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Abstract	

Striga	species	are	obligate	hemi-parasitic	plants	that	infect	the	roots	of	maize,	sorghum,	millet	
and	upland	 rice	 in	 sub-Saharan	Africa,	 causing	 reductions	 in	yield	 that	 range	 from	~	30	%	 to	
total	 crop	 failure.	 Improving	 the	 yields	of	 cereals	 in	 the	presence	of	Striga	 is	 difficult	 as	 the	
parasite	begins	to	negatively	affect	the	growth	and	development	of	the	host	immediately	after	
attachment.	 By	 the	 time	Striga	 emerges	 above	 ground,	 the	 crop	 is	 often	 severely	 damaged.	
The	use	of	resistant	cultivars	would	provide	a	low	cost	and	effective	form	of	control	that	would	
target	the	parasite	before	the	impacts	on	growth	and	development	of	the	host	crop	can	occur.	
The	 aim	of	 this	 thesis	was	 to	 identify	 novel	Striga	hermonthica	 resistance	Quantitative	 Trait	
Loci	 (QTL)	 and	 underlying	 resistance	 genes	 in	 rice,	 and	 to	 functionally	 validate	 their	 role	 in	
providing	resistance	using	comparative	and	functional	genomic	approaches.	

A	 Recombinant	 Inbred	 Line	 population	 of	 rice	 derived	 from	 a	 cross	 between	 the	 resistant	
cultivar	 IR64	 (Oryza	 sativa	 ssp.	 indica)	 and	 the	 susceptible	 cultivar	 Azucena	 (O.	 sativa	 ssp.	
japonica)	was	phenotyped	for	post-attachment	resistance	to	S.	hermonthica	and	a	QTL	analysis	
performed.	 A	major	 QTL	 on	 chromosome	 12	 was	 identified.	 This	 QTL	mapped	 to	 the	 same	
position	as	a	previously	identified	QTL	for	S.	hermonthica	resistance	in	the	temperate	O.	sativa	
spp	 japonica	 cultivar	Nipponbare,	 suggesting	 that	 resistance	 to	 S.	 hermonthica	 in	 these	 two	
cultivars	 may	 be	 governed	 by	 the	 same	 (or	 similar)	 genes.	 Bioinformatics	 tools	 and	 gene	
prediction	 software	 were	 used	 to	 identify	 genes	 present	 within	 the	 IR64	 QTL.	 These	 genes	
comprised	transposable	elements,	expressed	and	hypothetical	proteins	and	a	cluster	of	genes	
predicted	to	encode	cell	surface	receptor-like	proteins	(RLPs)	annotated	as	orthologs	of	genes	
conferring	resistance	to	Verticillium	wilt	in	tomato.	Verticillium	wilts	are	xylem	invading	fungal	
pathogens	with	a	remarkably	similar	 infection	strategy	and	 lifestyle	to	Striga	species,	making	
these	genes	top	candidates	for	S.	hermonthica	resistance	genes.	A	cluