carried	out	as	per	the	protocol,	which	for	

the	RNeasy®	Plant	Mini	kit	is	as	follows:	Buffer	RLT	(with	β-mercaptoethanol)	

was	 added	 to	 the	 ground	 tissue	 and	 vortexed	 thoroughly,	 before	 being	

transferred	to	a	QIAshredder	spin	column	and	centrifuged.	The	supernatant	of	

the	 flow-through	 was	 transferred	 to	 a	 fresh	 J.Kml	 Eppendorf	 tube,	 and	 b.K	

volumes	of	ethanol	was	added	and	mixed	by	pipetting.	The	sample	was	added	

to	a	RNeasy	spin	column	and	centrifuged.	The	sample	was	washed	with	Buffer	

RWJ	 and	 Buffer	 RPE,	 before	 a	 final	 long	 centrifugation	 step	 to	 dry	 the	 spin	

column	membrane.	RNA	was	eluted	in	abμl	RNAse-free	water.	For	the	RNeasy®	

Micro	kit,	again	the	manufacturer’s	instructions	were	followed,	and	the	protocol	

is	similar,	but	a	f	minute	centrifugation	step	is	used	to	clear	the	lysate	(instead	

of	the	QIAshredder	column),	an	on-column	DNAse	treatment	is	used,	as	well	

as	RNeasy	MinElute	spin	columns.	RNA	was	eluted	in	Jpμl	RNAse-free	water.	

	 Concentration	 and	 purity	 were	 determined	 by	 spectrophotometry	

(Aalb/ajb	and	Aalb/afb	ratios	using	a	NanoDropTM	One	Spectrophotometer)	
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and	 integrity	 was	 confirmed	 by	 gel	 electrophoresis	 (J%	 (w/v)	 agarose).	

Contaminant	 gDNA	 was	 removed	 using	 AmbionTM	 TURBO	 DNA-free	 kit	

(Invitrogen),	 or	 on-column	 DNAse	 treatment	 provided	 in	 the	 RNeasy	 Plant	

Micro	kit,	and	confirmed	by	PCR	using	the	primers	listed	in	Table	a.J.	cDNA	

was	obtained	from	Kbbng	of	RNA	using	the	Invitrogen	SuperScript	IV	Reverse	

Transcriptase	following	manufacturer’s	instructions.			

	 Quantitative	 reverse	 transcription	 PCR	 (qRT-PCR)	 was	 performed	

using	 a	 CFXgl	 TouchTM	 Real-Time	 PCR	 Detection	 system	 (BIO-RAD)	 and	

SYBR®	 Green	 JumpStartTM	 Taq	 ReadyMixTM	 (Sigma-Aldrich).	 First,	 the	

specificity	of	 each	primer	pair	was	 assessed	 via	PCR	using	GoTaq®	Ga	Green	

Master	Mix	 (Promega)	 and	 aµl	 Jbx	 diluted	 cDNA	 (Section	 a.Jj.J	 Polymerase	

Chain	Reaction	(PCR)).	Next,	the	amplification	efficiency	(E)	of	each	primer	pair	

was	calculated	from	the	slope	of	a	cDNA	dilution	series	standard	curve.	Three	

dilutions	 of	 cDNA	 (Jbx,	 Jbbx,	 and	 Jbbbx)	 and	 two	 technical	 replicates	 per	

dilution	were	used	in	Jbµl	reactions.	

	 The	cycling	conditions	are	as	follows:	 initial	denaturation	(a	min	at	

gK°C),	then	pb	cycles	of	amplification	and	quantification	(JK	seconds	at	gK°C,	JK	

seconds	 at	 Kj°C	or	 lb°C,	 and	 fb	 seconds	 at	 da°C	with	 a	 single	fluorescence	

measurement).	

	 The	reaction	components	for	a	Jbµl	reaction	are	as	follows:	Kµl	SYBR®	

Green	 JumpStartTM	 Taq	ReadyMixTM,	 KbbnM	of	 each	primer	 and	aµl	 diluted	

cDNA,	made	up	to	Jbµl	with	sterile	dH!O.	cDNA	from	Medicago	samples	was	

diluted	Jbx,	and	for	Arabidopsis	samples	it	was	diluted	Kbx.	

	 For	qRT-PCR	of	Medicago	samples,	the	equation	in	Pfaffl	(abbJ)	was	

used	 to	 calculate	 expression	 levels.	 For	 qRT-PCR	 of	 Arabidopsis	 samples,	

calculation	 of	 expression	 levels	 was	 performed	 using	 a	 previously	 described	

mathematical	 equation	 Pfaffl	 (abbJ),	 adapted	 to	 account	 for	 the	 use	 of	 a	

reference	genes	as	described	in	Hellemans	et	al.	(abbd),	Vandesompele	et	al.	

(abba):	

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝐺𝑒𝑛𝑒	𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 = ("!"#)∆%&	!"#

$%&'%()[("()*+)∆%&	()*+,("()*,)∆%&	()*,]
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Primers	used	for	qPCR	are	listed	in	Table	a.J.	

0.J	Yeast	Two-Hybrid	Assay	

	 A	 GALp-based	 yeast	 two-hybrid	 assay	 was	 carried	 out	 using	 the	

Saccharomyces	cerevisiae	strain	AHJbg.	Coding	sequences	of	APSRA	and	Gβ	had	

previously	 been	 cloned	 from	 Medicago	 truncatula	 RJbj	 cDNA	 by	 Pierre	

Dangeville	 (Charpentier	 lab).	 Gateway	 cloning	 (InvitrogenTM,	 Section	 a.Jj.K)	

was	 used	 to	 subclone	 the	 coding	 sequences	 into	 the	 pGADT9(AD)	 and	

pGBKT9(BD)	vectors	(Clontech).	The	positive	control	constructs	pGADT9(AD)-

T	and	pGBKT9(BD)-Y8	(the	SVpb	large	T	antigen	(T)	and	the	murine	pKf	(Kf))	

were	from	Clontech.	Yeast	was	transformed	using	the	lithium	acetate	method	

(Gietz	and	Schiestl,	abbd).	In	brief,	a	Kml	YPAD	culture	of	AHJbg	was	incubated	

overnight	at	fb°C	and	fbbrpm	and	used	to	inoculate	Jbbml	of	YPAD,	which	was	

incubated	at	fb°C	and	fbbrpm.	When	the	OD344	reached	b.l-b.j,	the	culture	

was	centrifuged	at	pbbbrpm	for	K	minutes,	and	the	pellet	resuspended	in	aKml	

sterile	dH!O.	Cells	were	centrifuged	at	Jbbbrpm	for	K	minutes,	the	supernatant	

was	 removed,	 and	 cells	 were	 resuspended	 in	 J.Kml	 sterile	 JbbmM	 LiOAc	

solution.	For	each	transformation,	Jbbµl	cells	was	added	to	fbbµl	PEG/LiOAc	

transformation	solution	(pb%	polyethyleneglycol	(v/v),	b.Ja	M	lithium	acetate,	

b.Jl	mg/ml	salmon	sperm	DNA,	and	a-K	µg	of	plasmids)	and	vortexed	for	one	

minute.	The	mixtures	were	incubated	without	shaking	for	fb	minutes	at	fb°C	

and	fb	minutes	at	pa°C,	then	centrifuged	for	K	minutes	at	dbbg.	Supernatant	

was	 removed,	 and	 the	pellet	was	 resuspended	gently	 in	 Jbbµl	of	b.g%	 (w/v)	

NaCl.	 Cells	 were	 plated	 on	 Synthetic	 Dextrose	 (SD)	minimal	 media	 lacking	

leucine	and	tryptophan	(-LW).	Positive	transformants	were	grown	in	Kml	liquid	

SD	-LW	media	overnight	at	aj°C	and	dropped	out	at	different	dilutions	on	SD	

minimal	media	 lacking	 leucine,	 tryptophan,	adenine	and	histidine	 (-LWAH).	

Plates	were	grown	at	aj°C	for	K	days.	
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0.N	Modelling	the	AtCNGC!<	structure		

Homology	modelling	was	 done	 in	 collaboration	with	 Professor	David	

Lawson	(Biochemistry	&	Metabolism;	John	Innes	Centre	(JIC))	and	this	method	

is	 published	 in	 Tipper	 et	 al.	 (abaf)	 and	 appears	 here	 with	 permission.	 The	

Protein	Data	Bank	(PDB)	was	 interrogated	using	the	amino	acid	sequence	of	

AtCNGCJK.	This	yielded	several	hits	with	~jb%	coverage	of	the	target	sequence,	

with	 sequence	 identities	 in	 the	 range	 of	 Jd-ap%.	 Homology	 models	 were	

generated	 using	 the	 SWISS-MODEL	 (SM)	 server	 (Waterhouse	 et	 al.,	 abJj),		

which	has	the	advantage	of	retaining	the	homotetrameric	quaternary	structure	

of	the	template.	We	focused	on	models	generated	from	the	structures	of	EagJ	

from	Rattus	 norvegicus	 (PDB	 code	 KKdL)	 (Whicher	 and	MacKinnon,	 abJl),	

human	hERG	(PDB	code	KVAJ)	(Wang	and	MacKinnon,	abJd),	and	TAX-p	from	

Caenorhabditis	elegans	(PDB	code	KHfO)	(Mazzolini	et	al.,	abJj).	In	all	cases,	

Dpbj	was	located	on	the	channel-facing	side	of	helix	A’	and	adjacent	to	Rfgj	

at	the	junction	of	helices	Sl	and	A’	in	the	neighbouring	subunit.		

Given	 the	 low	 sequence	 identities	 with	 known	 structures,	 we	 also	

generated	template-free,	ab	initio	predictions	of	the	AtCNGCJK	structure	using	

AlphaFolda	(AFa)	(Jumper	et	al.,	abaJ)	as	implemented	in	ColabFold	(Mirdita	

et	al.,	abaa).	The	five	independent	models	generated	were	very	similar	to	one	

another	and	showed	high	quality	local	structure	(pLDDT	scores)	across	most	of	

the	 sequence	 and,	 crucially,	 predicted	 a	 subunit-subunit	 interface	 with	

relatively	high	confidence	(PAE	scores)	that	was	consistent	with	those	observed	

in	the	SM	results.	Furthermore,	Dpbj	and	Rfgj	from	neighbouring	subunits	

were	adjacent	to	one	another	in	all	five	AFa	models	and	the	same	salt-bridge	

linking	the	two	subunits	could	be	modelled.	Structural	figures	were	produced	

using	ChimeraX	(Pettersen	et	al.,	abaJ).		

0.!P	Expression	in	Xenopus	laevis	oocytes		

A	version	of	this	method	has	been	published	in	Tipper	et	al.	(abaf)	and	

appears	here	with	permission.	AtCNGCAY	cDNA	was	synthesised	according	to	

the	codon	usage	of	X.	laevis	by	GenScript	and	subcloned	using	Gateway	cloning	
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(Section	 a.Jj.K	Gateway	Cloning)	 into	 the	pOOM-GW	 (Chen	 et	 al.,	 abJb)	 for	

electrophysiology	and	the	pGCS-C?(eGFP)	(Wang	et	al.,	abJl)	for	localisation.	

Site	directed	mutagenesis	of	 the	codon	optimised	AtCNGCAY	was	done	using	

overlapping	primers	(Table	a.J)	to	generate	the	pOOM-GW-AtCNGCAYD"#$N	and	

pGCS-C?(eGFP)-AtCNGCAYD"#$N	 constructs	 using	 the	 method	 described	 in	

Section	a.Jj.J	(Polymerase	Chain	Reaction	(PCR)).		

Plasmid	purification	was	carried	out	using	the	Qiagen	Plasmid	Midi	Kit	

according	to	the	manufacturer’s	instructions	to	yield	a	high	volume	of	plasmid	

for	transcription.	Description	of	the	procedure	can	be	found	in	section	a.Jj.d	

(Plasmid	 purification).	 Plasmids	 were	 linearized	 with	 PmlI	 (pOOM-GW	

constructs)	or	NotI-HF	(pGCS-C?(eGFP)	constructs)	(New	England	Biolabs)	and	

linearization	was	confirmed	by	gel	electrophoresis	(J%	(w/v)	agarose).	Protocol	

for	gel	electrophoresis	can	be	found	in	section	a.Jj.a	(Gel	electrophoresis).		

Linearised	 plasmid	 was	 precipitated	 as	 follows:	 one	 volume	 of	

isopropanol	and	J/Jb	volume	fM	sodium	acetate	(pH	K.a)	was	added,	and	the	

mixture	 was	 chilled	 at	 -ab°C	 for	 K	 hours.	 DNA	 was	 pelleted	 using	 a	

microcentrifuge	 at	 maximum	 speed	 for	 JK	 minutes.	 The	 supernatant	 was	

removed,	 and	 the	 pellet	 was	 resuspended	 in	 sterile	 dH!O	 to	 a	 final	

concentration	of	b.Kµg/µl.			

In	 vitro	 transcription	 was	 performed	 using	 the	 mMESSAGE	

MMACHINETM	SPl	kit	(Ambion),	to	yield	capped	and	polyadenylated	RNA.	The	

transcription	was	carried	out	as	per	the	manufacturer’s	instructions	using	Jμg	

of	linearised	plasmid	template	in	a	single	abμl	reaction	per	construct,	and	a	a-

hour	incubation	at	fd°C.	The	optional	TURBO	DNase	was	not	added.	The	RNA	

was	purified	using	phenol/chloroform	extraction:	JJKμl	Nuclease-free	water	and	

JKμl	Ammonium	Acetate	Stop	Solution	was	added	to	the	reaction	mixture	and	

mixed	 thoroughly.	 Then,	 JKbμl	 phenol/chloroform/isoamyl	 alcohol	 pHl.d	

(Sigma-Aldrich;	Pablg)	was	added	and	mixed	thoroughly	by	shaking.	The	tube	

was	centrifuged	for	a	minutes	at	maximum	speed	in	a	tabletop	centrifuge	placed	

in	the	fume	cupboard.	The	aqueous	phase	was	recovered	and	transferred	to	a	

new	tube.	RNA	was	precipitated	by	adding	J	volume	of	isopropanol	and	mixing	

well	by	vortexing.	The	mixture	was	chilled	for	J	hour	at	-ab°C,	then	centrifuged	
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at	ab,bbb	x	g	at	p°C	for	JK	minutes.	Supernatant	was	removed	and	the	RNA	was	

resuspended	 in	 sterile	 dH!O.	 RNA	 was	 diluted	 to	 JJbbng/µl	 (concentration	

measured	 using	 NanoDropTM	 One	 Spectrophotometer),	 divided	 into	 a	 µl	

aliquots	and	stored	at	-db°C.	Gel	electrophoresis	of	Jµl	of	diluted	RNA	mixed	

with	b.aµl	DNA	Gel	Loading	Dye	(New	England	Biolabs)	was	used	to	check	the	

quality	and	size	of	the	RNA	transcript.	The	gel	electrophoresis	protocol	can	be	

found	in	section	a.Jj.a	(Gel	electrophoresis).		

Oocytes	were	injected	with	KK	ng	of	cRNA	in	KbnL	of	RNase-free	water	

or	 with	 KbnL	 of	 RNase-free	 water	 using	 a	 compressed	 air	 system.	 Injected	

oocytes	were	incubated	at	Jd°C	in	Modified	Barth’s	Solution	(MBS)	pH	d.p	(jj	

mM	NaCl,	JmM	KCl,	a.p	mM	NaHCO2,	b.fmM	Ca(NO2)!,	b.pJmM	CaCl!,	b.ja	

mM	MgSO',	JKmM	Hepes)	supplemented	with	Jb	g/ml	sodium	penicillin	and	Jb	

µg/ml	streptomycin	sulphate	for	two	days.	One	day	before	electrophysiology,	

oocytes	were	transferred	to	a	calcium	free	MBS	(same	as	above	except	for	the	

absence	of	Ca(NO2)!	and	CaCl!).	

0.!!	Electrophysiology		

A	version	of	this	method	has	been	published	in	Tipper	et	al.	(abaf)	and	

appears	here	with	permission.	Whole	oocyte	currents	and	membrane	potential	

were	 recorded	using	 the	 two-electrode	 voltage-clamp	 technique	 a	 days	 after	

cRNA	 injection	 with	 a	 Axoclamp	 gbbA	 microelectrode	 amplifier	 and	 the	

Digidata	 JppbA	 digitizer	 (Axon	 Instruments).	 Voltage-pulse	 protocols,	 data	

acquisition	 and	 analysis	 were	 performed	 using	 pClampJb.d	 software	 (Axon	

Instruments).	 Electrodes	 were	 filled	 with	 f	 M	 KCl.	 The	 oocytes	 were	

continuously	 perfused	 during	 the	 voltage-clamp	 experiment	 with	 either	

calcium-free	MBS	or	calcium-free	MBS	supplemented	with	ab	mM	CaCl!	or	ab	

mM	 BaCl!.	 Voltage	 steps	 were	 applied	 from	 -JlK	 to	 +pb	 mV	 in	 +JK	 mV	

increments,	and	the	currents	were	recorded	to	obtain	current-voltage	curves.	
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0.!0	Confocal	laser	scanning	microscopy	of	Xenopus	oocytes		

A	version	of	this	method	has	been	published	in	Tipper	et	al.	(abaf)	and	

appears	 here	 with	 permission.	 Two	 days	 after	 injection	 with	 cRNA	 or	 H!O,	

images	were	taken	using	Zeiss	LSMdjb	with	ZEN	abJa	SPK	(Black)	acquisition	

software,	a	 Jbx/b.f	dry	objective	and	the	tiling	 function.	A	aKmW	Argon	 ion	

laser	 was	 used	 with	 an	 excitation	 wavelength	 of	 pjj	 nm	 and	 emitted	

fluorescence	was	 collected	 at	 Kab	nm.	Confocal	 pinhole	 size	=	 JAU.	The	 fa-

channel	 GaAsP	 PMT	 array	 was	 used	 with	 abb	 V	 gain.	 Quantification	 of	

fluorescence	was	carried	out	in	ImageJ.	The	area,	integrated	intensity,	and	mean	

grey	 values	 of	 each	 oocyte	 were	 measured	 and	 compared	 to	 that	 of	 the	

background	 to	 give	 the	 total	 fluorescence	 of	 each	 oocyte	 normalised	 to	 the	

background.		

0.!9	Whole	genome	sequencing	

Seeds	from	the	EMS	suppressor	lines	were	sterilised,	plated,	and	grown	

as	described	 above.	The	EMS	 suppressor	 screen	was	 carried	out	prior	 to	 the	

work	presented	in	this	thesis.	It	was	a	saturated	EMS	suppressor	screen	using	

cngcAYD"#$N	seeds,	which	has	a	short	root	length	phenotype	(Tipper	et	al.,	abaf).	

Seedlings	 that	 displayed	 a	 wild	 type	 primary	 root	 length	 phenotype	 in	 the	

cngcAYD"#$N	background	were	recovered.		Root	length	analysis	was	conducted	at	

ldpg	and	plants	 that	recovered	a	WT	root	 length	phenotype	were	grown	for	

another	J.K	weeks	and	used	for	DNA	extraction	using	Qiagen	DNeasy	plant	mini	

kit.	Around	f-K	seedlings	per	 line	were	bulked	for	DNA	extraction.	Seedlings	

were	placed	in	aml	Eppendorf	tubes	with	one	Tungsten	Carbide	bead	(Qiagen;	

lgggd)	per	tube	and	flash	frozen	in	liquid	nitrogen.	They	were	then	disrupted	

with	 a	 TissueLyser	 (Qiagen)	 for	 one	minute	 at	 fbHz,	 flash	 frozen	 in	 liquid	

nitrogen,	and	disrupted	again	for	one	minute	at	fbHz.	Buffers	APJ	and	Pf	were	

added	as	per	the	protocol,	the	mixture	was	incubated	on	ice,	then	centrifuged	

for	K	minutes	at	ab,bbb	x	g.	The	supernatant	was	added	to	a	QIAshredder	spin	

column	with	 a	 collection	 tube	 and	 centrifuged	 for	 a	minutes	 at	 ab,bbb	x	g.	

Flow-through	was	placed	in	a	new	tube	with	J.K	volumes	of	Buffer	AWJ,	before	
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being	added	to	a	DNeasy	Mini	spin	column	and	centrifuged	for	one	minute	at	

lbbb	x	g.	The	spin	column	was	placed	in	a	new	collection	tube	for	the	addition	

of	Buffer	AWa,	which	was	centrifuged	for	one	minute	at	lbbb	x	g.	This	wash	

step	was	repeated,	and	the	spin	column	was	placed	in	a	new	collection	tube	and	

spun	 for	 a	 minutes	 at	 ab,bbb	 x	 g	 to	 ensure	 the	 column	 membrane	 was	

completely	dry.	DNA	was	eluted	in	abμl	Buffer	AE,	with	a	Jb	minute	incubation	

at	room	temperature	prior	to	centrifugation	to	ensure	maximal	yields.	After	one	

initial	elution,	the	flowthrough	was	reapplied	to	the	spin	column	for	a	second	

elution	to	increase	yields.	

Quality	(A!34/A!74	ratio)	and	quantity	of	the	genomic	DNA	was	assessed	

using	a	NanoDropTM	One	Spectrophotometer.	 	 	Samples	 from	five	EMS	 lines	

and	cngcAYD"#$N	were	sent	 to	Novogene	 for	 library	construction	and	Illumina	

sequencing	with	Kbx	coverage.		

0.!C	Primary	root	length	measurements	and	lateral	root	
length	analysis	

Seedlings	were	grown	vertically	on	½	MS	plates	and	photographed	with	

a	digital	single-lens	reflex	(DSLR)	camera	at	day	l	and	day	Ja	after	transfer	to	

the	growth	chamber.	Root	length	was	quantified	using	ImageJ	J.pjv	(NeuronJ	

plugin,	J.p.fv)	(Meijering	et	al.,	abbp).	The	number	of	lateral	roots	was	counted,	

and	lateral	root	density	was	calculated	by	dividing	the	number	of	lateral	roots	

by	the	total	primary	root	length.	

0.!<	Root	apical	meristem	visualisation	and	measurement	

At	l	days	post	germination,	seedlings	were	harvested	and	placed	in	l-

well	plates	containing	Kb%	(v/v)	methanol	 Jb%	(v/v)	acetic	acid.	Plates	were	

sealed	with	parafilm	and	placed	at	p°C	for	at	least	Ja	hours.	Seedlings	were	then	

washed	with	water,	washed	with	abmM	phosphate	buffer	(pHd),	and	incubated	

in	α-amylase	solution	(b.f	mg/mL	in	ab	mM	phosphate	buffer,	a	mM	NaCl,	b.aK	

mM	CaCl!)	at	fd°C	for	at	least	Jl	hours.	The	abmM	phosphate	buffer	was	made	

by	dissolving	f.Jbg	Sodium	Phosphate	Dibasic	Heptahydrate	 (Sigma-Aldrich;	

pfJpdj)	and	J.Jdg	Sodium	Phosphate	Monobasic	Monohydrate	(Sigma-Aldrich;	
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Sglfj)	in	JL	dH!O.	Seedlings	were	rinsed	in	water,	then	incubated	in	J%	(v/v)	

periodic	 acid	 at	 room	 temperature	 for	pb	minutes,	 then	washed	with	water,	

then	incubated	in	Schiff	reagent	(Jbb	mM	sodium	metabisulfite,	b.JK	N	HCl,	ab	

µL/mL	 propidium	 iodide)	 for	 fb	minutes,	 until	 the	 roots	 were	 visibly	 pink.	

Seedlings	were	 rinsed	with	water,	 then	placed	 in	 chloral	hydrate	 (jg	 chloral	

hydrate;	f	mL	glycerol;	J	mL	water)	and	left	at	room	temperature	in	the	dark	

overnight.	 Samples	 were	mounted	 in	 chloral	 hydrate	 the	 following	 day	 and	

imaged	using	a	Zeiss	LSM	jjb	confocal	microscope	(Carl	Zeiss).	Cell	counting	

and	 cell	 length	 measuring	 were	 performed	 using	 ImageJ	 J.pjv	 (Cell-o-Tape	

plugin,	b.d.dv)	(French	et	al.,	abJa).	

0.!E	Confocal	laser	scanning	microscopy	of	Arabidopsis	roots	

Images	 of	 AtCNGCAY:GFP	 and	 AtCNGCAYD"#$N:GFP	 localization	 were	

collected	 using	 a	 Zeiss	 LSMdjb	 confocal	 microscope	 with	 a	 pbx/J.a	 water	

objective	or	a	abx/b.K	dry	objective.	The	GFP	excitation	wavelength	used	was	

pjj	nm,	and	emitted	fluorescence	was	collected	at	Kbb-KKb	nm.	

0.!F	Nitrate	treatment	of	Arabidopsis	roots		

Seedlings	were	grown	on	nitrate-free	½	MS	plates	as	described	above	for	

l	days.	At	day	l,	seedlings	were	incubated	in	nitrate-free	½	MS	supplemented	

with	either	Jb	mM	KNO2	or	Jb	mM	KCl	(control	treatment)	for	fb	minutes.	The	

root	tip	samples	were	cut	and	frozen	in	liquid	nitrogen	prior	to	RNA	extraction	

and	qRT-PCR	described	in	section	a.d	(Quantification	of	gene	expression).	

0.!J	Calcium	imaging	of	NR-GECO!.0	CYCB!.!-GFP	seedlings	

	 l	day	old	 seedlings	were	collected	and	positioned	 in	a	 small	 chamber	

made	 with	 a	 coverslip	 and	 high-vacuum	 grease	 (Dow	 Corning	 GMBH,	

Wiesbaden,	Germany).	The	chamber	was	filled	with	Kb–Jbb	µl	MS	medium	and	

the	whole	root	was	covered	with	a	smaller	coverslip.	The	seedling	was	left	at	

room	temperature	 for	around	pK	min	before	 imaging.	 Images	of	 the	 root	 tip	

were	collected	every	a–f	s	for	an	average	of	p	hours	using	a	Nikon	ECLIPSE	FNJ.	
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0.!N	Molecular	Biology	Methods	

:.+W.+	Polymerase	Chain	Reaction	(PCR)	

PCRs	for	genotyping	and	testing	the	specificity	of	qRT-PCR	primers	were	

carried	out	using	GoTaq®	Ga	Green	Master	Mix	(Promega)	using	either	Jbµl	or	

aKµl	reaction	volumes	(JµM	of	each	primer,	Kbng	genomic	DNA,	supplemented	

with	 f%	 (w/v)	DMSO	 and	 pmM	MgCl!).	 Reaction	 conditions	 were	 set	 on	 a	

thermocycler	as	follows:	initial	denaturation	at	gK°C	for	a	minutes,	followed	by	

pb	cycles	of	gK°C	for	fb	seconds,	fb	seconds	at	the	annealing	temperature	of	

the	primers,	and	extension	at	da°C	for	J	min/kb,	followed	by	a	final	extension	of	

K	minutes	at	da°C.	Amplification	was	assessed	by	gel	electrophoresis	(Section	

a.Jj.a)	

Site	directed	mutagenesis	with	overlapping	primers	(Liu	and	Naismith,	

abbj)	was	 used	 to	 generate	pOOM-GW-AtCNGCAYD"#$N	 and	pGCS-C?(eGFP)-

AtCNGCAYD"#$N.	 This	 was	 carried	 out	 using	 PhusionTM	 High	 Fidelity	 DNA	

Polymerase	 in	 Kbµl	 reaction	 volumes:	 Jbµl	 KX	 Buffer	 HF	 (New	 England	

Biolabs®),	JmM	MgCla,	f%	(w/v)	DMSO,	b.aµM	dNTPs,	KbbnM	primers,	b.Kµl	

PhusionTM	High	 Fidelity	 DNA	 Polymerase,	 Jbng	 plasmid	 template,	mixed	 in	

dH!O.	 Cycling	 conditions	 are	 as	 follows:	 initial	 denaturation	 at	 gj°C	 for	 a	

minutes,	 followed	 by	 pb	 cycles	 of	 gj°C	 for	 fb	 seconds,	 fb	 seconds	 at	 the	

annealing	 temperature	 of	 the	 primers,	 and	 extension	 at	 da°C	 for	 fbs/kb,	

followed	by	a	final	extension	of	K	minutes	at	da°C.	Amplification	was	assessed	

by	gel	electrophoresis	of	a.Kul	of	the	reaction	volume	mixed	with	b.K	µl	purple	

gel	 loading	 dye	 using	 the	 protocol	 described	 in	 section	 a.Jj.a	 (Gel	

electrophoresis)	Following	confirmation	of	correct	amplification,	contaminant	

Escherichia	coli	derived	plasmid	was	digested	using	DpnI	and	 the	 restriction	

digest	 protocol	 described	 below.	 The	 final	 product	 was	 then	 used	 for	

transformation	into	E.	coli	as	described	below.		

:.+W.:	Gel	electrophoresis	

	 J%	 (w/v)	 agarose	 Tris-Acetate-EDTA	 (TAE)	 buffer	 gels	 were	 cast	 and	

loaded	with	the	samples	and	a	Jkb	plus	DNA	ladder	(New	England	Biolabs®).	
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TAE	buffer	was	made	by	diluting	abml	of	TAE	Buffer	KbX	(Formedium)	with	

gjbml	dH!O.	If	necessary,	samples	were	mixed	with	Gel	Loading	Dye	(Purple,	

lX,	New	England	Biolabs®)	to	a	final	concentration	of	JX	prior	to	loading.	JabV	

was	applied	to	the	gel	for	~ab	minutes	(depending	on	the	thickness	of	the	gel)	

or	until	the	pink	loading	dye	reached	three	quarters	of	the	way	down	the	gel.	

Gels	were	stained	in	a	Jbmg/ml	ethidium	bromide	bath	for	JK-ab	minutes	prior	

to	visualisation	in	a	UV	light	gel	imager.	

:.+W.>	Gel	DNA	extraction	

Gel	DNA	extraction	to	assess	the	exact	position	of	T-DNA	insertions	was	

carried	out	using	the	QIAquick	Gel	Extraction	kit	(Qiagen).	DNA	bands	were	

first	excised	in	a	UV	light	gel	imager	with	a	scalpel	and	placed	in	aml	Eppendorf	

tubes.	Extraction	was	carried	out	according	to	the	manufacturer’s	instructions	

with	the	following	modifications:	Buffer	EB	was	heated	to	db°C,	and	abµl	was	

used	for	elution.		

:.+W.B	Sequencing	of	PCR	products	and	plasmids	

Samples	were	sent	to	Genewiz	(Azenta,	UK)	for	Sanger	sequencing,	and	

prepared	in	J.Kml	Eppendorf	tubes	with	fb-Jbbng	PCR	product	or	plasmid,	and	

a.KµM	sequencing	primer,	mixed	with	dH!O	to	a	final	reaction	volume	of	Jbµl.		

:.+W.D	Gateway	Cloning	

Gateway	cloning	was	used	to	subclone	synthesised	AtCNGCAY	optimised	

for	 X.	 laevis	 codon	 usage	 into	 pOOM-GW	 and	 pGCS-C?(eGFP)	 destination	

vectors,	 and	 to	 subclone	APSRJ	 and	Gβ	 coding	 sequences	 into	pGADT9	and	

pGBKT9	 destination	 vectors	 (Katzen,	 abbd).	 JKbng	 of	 entry	 and	 destination	

vectors	were	used	in	a	Kµl	reaction	with	Jµl	GatewayTM	LR	Clonase	II	Enzyme	

Mix	 (InvitrogenTM)	 and	mixed	with	 sterile	dH!O	by	gently	flicking	 the	 tube.	

After	a	brief	centrifugation,	the	reaction	was	incubated	at	aK°C	for	one	hour.		
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:.+W.G	Transformation	of	Escherichia	coli	

	 Chemically	competent	E.	coli	(TOPJb,	ThermoFisher)	was	transformed	

via	heat	shock:	a.Kµl	of	LR	reaction	product	was	mixed	with	aKµl	competent	

cells	thawed	on	ice	and	mixed	by	flicking	the	tube	gently.	Cells	were	incubated	

for	Jb	minutes	on	ice,	then	heat	shocked	at	pa°C	for	fb	seconds,	then	incubated	

for	one	minute	on	 ice.	The	 tube	was	 taken	off	 ice	and	abbµl	Super	Optimal	

broth	 with	 Catabolite	 repression	 medium	 (SOC)	 was	 added.	 Cells	 were	

incubated	at	fd°C	with	fbbrpm	rotation	for	one	hour.	Jbbµl	cells	were	plated	

on	selective	LB	plates	with	Jbbµg/ml	ampicillin	for	pOOM-GW,	pGCS-C?(eGFP)	

pGADT9	and	pGBKT9	constructs.	Plates	were	incubated	at	fd°C	overnight.	

:.+W.O	Plasmid	purification	

Plasmids	were	purified	with	the	QIAprep	Spin	Miniprep	Kit	(Qiagen)	or	

the	 Plasmid	Midi	 kit	 (Qiagen)	 according	 to	 the	manufacturer’s	 instructions,	

described	below.	 Initial	overnight	cultures	were	made	by	 inoculating	Kml	LB	

(with	the	appropriate	antibiotics)	with	cells	from	a	single	colony	on	plate,	and	

incubating	at	fd°C	for	Ja-Jl	hours	with	shaking	at	fbbrpm.	

In	brief,	for	the	QIAprep	Spin	Miniprep	Kit,	pml	of	bacterial	overnight	

culture	was	pelleted	by	centrifugation	for	f	minutes	at	Jj,bbb	x	g.	The	pellet	

was	 resuspended	 in	 aKbμl	 Buffer	 PJ,	 and	 mixed	 with	 aKbμl	 Buffer	 Pa	 by	

inversion	to	lyse	the	cells.	fKbμl	Buffer	Nf	was	added	and	mixed	by	inversion	to	

precipitate	 the	 proteins	 out	 of	 the	 solution.	 The	 precipitate	was	 pelleted	 by	

centrifugation	for	Jb	minutes	at	Jj,bbb	x	g	and	the	supernatant	was	transferred	

to	a	QIAprep	a.b	Spin	Column.	After	centrifugation	for	one	minute	at	Jj,bbb	x	

g,	 the	column	was	washed	with	dKbμl	Buffer	PE	and	centrifuged	 for	another	

minute	 at	 Jj,bbb	 x	 g.	 Flowthrough	 was	 discarded	 and	 the	 column	 was	

centrifuged	for	a	minutes	at	Jj,bbb	x	g	to	ensure	the	column	membrane	was	

completely	dry.	Plasmids	were	eluted	with	fbμl	Buffer	EB.	

For	the	Plasmid	Midi	kit,	Jbbμl	of	an	initial	Kml	LB	overnight	culture	was	

used	 to	 inoculate	 Jbbml	 LB	 with	 the	 appropriate	 antibiotics	 (Jbbµg/ml	

ampicillin)	which	was	 grown	 for	 Ja-Jl	 hours.	 The	 culture	was	 split	 into	 two	

Kbml	Oak	Ridge	ultracentrifuge	 tubes	 (Thermo	Scientific™	 fJJg-bbKb).	Cells	
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were	harvested	by	centrifugation	at	lbbb	x	g	for	JK	minutes	at	p°C.	aml	Buffer	

PJ	was	used	to	resuspend	each	pellet,	then	aml	Buffer	Pa	per	tube	was	mixed	by	

inversion	to	 lyse	the	cells.	aml	Buffer	Nf	at	p°C	was	added	to	each	tube	and	

mixed	by	vigorous	inversion	to	precipitate	proteins.	Proteins	were	pelleted	by	

centrifugation	 at	 ab,bbb	 x	 g	 for	 fb	 min	 at	 p°C.	 The	 QIAGEN-tipJbb	 was	

equilibrated	with	pml	Buffer	QBT	and	allowed	to	empty	by	gravity	flow	into	a	

Kbml	centrifuge	tube	(Corning®	pfbagb)	placed	underneath.	The	supernatant	

from	both	tubes	was	then	added	to	the	QIAGEN-tipJbb,	and	allowed	to	empty	

by	gravity	flow.	The	QIAGEN-tipJbb	was	washed	with	axJbml	Buffer	QC	and	

allowed	to	empty	by	gravity	flow.	DNA	was	eluted	with	Kml	Buffer	QF	into	a	

clean	 Kbml	 Oak	 Ridge	 ultracentrifuge	 tube,	 and	 precipitated	 with	 f.Kml	

isopropanol	and	mixed.	DNA	was	pelleted	at	JK,bbb	x	g	for	fb	minutes	at	p°C,	

with	the	tubes	marked	to	aid	identification	of	the	pellet.	Pellet	was	washed	with	

aml	room-temperature	db%	(v/v)	ethanol	and	centrifuge	at	JK,bbb	x	g	 for	Jb	

minutes.	Supernatant	was	decanted	carefully	and	the	pellet	was	left	to	air	dry	

for	 fb	 minutes	 at	 fd°C.	 DNA	 was	 redissolved	 in	 Jml	 TE	 buffer	 and	 the	

concentration	was	measured	using	a	NanoDropTM	One	Spectrophotometer.	

:.+W.[	Plasmid	linearization	by	restriction	digest	

lbµl	restriction	digest	reactions	were	set	up	with	aKµl	purified	plasmid	

from	 Plasmid	 Midiprep,	 Jbx	 bovine	 serum	 albumin,	 lµl	 restriction	 enzyme	

(NotI-HF	or	PmlI),	 lµl	CutSmart®	 buffer	 (New	England	Biolabs),	mixed	with	

sterile	dH!O.	Reaction	was	incubated	at	fd°C	overnight.	

0.0P	Computational	Methods	

:.:\.+	Design	of	in	silico	sequences	

	 Gene	 and	 amino	 acid	 sequences	 were	 obtained	 from	 Phytozome	

(Goodstein	 et	 al.	 (abJa))	 https://phytozome.jgi.doe.gov),	 and	 processed	 and	

annotated	 using	 A	 plasmid	 Editor	 (ApE,	

https://jorgensen.biology.utah.edu/wayned/ape/	 (Davis	 and	 Jorgensen,	abaa)	

https://phytozome.jgi.doe.gov/
https://jorgensen.biology.utah.edu/wayned/ape/
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or	 Benchling	 (https://benchling.com).	 Visualisation	 of	 Sanger	 sequencing	

results	was	done	using	Benchling.	

:.:\.:	Database	searches	for	domains	and	protein	families	

Information	 about	APSRA	 gene	 structure	 (Gene	 ID:	 MedtrKgbaaKfb),	

protein	domains,	gene	family,	homologs	and	sequence	data		was	obtained	from	

Phytozome,	 InterPro	 (www.ebi.ac.uk/interpro)	and	 XtalPred	

(http://ffas.godziklab.org/XtalPred-cgi/xtal.pl).	 APSRA	 promoter	 region	 was	

predicted	 using	 GENESCAN	 (http://hollywood.mit.edu/GENSCAN.html).	

Nuclear	 localization	 signals	 were	 predicted	 using	 cNLS	 Mapper	 (http://nls-

mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi).	 Localisation	 was	

predicted	using	Wolf	PSORT	(https://wolfpsort.hgc.jp/	Horton	et	al.	(abbd))	

Information	 about	 RSAA	 (ATaGbfJKb)	 gene	 structure	 and	 protein	

domains	 was	 obtained	 from	 The	 Arabidopsis	 Information	 Resource	 (TAIR,	

https://www.arabidopsis.org/index.jsp)	and	Phytozome.	

:.:\.>	Phylogenetic	tree	construction	

Members	 of	 the	 NRGa	 family	 were	 identified	 through	 protein	 and	

nucleotide	 Basic	 Local	 Alignment	 Search	 Tool	 (BLAST)	 searches	 against	

genomes	on	Phytozome.	Phylogenetic	trees	were	constructed	using	the	amino	

acid	sequences.	Incorrectly	predicted	gene	models	were	manually	curated	based	

on	conserved	exon-intron	structures.	DNA	coding	sequences	were	then	aligned	

with	MAFFT	(Multiple	Alignment	using	Fast	Fourier	Transform)	L-INS-I	with	

default	 settings	 (Katoh	 and	 Standley,	 abJf).	 IQ-Tree	 (vJ.l.Ja)	 was	 used	 to	

construct	phylogenetic	trees	with	the	maximum	likelihood	approach	(Nguyen	

et	 al.,	 abJp).	 ModelFinder	 was	 used	 to	 find	 the	 best-fit	 evolutionary	 model	

(JTT+F+I+Gp),	and	ultrafast	bootstrap	(UFBoota)	with	J,bbb	replications	was	

used	to	estimate	branch	support	(Kalyaanamoorthy	et	al.,	abJd).	Phylogenetic	

trees	were	visualized	in	the	interactive	Tree	Of	Life	(iTOL)	vp	(Letunic	and	Bork,	

abJg).	

https://benchling.com/
http://www.ebi.ac.uk/interpro
http://www.ebi.ac.uk/interpro
http://ffas.godziklab.org/XtalPred-cgi/xtal.pl
http://hollywood.mit.edu/GENSCAN.html
http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi
http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi
https://wolfpsort.hgc.jp/
https://www.arabidopsis.org/index.jsp
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:.:\.B	Searching	for	APSR+	tnt	insertion	lines	

	 The	 Medicago	 truncatula	 mutant	 database	 (medicago-

mutant.dasnr.okstate.edu)	was	used	to	identify	lines	with	tnt	insertion	sites	in	

APSRJ.	

:.:\.D	Transcriptome	analyses	

Gene	expression	data	was	obtained	from	the	Medicago	truncatula	Gene	

Expression	 Atlas	 Carrere	 et	 al.	 (abaJ)	 https://mtgea.noble.org/va)	 using	 the	

probe	ID:	Mtr.algjg.J.SJ_at.	

:.:\.G	Sequence	analysis	

Sequences	 from	 Novogene	 were	 mapped	 to	 the	 reference	 genome	

Arabidopsis	 thaliana	 Col-b	 version	 TAIRJb	 (www.arabidopsis.org)	 using	

Burrows-Wheeler	Aligner	Maximal	Exact	Match	(BWA-MEM)	vb.d.Ja	(Li	and	

Durbin,	abbg).	The	resulting	Sequence	Alignment	Map	(SAM)	files	were	sorted	

and	converted	to	Binary	Alignment	Map	(BAM)	format	using	SAMtools	vb.J.Jg	

(samtools	-view)	(Li	et	al.,	abbg).	SAMtools	was	also	used	to	convert	the	BAM	

files	into	MPILEUP	format	(samtools	-mpileup).	A	custom	script	was	used	to	

call	 single	 nucleotide	 polymorphism	 (SNP)	 positions	 from	 the	 MPILEUP	

format,	resulting	in	a	table	for	each	line	denoting	the	chromosome,	position,	

reference	 base,	 alternative	 base,	 reference	 allele	 frequency,	 alternative	 allele	

frequency,	 and	coverage.	Another	 custom	script	was	used	 to	 load	 these	SNP	

tables	and	integrate	them,	filtering	for	positions	where	cngcAYD"#$N	was	different	

from	Col-b	 and	 filtering	 for	 positions	where	 at	 least	 three	 of	 the	 lines	were	

different	from	Col-b.	The	custom	scripts	were	created	by	Burkhard	Steuernagel,	

based	on	the	pipelines	generated	in	Steuernagel	et	al.	(abJd),	Sánchez-Martín	

et	 al.	 (abJl).	 They	 are	 deposited	 at	 https://github.com/steuernb/oat_mutseq	

and	https://github.com/steuernb/SimpleHunter.	Then,	contigs	of	Kbbbp	or	fkb	

were	reported	where	three	or	more	mutants	had	a	SNP.	The	Col-b	reference	

sequence	and	gene	annotations	were	loaded	into	Integrative	Genomics	Viewer	

(IGV)	va.j.Jf	(Robinson	et	al.,	abJJ)	along	with	BAM	files	for	cngcAYD"#$N	and	

https://medicago-mutant.dasnr.okstate.edu/mutant/index.php
https://medicago-mutant.dasnr.okstate.edu/mutant/index.php
https://mtgea.noble.org/v2
https://github.com/steuernb/oat_mutseq
https://github.com/steuernb/SimpleHunter
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the	 suppressor	mutant	 lines.	Reported	 intervals	were	manually	 inspected	 for	

overlaps	with	genes	or	wrongly	called	SNPs.	

:.:\.O	Primer	design	

	 Primers	 for	 sequencing	and	PCR	were	designed	using	ApE	and	 IDTTM	

OligoAnalyzerTM	 tool	 (Owczarzy	 et	 al.	 (abbj),	

https://eu.idtdna.com/calc/analyzer)	to	check	the	annealing	temperature	and	

susceptibility	 to	 forming	 selfo-	 or	 heterodimers	 and/or	 hairpins.	 Primers	 for	

qRT-PCR	 were	 designed	 using	 NCBI	 Primer	 BLAST	 (Ye	 et	 al.	 (abJa),	

https://www.ncbi.nlm.nih.gov/tools/primer-blast/)	to	ensure	specificity.	

:.:\.[	Statistical	analyses		

	 Statistical	analyses	were	performed	using	GraphPad	Prism	version	j.bb	

for	 Windows	 (GraphPad	 Software,	 www.graphpad.com).	 Ordinary	 one-way	

ANOVAs	with	Tukey’s	multiple	comparison	post-test	was	used	for	comparison	

of	three	or	more	variables.	A	prior	F-test	was	used	to	check	for	homoscedasticity	

of	residuals.	Unpaired	two-tailed	Welch’s	t-tests	were	used	for	comparison	of	

two	 variables.	 Chi-squared	 tests	 were	 used	 to	 compare	 the	 difference	 in	

population	proportions	between	groups.	

	

	

	

	

	

	

	

	

	

	

	

	

https://eu.idtdna.com/calc/analyzer
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.graphpad.com/
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Table	'.):	Primers	used	in	this	thesis.	

Name	 Fwd
/rev	

Sequence	(D’'	to	
>’')	 Gene	 Function	 E	

APSRJ-qPCR-
F	 fwd	 TGGCACCTTGCC

GTTGAGCA	 MtAPSRA	 qPCR	 E	=	
a.bdJ	
(lb°C)	APSRJ-qPCR-

R	 rev	 ACCAGACCGTTC
CGACATGGA	 MtAPSRA	 qPCR	

MTp-qPCR-F	 fwd	 AATGATTGCTGG
GAATGAACCTT	 MtMTb	 qPCR	 E	=	

a.pg	
(lb°C)	MTp-qPCR-R	 rev	 TTCCAAAGAGA

AAATCCCATCAA	 MtMTb	 qPCR	

PTp-qPCR-F	 fwd	 TTCGCAATGCAA
GGCGTGGG	 MtPTb	 qPCR	 E	=	

J.ga	
(lb°C)	PTp-qPCR-R	 rev	 CGCAGCTGGAA

CAGCACCGA	 MtPTb	 qPCR	

NiRJ-qPCR-F	 fwd	 TCCACTTGATGC
TTGGGTCT	 MtNiRA	 qPCR	 E	=	

a.Jp	
(lb°C)	NiRJ-qPCR-R	 rev	 TTCCACCTCTGA

TCTGAATACTTC	 MtNiRA	 qPCR	

EnodJJ-qPCR-
F	 fwd	 CCATTGCCTAAA

CCACCTGTTA	 MtEnodAA	 qPCR	 E	=	
a.bdj	
(lb°C)	EnodJJ-qPCR-

R	 rev	 CTTGTTGCTTGC
AAATACGCTT	 MtEnodAA	 qPCR	

UBCg-qPCR-
F	 fwd	 GGTTGATTGCTC

TTCTCTCCCC	 MtUBC;	 qPCR	 E	=	
J.gg	

(lb°C)	UBCg-qPCR-
R	 rev	 AAGTGATTGCTC

GTCCAACCC	 MtUBC;	 qPCR	

NFpplp-F	 fwd	 TGTACATCCGTT
CTCTTCGTTCA	 MtAPSRA	 genotyping	 	

NFpplp-R	 rev	 TCTTGAAACCAC
CATTGCAAGT	 MtAPSRA	 genotyping	 	

NFJalaa-F	 fwd	 GAGTGCAAGTA
TGGTCCGTACT	 MtAPSRA	 genotyping	 	

NFJalaa-R	 rev	 GTCCACCGCATG
CATTTAGA	 MtAPSRA	 genotyping	 	

tntJ-R	 rev	 CAGTGAACGAG
CAGAACCTGTG	

tntA	
insertion	 genotyping	 	

AtCNGCJK-
SDM-DpbjN-

F	
fwd	

GAAGGACTAAT
ACAGAACAGTG

GATGC	

codon	
optimised	
AtCNGCJ

K	

site	directed	
mutagenesis	

AtCNGCJK-
SDM-DpbjN-

R	
rev	

GTTCTGTATTAG
TCCTTCTAATCC

TCCAC	

codon	
optimised	

site	directed	
mutagenesis	
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AtCNGCJ
K	

LBDfd-qPCR-
F	 fwd	 TTGGACCGGCG

AATTAACAAC	 AtLBD89	 qPCR	 E	=	
J.gg	

(lb°C)	LBDfd-qPCR-
R	 rev	 AACCGAGAGAA

CAAAACGACG	 AtLBD89	 qPCR	

LBDfj-qPCR-
F	 fwd	 AGGAGGAGCAA

CGACAAAGTT	 AtLBD8:	 qPCR	 E	=	
a.Jp	

(lb°C)	LBDfj-qPCR-
R	 rev	 GCCGTTCAAGC

GAAGAGATTG	 AtLBD8:	 qPCR	

LBDfg-qPCR-
F	 fwd	 TGGTTAAGGGT

GATCGTCCG	 AtLBD8;	 qPCR	 E	=	
a.bd	

(lb°C)	LBDfg-qPCR-
R	 rev	 GATTCCTCCGAT

GGACTTCCC	 AtLBD8;	 qPCR	

NRTJ.J-qPCR-
F	 fwd	 TAAGGGATCAG

GAAGCGGGA	 AtNRTA.A	 qPCR	 E	=	
a.bf	

(lb°C)	NRTJ.J-qPCR-
R	 rev	 TGGAACGGTCC

AATGTCTCG	 AtNRTA.A	 qPCR	

UbiJb-qPCR-
F	 fwd	

GGCTTGTATAAT
CCCTGATGAATA

AG	

AtUBIQU
ITINAX	 qPCR	 E	=	

J.gf	
(lb°C)	UbiJb-qPCR-

R	 rev	
AAAGAGATAAC
AGGAACGAAAC

ATAGT	

AtUBIQU
ITINAX	 qPCR	

Ubox-qPCR-F	 fwd	
TGCGCTGCCAG
ATAATACACTAT

T	
AtUBOX	 qPCR	 E	=	

a.bJ	
(lb°C)	

Ubox-qPCR-R	 rev	 TGCTGCCCAACA
TCAGGTT	 AtUBOX	 qPCR	

CSJlbal-LP	 fwd	 TCATGTCTCTTC
TTCAGCCGC	 AtRSAA	 genotyping	 	

CSJlbal-RP	 rev	
TTCATGTTGTTT
CCTTTTCTCACA

A	
AtRSAA	 genotyping	 	

CSJlbal-
insertion	 rev	 AAGCTGGAGCT

CGCTTGA	 AtRSAA	 genotyping	 	

RSAJ-exonJd-
F	 fwd	

GTTGAAGATATG
AGAGTAACCATT

CACAGC	
AtRSAA	

sequencing	
insertion	site	in	rsaA-

8	

dmiJ-a-LP	 fwd	 TCATATGCAATC
TCGAGCATC	 AtDMIA	 genotyping	

dmiJ-a-RP	 rev	 GAGTTATCCTCT
GACTCGGGG	 AtDMIA	 genotyping	

cngcJK(Dpbj
N)-F	 fwd	

TTAACCGGGTCG
CCTTCTCTTACA

A	

AtCNGCA
Y	 genotyping	
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Table	:.::	List	of	media	compositions	for	culture	of	bacteria,	yeast,	and	

plants	

Medium	 Recipe	for	+	litre	

ModFP	(Modified	

Fahraeus	Plant	media)	

pHl	b.j%	(w/v)	agar	

pbmg	NH'NO2,	pbmg	CaCl!·aH!O,	pbmg	MgSO'·dH!O,	fbmg	

KH!PO',	 pKmg	 Na!HPO'·JaH!O,	 a.Kmg	 C3H8FeO9,	 a.jmg	

H2BO2,	 amg	 MnSO'·pH!O,	 b.aamg	 ZnSO'·dH!O,	 b.bjmg	

CuSO'·KH!O,	b.bjmg	H!MoO',	pH	l	with	KOH.	

½	strength	MS	J%	(w/v)	

sucrose	b.j%	(w/v)	agar	

a.Kg	 Murashige	 &	 Skoog	 Medium	 including	 Vitamins	

(b.bJaKmg/L	CoCl!.lH!O,	b.bJaKmg/L	CuSO'.KH!O,	Jj.fKmg/L	

NaFe-EDTA,	 f.Jmg/L	 H2BO2,	 b.pJKmg/L	 KI,	 j.pKmg/L	

MnSO'.H!O,	 b.JaKmg/L	 Na!.MoO'.aH!O,	 p.fmg/L	

ZnSO'.dH!O,	 Jll.bJmg/L	 CaCl!.aH!O,	 jKmg/L	 KH!PO',	

gKbmg/L	KNO2,	gb.aK	mg/L	MgSO'.dH!O,	jaKmg/L	NH'NO2,	

Jmg/L	glycine,	 Kbmg/L	myo-inositol,	b.aKmg/L	nicotinic	 acid,	

b.aKmg/L	pyridoxine	HCl,	b.bK	mg/L	thiamine	HCl),	J%	(w/v)		

sucrose.	pH	adjusted	to	K.j	with	J	M	NaOH.	For	solid	medium,	

b.j%	(w/v)		bacto	agar.	

BNM	(Buffered	

Nodulation	Medium)	

fgbmg	MES	hydrate,	fpbmg	CaSO'·aH!O,	lJmg	MgSO'·dH!O,	

fpmg	 KH!PO',	 a.fmg	 ZnSO'·dH!O,	 J.lmg	 H2BO2,	 K.jmg	

MnSO'·pH!O,	b.aKmg	Na!MoO'·aH!O,	b.baKmg	CuSO'·KH!O,	

b.baKmg	CoCI!·lH!O,	g.fKmg	Na!EDTA,	l.gKmg	FeSO'·dH!O,	

pH	l	with	KOH	

LB	(Lysogeny	Broth)	 Jbg	Tryptone,	Kg	Yeast	Extract,	Kg	NaCl,	pH	d	with	NaOH	

cngcJK(Dpbj
N)-R	 rev	

TTAACCGGGTCG
CCTTCTCTTACA

A	

AtCNGCA
Y	 genotyping	

LbBJ.f	 rev	 ATTTTGCCGATT
TCGGAAC	

T-DNA	
(SALK)	 genotyping	

LBf	 rev	

TAGCATCTGAA
TTTCATAACCA
ATCTCGATACA

C	

T-DNA	
(SAIL)	 genotyping	
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TY	(Tryptone	Yeast	

extract)	

Kg	Tryptone,	fg	Yeast	Extract,	J.fag	CaCl!.lH!O	

SOC	(Super	Optimal	

broth	with	Catabolite	

repression	medium)	

a	 g	 Tryptone,	 Kg	 Yeast	 Extract,	 b.Kjg	NaCl,	 b.Jgg	 KCl,	 a.bfg	

MgCl!,	a.pl	g	MgSO'·dH!O,	f.l	g	glucose	

SD	(Synthetic	Dextrose	

minimal	media)	

l.gg	Yeast	Nitrogen	Base	without	Amino	Acids	 (Formedium),	

abg	glucose,	fbmg	L-isoleucine,	JKbmg	L-valine,	abmg	L-adenine	

hemisulphate,	 abmg	 L-arginine,	 fbmg	 L-lysine,	 abmg	 L-

methionine,	Kbmg	L-phenylalanine,	abbmg	L-threonine,	fbmg	

L-tyrosine,	fmg	L-tyrosine,	ab	mg	L-histidine,	Jbb	mg	L-leucine,	

abmg	L-tryptophan,	abmg	uracil.	pH	K.j	with	NaOH.	For	solid	

medium,	a%	(w/v)	agar.	

YPAD	(Yeast	Peptone	

Adenine	Dextrose	

medium)	

Jbg	Yeast	Extract,	abg	peptone,	abg	glucose,	abmg	L-adenine	

hemisulfate.	For	solid	medium,	a%	(w/v)	agar.	

Table	'.':	List	of	media	compositions	for	culture	of	bacteria,	yeast,	and	plants	
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Chapter	III:	An	investigation	of	the	role	of	MtAPSR'	in	
Medicago	truncatula	root	endosymbiosis	

9.!	Introduction 

Current	knowledge	on	the	regulation	of	AM	by	Pi	is	centred	around	the	

mechanisms	 by	which	 Pi	 sensing	 leads	 to	 a	 termination	 in	AM	 colonisation	

(Section	J.a.l),	but	whether	the	Pi	status	can	affect	the	presymbiotic	signalling	

pathways	 to	 reduce	 the	 initiation	 of	 colonisation	 remains	 to	 be	 established.	

Previous	studies	have	observed	direct	effects	of	Pi	on	AM	spore	germination	and	

hyphal	 growth.	 Strigolactones,	 that	 increase	 fungal	 spore	 germination	 and	

hyphal	branching,	are	 induced	upon	phosphate	and	nitrate	starvation	 in	pea	

(Balzergue	 et	 al.,	 abJb).	 Strigolactones	 are	 a	 diverse	 group	 of	 signalling	

molecules,	 but	 are	 all	 derived	 from	 carotenoids	 (reviewed	 in	 Wang	 and	

Bouwmeester	 (abJj)).	 Enzymes	 involved	 in	 carotenoid	 biosynthesis	 and	

processing,	such	as	CAROTENOID	CLEAVAGE	DIOXYGENASE:	 	(CCD:),	are	

repressed	by	high	phosphate	 in	AM	inoculated	Petunia	hybrida	or	Medicago,	

suggesting	 that	 reduced	 strigolactone	 biosynthesis	 could	 be	 contributing	 to	

decreased	colonisation	(Breuillin	et	al.	(abJb);	Balzergue	et	al.	(abJf)).	However,	

application	 of	 synthetic	 strigolactone	 was	 not	 sufficient	 to	 restore	 AM	

colonisation	 in	 Petunia,	 indicating	 that	 strigolactones	 are	 not	 the	 primary	

mechanism	for	AM	regulation	upon	Pi	(Breuillin	et	al.,	abJb).		

Balzergue	 et	 al.	 (abJf)	 observed	 that	 under	 high	 Pi	 (f.dKmM)	

colonisation	 of	 Medicago	 by	 Gigaspora	 gigantea	 was	 frequently	 terminated	

prior	 to	 the	 formation	 of	 hyphopodia.	 To	 try	 to	 elucidate	 whether	 high	 Pi	

affected	early	signalling	between	the	fungus	and	the	plant,	analysis	of	nuclear	

calcium	signatures	in	Medicago	epidermal	root	cells	in	response	to	G.	gigantea	

spores	was	undertaken	(Balzergue	et	al.,	abJf).	Under	both	low	Pi	and	high	Pi	

conditions,	the	spores	germinated	equally	well,	but	an	increased	frequency	of	

higher	order	hyphal	branching	was	observed	only	 in	 low	Pi.	Although	 fewer	

hyphopodia	 occurred	 under	 high	 Pi,	 when	 they	 did	 form,	 the	 frequency	 of	

calcium	 oscillations	 in	 the	 underlying	 epidermal	 cells	 was	 unchanged.	 This	

Figure 3.1. Summary model of the SPX/PHR mediated regula:on of AM colonisa:on under different phosphate condi:ons in Medicago.	
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indicates	that	there	is	a	mechanism	preventing	hyphopodia	from	forming,	but	

when	 they	 do	 form,	 nuclear	 calcium	 spiking	 seems	 unperturbed	 by	 high	 Pi	

(Balzergue	et	al.,	abJf).	In	addition,	roots	grown	under	both	low	and	high	Pi	

exhibited	 the	 same	 nuclear	 calcium	 response	 to	 germinated	 spore	 exudates	

(GSE)	and	the	Myc	factor	COp	(Balzergue	et	al.,	abJf).	However,	the	parameters	

used	to	assess	nuclear	calcium	spiking	were	the	proportion	of	nuclei	responding	

within	a	fb-minute	imaging	period,	and	the	number	of	spikes	recorded	within	

small	numbers	of	plants.	 Information	about	the	frequency	or	duration	of	the	

calcium	oscillations	were	not	measured,	and	could	have	been	implicated	in	AM	

colonization.		

In	another	study,	when	Medicago	roots	were	grown	under	low	phosphate	

(Pi)	conditions	and	nuclear	calcium	oscillations	were	measured,	 it	was	found	

that	there	were	more	active	cells	in	the	epidermal	cell	layer,	i.e.	more	cells	in	

which	nuclear	calcium	oscillations	were	observed,	and	an	increased	frequency	

of	 calcium	 oscillations,	 compared	 to	 plants	 that	 were	 grown	 under	 high	 Pi	

(Russo	 et	 al.,	 abJf).	 It	 has	 recently	 been	 established	 that	 accelerating	 the	

frequency	 of	 nuclear	 calcium	 oscillation	 increases	 nodulation	 and	 early	 AM	

colonisation	in	Medicago	(Del	Cerro	et	al.,	abaa).	Therefore,	it	is	possible	that	

this	 increased	 frequency	 of	 nuclear	 calcium	 oscillations	 under	 Pi	 starvation	

conditions	could	accelerate	the	fungal	colonisation.	However,	the	discrepancy	

between	 the	 results	 from	 Balzergue	 et	 al.	 (abJf)	 and	 Russo	 et	 al.	 (abJf)	 is	

surprising,	 as	 both	 studies	 used	 the	 same	 nuclear	 calcium	 reporter	

(p8YS:NupYCM.A)	 and	 the	 same	 concentrations	 of	 KH!PO'	 for	 phosphate	

treatments.	 They	 did,	 however,	 use	 spores	 and	 hyphae	 of	 different	 fungal	

species,	which	may	explain	the	differences.	

Under	 phosphate	 starvation	 conditions,	 and	 not	 in	 nutrient	 replete	

conditions,	 barley	 and	 rice	 have	 been	 shown	 to	 display	 nuclear	 calcium	

responses	to	lipochitooligosaccharides	(LCOs)	(Li	et	al.,	abaaa).	In	barley,	the	

frequency	of	calcium	oscillations	upon	LCO	or	CO	perception	was	increased	by	

N	 and	 Pi	 depletion,	 and	 by	 combined	 N+Pi	 depletion	 (Li	 et	 al.,	 abaaa).	 In	

Medicago,	 nuclear	 calcium	 oscillations	 in	 response	 to	 LCOs	 were	 enhanced	

under	 nutrient	 starvation	 conditions,	 particularly	 N	 starvation,	 whilst	 the	
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response	to	COs	was	unaffected	(Li	et	al.,	abaaa).	This	regulation	of	calcium	

oscillations	 under	 different	 nutrient	 regimes	 was	 found	 to	 be	 controlled	 by	

NODULATION	 SIGNALLING	 PATHWAY	 (NSP)	 A	 and	 M,	 by	 regulation	 of	

strigolactone	and	karrikin	 signalling	 (Li	et	al.,	abaaa).	Taken	 together,	 these	

results	 suggest	 it	 is	 possible	 that	 the	 early	 stages	 of	 fungal	 colonisation	 are	

impacted	 by	 low	 and	 high	 phosphate	 regimes,	 by	 a	 yet	 uncharacterised	

mechanism,	potentially	involving	the	regulation	of	nuclear	calcium	oscillations.			

The	G	protein	β	subunit	is	a	known	positive	regulator	of	nodulation	in	

soybean	and	Medicago	(Choudhury	and	Pandey,	abJf,	Bovin	et	al.,	abaJ).	As	

described	in	section	J.a.f,	G	protein	signalling	has	also	been	implicated	in	the	

signal	 transduction	 from	 the	 plasma	 membrane	 to	 the	 nucleus,	 which	 is	

required	 to	 initiate	nuclear	 calcium	oscillations.	Nodulation	 gene	 expression	

can	be	induced	by	the	G	protein	agonist	mastoparan	and	its	synthetic	analogue	

Masd	independently	of	DMIJ	and	DMIa	(Charron	et	al.,	abbp;	Sun	et	al.,	abbd).	

This	 suggests	 that	 G	 protein	 signalling	 can	 activate	 the	 nuclear	 calcium	

oscillations	without	DMIJ	or	Nod/Myc	factor	perception.		

	A	 yeast	 two-hybrid	 screen	 to	 find	 interactors	 of	 MtGβ	 identified	

ALTERED	 PHOSPHATE	 STARVATION	 RESPONSE	 J	 (MtAPSRJ)	 as	 an	

interactor	in	uninoculated	root	infection	zones.	The	use	of	uninoculated	root	

samples	is	particularly	important,	as	it	allows	for	the	identification	of	interactors	

present	before	the	developmental	programme	for	endosymbiosis	is	initiated.	In	

this	 chapter,	 I	 investigate	 the	 role	 of	 MtAPSRJ	 in	 the	 regulation	 of	

endosymbiosis,	and	discuss	its	potential	role	in	regulating	AM	in	response	to	

phosphate.	The	aims	of	this	chapter	are	to	answer	the	following	questions:	

J. Does	APSRJ	interact	with	Gβ?	

a. What	 is	 the	phylogeny	of	APSRJ,	 and	can	closely	 related	genes	

help	inform	its	function?	

f. Is	APSRA	regulated	by	nutrient	treatment?	

p. What	is	the	phenotypic	effect	of	apsrA	loss-of-function?		
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9.0	Results	

>.:.+	MtAPSR+	interacts	with	the	G	protein	β	subunit	via	a	yeast	two-
hybrid	assay.	

To	 confirm	 the	 interaction	 between	 MtAPSRJ	 and	 G	 protein	 β,	 a	

validatory	pairwise	 yeast	 two-hybrid	 assay	was	 carried	out.	Yeast	 two-hybrid	

assays	 were	 developed	 by	 taking	 advantage	 of	 the	 properties	 of	 the	 GALp	

transcription	factor	in	the	yeast	Saccharomyces	cerevisiae:	as	a	transcriptional	

activator,	it	is	required	for	the	growth	of	yeast	on	galactose	containing	media,	

and	is	made	up	of	two	distinct	domains,	a	DNA-binding	domain	(BD),	and	a	

transcriptional	activator	domain	(AD).	Generation	of	fusion	constructs	between	

genes	 of	 interest	 and	 either	 the	DNA-binding	 domain	 or	 the	 transcriptional	

activation	domain	of	GALb	allows	an	assessment	of	whether	these	two	proteins	

interact	 in	 the	 heterologous	 yeast	 expression	 system.	 If	 the	 two	 proteins	

interact,	 they	 will	 reconstitute	 the	 two	 domains	 of	 GALp,	 allowing	 for	 the	

activation	 of	 genes	 required	 for	 the	 growth	 of	 yeast	 on	 galactose	 containing	

media	(Fields	and	Song,	Jgjg).		

	 The	coding	sequences	(CDS)	of	APSRA	and	Gβ	were	previously	cloned	by	

Pierre	Dangeville,	and	Gateway	cloning	was	used	to	generate	the	pGADT9(AD)-

Gβ,	pGBKT9(BD)-Gβ,	pGADT9(AD)-APSRA,	pGBKT9(BD)-APSRA,	pGADT9(AD)-

T	and	pGBKT9(BD)-Yb	constructs.	Pairs	of	constructs	were	co-transformed	into	

the	 yeast	 strain	 AHJbg,	 which	 lacks	 the	 ability	 to	 synthesise	 histidine	 or	

adenine,	 as	 the	HIS8	 and	 ADEM	 genes	 are	 under	 the	 control	 of	 the	 GALb	

promoter.	Upon	reconstitution	of	the	AD	and	BD	domains	of	GALp,	however,	

the	yeast	is	able	to	grow	on	selective	media	lacking	histidine	and	alanine.	Yeast	

growth	 was	 detected	 on	 Synthetic	 Dropout	 medium	 lacking	 histidine	 and	

alanine	(SD	-LWAH)	when	yeast	was	co-transformed	with	both	pGBKT9(BD)-

Gβ	and	pGADT9(AD)-APSRA,	confirming	the	interaction	identified	in	the	yeast	

two-hybrid	 screen	 (Figure	 f.J).	 However,	 yeast	 growth	was	 not	 observed	 on	

selective	media	when	yeast	was	co-transformed	with	both	pGADT9(AD)-Gβ	and	

pGBKT9(BD)-APSRA,	 indicating	 that	 the	 interaction	 is	 specific	 to	 one	

configuration.	In	addition,	yeast	growth	was	observed	on	selective	media	when	
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yeast	 was	 co-transformed	 with	 pGBKT9(BD)-APSRA	 and	 pGADT9(AD)-T,	

indicating	unspecific	interaction	of	APSRJ	with	the	positive	control	(Figure	f.J).	

Therefore,	from	this	yeast	to	hybrid	assay,	the	interaction	between	APSRJ	and	

Gβ	cannot	be	conclusively	confirmed.	

 

Figure	>.+	APSR+	interacts	with	the	G	protein	β	subunit	via	a	Yeast	two-
hybrid	assay	in	one	configuration.	
Yeast	 strain	 AHJbg	 was	 co-transformed	 with	 constructs	 pGADT9(AD)-Gβ,	
pGBKT9(BD)-Gβ,	 pGADT9(AD)-APSRA,	 pGBKT9(BD)-APSRA,	 pGADT9(AD)-T	
and	 pGBKT9(BD)-Y8	 as	 labelled.	 Transformants	were	 diluted	 as	 labelled	 and	
plated	on	selective	synthetic	dextrose	minimal	(SD)	medium	lacking	Leucine,	
Tryptophan,	 Alanine	 and	 Histidine	(-LWAH)	 and	 unselective	 synthetic	
dextrose	minimal	 (SD)	medium	 lacking	 Leucine	 and	Tryptophan	 (-LW)	 and	
incubated	for	K	days	at	fb°C.	pGADT9(AD)-T	and	pGBKT9(BD)-Yb	are	positive	
controls.	

>.:.:	MtAPSR+	is	part	of	the	NRG:	family,	with	orthologs	in	Arabidopsis.	

	 Database	 searches	 revealed	 that	 MtAPSRA	 is	 part	 of	 the	 NITRATE	

REGULATORY	GENE	M	(NRGM)	gene	family.	To	gain	more	information	on	the	

potential	function	of	MtAPSRJ,	I	constructed	a	phylogenetic	tree	of	the	NRGa	

gene	 family	 (Figure	f.a).	 I	 chose	sequences	 from	a	subset	of	plant	 species	 to	

reflect	the	phylogenetic	diversity	of	the	plant	kingdom,	including	Marchantia	
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polymorpha	as	an	ancestral	land	plant	to	root	the	tree,	Arabidopsis	thaliana	as	

one	of	the	most	studied	plant	species,	Oryza	sativa	as	a	monocotyledon,	and	

Glycine	max	and	Medicago	truncatula	as	model	 legume	species.	The	tree	was	

constructed	using	aligned	amino	acid	sequences	and	the	maximum	likelihood	

approach.	Ultrafast	bootstrapping	was	used	to	estimate	the	significance	of	the	

branches	on	the	tree.	

	

Figure	>.:	Phylogenetic	analysis	of	the	NRG:	family.	

Rooted	maximum	likelihood	tree	using	amino	acid	sequences	from	Marchantia	
polymorpha,	 Arabidopsis	 thaliana,	Oryza	 sativa,	 Glycine	 max	 and	Medicago	
truncatula.	Genes	are	labelled	according	to	their	gene	ID,	with	splice	variants	
included.	 Ultrafast	 bootstrap	 support	 values	 over	 gK	 are	 displayed	 by	 grey	
circles	 on	 the	 branches.	 Branch	 lengths	 are	 scaled	 by	 the	 number	 of	
substitutions	per	site,	indicated	by	the	scale	bar.	The	red	box	indicates	the	clade	
containing	MtAPSRJ,	which	can	be	seen	in	more	detail	in	Figure	f.f.	
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This	 revealed	 that	 the	 closest	 ortholog	 to	MtAPSRJ	 in	 Arabidopsis	 is	

AtAPSRJ,	with	AtNRGa	being	more	distantly	 related	 (Figures	f.a	and	f.f).	A	

literature	 search	 of	AtAPSRA	 revealed	 one	 study	 investigating	 its	 role	 in	 the	

phosphate	 starvation	 response	 pathway	 (González-Mendoza	 et	 al.,	 abJf).	

AtAPSRA	was	found	to	be	upregulated	upon	phosphate	treatment,	and	removing	

the	gene	functionality	by	either	a	frame	shift	EMS	mutation	or	T-DNA	insertion	

led	 to	plants	 that	 showed	phosphate	 starvation	 root	phenotypes	 even	 in	 the	

presence	 of	 high	 phosphate.	 This	 raises	 the	 possibility	 that	MtAPSRJ	 is	 also	

involved	in	response	to	nutrient	availability.	

Figure	>.>	A	closer	look	at	the	clade	containing	MtAPSR+.	

Highlighted	 in	 red	 are	MtAPSRJ	 (MedtrKgbaaKfb.J),	 three	 splice	 variants	 of	
AtAPSRJ	 (ATfGKJagb.J,	 ATfGKJagb.a,	 ATfGKJagb.f)	 and	 AtNRGa	
(ATfGlbfab.J).	 Genes	 are	 labelled	 according	 to	 their	 gene	 ID,	 with	 splice	
variants	included.	Branch	lengths	are	scaled	by	the	number	of	substitutions	per	
site,	 indicated	by	the	scale	bar.	Ultrafast	bootstrap	support	values	over	gK	are	
displayed	by	grey	circles	on	the	branches.		
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>.:.>	MtAPSR:	is	induced	by	phosphate	treatment.	

	 To	 assess	 whether	 MtAPSRA	 is	 regulated	 by	 nutrient	 availability,	 its	

expression	 was	 validated	 in	 Medicago	 roots	 under	 treatment	 with	 different	

nutrient	conditions,	in	the	presence	or	absence	of	endosymbionts	(Figure	f.p).	

MtAPSRA	was	induced	upon	treatment	with	both	JmM	and	KmM	KH!PO',	but	

not	in	the	presence	of	the	AM	fungi	Rhizophagus	irregularis	(Figure	f.pA).	The	

marker	genes	MEDICAGO	TRUNCATULA	b	(MTb),	that	is	downregulated	upon	

phosphate	 treatment,	 (Burleigh	 and	 Harrison,	 Jggj))	 and	 PHOSPHATE	

TRANSPORTER	b	(PTb),	that	is	specifically	expressed	in	arbuscule	containing	

cells,	(Harrison	et	al.,	abba)	were	used	to	confirm	the	efficacy	of	the	treatments	

provided	(Figure	f.pA).	Nitrate	treatment,	and	treatment	with	S.	meliloti	abJJ,	

did	not	alter	MtAPSRA	expression	(Figure	f.pB).	Efficacy	of	the	nitrate	treatment	

was	assessed	using	the	marker	gene	NITRITE	REDUCTASE	A	(NiRA)	and	rhizobia	

inoculation	using	the	marker	gene	EARLY	NODULIN	AA	(EnodAA)	(Charron	et	al.,	

abbp).	In	addition,		nodule	number	was	significantly	reduced	in	plants	treated	

with	KmM	KNO2,	indicating	normal	nitrate-dependent	regulation	of	nodulation	

(Figure	 f.pC)	 (Streeter	 and	Wong,	 Jgjj).	 The	 treatment	 times	 used	 were	 a	

weeks	for	the	nutrient	conditions	and	rhizobia	inoculation,	and	p	weeks	for	the	

AM	inoculation,	as	AM	colonisation	takes	longer	to	become	established.	Taken	

together,	 these	 results	 indicate	 that,	 like	 AtAPSRA,	 MtAPSRA	 is	 positively	

regulated	 by	 phosphate	 treatment,	 but	 not	 differentially	 regulated	 by	 the	

presence	of	endosymbionts.	This	is	in	accordance	with	data	from	the	Medicago	

truncatula	gene	expression	atlas	(Figure	f.K),	where	expression	of	MtAPSRA	was	

not	altered	by	either	Nod	factor	treatment,	or	inoculation	with	AM	fungi.	
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(A)	ALTERED	PHOSPHATE	 STARVATION	RESPONSE	 A	 (APSRA),	MEDICAGO	
TRUNCATULA	b	(MTb)	and	PHOSPHATE	TRANSPORTER	b	(PTb)	expression	in	
roots	after	a	weeks	 treatment	with	H!O,	 JmM	KH!PO'	or	KmM	KH!PO',	or	p	
weeks	treatment	with	H!O	plus	AM,	JmM	KH!PO'	plus	AM	or	KmM	KH!PO'	

plus	AM.	(B)	APSRA,	NiRA	and	EnodAA	expression	in	roots	after	a	weeks	treatment	
with	H!O,	H!O	plus	S.	meliloti	abJJ,	KmM	KNO2,	and	KmM	KNO2	plus	S.	meliloti	
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Figure	>.B	Mean	relative	expression	of	APSR:	in	Medicago	truncatula	R+\[	
roots	under	nitrate	and	phosphate	treatments,	with	and	without	
inoculation	with	S.	meliloti	:\++	or	R.	irregularis.	
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abJJ.	 (C)	Nodule	number	per	wild	 type	RJbj	plant	used	 in	 (B),	 a	weeks	post	
inoculation	with	S.	meliloti	abJJ,	treated	with	H!O	or	KmM	KNO2.	n	numbers	are	
denoted	 beneath	 the	 bars.	 Error	 bars	 represent	mean	 ±	 SD.	 (A,B)	 Statistical	
significance	 was	 calculated	 using	 one-way	 ANOVA	 with	 prior	 F-test	 for	
homoscedasticity	 and	 Tukey’s	 multiple	 comparison	 post-test,	 with	 letters	
denoting	 statistical	 significance,	 n.s.	 =	 not	 significant.	 Data	 represents	 three	
biological	 replicates,	 with	 roots	 from	 three	 plants	 pooled	 per	 replicate.	
Expression	was	normalized	to	the	housekeeping	gene	MtUBC;	(Medtr9gAA?;bX).		
(C)	Statistical	significance	was	calculated	using	Welch’s	t-test.	
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Figure	>.D.	Expression	of	APSR+	is	not	altered	by	treatment	with	Nod	factor	
or	infection	with	Rhizophagus	irregularis.	

(A)	Expression	of	APSRA	in	roots	of	K	day	old	seedlings	ap	hours	after	treatment	
with	a	control	(mock),	Jb

-7
M	Nod	factor	(Nod),	(Niebel	et	al.,	unpublished).	(B)	

Expression	of	APSRA	in	Medicago	truncatula	roots	inoculated	with	Rhizophagus	
irregularis	for	fb	days	(fbdpi)	or	uninoculated	for	fb	days	(control).	(Gomez	et	
al.	abbg).	Error	bars	represent	standard	deviation	above	and	below	the	mean.	
Mean	and	SD	values	were	calculated	from	three	replicates	for	each	treatment.	
Statistical	 significance	 was	 calculated	 using	 Welch’s	 t-tests.	 n.s.	 =	 non-
significant.	Data	was	retrieved	 from	the	Medicago	 truncatula	gene	expression	
atlas:	https://mtgea.noble.org/vf/	(APSRA	probe	ID:	Mtr.algjg.J.SJ_at).		

https://mtgea.noble.org/v3/


79 
 

>.:.B	Identification	and	characterisation	of	two	Mtapsr:	tnt	insertion	
lines	

	 To	 assess	 the	 role	 of	 MtAPSRJ	 in	 endosymbioses,	 I	 searched	 the	

Medicago	truncatula	mutant	database	for	lines	with	tnt	insertions	in	MtAPSRA.	

The	 lines	were	 genotyped,	 and	 positions	 of	 the	 tnt	 insertions	 confirmed	 via	

sequencing	(Figure	f.l	B	and	C).	Line	NFJalaa	has	an	insertion	in	the	f’	UTR	

(Figure	 f.lA),	 so	 it	 is	 not	 predicted	 to	 affect	 the	 coding	 region	 of	 the	 gene.	

However,	 the	 insertion	 caused	 a	 significant	 reduction	 in	 the	 expression	 of	

MtAPSRA	by	qRT-PCR	(Figure	f.lE).	In	contrast,	the	tnt	insertion	in	NFpplp	is	

in	 exon	 J	 (Figure	 f.lA),	 so	 produces	 a	 truncated	 protein	 of	 Jap	 amino	 acids	

(Figure	f.lD).	

	 To	determine	whether	MtAPSRJ	 is	 required	 for	 endosymbioses,	 I	 first	

performed	 an	 arbuscular	mycorrhization	 assay.	 After	 d	weeks	 of	 inoculation	

with	 AM	 inoculum,	 the	 assessment	 of	 AM	 colonization	 revealed	 reduced	

percentage	colonisation	of	intraradical	hyphae,	arbuscules,	and	vesicles	in	both	

NFJalaa	 and	NFpplp	 compared	 to	wild	 type	RJbj	 (Figure	 f.dA).	As	well	 as	

using	two	independent	tnt	insertion	lines,	a	NFpplp	segregating	population	was	

used	to	ensure	that	this	phenotype	is	due	to	the	tnt	insertion	in	MtAPSRA,	and	

not	an	alternative	insertion.	The	reduced	AM	colonisation	was	specific	to	plants	

homozygous	for	the	tnt	insertion,	indicating	that	the	mutation	is	recessive,	and	

that	MtAPSRA	is	required	for	normal	AM	colonisation	(Figure	f.dB).		
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Figure	>.G	Characterisation	of	:	Mtapsr:	tnt	insertion	lines.	

(A)	Schematic	showing	the	structure	of	the	MtAPSRA	gene	and	the	location	of	the	tnt	
insertion	sites	in	the	NFpplp	and	NFJalaa	 lines.	Dark	grey	boxes	represent	the	K’	
UTR	and	f’	UTR,	light	grey	boxes	represent	exons,	and	black	lines	represent	introns.	
Scale	bar	represents	Kbbbp.	(B)	Genotyping	of	the	NFpplp	and	NFJalaa	lines	via	
PCR,	using	the	primers	labelled	in	(A).	Primer	sequences	can	be	found	in	Table	a.J.	
(C)	The	exact	location	of	the	tnt	insertion	sites	was	determined	via	sequencing	of	the	
bands	in	(B).	Top,	NFpplp	insertion	site.	Bottom,	NFJalaa	insertion	site.	Exon	J	is	
labelled	in	pink,	f’	UTR	in	purple,	the	T-DNA	insertion	sequences	are	in	blue,	and	
the	insertion	sites	are	labelled	in	orange.	The	NFpplp	insertion	site	is	at	jjfbp,	and	
the	NFJalaa	insertion	site	is	at	pjfjbp.	(D)	Schematic	of	the	amino	acid	sequence	
of	APSRJ	(top),	and	the	predicted	consequence	of	the	tnt	insertion	on	APSRJ	in	the	
NFpplp	line	(bottom).	Domain	of	unknown	function	(DUF)	domains	are	labelled	in	
blue,	and	the	locations	of	the	nuclear	localisation	signal	(NLS),	predicted	Gβ		binding	
domain	(BD),	and	coiled	domain	are	labelled.	(E)	Quantitative	real-time	PCR	(qRT-
PCR)	analysis	of	the	transcript	level	of	APSRA	in	d-day	old	roots	of	wild	type	RJbj	and	
mutant	line	NFJalaa.		n=f,	bars	represent	mean	±SD.	Expression	was	normalized	to	
the	 housekeeping	 gene	 MtUBC;	 (Medtr9gAA?;bX)	 and	 displayed	 as	 fold-change	
relative	to	the	wild	type	RJbj.	Statistical	significance	was	calculated	using	Welch’s	t-
test	(***p < b.bbJ).	
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(A)	Arbuscular	mycorrhization	assay	of	wild	type	RJbj	plants	and	tnt	insertion	
lines	NFpplp	and	NFJalaa.	Data	represents	f	independent	biological	replicates.	
(B)	Arbuscular	mycorrhization	assay	of	 a	 segregating	 population	of	 NFpplp,	
containing	plants	that	are	wild	type	(+/+),	heterozygous	(+/-)	and	homozygous	
(-/-)	for	the	tnt	 insertion.	Data	represents	one	biological	replicate.	Percentage	
colonisation	of	intraradical	hyphae	(%IRH),	arbuscules	(%A)	and	vesicles	(%V),	
approximately	d	weeks	post	inoculation	with	R.	irregularis.	Bars	represent	mean	
±	SD.	Statistical	significance	was	calculated	using	Welch’s	t-tests,	comparing	the	
percentage	of	 each	 structure	 to	 the	control	 (RJbj	 in	A,	 +/+	 in	B)	 (*p < b.bK,	
**p < b.bJ,	***p < b.bbJ,	****p	<	b.bbbJ,	n.s.	=	not	significant).		
	

Figure	>.O	NFBBGB	and	NF+:G::	lines	have	reduced	arbuscular	mycorrhizal	
colonisation.	
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	 In	 contrast,	 neither	 NFJalaa	 or	 NFpplp	 lines	 showed	 a	 different	

nodulation	phenotype	to	wild	type	when	inoculated	with	S.	meliloti	strain	abJJ	

(SmabJJ),	with	 or	without	 treatment	with	 KmM	KNO2	(Figures	 f.j	 and	 f.g).	

Both	lines	showed	a	reduction	in	nodule	number	upon	treatment	with	nitrate.	

Taken	 together,	 the	 endosymbiosis	 phenotypes	 suggest	 that	 MtAPSRA	 is	

specifically	required	for	AM	colonisation,	but	not	nodulation.		

 

Figure	 >.[	 Nodulation	 assay	 of	 wild	 type	 R+\[	 and	 tnt	 insertion	 line	
NF+:G::	plants.	

Total	nodule	number	per	plant	at	a	weeks	post	inoculation	(wpi)	(A)	and	p	wpi	
(B)	with	S.	meliloti	abJJ.	Plants	were	treated	with	water,	or	KmM	KNO2.	Number	
of	plants	(n)	is	denoted	underneath	the	bars.	Bars	represent	mean	±	SD.	Letters	
indicate	 statistical	 significance	 (one-way	 ANOVA	 with	 prior	 F-test	 for	
homoscedasticity	and	Tukey’s	multiple	comparison	post-test).	Data	represents	a	
independent	biological	replicates.	
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9.9	Discussion	

	 In	 this	 chapter,	 I	 have	 demonstrated	 that	 an	 interactor	 of	 MtGβ,	

MtAPSRA,	 is	 induced	 at	 the	 transcript	 level	 by	 phosphate	 treatment	 (Figure	

f.pA),	like	its	ortholog	AtAPSRA,	and	specifically	impacts	AM	colonisation	and	

not	 nodulation	 (Figures	 f.d-f.g).	 The	AtAPSRA	 knockout	mutant	 line	 apsrA-A	

displays	a	phosphate	starvation	phenotype	of	reduced	primary	root	length	and	

longer	 root	 hairs	 when	 grown	 in	 high	 phosphate	 conditions	 (JmM	 Pi),	

suggesting	a	reduced	sensitivity	to	phosphate	(González-Mendoza	et	al.,	abJf).	

Own-promoter	localisation	experiments	suggest	that	AtAPSRJ	localises	to	the	

nucleus,	however	the	functionality	of	the	predicted	promoter	was	not	validated	

by	complementation	experiments.	MtAPSRJ	is	also	predicted	to	localise	to	the	

nucleus	by	Wolf	PSORT.	Both	MtAPSRA	and	AtAPSRA,	as	well	as	the	members	

Figure	 >.W	 Nodulation	 assay	 of	 wild	 type	 R+\[	 and	 tnt	 insertion	 line	
NFBBGB	plants.	

Total	nodule	number	per	plant	at	a	weeks	post	inoculation	(wpi)	(A)	and	p	wpi	
(B	and	C)	with	S.	meliloti	abJJ.	Plants	were	treated	with	water,	or	KmM	KNO2.	
Number	of	plants	(n)	is	denoted	underneath	the	bars.	Bars	represent	mean	±	SD.	
Letters	 indicate	statistical	significance	(A,B	one-way	ANOVA	with	prior	F-test	
for	 homoscedasticity	and	Tukey’s	multiple	comparison	post-test,	C	Welch’s	 t-
test,	n.s.	=	not	significant).	(A)	and	(B)	represent	one	biological	replicate,	and	
(C)	represents	a	second	biological	replicate	at	the	pwpi	timepoint.	
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of	the	NRGa	family	in	Figure	f.a,	contain	the	Domains	of	Unknown	Function	

(DUF)	lfb	and	lfa	(Figure	f.lD).	These	domains	are	as	yet	uncharacterised,	

and	 although	 DUFlfb	 can	 be	 found	 in	 putative	 plant	 bZIP	 proteins,	 the	

function	of	these	regions	is	not	known.		

I	observed	reduced	AM	colonisation	in	both	the	NFJalaa	and	NFpplp	

tnt	 insertion	 lines	 under	 phosphate	 starvation,	 indicating	 that	 MtAPSRJ	 is	

acting	as	a	positive	regulator	of	AM	colonisation	in	this	case.	MtAPSRJ	is	also	

induced	 upon	 phosphate	 treatment	 at	 the	 transcript	 level,	 and	 phosphate	

treatment	 results	 in	 reduced	 AM	 colonization	 (Hepper,	 Jgjf).	 This	

upregulation	 may	 increase	 the	 interaction	 between	 MtAPSRJ	 and	 MtGβ,	

impeding	the	ability	of	MtGβ	to	regulate	endosymbiosis.		The	fact	that	MtAPSRJ	

affects	AM	colonization,	but	not	nodulation	(Figures	f.d-f.g),	 is	surprising	as	

MtGβ	has	been	shown	to	play	a	role	in	nodulation	(Bovin	et	al.,	abaJ)	but	not	

yet	in	AM.	The	data	suggests	that	MtGβ	might	also	play	a	role	in	AM.		

Nodulation	 is	 regulated	by	phosphate	to	some	extent,	with	phosphate	

starvation	causing	a	reduction	in	nodule	number	(Jakobsen,	JgjK,	Hernández	

et	al.,	abbg),	potentially	through	activation	of	the	autoregulation	of	nodulation	

(AON)	 pathway	 (Isidra-Arellano	 et	 al.,	 abab).	 However,	 inhibition	 of	

endosymbiosis	in	sufficient	phosphate	conditions	is	specific	to	AM	colonisation,	

and	requires	pathways	such	as	the	PHR-SPX	regulatory	network	to	trigger	the	

abortion	of	arbuscules.	 In	addition,	 the	early	stages	of	AM	colonization	have	

been	shown	to	be	inhibited	by	high	phosphate	(Balzergue	et	al.,	abJf)	implying	

the	presence	of	an	alternative	mechanism	to	inhibit	the	initiation	of	infection.	

Given	 that	 MtAPSRJ	 is	 predicted	 to	 bind	 to	 MtGβ,	 and	 that	 the	 putative	

promoter	region	fkb	region	upstream	of	MtAPSRA	does	not	contain	any	PJBS	

domains	known	to	be	recognised	by	PHRs	(Wang	et	al.,	abaJa),	it	seems	unlikely	

to	be	involved	in	the	early	termination	of	AM	symbiosis	mediated	by	PHR-SPX.	

In	 Medicago,	 it	 has	 been	 shown	 that	 N+Pi	 starvation	 conditions	 enhance	

nuclear	calcium	oscillations	upon	treatment	with	S-LCOs	and	NS-LCOs	(Li	et	

al.,	abaaa).	In	addition,	 it	has	been	suggested	that	 low	phosphate	conditions	

may	enhance	the	nuclear	calcium	oscillations	in	response	to	AM	fungi	(Russo	

et	 al.,	 abJf),	 although	 as	 I	 have	 described,	 the	 literature	 is	 inconclusive.	
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Therefore,	it	is	possible	that	MtAPSRJ	is	regulating	nuclear	calcium	oscillations	

in	response	to	phosphate	via	its	interaction	with	MtGβ.	

	 To	 elucidate	 the	 role	 of	 MtAPSRA	 in	 the	 regulation	 of	 AM	 upon	

phosphate	treatment,	an	AM	assay	of	NFpplp	and	NFJalaa	should	be	carried	

out	 under	 high	 phosphate	 conditions.	 If	 MtAPSRA	 is	 involved	 in	 the	

downregulation	of	AM	upon	Pi,	I	would	expect	NFpplp	and	NFJalaa	plants	to	

be	 insensitive	 to	 phosphate	 treatment,	 and	 therefore	 the	 reduction	 in	 AM	

colonisation	will	be	less,	or	abolished	entirely.	In	addition,	the	localisation	of	

MtAPSRJ	needs	to	be	established,	under	low	and	high	Pi	conditions,	and	the	

interaction	between	MtAPSRJ	 and	MtGβ	needs	 to	be	 validated	 in	planta,	 for	

example	 by	 bimolecular	 fluorescence	 complementation	 in	 Medicago	

transformed	 hairy	 roots,	 FRET-FLIM	 (Förster	 resonance	 energy	 transfer	 by	

fluorescence	lifetime	imaging)	experiments	and	co-immunoprecipitation.	
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Chapter	IV	–	Investigation	of	a	novel	allele	of	CNGCDE,	
and	its	dual	function	in	Arabidopsis	root	apical	

meristems	
Parts	of	this	chapter	are	published	in	Tipper	et	al.	(abaf)	and	appear	here	with	

permission.	Homology	modelling	was	done	in	collaboration	with	Professor	

David	Lawson	(JIC).	

C.!	Introduction	

Plant	cyclic	nucleotide-gated	channels	(CNGCs)	are	central	to	calcium	

signalling	 in	a	wide	range	of	processes,	 including	 in	development,	and	biotic	

and	 abiotic	 stress	 responses	 (Jarratt-Barnham	 et	 al.	 (abaJ)).	 In	 recent	 years,	

advances	in	their	characterisation	have	revealed	that	the	modular	architecture	

of	the	CNGCs,	which	assemble	as	homo-	and/or	hetero-tetramers,	contributes	

to	their	plurality	of	function	and	mechanisms	of	regulation	(Pan	et	al.,	abJg,	Yu	

et	al.,	abJg).	In	plants,	each	CNGC	subunit	consists	of	six	membrane-spanning	

segments	designated	SJ	to	Sl,	along	with	a	cyclic	nucleotide-binding	domain	

(CNBD),	 a	 C-linker	 region,	 and	 a	 calmodulin-binding	 domain	 (Matulef	 and	

Zagotta,	abbf).		

Whilst	 the	 direct	 binding	 of	 cyclic	 nucleotides	 is	 essential	 for	 the	

function	of	mammalian	cyclic	nucleotide-gated	(CNG)	channels	(Fesenko	et	al.,	

JgjK,	 Kaupp	 et	 al.,	 Jgjg,	 Dhallan	 et	 al.,	 Jggb),	 in	 plants	 some	 CNGCs	 are	

regulated	by	cyclic	nucleotides	 in	heterologous	systems	(Leng	et	al.	 (abbaa);	

Hua	 et	 al.	 (abbf)),	 and	 others	 are	 not	 (Zhang	 et	 al.,	 abJg).	However,	 these	

studies	used	different	heterologous	systems,	such	as	Human	Embryonic	Kidney	

agf	(HEKagf)	cells	(Hua	et	al.	(abbf)),	X.	laevis	oocytes	(Zhang	et	al.	(abJg))	or	

both	(Leng	et	al.	(abbaa)).	The	use	of	heterologous	systems,	and	different	ones	

at	that,	makes	it	difficult	to	assess	the	cyclic	nucleotide	(cNMP)	requirement	in	

planta.		

CNGCs	mediate	calcium	release	in	various	plant	cell	types	and	cellular	

compartments	(Dietrich	et	al.,	abab,	Jarratt-Barnham	et	al.,	abaJ).	In	Medicago,	

three	 nuclear-localized	 CNGCJK	 paralogues,	 CNGCJKa,	 CNGCJKb,	 and	

CNGCJKc,	in	complex	with	the	ion	channel	Does	not	Make	Infections	J	(DMIJ),	
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are	required	for	the	generation	of	nuclear	calcium	oscillations	that	are	essential	

for	 the	establishment	of	nitrogen-fixing	bacterial	and	arbuscular	mycorrhizal	

symbioses	 (Charpentier	et	al.,	abJl).	The	C-termini	of	 the	 three	MtCNGCJKs	

associate	with	holo-Calmodulin	a,	which	modulates	their	activities	by	providing	

the	negative	 feedback	 to	close	 the	CNGCJK	channel	 (Del	Cerro	et	 al.,	abaa).	

Interestingly,	the	three	CNGCJKs	have	different	affinities	for	holo-Calmodulin	

a,	suggesting	that	they	could	form	a	heterocomplex	to	regulate	nuclear	calcium	

oscillation	 (Del	 Cerro	 et	 al.,	 abaa).	 In	 Arabidopsis,	 that	 cannot	 perform	

symbioses	 with	 arbuscular	 mycorrhizal	 or	 nitrogen-fixing	 bacteria,	 the	

functional	 orthologue	 of	MtDMIA	 is	 encoded	 by	AtDMIA	 and	modulates	 the	

nuclear	 calcium	 release	 associated	 with	 primary	 root	 apical	 meristem	

development	 and	 auxin	 homeostasis	 (Leitão	 et	 al.,	 abJg).	 In	 contrast	 to	

Medicago,	only	one	AtCNGCAY	is	present	in	the	Arabidopsis	genome	(Mäser	et	

al.,	abbJ).	Expression	of	AtCNGCAY	 complements	 the	 symbiosis	defect	of	 the	

double	mutant	MtCNGCAYc,b	(Leitão	et	al.,	abJg),	and	AtCNGCJK	localizes	at	

the	nuclear	envelope	in	close	proximity	to	AtDMIJ	at	the	early	stages	of	root	

development	(l	days	post	germination,	dpg)	(Leitão	et	al.,	abJg,	Wang	et	al.,	

abaJc).	In	addition,	along	with	AtDMIJ,	AtCNGCJK	has	been	found	to	contribute	

to	the	generation	of	nuclear	calcium	release	in	Arabidopsis	root	apical	meristem	

(RAM)	development	(Tipper	et	al.,	abaf).	The	novel	mutant	allele	AtcngcAYD"#$N	

causes	a	reduction	in	primary	root	length,	due	to	a	reduced	meristem	size	and	

number	 of	 meristematic	 cells	 (Tipper	 et	 al.,	 abaf).	 This	 is	 similar	 to	 the	

phenotype	 of	 dmiA-M,	 and,	 like	 dmiA-M,	 is	 also	 associated	 with	 a	 reduced	

frequency	of	nuclear	calcium	release	in	the	RAM	(Leitão	et	al.,	abJg,	Tipper	et	

al.,	abaf).	Therefore,	modulation	of	 the	nuclear	calcium	release	mediated	by	

AtDMIJ	 and	AtCNGCJK	 impacts	 RAM	development	 and	 subsequent	 primary	

root	growth.		

In	addition,	in	Arabidopsis	it	was	recently	shown	that	at	a	later	stage	of	

root	growth	(Jadpg),	AtCNGCJK	can	form	a	complex	with	the	plasma	membrane	

nitrate	transceptor	NRTJ.J	to	regulate	nitrate	signalling	(Wang	et	al.,	abaJc).	As	

AtCNCGJK	 localizes	 to	 the	nuclear	envelope	 in	young	 roots,	 this	observation	
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suggests	that	nitrate	signalling	would	occur	independently	of	AtCNGCJK	at	this	

early	stage.		

In	 this	 chapter,	 I	 continue	 the	 characterisation	 of	 this	 novel	

AtcngcAYD"#$N	mutant	allele,	using	homology	modelling	and	electrophysiology,	

and	use	gene	expression	analyses	and	localisation	experiments	to	assess	the	role	

of	CNGCJK	in	nitrate	signalling.	I	aim	to	answer	the	following	questions:	

C. What	effect	does	the	DpbjN	point	mutation	have	on	the	structure	of	

the	ion	channel?	

a. What	 effect	 does	 the	 DpbjN	 point	 mutation	 have	 on	 the	

permeability	of	CNGCJKD'47N	to	calcium,	and	its	gating?	

f. Does	cAMP	assist	in	the	gating	of	CNGCJKD'47N?	

p. Is	CNGCJK	required	for	nitrate	induced	gene	expression?	

Q. Does	 the	 nuclear	 calcium	 release	 generated	 by	CNGCJK	 and	DMIJ	

affect	the	cell	cycle?		

C.0	Results	

B.:.+	The	DB\[N	point	mutation	is	in	the	C-linker	region	of	CNGC+D.	

It	has	been	shown	that	 the	DpbjN	mutation	 in	CNGCJKD'47N	 is	 semi-

dominant	 (Tipper	 et	 al.,	 abaf),	 as	 the	 heterozygous	 plants	 display	 an	

intermediate	 primary	 root	 phenotype	 in	 comparison	 to	 the	 wild-type	 and	

homozygous	mutants.	 This	 suggests	 that	 irrespective	 of	 whether	 AtCNGCJK	

functions	as	a	homo-	or	heterocomplex,	DpbjN	is	sufficient	to	impair	calcium	

release.	To	further	investigate	the	effect	of	the	DpbjN	mutation	on	AtCNGCJK	

function	at	the	molecular	level,	AlphaFolda	and	homology	modelling	was	used	

to	predict	its	structure,	which	revealed	that	Dpbj	is	positioned	in	the	C-linker	

region	(Figure	p.J	A,B),	known	to	modulate	the	opening	and	closing,	also	known	

as	 gating,	 of	 animal	 CNG	 channels	 (Mazzolini	 et	 al.,	 abJj).	 The	 DpbjN	

mutation	 is	 predicted	 to	 disrupt	 a	 salt	 bridge	 that	 forms	 at	 each	 interface,	

between	Dpbj	from	one	subunit	and	Rfgj	of	its	neighbour,	and	thereby	impact	

the	gating	properties	of	the	channel	(Figure	p.J	B–F).		
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Figure	 >.)	 The	 D>@AN	 mutation	 is	 predicted	 to	 disrupt	 salt	 bridges	 between	
adjacent	 AtCNGC)H	 subunits.	 Figure	 produced	 in	 collaboration	 with	 Professor	
David	Lawson	(JIC).	

(A)	Cartoon	representation	of	the	AtCNGCCQ	model	generated	by	AlphaFoldG	(AFG),	with	
the	subunits	 illustrated	in	different	colours.	Poorly	predicted	regions	at	the	N-	and	C-
termini	were	deleted	(residues	C-QH	and	RbP-RX\,	respectively).	In	the	highlighted	region,	
the	residues	contributing	to	one	of	the	salt-bridges	are	shown	as	van	der	Waals	spheres.	
(B)	Single	protomer	corresponding	to	the	salmon-coloured	subunit	in	(A)	illustrated	with	
rainbow	colouration	from	blue	at	the	N-terminus	through	to	red	at	the	C-terminus.	The	
positions	of	the	residues	DPb\	and	RH`\	in	the	C-linker	region	referred	to	as	the	A’	helix	
are	 indicated.	 (C)	 Close-up	 of	 the	 region	 highlighted	 in	 (A)	 showing	 one	 of	 the	 four	
symmetry-related	salt-bridges	(for	clarity	the	yellow	subunit	in	the	foreground	of	(A)	is	
omitted).	The	inset	(D)	shows	the	loss	of	this	potential	salt-bridge	in	the	DPb\N	mutant.	
(E)	Structurally	equivalent	region	to	that	shown	in	(C)	for	the	SWISS-MODEL	homology	
model	based	on	the	EagC	structure,	illustrating	the	similarity	to	the	AFG	model.	(F)	View	
of	the	AFG	model	from	the	nucleoplasm	(i.e.	from	below	with	respect	to	the	view	shown	
in	(A))	with	the	structure	depicted	as	a	solid	molecular	surface	which	is	cutaway	at	the	
level	of	the	salt-bridges.	The	latter	are	shown	as	van	der	Waals	spheres.	Note	the	location	
of	the	salt-bridges	adjacent	to	the	lumen	of	the	channel.	The	inset	(G)	shows	a	close-up	
of	this	central	region.		
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B.:.:	The	DB\[N	mutation	affects	the	gating	properties	of	CNGC+D	in	
Xenopus	laevis	oocytes.	

To	test	the	hypothesis	that	the	DpbjN	mutation	is	affecting	the	gating	

of	 CNGCJKD'47N,	 I	 expressed	 AtCNGCAY	 and	 AtCNGCAYD"#$N	 in	 oocytes	 of	

Xenopus	laevis	and	recorded	the	channel	activity	using	a	two-electrode	voltage	

clamp	(TEVC)	system	in	the	presence	of	ab	mM	CaCl!	or	ab	mM	BaCl!	(Figure	

p.a	A–C).	TEVC	is	a	method	to	study	ion	channels	expressed	in	heterologous	

systems,	such	as	X.	laevis	oocytes,	that	was	developed	in	the	Jgpbs	(Cole	(JgKb);	

Marmont	 (Jgpg)).	Given	 that	passage	 through	 ion	channels,	whether	voltage	

gated	 or	 not,	 will	 be	 affected	 by	 the	 membrane	 potential	 of	 the	 cell,	 the	

membrane	potential	needs	to	be	kept	constant	in	order	to	effectively	study	the	

activity	of	the	ion	channel.	TEVC	allows	for	this	by	using	two	electrodes,	one	to	

measure	the	membrane	potential	of	the	cell,	and	the	other	to	inject	a	current	so	

that	the	membrane	potential	is	at	the	desired	voltage	(Guan	et	al.,	abJfa).	TEVC	

is	used	 for	 large	cells,	 such	as	X.	 laevis	oocytes,	which	are	useful	 systems	 for	

studying	ion	channels	due	to	their	ability	to	translate	injected	RNA	and	produce	

heterologous	proteins,	and	their	low	expression	of	endogenous	receptors	and	

ion	channels	(Guan	et	al.,	abJfa).		

		 Oocytes	injected	with	AtCNGCAY	cRNA	or	AtCNGCAYD"#$N	cRNA	

displayed	a	significant	inward	current	in	the	presence	of	ab	mM	CaCl!	(Figure	

p.aA,	B).	The	results	confirm	that	CNGCJK	 is	a	calcium	channel,	 in	 line	with	

previous	 studies	 (Wang	 et	 al.,	 abaJc),	 and	 further	 demonstrate	 that	 the	

AtCNGCJKD'47N	channel	is	permeable	to	calcium.	For	I/V	curves,	the	x-intercept	

represents	the	voltage	at	which	there	is	no	net	current	across	the	membrane.	

From	Figure	p.aA	and	B,	this	value	is	-al.abpmV	for	AtCNGCJK,	and	-al.JlgmV	

for	AtCNGCJKD'47N	and	represents	the	equilibrium	potential	for	the	Ca!+	ion	in	

this	system	(PhysiologyWeb,	abJp).	This	 is	similar	 to	the	values	obtained	for	

MtCNGCJKa	 (Charpentier	 et	 al.,	 abJl).	 Whilst	 X.	 laevis	 oocytes	 do	 contain	

native	ion	channels,	including	calcium	permeable	channels,	they	do	not	contain	

CNGCs	or	related	CNGs	(Weber	et	al.,	Jggg).	The	water-injected	oocytes	were	

used	as	a	control	in	order	to	account	for	the	native	ion	channels	present	in	the	

oocytes.	
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Although	 the	 calcium	 current	 recorded	 in	 oocytes	 expressing	

AtCNGCAYD"#$N	is	comparable	to	that	recorded	in	oocytes	expressing	AtCNCGAY,	

the	percentage	of	oocytes	displaying	inward	calcium	current	was	significantly	

reduced	 (Figure	 p.aD).	 Only	 fb%	 of	 oocytes	 injected	 with	 AtCNCGAYD"#$N	

presented	open	ion	channels.	This	heterogeneity	was	observed	even	within	the	

same	clutch	of	X.	laevis	oocytes	injected	with	the	same	preparation	of	cDNA.		

To	assess	whether	this	reduced	frequency	was	due	to	a	perturbation	in	

the	 translation	 and/or	 localisation	 of	 AtCNGCJKD'47N,	 I	 expressed	 either	

AtCNGCAY	 or	AtCNGCAYD"#$N	 fused	 to	 GFP	 in	 oocytes	 (Figure	 p.aE,	 F).	 The	

localisation	 and	 the	 fluorescence	 intensity	 of	 AtCNGCJK:GFP	 and	

AtCNGCJKD'47N:GFP	are	both	identical	(Figure	p.aE,	F),	demonstrating	that	the	

absence	of	a	calcium	current	in	db%	of	the	oocytes	recorded	is	not	due	to	altered	

translation	 and/or	 mislocalisation,	 but	 to	 the	 impaired	 opening	 of	

AtCNGCJKD'47N.	However,	once	the	mutant	channel	opens,	a	wild-type	calcium	

current	is	produced.	This	observation	is	consistent	with	the	in	planta	phenotype	

of	AtcngcAYD"#$N,	which	shows	a	reduced	frequency	of	nuclear	calcium	release	

but	without	altering	the	rise	and	fall	time	of	the	calcium	signal	(Tipper	et	al.,	

abaf).	 Together,	 these	 results	 demonstrate	 that	 the	 opening	 properties	 of	

AtCNGCJK	are	perturbed	by	the	DpbjN	mutation,	which	is	predicted	to	weaken	

the	 interaction	 between	 the	 C-linker	 neighbouring	 units	 in	 the	 tetrameric	

CNGCJK	 complex.	 The	 gating	mechanism	 of	 plant	 CNGCs	 is	 unknown,	 and	

these	results	support	a	role	of	the	C-linker	region	in	this	gating,	as	is	the	case	

for	animal	CNG	channels.		
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Figure	>.'	The	D>@AN	mutation	impairs	the	gating	of	CNGC)H.	

(A)-(C),	 Average	 current/voltage	 (I/V)	 curves	 in	 Xenopus	 laevis	 oocytes	 expressing	
AtCNGC:>,	AtCNGC:>

D"#$N
,	or	injected	with	water	in	the	presence	of	GbmM	BaCl!	(grey)	

or	 GbmM	 CaCl!	 (black).	 Values	 represent	 means	 ±	 SD.	 (D)	 Percentage	 of	 oocytes	
displaying	 inward	 current	 upon	 calcium	 treatment	when	 injected	with	AtCNGC:>	or	
AtCNGC:>

D"#$N
	cRNA,	or	water	control.	Statistical	significance	was	calculated	using	Chi-

squared	tests	(*	p<b.bQ,	***	p<b.bbC,	****	p<b.bbbC).	Numbers	in	bars	denote	sample	
size.	(E)	Green	Fluorescence	Protein	(GFP)	fluorescence	(upper	panel),		and	merged	GFP	
and	 bright	 field	 images	 (bottom	 panel)	 of	 oocytes	 injected	 with	 either	 H!O,	

AtCNGC:>:GFP	cRNA	or	AtCNGC:>
D"#$N

:GFP	cRNA,	taken	with	laser	scanning	confocal	
microscopy.	 Scale	 bars	 represent	 Qbbµm.	 (F)	 Quantified	 fluorescence	 intensity	 of	
oocytes	 injected	with	either	H!O,	AtCNGC:>:GFP	cRNA	or	AtCNGC:>

D"#$N
:GFP	cRNA.	

Fluorescence	 of	 each	 oocyte	 was	 measured	 relative	 to	 the	 background.	 Error	 bars	
represent	mean	 ±	 SD.	 Statistical	 significance	 calculated	 using	 one-way	ANOVA	with	
Tukey’s	 multiple	 comparison	 post-test,	 (n=Q,	 ***	 p<b.bbC,	 ****	 p<b.bbbC,	 n.s.=	 not	
significant).	
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B.:.>	Cyclic	adenosine	monophosphate	(cAMP)	may	assist	the	gating	of	
AtCNGC:CD"#$N.	

Animal	CNG	channels	are	directly	activated	by	cyclic	nucleotides,	and	

several	plant	CNGCs	have	also	been	shown	to	be	activated	by	either	cAMP	or	

cyclic	guanosine	monophosphate	(cGMP)		or	both	(Leng	et	al.	(abbaa);	Hua	et	

al.	(abbf))	,	whilst	other	plant	CNGCs	do	not	appear	to	be	activated	by	cyclic	

nucleotides	 (Zhang	et	 al.,	 abJg).	The	opening	of	AtCNGCJK,	 and	 subsequent	

calcium	 conductance,	 does	 not	 require	 the	 external	 application	 of	 cyclic	

nucleotides	(Figure	p.a	and	Wang	et	al.	(abaJc)).	However,	the	AtCNGCJKD'47N	

mutant	 channel	 is	 perturbed	 in	 gating	 (Figure	 p.a)	 potentially	 due	 to	 the	

mutation	affecting	the	flexibility	of	the	C-linker	region.	This	raises	the	question	

as	to	whether	application	of	cyclic	nucleotides	would	assist	in	the	opening	of	

the	AtCNGCJKD'47N	mutant	channel,	by	causing	a	conformational	change	that	

would	 increase	 the	gating	flexibility.	Therefore,	 I	 applied	 JbµM	cAMP	to	 the	

perfusion	bath	of	X.	laevis	oocytes	expressing	AtCNGCAYD"#$N	that	had	shown	

no	 response	 to	 calcium	 perfusion.	 In	 two	 separate	 instances,	 application	 of	

cAMP	 lead	 to	 channel	 opening	 and	 conductance	of	 calcium,	 suggesting	 that	

cAMP	can	assist	the	opening	of	the	channel	(Figure	p.f).	It	is	worth	noting	that	

applying	 a	 voltage	 step	 of	 -JlK	mV	may	have	 activated	 endogenous	 chloride	

channels	within	the	oocyte	(Kowdley	et	al.,	Jggp),	so	future	experiments	should	

avoid	using	such	hyperpolarising	voltages.		
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B.:.B	The	dual	function	of	AtCNGC+D	is	promoted	by	high	nitrate.	

Primary	nitrate	sensing	is	modulated	by	the	nitrate	transceptor	NRTJ.J	

(Ho	et	al.,	abbg).	NRTJ.J	 localises	at	 the	plasma	membrane	of	 the	outer	cell	

layer	of	the	root	tip	and	root	columella	(Krouk	et	al.,	abJb),	where	it	is	required	

for	 the	 nitrate-induced	 cytoplasmic	 calcium	 release	 that	 contributes	 to	 the	

expression	of	primary	nitrate-responsive	genes	(Riveras	et	al.	(abJK);	Liu	et	al.	

(abJd)).	 Notably,	 high	 nitrate	 causes	 nuclear	 translocation	 of	 the	 calcium-

dependent	protein	kinase	(CPK)	Jb,	CPKfb,	and	CPKfl,	which	control	the	rapid	

induction	of	primary	nitrate	responsive	genes,	including	the	LATERAL	ORGAN	

BOUNDARIES	DOMAIN	(LBD)89,	LBD8:,	and	LBD;	(Liu	et	al.,	abJd).	Recent	

work	 demonstrated	 that	 AtCNGCJK,	which	 localises	 at	 the	 nuclear	 envelope	

during	 root	 apical	meristem	 establishment	 (Leitão	 et	 al.	 (abJg);	Wang	 et	 al.	

(abaJc))	 relocalises	 to	 the	 plasma	membrane	 at	 later	 stage	 (Ja	 dpg)	 of	 root	

growth,	 and	 associates	 with	 NRTJ.J	 to	 regulate	 the	 high	 nitrate-induced	

cytoplasmic	 calcium	 release	 and	 primary	 nitrate	 responsive	 gene	 expression	

Figure	>.Q	cAMP	may	assist	the	gating	of	AtCNGC&'D"#$N.	

(A),	(B)	Current/voltage	(I/V)	curves	in	X.	laevis	oocytes	expressing	AtCNGC:>
D"#$N

,	in	
the	presence	of	GbmM	CaCl!,	with	(blue)	and	without	(black)	the	application	of	Cbµl	
cAMP	at	CbµM	concentration.	Each	graph	represents	an	I/V	curve	from	an	individual	
oocyte.	
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(Wang	et	al.,	abaJc).	This	observation	suggests	that	during	early	stages	of	root	

development	 (l	 dpg)	 the	 function	 of	 AtCNCGJK	 is	 distinct	 from	 nitrate	

signalling.		

To	 test	 this	 hypothesis,	 the	 expression	 of	 the	 nitrate-

induced	LBD89,	LBD8:,	and	LBD8;	(Liu	et	al.	(abJd);	Alvarez	et	al.	(abab))	was	

quantified	 in	 l-day-old	 root	 tips	 of	 wild	 type,	AtdmiA-

M	and	AtcncgAYD"#$N	mutant	 lines,	 after	 a	 fb	minute	 treatment	with	either	 Jb	

mM	 KNO2		 or	 JbmM	 KCl	 as	 a	 control	 (Figure	 p.p).	 Both	 AtdmiA-

M	and	AtcncgAYD"#$N	are	 impaired	 in	 nuclear	 calcium	 release,	 displaying	 a	

reduced	frequency	of	nuclear	calcium	spiking	(Leitão	et	al.	(abJg),	Tipper	et	al.	

(abaf)).	The	expression	of	LBD89,	LBD8:,	and	LBD8;	was	significantly	induced	

by	 nitrate	 in	 the	wild	 type,	 demonstrating	 that	 primary	 nitrate	 signalling	 is	

unaffected	at	this	developmental	stage	(Figure	p.p).	Induction	of	LBD89	was	not	

affected	 in	AtdmiA-M	or	AtcngcAYD"#$N,	 indicating	 that	LBD89	expression	 is	 not	

Figure	>.>	AtCNCG)H	is	required	for	nitrate	induced	gene	expression.	

(A)	Quantitative	expression	analyses	of	the	transcript	level	of	nitrate-regulated	genes	
by	qPCR	 in	R	day	old	 root	 tips	 of	WT,	dmi:-C	 and	cngc:>

D"#$N
	 seedlings	 (n=H,	 each	

sample	is	a	pool	of	approximately	Cbb	plants)	on	treatment	with	either	CbmM	KCl	or	
CbmM	KNO$	for	Hb	minutes.	Expression	was	normalised	to	UBIQUITIN	:O	(AtQgO>ACO)	
and	UBOX	(At>g:>QOO).	Expression	is	displayed	relative	to	these	reference	genes.	Error	
bars	represent	mean	±	SD.	Letters	denote	statistical	significance	calculated	using	one-
way	ANOVA	with	Tukey’s	multiple	comparison	post-test.	n.s.	=	not	significant.	
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impaired	by	alterations	 in	nuclear	calcium	release	(Figure	p.pA).	 In	contrast,	

the	 expression	 of	 the	 nitrate-induced	LBD8;	was	 significantly	 enhanced	 in	

comparison	with	the	wild	type	in	both	AtdmiA-M	and	AtcngcAYD"#$N,	suggesting	

that	LBD8;	expression	 is	 negatively	 regulated	 by	 nuclear	 calcium	 release	

(Figure	 p.pC).	 Unexpectedly,	 induction	 of	LBD8:	 was	 significantly	 reduced	

in	AtcngcAYD"#$N	but	not	in	AtdmiA-M	root	tips,	suggesting,	on	one	hand,	that	an	

impaired	nuclear	calcium	release	does	not	interfere	with	LBD8:	expression,	and	

on	 the	 other	 hand,	 that	 AtCNGCJK	 might	 play	 a	 dual	 role	 at	 l	 dpg	 in	 the	

presence	of	high	nitrate	(Figure	p.pB).	The	expression	of	NRTA.A	was	unaffected	

in	both	AtdmiA-M	and	AtcngcAYD"#$N	(Figure	p.pD),	so	the	differential	regulation	

of	 LBD8:	 and	 LBD8;	 is	 not	 due	 to	 altered	 expression	 of	 NRTJ.J,	 and	 the	

expression	of	NRTJ.J	is	not	affected	by	the	reduced	frequency	of	nuclear	calcium	

release.	

The	 impaired	 induction	 of	 LBD8:	 in	AtcngcAYD"#$N	 and	 not	AtdmiA-M	

suggests	 that	 AtCNGCJK	 is	 acting	 independently	 to	 AtDMIJ	 at	 this	

developmental	 stage.	 One	 hypothesis	 is	 that	 there	 is	 a	 relocalisation	 of	

AtCNGCJK	to	the	plasma	membrane	induced	by	nitrate.	To	test	this,	seedlings	

expressing	AtCNGCAY:GFP	under	its	own	promoter	were	grown	on	nitrate-free	

medium	supplemented	with	either	Jb	mM	KNO2	or	J	mM	L-glutamine.	Under	

both	conditions,	AtCNGCJK	localised	to	the	nuclear	envelope	in	the	root	apical	

meristem	 at	 ldpg	 (Figure	 p.K).	 However,	 in	 the	 columella	 cells	 under	 high	

nitrate,	AtCNGCJK	 localised	 to	 the	 plasma	membrane	 as	well	 as	 the	 nuclear	

envelope	(Figure	p.KE,	F).	This	relocalisation	was	not	observed	in	the	absence	

of	 nitrate	 (Figure	 p.KG-L),	 indicating	 that	 plasma	membrane	 localisation	 of	

AtCNGCJK	 at	 the	 columella	 cells	 is	 induced	 by	 nitrate	 treatment.	 This	

observation	correlates	with	the	expression	of	NRTA.A,	which	is	highly	expressed	

in,	and	localises	to,	columella	cells	(Remans	et	al.	(abbl);	Krouk	et	al.	(abJb)).	

Together,	the	results	indicate	that	in	young	seedlings,	AtCNGCJK	functions	at	

the	nuclear	envelope	to	regulate	nuclear	calcium	release	that	modulates	both	

root	development	and	nitrate-induced	LBD8;	expression.	However,	upon	high	

nitrate,	 AtCNGCJK	 relocalises	 specifically	 to	 the	 plasma	 membrane	 of	 the	

columella	 cells	 where	 it	 contributes	 to	 the	 regulation	 of	 nitrate-
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induced	LBD8:	expression.	These	results	further	suggest	that	differential	inputs	

of	calcium	are	required	to	modulate	LBD8:	and	LBD8;	expression	in	response	

to	nitrate.	

	

 

B.:.D	Does	the	nuclear	calcium	signal	generated	by	AtCNGC+D	and	AtDMI+	
affect	the	regulation	of	the	cell	cycle	in	the	primary	root	meristem?	

The	 short	 root	phenotype	of	cngcAYD"#$N	was	 found	 to	be	caused	by	a	

reduction	 in	 the	 size	 of	 the	 primary	 root	 meristem.	 It	 was	 identified	 that	

cngcAYD"#$N	and	dmiA-M	seedlings	had	fewer	meristematic	cells	compared	to	WT,	

and	these	cells	were	on	average	larger	(Leitão	et	al.,	abJg;	Tipper	et	al.,	abaf).	

Figure	>.H	AtCNCG)H	relocalises	to	the	plasma	membrane	of	columella	cells	upon	
high	nitrate	treatment,	and	not	in	the	absence	of	nitrate.	

Laser	scanning	confocal	microscopy	pictures	of	R	day	old	A.	thaliana	root	meristems	
expressing	pAtCNGC:>::AtCNGC:>:GFP	grown	in	the	presence	of	CbmM	nitrate	(A-F)	
or	in	the	presence	of	C	mM	L-Glutamine	as	the	nitrogen	source	(G-L).	Green	fluorescent	
protein	(GFP)	detection	(A,	C,	E,	G,	I,	K)	and	overlay	picture	of	the	green	channel	and	
bright	 field	 (B,	 D,	 F).	 In	 (I)	 and	 (J),	 the	 left	 seedling	 expresses	
pAtCNGC:>::AtCNGC:>:GFP	and	the	right	seedling	is	a	non-transformed	seedling	as	a	
control.	Scale	bars	represent	Gbµm.	Arrowheads	indicate	nuclear	envelope	localisation	
of	AtCNGCCQ:GFP.		
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In	 contrast,	 dmiA-A	 seedlings,	 which	 have	 an	 increased	 duration	 of	 calcium	

release,	have	an	increased	primary	root	length	but	a	wild	type	meristem	size.	

The	increased	root	length	is	caused	by	longer	elongating	and	mature	cells	in	the	

transition	zone	(Leitão	et	al.,	abJg).	This	suggests	that	the	cell	cycle	 is	being	

perturbed	in	these	mutants,	and	potentially	the	reduced	frequency	of	nuclear	

calcium	release	in	dmiA-M	and	cngcAYD"#$N	is	resulting	in	fewer	cell	divisions.	To	

test	this	hypothesis,	cngcAYD"#$N,	dmiA-M	and	wild	type	seedlings	expressing	NR-

GECOJ.a	 (nuclear-localised	 red-GECOJ.a,	 a	 nuclear	 localised	 fluorescent	

calcium	 sensor;	Kelner	 et	 al.,	 abJj)	were	 crossed	with	 a	CYCBJ.J-GFP	 line,	 a	

commonly	 used	 cell	 division	 marker	 for	 the	 late	 Ga	 phase	 of	 cell	 division	

(Echevarría	et	al.,	abaJ).	Seedlings	resulting	from	the	cross	were	screened	for	

dual	 fluorescence,	 and	 the	 Ta	 population	 was	 genotyped	 for	 the	 DpbjN	

mutation	and	for	the	dmiA-M	T-DNA	insertion	by	PCR.		

The	aim	in	generating	these	crosses	was	to	assess	whether	the	reduced	

nuclear	 calcium	 release	 in	cngcD"#$N	 and	dmiA-M	 is	 correlated	with	 fewer	 cell	

divisions,	 using	 the	 fluorescence	 of	 CYCBJ.J-GFP	 as	 a	 proxy.	 In	 addition,	 I	

wanted	to	assess	whether	there	was	a	correlation	between	the	nuclear	calcium	

release	and	the	onset	of	a	cell	division.	For	example,	could	the	nuclear	calcium	

release	be	acting	as	a	signal	to	trigger	cell	division?	

To	assess	 this,	 I	 imaged	cngcAYD"#$N	and	colb	 seedlings	containing	 the	

NR-GECOJ.a	and	CYCBJ.J-GFP	fluorescent	markers	at	l	days	old	using	a	Nikon	

ECLIPSE	 FNJ.	 The	 average	 time	 for	 a	 cell	 to	 complete	 the	 Ga	 phase	 of	 cell	

division	 in	the	root	apical	meristem	is	f-p	hours,	depending	on	the	cell	 type	

(Desvoyes	 et	 al.,	 abaJ).	 Given	 CYCBJ.J-GFP	marks	 the	 late	 Ga	 phase	 of	 cell	

division,	the	seedlings	had	to	be	 imaged	for	several	hours	to	observe	the	full	

cycle	of	CYCBJ.J-GFP	fluorescence	in	a	cell.	Preliminary	imaging	identified	that	

the	available	experimental	set	up	was	not	suitable	for	this	long-term	imaging,	

as	the	seedlings	were	prone	to	movement,	growth,	stress	and	desiccation.	This	

meant	it	was	difficult	to	keep	the	meristem	within	focus,	and	analysis	would	be	

challenging	given	calcium	signalling	is	also	triggered	by	abiotic	stress	(Dong	et	

al.,	 abaa).	 I	 tried	 using	 medical	 adhesive	 to	 reduce	 movement,	 which	 was	

unsuccessful,	 and	 researched	 techniques	 for	 long	 term	 imaging	 (Rahni	 &	
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Birnbaum,	abJg;	Kirchelle	et	al.,	abJd).	Whilst	this	would	be	an	interesting	and	

novel	 avenue	 of	 research,	 the	 investment	 required	 to	 undertake	 these	

experiments	 rigorously	 would	 be	 high.	 Therefore,	 this	 was	 deprioritised	 in	

favour	of	other	hypotheses,	and	remains	a	future	area	of	exploration.	

C.9	Discussion	

Whilst	 the	 DpbjN	 mutation	 in	 AtCNGCAY	 has	 been	 shown	 to	 be	

sufficient	to	reduce	the	frequency	of	nuclear	calcium	release	in	the	Arabidopsis	

RAM,	and	subsequently	reduce	meristem	size	(Tipper	et	al.,	abaf),	it	was	not	

known	what	effect	this	mutation	was	having	on	the	structure	of	the	channel,	

and	 its	 permeability.	 In	 this	 chapter,	 I	 identify	 that	 the	DpbjN	mutation	 is	

positioned	in	the	C-linker	region	of	the	ion	channel	(Figure	p.J).	In	line	with	a	

role	of	 the	C-linker	 in	gating	animal	CNG	channels,	 the	DpbjN	mutation	 is	

sufficient	 to	 impair	 the	gating	of	AtCNGCJK	 in	X.	 laevis	 oocytes	 (Figure	p.J),	

demonstrating	 that	 the	 C-linker	 is	 associated	 with	 the	 gating	 of	 CNGCs	 in	

plants.	As	the	residue	Dpbj	is	highly	conserved	among	AtCNGCs	(Tipper	et	al.,	

abaf),	it	might	represent	a	valuable	target	to	develop	new	AtCNGC	alleles	and	

assess	the	effect	of	modulating	the	level	of	calcium	release	in	CNGC-associated	

biological	processes.	Remarkably,	although	the	DpbjN	mutation	is	sufficient	to	

impair	the	mechanism	involved	in	opening	AtCNGCJK,	the	channel	can	still	be	

opened,	less	readily,	both	in	planta	and	in	oocytes	(Figure	p.a).	This	observation	

suggests	 that	 various	 mechanisms	 of	 activation	 might	 coexist,	 potentially	

including	various	ligands	and/or	cofactors	whose	effects	can	be	influenced	by	

the	DpbjN	mutation.	In	accordance	with	this,	application	of	cAMP	was	found	

to	assist	the	opening	of	CNGCJKD'47N	channels	in	oocytes	that	had	previously	

shown	no	inward	current	upon	calcium	treatment	(Figure	p.f).	This	indicates	

that,	 in	 the	 heterologous	 X.	 laevis	 oocyte	 system,	 cyclic	 nucleotides	 may	

increase	 the	 gating	 flexibility	 of	 the	 inflexible	 CNGCJKD'47N	 channels.	 The	

homology	modelling	(Figure	p.J)	revealed	that	the	DpbjN	mutation	disrupts	a	

salt	bridge	between	the	aspartic	acid	pbj	of	one	subunit	and	the	arginine	fgj	

of	 the	 neighbouring	 subunit.	 Future	work	 could	 assess	 if	 disrupting	 the	 salt	
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bridge	by	mutating	the	arginine	fgj	residue	would	also	affect	the	gating	of	the	

channel.	

Trafficking	 of	 mammalian	 CNG	 channels	 to	 subcellular	 domains	 is	

critical	 for	 their	 multiple	 physiological	 roles,	 with	 cell	 type	 and	 specific	

heterotetrametric	 assembly	 influencing	 this	 relocalisation	 (Wojtyniak	 et	 al.,	

abJf).	Recently,	 it	was	shown	that	at	 later	stages	of	Arabidopsis	root	growth,	

overexpressed	 AtCNGCJK	 relocalises	 to	 the	 plasma	 membrane	 of	 root	 cells	

where,	 in	 complex	 with	 NRTJ.J,	 it	 contributes	 to	 the	 nitrate-induced	

cytoplasmic	calcium	release	and	gene	expression	changes	(Wang	et	al.,	abaJc).	

The	dual	localization	of	AtCNGCJK	was	hypothesized	to	be	developmental	stage	

specific.	As	AtCNCGJK	localizes	to	the	nuclear	envelope	at	l	dpg,	this	suggests	

that	nitrate-induced	gene	expression	in	Arabidopsis	root	tips	at	l	dpg	would	be	

independent	of	AtCNGCAY.	Here,	it	is	demonstrated	that	the	induction	of	the	

primary	nitrate	responsive	genes,	LBD89,	LBD8:	and	LBD8;,	occurs	in	l-day-

old	 Arabidopsis	 root	 tips.	 Interestingly,	 LBD89,	 LBD8:,	 and	 LBD8;	 are	

differentially	regulated	in	the	Arabidopsis	mutants	impaired	for	nuclear	calcium	

release	 (AtdmiA-M	 and	AtcngcAYD"#$N)	 (Figure	 p.p).	 The	 level	 of	 expression	 of	

LBD8;	is	enhanced	in	comparison	with	the	wild	type	in	both	mutants,	while	the	

expression	 of	 LBD89	 is	 similar,	 suggesting	 that	 nuclear	 calcium	 release	

negatively	 regulates	 expression	 of	 LBD8;	 (Figure	 p.p	 A,C).	 In	 contrast,	 the	

nitrate	induction	of	LBD8:	is	only	impaired	in	AtcngcAYD"#$N	(Figure	p.pB).	In	

addition,	AtCNGCJK	expressed	under	its	own	promoter	localizes	to	the	nuclear	

envelope	of	the	root	meristem	cells	and	relocalises	specifically	in	the	columella	

cells	to	the	plasma	membrane	in	the	presence	of	high	nitrate	(Figure	p.K).	Taken	

together,	 this	demonstrates	that	nuclear	calcium	mediated	by	AtCNGCAY	can	

modulate	nitrate-induced	LBD8;	expression	and	root	development.	However,	

in	 addition	 to	 regulating	 nuclear	 calcium	 signal	 in	 young	 seedlings,	

relocalisation	of	AtCNGCJK	at	the	plasma	membrane	specifically	in	columella	

cells	 can	 be	 induced	 by	 nitrate	 treatment	where	 it	 contributes	 to	 regulating	

nitrate-induced	LBD8j	 expression.	 The	 differential	 regulation	 of	 the	 nitrate-

induced	 LBD89/8:/8;	 in	 AtdmiA-M	 and	 AtcngcAYD"#$N	 highlights	 that	 the	
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regulation	of	LBD89,	LBD8:,	and	LBD8;	expression	requires	different	inputs	of	

cytoplasmic	and/or	nuclear	calcium.	

	

The	 expression	 of	 LBD89/8:/8;	 is	 dependent	 on	 the	 activity	 of	 the	

calcium-regulated	CPKJb,	CPKfb,	and	CPKfl,	which	were	shown	to	relocalise	

to	 the	 nucleus	 upon	 nitrate	 treatment	 (Liu	 et	 al.,	 abJd).	 Here,	 they	

Figure	>.V	Summary	model	for	the	dual	role	of	AtCNGC)H	in	root	apical	meristem	
(RAM)	development	and	nitrate	signalling	in	the	columella	cell	layer	of	V	day	old	
Arabidopsis	seedlings.	

Nitrate	 perception	 by	 NRTC.C	 triggers	 a	 conformational	 change	 which	 inhibits	 the	
interaction	between	CNGCCQ	and	NRTC.C	at	the	plasma	membrane	(Wang	et	al.,	GbGC).	
In	 high	 nitrate	 conditions,	 CNGCCQ	 is	 trafficked	 to	 the	 plasma	 membrane	 by	 an	
unknown	mechanism	(Tipper	et	al.,	GbGH),	where	it	is	predicted	to	be	involved	in	the	
generation	of	cytoplasmic	calcium	influx	upon	nitrate	treatment	(Wang	et	al.,	GbGC).	
The	cytoplasmic	calcium	activates	CPKCb/Hb/HG	and	facilitates	their	translocation	to	
the	 nucleus	 (Liu	 et	 al.,	 GbCX).	 Here,	 they	 phosphorylate	 NLPX,	 causing	 its	 nuclear	
retention	and	activation	of	Primary	Nitrate	Response	genes	(liu	et	al.,	GbCX).	NLPX	is	
itself	a	nitrate	sensor,	activated	by	the	direct	binding	of	nitrate	(Liu	et	al.,	GbGG).	In	
addition,	CNGCCQ	and	DMIC	at	the	nuclear	envelope	generate	nuclear	calcium	releases	
required	for	RAM	development	(Leitão	et	al.,	GbC`,	Tipper	et	al.,	GbGH).	These	nuclear	
calcium	 releases	 are	 implicated	 in	 the	 induction	 of	 LBDAU,	 so	 potentially	 nuclear	
calcium	is	required	for	the	fine	tuning	of	the	Primary	Nitrate	Response	by	a	currently	
unknown	 mechanism,	 potentially	 involving	 calcium	 binding	 proteins	 such	 as	
CPKCb/Hb/HG.		
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phosphorylate	NLPd,	 triggering	 its	 nuclear	 retention.	NLPd	 is	 itself	 a	 nitrate	

sensor,	with	the	ability	to	bind	directly	to	nitrate	(Liu	et	al.,	abaa).	These	data	

and	our	findings	raise	the	question	of	whether	the	activities	of	CPKJb,	CPKfb,	

and	CPKfl	require	different	amounts	of	cytoplasmic	and/or	nuclear	calcium	in	

a	cell-specific	manner	to	modulate	nitrate-induced	gene	expression.	Figure	p.l	

provides	 a	 summary	 and	 model	 of	 the	 dual	 roles	 of	 CNGCJK,	 and	 the	 link	

between	CNGCJK	and	nitrate	signalling.	The	identification	of	AtcngcAY	mutant	

alleles	impaired	in	gating,	such	as	AtcncgAYD"#$N,	represents	a	valuable	tool	to	

assess	in	planta	the	connection	between	calcium	input	and	specific	activation	

of	calcium	decoders	for	future	work.	
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Chapter	V	–	An	investigation	of	nuclear	calcium	
regulators	and	decoders	in	Arabidopsis	roots	

<.!	Introduction	

Calcium	signalling	is	comprised	of	three	key	steps,	an	initial	encoding	of	

information	 into	 an	 internal	 signal	 that	 can	be	 transmitted,	 decoding	of	 the	

received	signal,	and	a	response.	The	encoding	is	carried	out	by	calcium	influx	

channels	and	calcium	efflux	transporters	in	response	to	a	stimulus,	generating	

specific	 calcium	 signatures	 that	 can	 vary	 in	 their	 frequency,	 amplitude	 and	

subcellular	location	(Demidchik	et	al.	(abJj)).	Decoding	the	calcium	signature	

in	plants	requires	calcium	binding	proteins	such	as	calmodulins	(CaMs),	CaM-

like	proteins	(CMLs)	(Yang	and	Poovaiah	(abbf)),	calcium-dependent	protein	

kinases	 (CDPKs)	 (Blowers	 and	 Trewavas,	 Jgjg),	 calcineurin	 B-like	 (CBL)	

proteins	(Kudla	et	al.,	Jggg)	and	CBL-interacting	protein	kinases	(CIPKs)	(Shi	

et	al.,	Jggg).	The	EF-hand	domains	in	these	proteins	are	responsible	for	binding	

calcium,	with	one	EF-hand	domain	of	fb	amino	acid	residues	being	capable	of	

binding	 one	 calcium	 ion	 (Nakayama	 et	 al.,	 abbb).	 	 The	 proteome	 diversity	

between	different	organelles,	cell	types,	and	organs	means	there	are	different	

calcium	binding	proteins	present	 in	different	cellular	and	subcellular	 spaces,	

causing	different	responses	to	calcium	signals.		

	 The	roles	of	DMIJ	and	CNGCJK	in	generating	nuclear	calcium	influx	in	

Arabidopsis	has	been	described	in	Leitão	et	al.	(abJg)	and	Tipper	et	al.	(abaf).	

Nuclear	calcium	influx	mediated	by	these	components	is	essential	for	normal	

root	 apical	 meristem	 (RAM)	 development	 and	 primary	 root	 growth.	 Auxin	

distribution	 in	 the	 root	 meristem	 is	 correlated	 with	 the	 nuclear	 calcium	

phenotypes	of	dmiA-A	and	dmiA-M	lines;	the	increased	calcium	input	in	dmiA-A	is	

associated	with	 increased	auxin	 levels,	whilst	 the	decreased	calcium	 input	of	

dmiA-M	is	associated	with	decreased	auxin	levels	(Leitão	et	al.,	abJg).	However,	

the	decoding	mechanism	responsible	for	regulating	these	changes	is	not	known.	

In	addition,	calcium	channels	often	interact	with	regulatory	components	that	

modulate	the	calcium	release.	For	example,	in	Medicago,	the	CNGCJK	complex	

interacts	 with	 calcium-bound	 holo-CaMa,	 which	 modulates	 the	 closure	 of	
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CNGCJKs	(Del	Cerro	et	al.,	abaa).	Therefore,	there	are	likely	to	be	regulators	

involved	in	the	generation	of	nuclear	calcium	spiking	in	Arabidopsis.	

	 To	 try	 to	 identify	 such	 regulators,	 an	 ethyl	 methanesulfonate	 (EMS)	

screen	 of	 an	 Arabidopsis	 cngcAYD"#$N	 population	 was	 carried	 out	 which	

identified	five	lines	that	restored	the	wild-type	root	length	phenotype.	In	this	

chapter,	I	describe	how	whole	genome	sequencing	and	analysis	was	used	to	try	

to	 identify	point	mutations	 in	candidate	genes	that	caused	the	restoration	of	

primary	root	length.	

	 As	well	as	searching	for	putative	modulators,	I	also	investigated	potential	

decoders	of	the	nuclear	calcium	in	Arabidopsis.	This	was	done	by	conducting	a	

literature	search	for	published	nuclear	localised	calcium	binding	proteins	that	

are	 involved	 in	 root	 growth	 in	 Arabidopsis.	 This	 revealed	 a	 publication	

characterising	 the	 role	 of	 EMBRYO	 DEFECTIVE	 AY9;	 (EMBAY9;)	 in	 nuclear	

condensate	formation	and	regulation	of	gene	expression	(Zhang	et	al.,	abab).	

EMBA9;	had	previously	been	characterised	as	SHORT	ROOT	IN	SALT	MEDIUM	

A	(RSAA)	in	a	forward	genetic	screen	for	players	involved	in	salt	tolerance	(Guan	

et	al.,	abJfb).	RSAA	is	expressed	in	the	RAM	(Zhang	et	al.,	abab),	localises	to	the	

nucleus,	 and	 contains	 an	 EF	 hand	 domain	 that	 was	 shown	 to	 bind	 calcium	

(Guan	et	al.,	abJfb).	What	is	particularly	striking	is	the	published	phenotype	of	

rsaA	knockout	lines,	which	is	very	similar	to	that	of	cngcAYD"#$N,	with	a	shorter	

primary	root	length	and	root	apical	meristem	(RAM)	(Zhang	et	al.,	abab).	This	

led	to	my	hypothesis	that	RSAJ	may	be	acting	as	a	calcium	decoder	in	the	nuclei	

of	Arabidopsis	RAMs,	 responsible	 for	 sensing	 and	 responding	 to	 the	nuclear	

calcium	influx	generated	by	CNGCJK	and	DMIJ.		

Interestingly,	RSAJ	was	found	to	form	dynamic	liquid-like	condensates	

in	the	nucleus	by	liquid-liquid	phase	separation	(Zhang	et	al.,	abab).	Liquid-

liquid	 phase	 separation	 is	 the	 process	 by	 which	 macromolecules,	 such	 as	

proteins,	form	dense	condensates,	meaning	a	previously	homogenous	solution	

separates	 into	 distinct	 phases	 (Alberti	 et	 al.,	 abJg).	 The	 formation	 of	 these	

condensates	 was	 found	 to	 be	 crucial	 for	 its	 function	 in	 controlling	 the	

expression	of	many	genes,	 including	FLC	(Zhang	et	al.,	abab).	This	ability	to	

form	condensates	is	an	important	for	the	normal	functioning	of	RSAJ,	so	may	
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affect	its	potential	function	as	a	decoder.	In	addition,	RSAJ	was	found	to	bind	

to	the	basic	helix-loop-helix	(bHLH)	transcription	factor	RSAJ	INTERACTING	

TRANSCRIPTION	 FACTOR	 J	 (RITFJ)	 via	 yeast	 two-hybrid,	 Bimolecular	

Fluorescence	 Complementation	 analysis	 in	 Arabidopsis	 protoplasts	 and	

Nicotiana	benthamiana	(tobacco)	leaves,	Split	Luciferase	complementation	in	

tobacco	leaves	and	Co-immunoprecipitation	analysis	in	tobacco	plants	(Guan	

et	al.,	abJfb).	Although	none	of	these	interaction	analyses	were	conducted	using	

Arabidopsis	roots,	it	does	indicate	that	RSAJ	can	bind	to	transcription	factors.	

In	addition,	RITFJ	was	found	to	bind	to	the	promoters	of	genes	misregulated	in	

rsaA-A	 knockout	mutants,	 suggesting	 they	 share	a	 common	pathway	 for	gene	

expression	 (Guan	 et	 al.,	 abJfb).	 Therefore,	 RSAJ	 is	 a	 promising	 candidate	

decoder	 of	 the	 nuclear	 calcium	 influx	 involved	 in	 Arabidopsis	 primary	 root	

development.		

To	 summarise,	 the	 aim	 of	 this	 chapter	 is	 to	 investigate	 the	 following	

questions:	

J. What	 is	 responding	 to	 the	 nuclear	 calcium	 release	 mediated	 by	

CNGCJK?		

a. What	are	 the	potential	 regulators	and	decoders	 facilitating	normal	

primary	root	development?		

f. Is	RSAJ	a	decoder	of	the	nuclear	calcium	release	mediated	by	CNGCJK	

and	DMIJ?	

	



106 
 

<.0	Results	

D.:.+	Whole	genome	sequencing	and	analysis	of	cngc:CD"#$N	EMS-
mutagenized	lines	

To	try	to	identify	regulators	of	the	nuclear	calcium	signal	mediated	by	

CNGCJK	and	DMIJ,	an	EMS	suppressor	screen	was	carried	out	on	cngcAYD"#$N.	

Since	 cngcAYD"#$N	 plants	 have	 a	 reduced	 primary	 root	 length	 (Tipper	 et	 al.,	

abaf),	the	aim	was	to	identify	seedlings	that	recovered	wild	type	root	length	in	

the	cngcAYD"#$N	background.	This	suppressor	mutant	screen	approach	has	been	

successfully	 used	 to	 identify	 components	 acting	 in	 shoot	 apical	 meristem	

development,	 for	 example	 in	 the	 identification	of	CORYNE	 (CRN),	where	 an	

EMS	 screen	 on	 a	 CLAVATA8	 (CLV8)	 overexpressing	 line,	 that	 has	 a	 weak	

meristem	 arrest	 phenotype,	 identified	 lines	 where	 this	 meristem	 arrest	 was	

abolished	(Müller	et	al.,	abbj).	In	addition,	EMS	mutagenesis	and	subsequent	

selection	of	particular	 root	 length	phenotypes	has	been	used	 to	 identify	new	

players	 in	 Arabidopsis	 root	 development,	 for	 example	 RETARDED	 ROOT	

GROWTH	(RRG)	(Zhou	et	al.,	abJJ)	and	DETM	(Lv	et	al.,	abJj).	The	cngcAYD"#$N	

background	 for	 the	EMS	 screen	has	 a	 reduced	 frequency	 of	 nuclear	 calcium	

release	(Tipper	et	al.,	abaf).	Therefore,	 in	 lines	where	primary	root	 length	 is	

restored,	 I	 might	 expect	 to	 identify	 mutations	 in	 regulators	 of	 the	 nuclear	

calcium	release	that	may	recover	this	nuclear	calcium	frequency.	Alternatively,	

restoration	of	the	primary	root	length	could	be	due	to	mutations	in	components	

acting	in	different	pathways	affecting	Arabidopsis	root	development.	

Figure	H.)	Identification	of	EMS	lines	that	recover	wild	type	primary	root	length.	

Representative	image	of	R-day	old	seedlings	of	wild	type	Col-b	er:O>,	cngc:>
D"#$N

	and	
ethyl	methanesulfonate	(EMS)	line	#QR	showing	segregation	of	the	primary	root	length	
phenotype.	 The	 seedling	 selected	 for	whole	 genome	 sequencing	 is	marked	with	 an	
arrowhead.	Scale	bar	represents	Qmm.	
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K	lines	were	identified,	but	all	had	segregating	root	length	phenotypes	

(Figure	K.J),	indicating	that	the	parent	plant	was	heterozygous	for	the	EMS	point	

mutation.	I	selected	five	seedlings	from	each	line	for	bulk	DNA	extraction	and	

whole	genome	sequencing,	as	well	as	the	cngcAYD"#$N	for	sequence	comparison.	

I	mapped	 the	 sequence	data	 from	 the	cngcAYD"#$N	and	 the	K	EMS	 suppressor	

lines	 individually	 to	 the	 reference	 genome	Col-b	 (TAIRJb).	 Then,	 the	 single	

nucleotide	polymorphisms	(SNPs)	were	called	using	custom	scripts.	Positions	

where	 the	 EMS	 suppressor	 lines	 and	 cngcAYD"#$N	 had	 the	 same	 allele	 were	

filtered	out.	In	addition,	I	filtered	out	SNPs	that	were	present	in	the	exact	same	

location	in	three	or	more	lines,	as	these	represent	differences	between	the	Col-

b	erAXY	genome	(the	ecotype	of	cngcAYD"#$N)	and	the	Col-b	genome	that	was	

used	 as	 the	 reference,	 rather	 than	 polymorphisms	 that	 differ	 between	

cngcAYD"#$N	 and	 the	 EMS	 suppressor	 lines.	 To	 be	 conservative,	 I	 allowed	 for	

SNPs	that	were	present	in	the	exact	same	position	in	two	EMS	suppressor	lines.	

After	 this	 initial	 screening,	 a	 sliding	window	approach	with	 a	 custom	

script	was	used	 to	 screen	 the	genome	 for	 a	 region	where	 at	 least	 three	EMS	

suppressor	lines	had	a	SNP.	Initially	I	used	a	Kbbbp	window,	but	this	was	then	

expanded	 to	 a	 fkb	 window.	 This	 was	 chosen	 as	 the	 average	 gene	 size	 of	

Arabidopsis	thaliana	is	a.pkb	(Yu	et	al.,	abba),	and	I	wanted	a	window	size	that	

was	big	 enough	 to	 capture	 entire	 genes,	whilst	 decreasing	 the	probability	 of	

there	 being	 more	 than	 one	 gene	 within	 a	 window.	 Given	 the	 initial	 EMS	

suppressor	lines	had	segregating	root	length	phenotypes,	I	needed	to	allow	for	

SNPs	that	were	heterozygous.	Therefore,	I	set	the	threshold	for	SNP	calling	at	

fb%	for	alternative	alleles,	to	be	conservative.	This	means	that	any	alternative	

alleles	(different	from	the	reference	allele)	that	had	allele	frequencies	over	fb%	

would	be	called.	The	output	from	the	script	was	a	list	of	contigs,	the	positions	

of	the	SNPs,	and	the	line	in	which	each	SNP	was	present.	In	addition,	whether	

each	SNP	was	present	in	a	gene	coding	region	was	also	labelled.		
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These	 SNPs	 were	 manually	 inspected	 using	 the	 genome	 browser	

Integrative	 Genomics	 Browser	 (IGV).	 This	 confirmed	 that	 all	 five	 lines	

contained	the	guanine	to	adenine	substitution	in	CNGCAY	responsible	for	the	

aspartic	 acid	 to	 asparagine	 amino	 acid	 change	 in	 cngcAYD"#$N	 (Figure	 K.aA).	

Then	I	manually	inspected	the	SNPs	to	search	for	candidate	contigs,	regions	of	

Figure	 H.'	 Visualisation	 and	 manual	 inspection	 of	 single	 nucleotide	
polymorphisms	(SNPs).	

Screenshots	from	Integrative	Genomics	Viewer	(IGV)	of	SNPs	identified	in	the	ethyl	
methanesulfonate	(EMS)	suppressor	screen.	Sequencing	data	from	cngc:>

D"#$N	
is	in	the	

top	row,	followed	by	each	of	the	EMS	suppressor	lines	as	labelled.	Sequence	from	the	
reference	genome	A.	thaliana	Col-b	(TAIRCb)	is	in	the	bottom	row,	with	coding	regions	
highlighted	 in	 blue.	 (A)	 Confirmation	 that	 each	 of	 the	 five	 EMS	 lines,	 as	 well	 as	
cngc:>

D"#$N
,	contain	the	guanine	to	adenine	substitution	responsible	for	the	aspartic	

acid	 to	 asparagine	 amino	 acid	 change	 in	 cngc:>
D"#$N

.	 (B)	 Example	 of	 a	 discarded	
polymorphism	present	 in	all	 five	EMS	 lines	as	well	as	cngc:>

D"#$N
.	(C)	Example	of	a	

discarded	polymorphism	present	in	more	than	two	EMS	suppressor	lines.	(D)	Example	
of	a	true	candidate	SNP	(guanine	to	adenine)	present	in	one	of	the	EMS	suppressor	
lines	 and	 not	 present	 in	 any	 other	 line.	 (E)	 Visualisation	 of	 the	 X.Qkb	 window	
surrounding	the	SNP	shown	in	(D),	with	the	position	of	the	SNP	marked	with	an	arrow.	

		



109 
 

the	 genome,	 containing	 SNPs	 in	 at	 least	 three	EMS	 suppressor	 lines.	 	 These	

SNPs	do	not	have	to	be	at	the	exact	same	position,	but	do	have	to	be	within	the	

same	 fkb	 contig.	 Since	 I	 was	 screening	 for	 SNPs	 that	 were	 potentially	

heterozygous,	I	used	a	high	allele	frequency	threshold	(b.d)	which	meant	that	I	

had	a	high	proportion	of	false	positives	upon	manual	inspection.	For	example,	

I	found	that	some	SNPs	that	were	also	present	in	cngcAYD"#$N	were	not	filtered	

out,	as	they	met	the	threshold	in	the	EMS	suppressor	lines	but	not	in	cngcAYD"#$N	

(Figure	K.aB).	In	the	same	way,	some	SNPs	that	were	present	in	three	or	more	

EMS	 suppressor	 lines	 were	 also	 not	 filtered	 out	 (Figure	 K.aC).	 Several	 true	

polymorphisms	were	identified	(Figure	K.aD),	but	they	were	only	present	in	one	

of	the	EMS	suppressor	lines	within	a	fkb	contig	(Figure	K.aE).	In	addition,	the	

SNP	 in	Figure	K.aD	was	 in	an	 intergenic	 region,	 J.Kkb	 from	the	nearest	 start	

codon	(Figure	K.aE).	Details	of	the	number	of	SNPs	screened	using	a	fkb	sliding	

window,	 and	 how	 they	were	 classified,	 can	 be	 seen	 in	 Table	 K.J.	Due	 to	 the	

number	of	SNPs	that	were	screened	by	manual	inspection,	I	chose	to	classify	

only	those	that	were	present	within	a	fkb	window	of	a	coding	region.	

Total	Number	of	Contigs	screened	 HbC	

Number	of	contigs	with	at	least	one	SNP	in	a	coding	region	 CR	

Total	number	of	SNPs	screened	 QP`	

Total	number	of	SNPs	in/around	a	coding	region	 QX	

		-			Number	of	SNPs	that	were	also	present	in	cngc:>D"#$N	 G`	

		-			Number	of	SNPs	that	were	present	in	more	than	G	EMS	suppressor	

lines	
GP	

		-			‘True’	SNPs	 P	

Table	 H.):	 Contigs	and	 SNPs	screened	using	a	 Qkb	window	and	how	 they	were	
classified.	

The	presence	of	a	point	mutation	in	the	same	gene	in	at	least	three	of	the	

five	 lines	 could	 indicate	 that	 gene	 is	 responsible	 for	modulating	 the	nuclear	

calcium	 signalling.	 Given	 the	 cngcAYD"#$N	 line	 has	 a	 reduced	 frequency	 of	

calcium	 signalling	 (Tipper	 et	 al.,	 abaf),	 in	 order	 for	 wild	 type	 primary	 root	

length	to	be	restored,	the	frequency	of	calcium	influx	must	be	increased,	or	an	

alternative	mechanism	might	be	at	play	to	restore	root	development	in	spite	of	
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the	 reduced	 calcium	 frequency.	 Unfortunately,	 I	 did	 not	 find	 any	 candidate	

genes	 in	my	 sequence	 analysis,	 even	 when	 checking	 for	 point	mutations	 in	

introns,	and	in	intergenic	regions	which	may	have	affected	gene	regulation	or	

splicing.	This	 likely	 indicates	 that	 the	 restoration	of	wild	 type	 root	 length	 in	

each	line	is	due	to	independent	EMS	mutations	in	different	genes	in	each	line,	

or	 that	 the	 method	 for	 screening	 for	 EMS	 point	 mutations	 was	 not	 robust	

enough.	

D.:.:	Genotyping	of	the	rsa:-E	mutant	line	

	 To	 investigate	 whether	 RSAJ	 is	 decoding	 the	 nuclear	 calcium	 signal	

mediated	by	DMIJ	and	CNGCJK,	rsaA-8	seeds	were	ordered	from	the	Nottingham	

Arabidopsis	Seed	Centre	and	genotyped	for	the	T-DNA	insertion	in	intron	Jd	

(Figures	 K.fA	 and	 K.fB).	 The	 amplified	 DNA	 was	 sequenced	 by	 Sanger	

sequencing	to	confirm	the	exact	 location	of	the	T-DNA	insertion	site	(Figure	

K.aC).	Interpro	was	used	to	search	the	amino	acid	sequence	for	domains,	which	

identified	an	EF	hand	domain	at	the	C-terminus	of	the	protein	(Figure	K.fD).	

This	 was	 also	 predicted	 in	 Guan	 et	 al.	 (abJfb),	 where	 the	 calcium	 binding	

activity	 of	 the	EF	hand	was	 confirmed	via	 calcium	overlay	 assays	of	 purified	

recombinant	 protein.	 The	 T-DNA	 insertion	 in	 rsaA-8	 lies	 very	 close	 to	 the	

predicted	 EF	 hand	 domain,	 and	 whilst	 the	 Ja	 amino	 acids	 responsible	 for	

binding	 calcium	 are	 not	 impacted	 by	 the	 T-DNA	 insertion,	 it	 may	 cause	

structural	changes	that	impede	the	normal	function	of	the	calcium	binding.	In	

any	case,	 the	 insertion	was	 found	to	abolish	the	expression	of	RSAJ	via	qRT-

PCR,	rendering	this	line	a	null	mutant	(Guan	et	al.,	abJfb).	
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D.:.>	rsa:-E	and	dmi:-F	rsa:-E	have	shorter	primary	root	lengths	and	
increased	lateral	root	densities.	

	 rsaA-8	has	been	shown	to	have	significantly	shorter	primary	root	lengths	

compared	to	wild	type	(Zhang	et	al.,	abab),	as	does	cngcAYD"#$N	(Tipper	et	al.,	

abaf).	To	assess	how	the	primary	root	length	of	rsaA-8	compares	to	cngcAYD"#$N,	

I	measured	the	root	 lengths	at	l	and	Ja	days	post	germination	(dpg).	Whilst	

both	 rsaA-8	 and	 cngcAYD"#$N	 had	 significantly	 shorter	 root	 lengths	 when	

compared	to	 their	 respective	wild	 types,	rsaA-8	was	significantly	shorter	 than	

cngcAYD"#$N	 (Figure	K.p	A	and	B).	This	 is	 consistent	with	 the	hypothesis	 that	

Figure	H.Q	Characterisation	of	rsa&--.	

(A)	Schematic	showing	the	gene	structure	of	RSA:	and	the	position	of	the	rsa:-A	T	DNA	
insertion	site.	Dark	grey	boxes	represent	the	Q’	and	H’	UTR,	light	grey	boxes	represent	
exons,	and	black	lines	represent	introns.	The	white	triangle	represents	the	location	of	
the	T	DNA	insertion.	Primers	used	for	genotyping	and	their	positions	are	labelled	as	a,	
b	and	c.	(B)	Genotyping	of	rsa:-A	via	PCR,	using	the	primers	labelled	in	(A).	Primer	
sequences	can	be	found	in	Table	G.C.	(C)	The	exact	location	of	the	T	DNA	insertion	site	
was	determined	via	sequencing	of	the	band	in	(B).	The	intron	is	labelled	in	pink,	the	T	
DNA	insertion	sequence	in	blue,	and	the	insertion	site	in	orange.	(D)	Schematic	of	the	
amino	acid	sequence	of	RSAC	and	RSAC-H,	showing	the	location	of	the	EF	hand	domain	
in	grey.	RSAC-H	is	truncated,	as	highlighted	by	the	arrow.	
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RSAJ	could	be	decoding	the	nuclear	calcium	signature	generated	by	CNGCJK	

and	DMIJ;	the	DpbjN	mutation	in	CNGCJK	reduces	the	frequency,	but	does	not	

abolish	the	nuclear	calcium	spiking,	so	you	would	expect	removing	a	decoder	

to	have	a	more	severe	phenotypic	effect.		

	 To	try	to	ascertain	whether	RSAJ	is	acting	as	a	nuclear	calcium	decoder,	

dmiA-M	rsaA-8	double	mutants	were	generated.	The	aim	of	generating	this	double	

mutant	was	to	conduct	an	epistatic	analysis,	to	assess	if	RSAJ	is	acting	in	the	

same	pathway,	or	in	a	different	one.	If	RSAJ	is	acting	downstream	of	the	nuclear	

calcium	signal,	I	would	expect	the	dmiA-M	rsaA-8	double	mutant	to	have	a	similar	

phenotype	to	rsaA-8.	If,	however,	DMIJ	and	RSAJ	are	acting	in	different	pathways	

to	inhibit	primary	root	growth,	I	would	expect	a	synergistic	effect,	where	the	

double	mutant	has	a	more	severe	growth	phenotype	than	each	of	the	mutations	

individually.	Primary	root	length	analysis	revealed	that	the	dmiA-M	rsaA-8	mutant	

had	 the	 same	 primary	 root	 length	 phenotype	 as	 rsaA-8,	 and	 both	 had	more	

severe	growth	phenotypes	than	dmiA-M	(Figure	K.p	A	and	B).	Although	this	is	not	

proof	 that	 RSAJ	 is	 the	 decoder,	 it	 may	 be	 consistent	 with	 that	 hypothesis.	

However,	one	issue	with	this	approach	is	that	the	root	length	phenotype	of	rsaA-

8	is	already	considerably	reduced,	and	it	possible	that	the	detrimental	effect	of	

this	mutation	would	mask	any	additional	effect	of	the	dmiA-M	mutation.	

	 Whilst	 measuring	 the	 primary	 root	 lengths,	 I	 observed	 that	 rsaA-f	

appeared	to	develop	increased	numbers	of	lateral	roots,	and	developed	them	at	

an	earlier	timepoint	than	wild	type	seedlings.	To	document	this,	I	measured	the	

lateral	root	densities.	This	revealed	that	at	both	l	and	Ja	dpg,	rsaA-8	and	dmiA-M	

rsaA-8	 lines	 had	 increased	 lateral	 root	 densities	 than	 wild	 type,	 dmiA-M	 and	

cngcAYD"#$N	(Figure	K.p	C	and	D).	At	l	dpg,	dmiA-M	rsaA-8	had	an	increased	lateral	

root	density	than	rsaA-8,	but	this	difference	was	not	sustained	at	Jadpg.	At	Jadpg,	

dmiA-M	also	had	an	increased	lateral	root	density	when	compared	to	wild	type,	

but	not	as	much	as	rsaA-8	or	dmiA-M	rsaA-8	(Figure	K.pD).	Given	that	dmiA-M	rsaA-

8	has	an	increased	lateral	root	density	at	an	earlier	timepoint	than	either	rsaA-8	

or	 dmiA-M,	 this	 could	 suggest	 a	 synergistic	 effect	 in	 the	 double	 mutant.	 In	

addition,	the	increased	lateral	root	density	of	dmiA-M	is	of	interest	as	it	suggests	

a	 role	 for	 nuclear	 calcium	 signalling	 in	 lateral	 root	 development.	Given	 that	
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DMIJ	is	a	non-selective	cation	channel,	and	cngcAYD"#$N	did	not	have	a	lateral	

root	 phenotype,	 it	 is	 possible	 DMIJ	 is	 interfacing	 with	 another	 calcium	 ion	

channel	in	the	context	of	lateral	root	development.	

	

Figure	 H.>	 rsa&--	 and	 dmi&-1	 rsa&--	 have	 significantly	 shorter	 primary	 root	
lengths,	and	an	increased	lateral	root	density.	

(A),	 (B)	 Violin	 plots	 of	 primary	 root	 length	 measurements	 at	 R	 and	 CG	 days	 post	
germination	(dpg).	(C),	(D)	Violin	plots	of	lateral	root	density	at	R	and	CG	dpg.	Lateral	
root	density	was	calculated	by	normalising	the	number	of	lateral	roots	to	the	primary	
root	 length.	 Data	 represents	 at	 least	 G	 independent	 sowings,	 and	 n	 numbers	 are	
denoted	underneath	 the	plots.	 Statistical	 significance	was	 calculated	using	one-way	
ANOVA	with	Tukey’s	multiple	comparison	post-test,	with	letters	denoting	statistical	
significance.	
 



114 
 

D.:.B	rsa:-E	and	dmi:-F	rsa:-E	have	reduced	primary	root	meristem	sizes.	

dmiA-M	causes	a	reduced	primary	root	length	due	to	a	reduction	in	the	

size	of	the	meristem,	caused	by	a	reduced	number	of	meristematic	cells	(Leitão	

et	al.,	abJg).	The	same	is	true	for	rsaA-8,	which	has	been	previously	published	to	

have	a	reduced	meristem	size	(Zhang	et	al.,	abab).	To	see	if	this	is	the	same	for	

dmiA-M	 rsaA-8,	 I	 used	propidium	 iodide	 staining	 to	 visualise	 the	primary	 root	

meristem	 and	 measure	 the	 length	 from	 the	 quiescent	 centre	 to	 the	 first	

elongating	cell	(Figure	K.K).	This	revealed	that	rsaA-8	has	a	more	severe	effect	on	

meristem	length	than	dmiA-M,	which	was	also	observed	 in	the	double	mutant	

dmiA-M	rsaA-8	(Figure	K.K).	Taken	together,	these	results	are	consistent	with	the	

hypothesis	that	RSAJ	is	the	decoder	responsible	for	responding	to	the	nuclear	

calcium	spikes	generated	by	DMIJ	and	CNGCJK.	However,	it	is	also	possible	that	

the	primary	root	meristem	has	reached	a	minimum	viable	size	 in	rsaA-8,	and	

that	this	would	mask	any	additional	effects	of	the	dmiA-M	mutation.	

Figure	 H.H	 rsa&--	 and	 dmi&-1	 rsa&--	 have	 significantly	 shorter	 root	 apical	
meristems.	

(A)	 Representative	 images	 of	 Col-b,	 dmi:-C,	 rsa:-A	 and	 dmi:-C	 rsa:-A	 root	 apical	
meristems	R	days	post	germination.	Meristems	were	stained	with	propidium	iodide.	
The	quiescent	centre	and	start	of	the	transition	zone	are	marked	with	arrowheads.	Scale	
bar	 represents	 Qbµm.	 (B)	Root	 apical	meristem	 lengths	of	Col-b,	dmi:-C,	 rsa:-A	and	
dmi:-C	rsa:-A	R	days	post	germination.	Data	represents	H	independent	sowings,	and	n	
numbers	are	denoted	underneath	the	plots.	Statistical	significance	was	calculated	using	
one-way	ANOVA	with	Tukey’s	multiple	 comparison	post-test,	with	 letters	denoting	
statistical	significance.	
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Figure	H.V	dmi&-&	rsa&--	has	a	significantly	shorter	primary	root	length,	and	an	
increased	lateral	root	density.	

(A),	(B)	Violin	plots	of	primary	root	length	measurements	at	l	and	Ja	days	post	
germination	(dpg).	(C),	(D)	Violin	plots	of	lateral	root	density	at	l	and	Ja	dpg.	
Lateral	root	density	was	calculated	by	normalising	the	number	of	lateral	roots	
to	 the	primary	 root	 length.	Data	 represents	 one	 sowing,	 and	n	numbers	 are	
denoted	underneath	the	plots.	Statistical	significance	was	calculated	using	one-
way	ANOVA	with	Tukey’s	multiple	comparison	post-test,	with	letters	denoting	
statistical	 significance.	 Sowing	 and	 photography	 was	 carried	 out	 with	 the	
assistance	of	Nico	Rossner	and	Sunny	Lau	(JIC).	
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D.:.D	dmi:-:	rsa:-E	also	displays	a	short	primary	root	phenotype	and	
increased	lateral	root	density.	

	 dmiA-A,	 a	 DMIJ	 knockout	 line,	 has	 an	 increased	 primary	 root	 length,	

caused	by	an	 increased	rise	time	and	fall	 time	of	 the	nuclear	calcium	release	

(Leitão	et	al.,	abJg).	Therefore,	if	RSAJ	is	acting	as	a	nuclear	calcium	decoder,	

one	would	expect	the	dmiA-A	rsaA-8	double	mutant	to	have	the	same	phenotype	

as	rsaA-8.	The	double	mutant	was	generated	via	crossing	and	phenotyped,	and	

indeed,	displayed	 the	 same	primary	 root	phenotype	as	 rsaA-8	 at	l	and	 Jadpg	

(Figure	 K.l	 A	 and	 B).	Whilst	 this	 does	 not	 prove	 RSAJ	 is	 the	 decoder,	 it	 is	

consistent	with	that	hypothesis,	as	if	RSAJ	and	DMIJ	were	controlling	primary	

root	 length	 in	 separate	 pathways,	 I	 would	 expect	 dmiA-A	 rsaA-8	 to	 have	 an	

intermediate	primary	root	length.	In	addition,	dmiA-A	rsaA-8	displayed	increased	

lateral	root	density	at	Jadpg,	which	appears	to	be	more	severe	than	rsaA-8,	again	

implying	a	synergistic	role	of	DMIJ	and	RSAJ	in	lateral	root	development.	This	

will	need	to	be	validated	with	further	sowings	to	increase	the	sample	size.		

<.9	Discussion	

	 In	this	chapter,	I	have	utilised	two	different	methods	to	try	to	identify	

calcium	regulators	or	decoders	that	may	be	responding	to	the	nuclear	calcium	

influx	mediated	by	DMIJ	and	CNGCJK	in	the	RAM.	The	EMS	suppressor	screen	

and	subsequent	whole	genome	sequence	analysis	did	not	reveal	any	candidate	

calcium	regulators.	This	is	most	likely	due	to	the	fact	that	the	mutations	in	each	

of	the	five	lines	were	in	independent	genes.		

	 RSAJ	was	 identified	 as	 a	 candidate	 calcium	 decoder	 from	 a	 literature	

search,	due	to	the	remarkable	phenotypic	similarities	between	rsaA	knockout	

lines	and	cngcAYD"#$N,	as	well	as	its	ability	to	bind	calcium,	expression	in	the	root	

apical	meristem,	and	localisation	to	the	nucleus	(Guan	et	al.	(abJfb);	Zhang	et	

al.	 (abab)).	The	null	mutant	rsaA-8	has	a	more	severe	root	 length	phenotype	

than	cngcAYD"#$N,	consistent	with	its	role	as	a	potential	decoder,	and	also	has	an	

increased	lateral	root	density	(Figure	K.f).	The	reduced	primary	root	length	is	

due	to	a	reduced	meristem	size	(Figure	K.p).	The	dmiA-M	rsaA-8	double	mutant	

also	has	 a	 reduced	primary	 root	 length	and	meristem	size,	 and	an	 increased	



117 
 

lateral	root	density	(Figures	K.f	and	K.p).	Given	the	phenotype	of	this	double	

mutant	is	similar	in	severity	to	rsaA-8,	there	is	no	synergistic	effect,	in	support	

of	the	hypothesis	that	RSAJ	is	acting	as	a	calcium	decoder.	If	RSAJ	was	acting	in	

a	different	pathway,	 independent	of	 the	nuclear	 calcium	signal	generated	by	

DMIJ	and	CNGCJK,	 I	might	expect	 the	double	mutant	 to	have	a	more	severe	

phenotype	 than	 either	 of	 the	 single	 mutations.	 However,	 it	 could	 also	 be	

possible	that	the	rsaA-8	mutation	causes	such	a	severe	primary	root	phenotype	

that	 any	 additional	 effect	 of	 the	 dmiA-M	 mutation	 in	 the	 double	 mutant	 is	

masked.	In	addition,	the	double	mutant	dmiA-A	rsaA-8	displayed	the	same	short	

primary	 root	 length	 phenotype	 as	 rsaA-8,	 consistent	 with	 RSAJ	 acting	 as	 a	

decoder.	Given	dmiA-A	has	an	increased	primary	root	length	compared	to	wild-

type	(Leitão	et	al.,	abJg),	 if	RSAJ	was	acting	in	an	alternate	pathway,	I	might	

expect	dmiA-A	rsaA-8	to	have	an	intermediate	primary	root	length.	This	will	need	

to	be	validated	with	further	replicates,	and	I	am	also	in	the	process	of	generating	

cngcAYD"#$N	 rsaA-8	 double	 mutant	 lines,	 which	 may	 further	 support	 this	

hypothesis	in	the	future.	

	 The	 lateral	root	density	phenotype	of	dmiA-M	rsaA-8	 is	 interesting,	as	 it	

appears	to	be	more	severe	than	both	dmiA-M	and	rsaA-8	at	ldpg	(Figure	K.fC)	and	

more	severe	than	dmiA-M	at	Jadpg	(Figure	K.fD).	This	could	indicate	a	synergistic	

effect	of	these	two	mutations	on	lateral	root	development,	where	perhaps	RSAJ	

has	an	additional	role.	Moreover,	the	increased	lateral	root	density	of	dmiA-M	at	

Jadpg	(Figure	K.fD)	suggests	a	potential	role	of	nuclear	calcium	influx	in	lateral	

root	development.	Given	that	dmiA-M	is	associated	with	perturbations	in	auxin	

homeostasis	(Leitão	et	al.,	abJg),	the	increased	lateral	root	density	could	be	due	

to	increased	levels	of	auxin,	which	is	known	to	promote	lateral	root	initiation.	

The	same	could	be	true	for	rsaA-8;	knocking	out	RSAJ	could	also	perturb	auxin	

homeostasis	leading	to	increased	lateral	root	densities.	

Whilst	 comparison	 of	 root	 phenotypes	 provides	 an	 indication	 as	 to	

whether	DMIJ	and	RSAJ	are	acting	in	the	same	pathway,	it	does	not	prove	that	

RSAJ	is	acting	as	a	nuclear	calcium	decoder.	One	method	to	validate	this	would	

be	to	generate	RSAJ	constructs	with	either	the	EF	hand	removed,	or	the	EF	hand	

modified	so	it	could	bind	calcium	with	a	higher	affinity,	creating	a	higher	order	
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RSAJ	mutant.	These	constructs	could	 then	be	 transformed	 into	dmiA-M	rsaA-8	

and	cngcAYD"#$N	rsaA-8	double	mutants,	to	see	if	the	increased	calcium	binding	

affinity	of	RSAJ	mutant	could	rescue	the	short	root	length	phenotype	of	dmiA-M	

and	 cngcAYD"#$N.	 	 I	 investigated	modifying	 the	 EF	 hand	 structure	 of	 RSAJ	 to	

increase	 its	 binding	 affinity	 for	 calcium	 by	 examining	 the	 amino	 acid	

composition	of	the	Ja	amino	acids	that	make	up	the	calcium	binding	pocket,	

especially	those	in	the	x,	y,	z,	-x,	-y	and	-z	positions	that	directly	provide	oxygen	

for	 calcium	 chelation.	 RSAJ	 has	 an	 aspartate	 residue	 in	 position	 Ja,	whereas	

most	EF	hand	domains	contain	a	glutamate	(Day	et	al.,	abba).	However,	the	

structural	difference	between	aspartate	and	glutamate	is	simply	that	glutamate	

has	an	extra	carbon	in	its	backbone,	so	whilst	changing	the	amino	acid	sequence	

of	RSAJ	 in	 this	 position	might	 confer	 a	 tighter	 calcium	binding	 pocket,	 it	 is	

unlikely	to	significantly	impact	the	calcium	binding	affinity.	Another	potential	

site	 for	 modification	 is	 the	 valine	 in	 position	 d,	 as	 many	 EF	 hand	 domains	

contain	an	isoleucine	in	this	position	(Guan	et	al.,	abJfb).	However,	again	the	

difference	between	valine	and	isoleucine	is	simply	the	length	of	the	amino	acid	

chain,	and	is	unlikely	to	significantly	alter	the	binding	properties	of	the	channel.				

An	alternative	method	to	test	whether	RSAJ	is	decoding	the	CNGCJK	and	

DMIJ	generated	calcium	signature	would	be	to	screen	published	databases	of	

genes	misregulated	in	rsaA	null	mutants,	and	see	if	these	genes	are	misregulated	

in	the	same	way	in	dmiA-M.	For	example,	Guan	et	al.	(abJfb)	published	a	whole-

genome	 microarray	 analysis	 of	 rsaA-A	 which	 identified	 pJ	 genes	 that	 were	

upregulated	and	Kp	genes	that	were	downregulated	at	least	two-fold	compared	

to	wild	type	under	control	conditions.	The	material	used	was	d	day	old	seedlings	

that	had	been	grown	on	MS	medium,	so	these	genes	would	need	to	be	screened	

to	identify	those	expressed	in	the	RAM.	Additionally,	the	expression	of	genes	

known	to	be	differentially	regulated	in	dmiA-M,	such	as	genes	involved	in	auxin	

homeostasis	(Leitão	et	al.,	abJg),	could	be	tested	in	rsaA-8,	to	see	if	they	have	a	

similar	pattern	of	regulation.	

It	 has	 already	 been	 demonstrated	 that	 RSAJ	 can	 bind	 to	 the	 bHLH	

transcription	factor	RITFJ.	Once	we	have	established	if	there	is	a	set	of	genes	

that	may	be	regulated	by	RSAJ	upon	nuclear	calcium	influx,	their	expression	can	
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be	 tested	 in	 the	 ritfA	 null	 mutant	 to	 see	 if	 they	 follow	 the	 same	 pattern	 of	

regulation.	 If	 so,	 this	would	 indicate	 that	 it	 is	 RITFJ	 that	 is	 regulating	 their	

transcription.	 Alternatively,	 other	 transcription	 factors	 could	 be	 involved,	

which	 could	 be	 identified	 using	 protein-protein	 interaction	 screening	

methodologies,	 such	 as	 TurboID,	 which	 allows	 for	 the	 detection	 of	 even	

transient	interactions	in	the	cell	type	and	subcellular	compartment	of	interest	

(Mair	et	al.,	abJg).						
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Chapter	VI	–	General	Discussion	

The	aim	of	this	thesis	was	to	investigate	the	regulation	and	decoding	of	

nuclear	 calcium	 release	 in	 root	 apical	 meristem	 development,	 as	 well	 as	 to	

investigate	 the	 regulation	 of	 the	 G	 protein	 β	 subunit	 in	 root	 legume	

endosymbioses.	 In	 Chapter	 III,	 an	 interactor	 of	 the	 Medicago	 G	 protein	 β	

subunit,	which	is	a	positive	regulator	of	root	nodule	symbioses,	was	found	to	

have	 a	 role	 in	 the	 regulation	 of	AM	 symbiosis,	 but	 not	 nodulation,	 and	was	

found	 to	 be	 regulated	 by	 phosphate	 availability.	 In	Chapter	 IV,	 the	C-linker	

region	of	AtCNGCJK	was	found	to	be	important	for	regulating	the	opening	and	

closing	 of	 the	 channel	 in	 X.	 laevis	 oocytes,	 with	 the	 application	 of	 cAMP	

potentially	assisting	the	opening	of	AtCNGCJKD'47N.	In	addition,	AtCNGCJK	was	

found	 to	 have	 a	 dual	 role	 in	 both	 nitrate	 signalling	 and	 primary	 root	

development,	 and	was	 shown	 to	 relocalise	 in	 a	 cell	 type	 and	nutrient	 status	

specific	manner.	Chapter	IV	also	revealed	a	role	of	nuclear	calcium	signalling	in	

regulating	 the	 transcription	 of	 the	 primary	 nitrate	 response	 gene	 LBD8;.	

Finally,	Chapter	V	aimed	to	identify	candidate	decoders	and	regulators	of	the	

nuclear	 calcium	release	mediated	by	CNGCJK	and	DMIJ	 in	Arabidopsis.	This	

revealed	RSAJ	as	a	candidate	decoder.	

E.!	The	common	symbiosis	pathway	and	the	regulation	of	
endosymbiosis	

	 Whilst	 the	 initial	 perception	 of	 either	 rhizobia	 or	 AM	 fungi	 requires	

different	combinations	of	LysM	receptors	at	the	plasma	membrane,	many	of	the	

downstream	 signalling	 components,	 including	 the	 generation	 of	 nuclear	

calcium	oscillations,	are	conserved	between	the	two	pathways.	In	both	AM	and	

rhizobial	 symbioses	 these	 nuclear	 calcium	 oscillations	 activate	 MtDMIf	

through	the	presumed	binding	of	holo-CaM,	which	then	activates	MtIPDf	and	

facilitates	the	activation	of	symbiosis	specific	transcription	factors	(Gleason	et	

al.,	abbl,	Miller	et	al.,	abJf,	Messinese	et	al.,	abbd).	Therefore,	 the	question	

remains	as	to	where	the	specificity	is	encoded	in	the	system	that	ensures	that	

the	 correct	 repertoire	of	 genes	 is	 activated	depending	on	 the	 endosymbiont.	
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Various	 mechanisms	 have	 been	 proposed	 to	 explain	 how	 specificity	 is	

determined.	 Starting	 with	 initial	 perception,	 rhizobia	 trigger	 calcium	

oscillations	in	root	hair	cells,	as	that	is	where	the	bacteria	are	entrapped	and	

where	 infection	 threads	 form.	 In	 contrast,	 AM	 fungi	 preferentially	 infect	

atrichoblast	 cells	 (Chabaud	 et	 al.,	 abJJ),	 and	 differential	 expression	 of	 LysM	

receptors	 or	 downstream	 components	 in	 each	 cell	 type	 could	 help	 confer	

specificity.	 The	 activation	 of	 LjCCaMK	 (homolog	 of	MtDMIf)	 appears	 to	 be	

dependent	 on	 CaM	 binding	 during	 rhizobia	 infection,	 but	 not	 in	 AM	 fungi	

infection,	 indicating	another	 stage	 in	 the	pathway	 that	can	confer	 specificity	

(Shimoda	et	al.,	abJa).		

The	way	in	which	nodulation	and	AM	colonisation	are	regulated	by	nutrient	

availability	is	also	different.	Nodulation	is	negatively	regulated	by	high	nitrogen	

availability,	as	 the	establishment	of	endosymbiosis	 is	energetically	expensive,	

and	only	carried	out	to	the	degree	that	it	is	necessary	(Streeter	and	Wong,	Jgjj).	

In	addition	 to	nitrogen	availability,	nodulation	 is	also	 regulated	by	 light	and	

carbohydrate	 status	 (Wang	 et	 al.,	 abaJb).	 Whilst	 nodulation	 is	 negatively	

regulated	by	low	Pi	in	Phaseolus	vulgaris	(common	bean)	(Isidra-Arellano	et	al.,	

abab)	 via	 mechanisms	 that	 have	 not	 been	 fully	 characterised	 yet,	 AM	

colonization	 is	positively	 regulated	by	 low	Pi	 (Thomson	et	 al.,	 Jgjl),	 via	 the	

pathways	described	in	Chapter	III.		

With	 regard	 to	 nuclear	 calcium,	 it	 has	 been	 suggested	 that	 the	 nuclear	

calcium	 oscillations	 induced	 by	 rhizobia	 and	 AM	 have	 slightly	 different	

properties	 which	 could	 convey	 specificity	 (Kosuta	 et	 al.,	 abbj,	 Russo	 et	 al.,	

abJf),	however	another	report	found	the	calcium	signatures	triggered	by	both	

endosymbionts	to	be	very	similar	(Sieberer	et	al.,	abJa).	Such	differences	could	

be	 attributed	 to	 the	 use	 of	 different	 elicitors,	 with	 Kosuta	 et	 al.	 (abbj)	

comparing	 oscillations	 induced	 by	 Rhizophagus	 irregularis	 versus	 JnM	 Nod	

factor,	Russo	et	al.	(abJf)	using	Gigaspora	margarita	spore	exudates,	COp	and	

Nod	factor,	and	Sieberer	et	al.	(abJa)	using	live	imaging	of	the	fungi	and	the	

bacteria.		

As	 well	 as	 the	 endosymbiont	 potentially	 impacting	 the	 nuclear	 calcium	

signature,	it	has	been	proposed	that	the	nutrient	status	of	the	plant	could	also	
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affect	 nuclear	 calcium	 oscillations.	 As	 described	 in	 Chapter	 III,	 two	 studies	

investigating	 the	 role	 of	 phosphate	 on	 nuclear	 calcium	 oscillations	 revealed	

different	results,	even	when	the	same	nuclear	calcium	reporter	(p8YS:NupYCM.A)	

and	the	same	concentrations	of	KH!PO'	were	used	(Balzergue	et	al.,	abJf,	Russo	

et	al.,	abJf).	The	inconsistencies	could	be	due	to	the	use	of	different	species	of	

fungi,	 as	 well	 as	 the	 different	 ways	 in	 which	 the	 calcium	 imaging	 data	 is	

analysed,	and	the	different	parameters	that	were	measured	and	compared.	In	

addition,	Li	et	al.	(abaaa)	showed	that	in	Medicago,	nuclear	calcium	oscillations	

in	response	to	LCOs	were	enhanced	under	nitrate	starvation	conditions,	and	

combined	nitrate	and	phosphate	starvation	conditions,	suggesting	the	presence	

of	 a	 mechanism	 to	 regulate	 nuclear	 calcium	 oscillations,	 and	 subsequently	

colonisation	levels	in	response	to	nutrient	availability.		

A	screen	for	interactors	of	the	Medicago	G	protein	β	subunit	revealed	APSRJ,	

which	was	confirmed	as	an	interactor	via	Yeast	a	Hybrid	in	one	direction.	In	

this	 thesis,	 I	 explored	 the	 function	 of	 APSRJ	 using	 a	 combination	 of	

phylogenetics,	expression	analyses,	and	nodulation	and	AM	phenotyping.	This	

revealed	 that	 MtAPSRJ,	 like	 its	 homolog	 in	 Arabidopsis,	 is	 induced	 by	

phosphate	treatment	and	that	removal	of	APSRJ	impairs	AM	colonisation,	but	

not	nodulation.	APSRJ	could,	therefore,	play	a	role	in	the	regulation	of	nuclear	

calcium	under	different	phosphate	conditions,	and	the	‘priming’	of	cells	under	

low	phosphate	conditions	to	perceive	AM	fungi.	Understanding	more	about	the	

function	 of	 APSRJ	 could	 reveal	 new	 insights	 into	 how	 various	 nutrient	

conditions	 influence	 root	 legume	endosymbioses.	 	 Further	work	needs	 to	be	

done	to	identify	the	precise	role	of	APSRJ	in	the	regulation	of	AM	colonization	

upon	phosphate	treatment.	First,	AM	colonization	should	be	measured	in	WT	

and	NFpplp	and	NFJalaa	lines	under	high	and	low	phosphate	conditions.	If	

APSRJ	 is	 involved	 in	 the	 negative	 regulation	 of	AM	 colonisation	 under	 high	

phosphate	treatment,	you	would	expect	this	regulation	to	be	perturbed	in	the	

knockout	mutant	lines.	This	means	NFpplp	and	NFJalaa	would	not	display	the	

phosphate-induced	 reduction	 in	 AM	 colonisation.	 The	 interaction	 between	

APSRJ	 and	 the	 G	 protein	 β	 subunit	 could	 also	 be	 confirmed	 by	 Biolayer	

Interferometry	and	 in	planta	by	BiFC.	Finally,	calcium	imaging	in	NFpplp	or	
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NFJalaa	plants	crossed	with	a	Yellow	Cameleon	YCf.l	calcium	reporter	could	

reveal	 whether	 APSRJ	 plays	 a	 role	 in	 altering	 calcium	 signalling	 in	 high	

phosphate	conditions.			

E.0	A	dual	role	of	CNGC!<	in	root	apical	meristem	
development	and	nitrate	signalling	

	 As	 well	 as	 their	 role	 in	 producing	 nuclear	 calcium	 oscillations	 in	

Medicago,	CNGCJK	and	DMIJ	have	roles	in	generating	single	nuclear	calcium	

releases	in	Arabidopsis	root	apical	meristems	(Leitão	et	al.,	abJg,	Tipper	et	al.,	

abaf).	Given	Arabidopsis	does	not	form	symbioses	with	rhizobia	bacteria	or	AM	

fungi,	these	nuclear	calcium	releases	must	have	different	roles,	and	they	were	

found	to	be	responsible	for	the	precise	fine	tuning	of	primary	root	growth	and	

development	 (Leitão	 et	 al.,	 abJg,	 Tipper	 et	 al.,	 abaf).	 The	 novel	 allele	

cngcAYD"#$N	was	found	to	cause	a	reduced	primary	root	length,	due	to	a	reduced	

number	of	meristematic	 cells	 (Tipper	et	 al.,	 abaf).	 In	Chapter	 IV,	homology	

modelling	was	used	to	predict	what	affect	 the	DpbjN	point	mutation	would	

have	on	CNGCJK	structure	and	function.	This	revealed	that	the	DpbjN	point	

mutation	is	positioned	in	the	C-linker	region	of	the	ion	channel.	CNGCs	form	

homo-	 and	 heterotetramers,	 and	 subunits	 have	 a	 highly	 conserved	 protein	

structure,	with	six	transmembrane	segments	(SJ-Sl),	a	pore	region	containing	

the	pore	loop	determining	pore	selectivity	and	diameter	between	SK	and	Sl,	a	

cyclic	nucleotide	binding	domain	 (CNBD),	 a	CaM	binding	domain,	 and	a	C-

linker	 region	 (Matulef	 and	 Zagotta,	 abbf).	 In	 plants,	 the	 positioning	 and	

functionality	of	 the	CaM	binding	domain	varies	between	CNGCs,	with	 some	

CaM	binding	domains	overlapping	 the	CNBD	at	 the	C	 terminus	 (Köhler	and	

Neuhaus,	 abbb),	 others	 at	 a	 downstream	 isoleucine	 glutamine	 (IQ)	 domain	

(Fischer	et	al.,	abJf),	and	others	at	the	N	terminus	(DeFalco	et	al.,	abJl).		The	

C-linker	region	connects	the	CNBD	to	the	Sl	transmembrane	domain	segment.	

In	animals	it	is	known	to	contribute	to	the	opening	and	closing	of	the	channel	

(channel	gating),	as	well	as	the	tetramerization	of	the	channel,	as	it	facilitates	

contact	 between	 the	 subunits	 (Matulef	 and	 Zagotta,	 abbf,	 Rosenbaum	 and	

Gordon,	abba).	 In	accordance	with	this,	 in	our	homology	model	 the	DpbjN	
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mutation	 was	 predicted	 to	 interfere	 with	 a	 salt	 bridge	 that	 usually	 forms	

between	the	Dpbj	of	one	subunit	and	the	Rfgj	of	the	neighbouring	subunit	

(Figure	 p.J).	 The	 positioning	 of	 the	DpbjN	mutation	 in	 the	 C-linker	 region	

raised	the	question	as	to	whether	this	was	interfering	with	the	ability	of	the	ion	

channel	to	open	and	close,	which	was	investigated	using	two	electrode	voltage	

clamp	experiments	in	X.	laevis	oocytes.	This	revealed	that	indeed	the	gating	is	

affected	 in	 CNGCJKD'47N,	 as	 there	 was	 a	 reduction	 in	 the	 proportion	 of	 the	

oocytes	 that	 displayed	 inward	 current,	 but	 the	 permeability	 to	 calcium	was	

unaffected	(Figure	p.a).	This	highlights	an	important	role	of	the	C-linker	region	

in	the	gating	and	potentially	channel	tetramerization	of	plant	CNGCs,	which	

has	not	been	previously	shown.		

	 In	animals,	the	role	of	cyclic	nucleotides,	such	as	cAMP	and	cGMP,	in	

the	 gating	 of	 CNG	 channels	 has	 been	 well	 described	 (Matulef	 and	 Zagotta,	

abbf).	 In	plants,	 the	degree	to	which	cyclic	nucleotides	play	a	role	 in	CNGC	

gating	is	a	subject	of	debate.	There	are	several	examples	of	CNGCs	where	cNMPs	

are	required	to	stimulate	the	channels,	for	example,	CNGCs	J,	a,	p,	d,	j,	g,	Jb	

and	 Jl	 (Gao	et	al.,	abJl,	Leng	et	al.,	abbab,	Hua	et	al.,	abbf,	Balagué	et	al.,	

abbf).	 At	 the	 same	 time,	 CNGCs	 JJ	 and	 Ja	 do	 not	 require	 cNMPs	 for	 their	

activation	(Zhang	et	al.,	abJg).	All	of	these	studies	used	heterologous	systems;	

the	CNGC	channels	were	either	 expressed	 in	X.	 laevis	 oocytes	or	 in	HEKagf	

cells,	making	it	difficult	to	draw	conclusions	about	what	is	happening	in	planta.	

When	whole	cells	are	used,	it	is	impossible	to	determine	whether	the	cNMPs	

are	 having	 a	 direct	 effect	 on	 the	 CNGCs	 by	 binding,	 or	 if	 they	 are	 acting	

independently,	 by	 activating	 other	 cyclic	 nucleotide	 binding	 proteins.	 In	

addition,	cNMPs	will	be	naturally	present	in	the	cell	system,	so	it	is	the	effect	of	

elevated	cNMP	levels	that	is	being	tested,	rather	than	cNMP	requirement	per	

se.	 In	 the	case	of	CNGCs	a	and	p,	membrane	patch	clamp	experiments	were	

performed	where	part	of	 the	oocyte	membrane	was	 excised,	 and	 the	voltage	

measured	across	it	(Hua	et	al.,	abbf,	Balagué	et	al.,	abbf).	This	has	the	benefit	

of	being	carried	out	in	a	cytoplasm-free	environment,	so	tests	for	the	direct	role	

of	cNMPs	on	the	channel	activity.	However,	in	these	early	studies,	CNGCa	and	

CNGCp	were	studied	as	putative	K+	channels,	where	the	addition	of	cNMPs	was	
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required	for	inward	flow	of	K+	(Leng	et	al.,	abbab,	Balagué	et	al.,	abbf).	Later	

work	 revealed	 that	 in	 oocytes	 CNGCa	 and	 p	 only	 display	 calcium	 channel	

activity	 when	 co-expressed,	 and	 this	 does	 not	 require	 elevated	 cNMP	 levels	

(Tian	et	al.,	abJg).	 In	 this	 thesis,	 I	 show	 that	 in	 two	 instances	application	of	

cAMP	 allowed	 for	 calcium	 flow	 through	 CNGCJKD'47N	 in	 oocytes	 that	 has	

previously	not	shown	calcium	flow	(Figure	p.f).	This	suggests	that	the	gating	

inflexibility	conferred	by	the	DpbjN	mutation	can	be	improved	with	binding	of	

cAMP.	This	work	needs	to	be	expanded	to	increase	the	sample	size,	and	also	to	

test	the	affect	of	cAMP	in	oocytes	expressing	CNGCJKD'47N	that	display	inward	

current.		

In	Arabidopsis	roots,	the	subcellular	localisation	of	CNGCJK	is	dependent	

on	the	developmental	stage	of	the	seedling.	At	l	days	post	germination	(dpg),	

CNGCJK	was	 found	 to	 be	 nuclear	 localised	 (Leitão	 et	 al.,	 abJg,	Wang	 et	 al.,	

abaJc),	and	at	Ja	dpg,	when	a	constitutive	promoter	is	used,	it	is	localised	at	the	

plasma	membrane	 (Wang	et	al.,	abaJc).	At	 later	 stages	of	 root	development,	

CNGCJK	 was	 implicated	 in	 the	 cytoplasmic	 calcium	 influx	 upon	 nitrate	

treatment,	due	to	a	proposed	conformational	change	and	uncoupling	with	the	

nitrate	 transceptor	NRTJ.J	 (Wang	 et	 al.,	 abaJc).	 This	 suggests	 that	 at	 l	dpg,	

when	CNGCJK	is	nuclear	localised,	its	function	is	in	regulation	of	primary	root	

development	only,	 and	 that	nitrate	 responsive	 genes	 are	not	 induced	by	 the	

NRTJ.J-CNGCJK	pathway	at	this	time	point.		

In	Chapter	IV,	this	hypothesis	was	tested,	and	it	was	found	that	not	only	

are	primary	nitrate	response	genes	induced	by	nitrate	at	ldpg,	but	that	there	is	

a	 requirement	 for	 different	 inputs	 of	 cytoplasmic	 and	 nuclear	 calcium.	

Induction	 of	 LBD8;	 was	 found	 to	 be	 enhanced	 in	 both	 in	 both	AtdmiA-

M	and	AtcngcAYD"#$N,	 suggesting	that	LBD8;	expression	 is	negatively	regulated	

by	nuclear	 calcium	 release	 (Figure	p.pC).	This	 suggests	 a	 role	of	 the	nuclear	

calcium	release	mediated	by	CNGCJK	and	DMIJ	in	nitrate	signalling,	which	has	

not	been	previously	described.	Calcium	 is	known	to	 regulate	primary	nitrate	

responses,	with	 the	cytoplasmic	calcium	 influx	upon	nitrate	 treatment	being	

responsible	 for	 activating	 calcium	binding	CPKs	 Jb,	 fb	 and	 fa.	This	 triggers	

their	translocation	to	the	nucleus,	where	they	phosphorylate	NLPd	and	facilitate	
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its	nuclear	retention	(Liu	et	al.,	abJd).	As	well	as	being	a	transcription	activator,	

NLPd	has	also	been	found	to	be	a	nitrate	sensor,	able	to	bind	nitrate	directly	

(Liu	et	al.,	abaa).	 In	addition,	 it	was	 found	that	 in	the	NLP	septuple	mutant	

nlpM,b,Y,?,9,:,;	 the	 primary	 nitrate	 response	was	 abolished,	 where	 it	 is	 only	

partially	 reduced	 in	 the	 NRTJ.J	 null	 mutant	 chlA-Y	 (Liu	 et	 al.,	 abaa).	 This	

suggests	 that	 NLPs	 are	 vital	 in	 the	 transcriptional	 response	 to	 nitrate,	 and	

implies	 the	 existence	 of	 other	 nitrate	 sensors	 independent	 of	 NRTJ.J.	 The	

binding	 of	 nitrate	 to	NLPd	 triggers	 a	 conformational	 change	 in	 the	 protein,	

which	is	predicted	to	activate	it	(Liu	et	al.,	abaa).	This	is	in	conjunction	with	

the	phosphorylation	by	CPKJb/fb/fa	which	enables	its	nuclear	retention.	It	is	

possible	that	nuclear	calcium	release	is	induced	by	nitrate,	activated	by	an	as	

yet	 unknown	mechanism,	 and	 this	 nuclear	 calcium	 is	 also	 required	 for	 the	

activation	 of	 CPKJb/fb/fa,	 or	 other	 unknown	 calcium	 binding	 proteins,	

facilitating	normal	primary	nitrate	responses.		

Unexpectedly,	 induction	 of	LBD8:	 was	 significantly	 reduced	

in	AtcngcAYD"#$N	but	 not	 in	AtdmiA-M	root	 tips	 (Figure	 p.pB).	 The	 normal	

induction	 in	AtdmiA-M	root	 tips,	 which	 have	 a	 reduced	 frequency	 of	 nuclear	

calcium	 release	 (Leitão	 et	 al.,	 abJg),	 suggests	 that	 impaired	 nuclear	 calcium	

release	 does	 not	 interfere	 with	 LBD8:	 expression.	 However,	 the	 reduced	

induction	 in	AtcngcAYD"#$N	suggests	 that	 potentially	 it	 is	 the	 cytoplasmic	

calcium	 influx	 upon	nitrate	 treatment	 that	 is	 impacted	 and	 affecting	LBD8:	

induction.	This	implies	a	dual	role	of	CNGCJK	at	ldpg	in	the	presence	of	high	

nitrate.	Therefore,	the	localisation	of	CNGCJK	was	reassessed	at	ldpg	using	its	

own	promoter,	 in	 both	 the	 presence	 and	 absence	 of	 nitrate.	 This	 revealed	 a	

relocalisation	of	CNGCJK	to	the	plasma	membrane	specifically	in	the	columella	

cell	layer	upon	nitrate	treatment	(Figure	p.K).	The	dual	localisation	of	CNGCJK	

in	both	the	nucleus	and	the	cytoplasm	in	this	cell	layer	is	consistent	with	a	dual	

role	 in	 both	 root	 meristem	 development	 and	 nitrate	 signalling.	 Whilst	

relocalisation	of	CNGCs	has	not	been	previously	described	in	plants,	in	animals	

has	 been	 documented	 that	 CNG	 channels	 are	 trafficked	 to	 specific	

compartments,	dependent	on	cell	type,	and	that	this	localisation	is	dependent	

on	the	subunit	composition	of	the	tetramer	(Wojtyniak	et	al.,	abJf).	Therefore,	
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this	cell	type	and	nutrient	status	specific	relocalisation	is	a	novel	contribution	

to	the	study	of	plant	CNGCs.		

Currently,	the	vast	majority	of	Arabidopsis	CNGCs	have	been	described	

as	plasma	membrane	localised,	but	these	experiments	have	largely	been	carried	

out	in	leaf	mesophyll	protoplasts	or	by	transient	expression	in	N.	benthamiana	

leaves	 or	 yeast	 cells	 (Brost	 et	 al.,	 abJg,	 Gobert	 et	 al.,	 abbl,	Urquhart	 et	 al.,	

abbd).	One	exception	to	this	is	the	localisation	of	CNGCJg	and	CNGCab	to	the	

tonoplast	when	expressed	transiently	in	leaf	protoplasts	(Yuen	and	Christopher,	

abJf).	Another	exception	is	the	localisation	of	CNGCd,	j	and	Jj	in	the	pollen	

tube,	which	has	been	studied	in	planta,	although	a	pollen	tube	specific	promoter	

was	 used	 rather	 than	 the	 own	promoters.	 Even	 so,	 two	 independent	 studies	

assessing	the	localisation	of	CNGCd	and	j	using	transient	expression	and	the	

pollen	tube	specific	promoter	LATYM	showed	completely	different	localisation	

patterns	 (Chang	 et	 al.,	 abbd,	 Pan	 et	 al.,	 abJg).	 Extensive	 localisation	

experiments	using	 the	own	promoters	 in	a	 range	of	cell	 types	have	not	been	

carried	out	for	most	CNGCs,	so	whether	this	relocalisation	is	common	amongst	

the	family	remains	to	be	determined.	

E.9	RSA!	as	a	putative	nuclear	calcium	signalling	in	
Arabidopsis	primary	root	development	

	 In	Chapter	V,	an	EMS	suppressor	screen	and	whole	genome	sequencing	

was	used	to	try	to	identify	candidate	regulators	of	the	DMIJ/CNGCJK	nuclear	

calcium	 release	 in	 Arabidopsis.	 Seedlings	 from	 independent	 EMS	 lines	were	

selected	 that	 recovered	wild-type	 root	 length	 in	 the	cngcAYD"#$N	background.	

Unfortunately,	 the	 whole	 genome	 sequencing	 analysis	 did	 not	 reveal	 a	

candidate	 regulator.	 The	 most	 likely	 explanation	 for	 this	 is	 that	 each	 line	

contains	point	mutations	in	independent	genes,	so	they	could	not	be	identified.	

However,	 a	 literature	 search	 of	 nuclear	 localised	 calcium	 binding	 proteins	

revealed	 RSAJ	 as	 a	 putative	 nuclear	 calcium	 decoder.	 RSAJ	 is	 an	 intriguing	

candidate,	 as	 its	 knockout	 phenotype	 is	 remarkably	 similar	 to	 that	 of	

cngcAYD"#$N	 (Guan	 et	 al.,	 abJfb,	 Zhang	 et	 al.,	 abab).	 Root	 architecture	

phenotyping	supports	the	hypothesis	that	RSAJ	is	a	decoder.	It	has	been	shown	
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in	Chapter	 K	 that	 rsaA-8	 phenocopies	 the	 short	 root	 phenotype	 and	 reduced	

RAM	size	of	cngcAYD"#$N,	but	that	its	phenotype	is	more	severe,	consistent	with	

the	hypothesis	that	it	is	acting	as	a	decoder.	The	double	mutants	dmiA-A	rsaA-8	

and	dmiA-M	rsaA-8	also	display	this	severe	short	root	phenotype,	suggesting	that	

RSAJ	may	be	acting	downstream	of	the	nuclear	calcium	release.	However,	this	

is	 not	 proof	 that	 RSAJ	 is	 the	 decoder	 in	 this	 scenario.	 Further	 investigation	

should	aim	to	see	if	rsaA-8	phenocopies	cngcAYD"#$N	at	the	transcriptional	level,	

i.e.,	are	genes	that	are	misregulated	in	rsaA-8	also	misregulated	in	cngcAYD"#$N	

and	vice	versa.	This	can	be	done	using	genes	known	to	be	misregulated	in	either	

line,	as	published	in	Guan	et	al.	(abJfb)	and	Leitão	et	al.	(abJg).		

Proving	 that	 a	 calcium	 binding	 protein	 is	 acting	 as	 a	 decoder	 in	 a	

particular	system,	and	pinning	down	the	precise	mechanism	of	activation	can	

be	difficult,	and	there	are	only	a	 few	examples	 in	plants	where	this	has	been	

done.	One	such	example	is	MtDMIf/LjCCaMK.	DMIf	contains	a	kinase	domain,	

a	CaM	binding	domain,	and	three	EF	hand	domains	(Mitra	et	al.,	abbp,	Lévy	et	

al.,	abbp),	and	knockout	mutants	do	not	form	nodules	and	are	not	colonised	by	

AM,	although	they	do	display	nuclear	calcium	oscillations	(Catoira	et	al.,	abbb,	

Sieberer	et	al.,	abbg).	In	addition	to	these	domains,	DMIf	was	found	to	have	an	

autoinhibition	 domain,	 which	 negatively	 regulates	 its	 kinase	 activity,	 and	 a	

autophosphorylation	site	which	is	phosphorylated	in	the	presence	of	calcium	

(Gleason	et	al.,	abbl).	

The	site	of	autophosphorylation	was	identified	as	the	threonine	alK	in	

Lotus	 CCaMK	 (Tirichine	 et	 al.,	 abbl)	 and	 threonine	 adJ	 in	Medicago	DMIf	

(Gleason	 et	 al.,	 abbl).	 Complementation	 studies	 using	 truncated	 proteins	

revealed	that	expression	of	just	the	kinase	domain	in	Medicago	(Gleason	et	al.,	

abbl),	as	well	as	mutating	the	autophosphorylation	site	in	Lotus	(Tirichine	et	

al.,	abbl),	caused	spontaneous	nodulation	without	rhizobia,	indicating	that	the	

EF	hands	and	autophosphorylation	are	essential	 in	the	deactivation	of	DMIf.	

Consistent	with	this,	removal	of	EF	hand	a,	EF	hands	a	and	f,	or	the	calcium	

binding	properties	of	the	EF	hands	gave	rise	to	spontaneous	nodulation	(Miller	

et	 al.,	 abJf).	 Calcium	 binding	 to	 the	 EF	 hands	 was	 shown	 to	 promote	 the	

phosphorylation	of	DMIf	at	threonine	adJ,	which	deactivates	the	protein	(Miller	
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et	 al.,	 abJf).	 Miller	 et	 al.,	 (abJf)	 proposed	 that	 at	 basal	 concentrations	 of	

calcium,	at	least	one	EF	hand	is	calcium	bound,	facilitating	the	phosphorylation	

at	Thr-adJ	and	keeping	DMIf	 inactive.	However,	during	calcium	oscillations,	

the	 higher	 concentrations	 of	 calcium	 enable	 holo-CaM	 to	 bind	 to	 DMIf,	

blocking	the	phosphorylation	at	Thr-adJ	and	shifting	the	balance	of	DMIf	to	

the	active	form.	In	this	way,	dual	regulation	by	calcium	maintains	the	specificity	

of	DMIf	activation	during	nuclear	calcium	oscillations.	The	binding	of	CaM	to	

DMIf	has	not	yet	been	demonstrated	in	planta,	but	has	been	demonstrated	for	

the	Lotus	homolog	LjCCaMK	(Shimoda	et	al.,	abJa).	

	 One	issue	in	the	study	of	decoders	is	that	one	decoder	can	be	used	in	

several	 contexts,	 making	 it	 hard	 to	 pin	 down	 how	 it	 is	 being	 regulated	 in	

response	to	different	stimuli.	For	example,	CPKfa,	which	is	implicated	in	the	

primary	nitrate	signalling	pathway	and	responsible	for	the	phosphorylation	of	

NLPd	(Liu	et	al.,	abJd),	also	has	roles	in	the	regulation	of	flowering	time	(Li	et	

al.,	abaab),	ammonium	transport	(Qin	et	al.,	abab),	cellulose	biosynthesis	(Xin	

et	al.,	abaf)	and	aluminium	stress	(Sadhukhan	et	al.,	abaJ).	CIPKaf,	responsible	

for	phosphorylating	NRTJ.J	and	switching	it	from	a	low	to	a	high	affinity	nitrate	

transporter,	 is	also	known	as	a	master	regulator	of	nutrient	homeostasis	and	

acquisition	(Ródenas	and	Vert,	abab).	This	raises	the	question	as	to	how	one	

decoder	 can	 respond	 to	 a	 range	 of	 different	 signals	 and	 activate	 the	 correct	

downstream	components.	In	some	cases,	the	specificity	could	be	conferred	by	

the	use	of	different	organs	or	cell	types.	However,	in	the	case	of	CIPKaf,	much	

of	the	nutrient	regulation	is	occurring	in	the	root,	and	in	several	cases,	the	root	

epidermis	 specifically	 (Ródenas	and	Vert,	abab).	Specificity	 is	believed	 to	be	

conferred	by	interactions	with	different	CBLs,	different	subcellular	localisation,	

target	 protein	 discrimination,	 different	 calcium	 signatures,	 and	 membrane	

nanodomains	(Ródenas	and	Vert,	abab).	Similarly,	RSAJ	has	been	implicated	in	

a	wide	range	of	contexts:	it	is	involved	in	primary	and	lateral	root	development,	

root	apical	meristem	development,	salt	stress	response,	and	the	regulation	of	

flowering	time	by	controlling	FLC	expression	(Guan	et	al.,	abJfb,	Zhang	et	al.,	

abab).	Therefore,	 in	order	 to	 fully	understand	the	mechanisms	behind	these	
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different	roles,	we	must	understand	its	subcellular	localisation	and	interacting	

partners	in	different	organs	and	cell	types.	

E.C	Final	Thoughts	

	 The	 research	 conducted	 in	 this	 thesis	 falls	 broadly	 into	 two	 main	

research	areas:	the	regulation	of	nuclear	calcium	signalling	upon	the	perception	

of	 endosymbionts	 in	Medicago,	 and	 the	 regulation	 and	 decoding	 of	 nuclear	

calcium	release	during	primary	root	development	in	Arabidopsis.	Both	of	these	

nuclear	 calcium	 signalling	 events	 are	 generated	 by	 the	 calcium	 permeable	

channel	CNGCJK,	and	the	counter	cation	channel	DMIJ.	However,	the	function	

of	 the	nuclear	 calcium	 signal	 is	 different	 in	 both	 contexts.	 In	Medicago,	 the	

nuclear	 calcium	 signalling	 is	 required	 to	 kickstart	 the	 developmental	

programming	required	for	endosymbiosis,	by	inducing	specific	gene	expression	

patterns	 (Ehrhardt	 et	 al.,	 Jggl;	 Wais	 et	 al.,	 abbb;	 Kosuta	 et	 al.,	 abbj;	

Charpentier	et	al.,	abJl).	In	Arabidopsis,	which	does	not	form	endosymbiosis,	

the	nuclear	calcium	signalling	is	required	for	normal	primary	root	development,	

as	 perturbations	 in	 the	 signalling	 result	 in	 longer	 or	 shorter	 primary	 root	

lengths,	and	smaller	root	meristems	containing	fewer	cells	(Leitão	et	al.,	abJg;	

Tipper	et	al.,	abaf).	This	likely	also	involves	the	regulation	of	gene	expression,	

potentially	by	RSAJ.	

	 The	study	of	endosymbiosis	in	legumes	is	an	important	and	topical	area	

of	research.	Their	association	with	both	rhizobia	bacteria	and	AM	fungi	mean	

that	legumes	obtain	fixed	nitrogen	and	phosphates	from	these	endosymbionts,	

and	 so	 require	 reduced	 fertiliser	 application	 (Stagnari	 et	 al.,	 abJd).	 It	 is	well	

known	that	overuse	of	artificial	fertilisers	is	damaging	to	the	environment,	as	

their	 production	 relies	 on	 fossil	 fuels	 and	 releases	 carbon	 dioxide	 into	 the	

atmosphere,	 and	 surface	 runoff	 into	 nearby	 waterways	 can	 cause	

eutrophication.	In	addition,	phosphorus	reserves	are	depleting	globally,	whilst	

demands	for	phosphorus	fertilisers	are	only	increasing	(Bindraban	et	al.,	abab).	

One	method	of	reducing	our	reliance	on	chemical	fertilisers	is	to	increase	our	

understanding	of	the	formation	and	regulation	of	endosymbiosis	in	legumes,	in	
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order	to	 improve	the	efficiency	of	endosymbiosis	 in	other	 food	crops.	 It	may	

even	allow	engineering	of	cereal	crops	to	form	associations	with	nitrogen-fixing	

microbes,	 or	 to	 even	 be	 able	 to	 fix	 nitrogen	 themselves,	 a	 complex	 and	

challenging	area	of	current	research	(Huisman	&	Geurts,	abJg).		

In	 particular,	 the	 regulation	 of	 the	 nuclear	 calcium	 oscillations	 in	

legumes	 is	 particularly	 exciting,	 as	 acceleration	 of	 these	 nuclear	 calcium	

oscillations	has	been	shown	to	increase	nodulation	in	Medicago	(del	Cerro	et	

al.,	abaa).	G	protein	signalling	has	been	implicated	in	the	signal	transduction	

from	the	plasma	membrane	to	the	nucleus	in	soybean	and	in	the	activation	of	

nuclear	calcium	oscillations.	Nodulation	gene	expression	can	be	induced	by	the	

G	protein	agonist	mastoparan	independently	of	DMIJ	and	DMIa	(Charron	et	al.,	

abbp)	 and	 nuclear	 calcium	 oscillations	 can	 be	 induced	 by	 the	 synthetic	

analogue	of	mastoparan	Masd,	and	this	activation	does	not	require	DMIJ,	DMIa	

or	 NFP,	 implicating	 a	 role	 of	 G	 protein	 signalling	 in	 activating	 the	 nuclear	

calcium	oscillations	without	DMIJ	or	Nod/Myc	 factor	perception	 (Sun	et	 al.,	

abbd).			

In	this	thesis,	a	putative	interactor	of	the	Medicago	G	protein	b	subunit,	

APSRJ,	was	found	to	be	required	for	normal	AM	colonisation	and	be	regulated	

by	phosphate.	Since	AM	colonisation	is	positively	regulated	by	low	phosphate	

conditions,	 APSRJ	 could	 be	 involved	 in	 the	 ‘priming’	 of	 cells	 under	 low	

phosphate	conditions	to	perceive	AM	fungi.	As	mentioned	in	section	l.J,	further	

work	will	need	to	be	carried	out	to	test	this,	and	understanding	the	regulation	

of	endosymbiosis	under	different	nutrient	conditions	could	enable	engineering	

of	 legumes,	 or	 other	 crop	 species,	 for	 enhanced	AM	 colonisation	 under	 low	

phosphate	conditions,	reducing	the	need	to	apply	artificial	fertilisers.		

	 Interestingly,	although	Arabidopsis	does	not	 form	endosymbiosis	with	

either	 rhizobia	 bacteria	 or	 AM	 fungi,	 it	 does	 still	 have	 CNGCJK	 and	 DMIJ	

localised	 to	 the	 nuclear	 envelope	 in	 root	 apical	 meristem	 cells,	 where	 they	

generate	single	nuclear	calcium	releases	(Leitão	et	al.,	abJg;	Tipper	et	al.,	abaf).	

I	 have	 identified	 that	 the	 DpbjN	 point	 mutation	 in	 the	 C-linker	 region	 of	

CNGCJKD'47N	impairs	the	ability	of	the	channel	to	open	and	close.	Future	work	

could	manipulate	the	C-linker	region	in	other	CNGCs,	to	assess	whether	the	C-
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linker	 region	 has	 a	 universal	 role	 in	 channel	 gating	 or	 not.	 In	 the	 case	 of	

cngcAYD"#$N,	there	is	reduced	calcium	input	that	results	in	a	shorter	root	apical	

meristem	and	therefore	reduced	primary	root	length.	In	addition,	the	frequency	

of	 nuclear	 calcium	 release	 is	 positively	 correlated	 with	 primary	 root	 length	

(Leitão	et	al.,	abJg).	Future	work	could	translate	this	research	into	crop	plants,	

to	 potentially	 engineer	 different	 primary	 root	 lengths	 optimal	 for	 different	

environmental	conditions.	In	addition,	CNGCs	have	diverse	roles	in	both	biotic	

and	abiotic	stress	responses	(Dong	et	al.,	abaa),	so	the	manipulation	of	the	C-

linker	region	in	other	CNGCs	could	alter	these	responses.	If	this	manipulation	

in	other	CNGCs	also	reduces	calcium	input,	this	could	allow	for	evaluation	of	

the	 effects	 of	 reduced	 (but	 not	 eliminated)	 calcium	 input	 on	 downstream	

signalling	processes.						
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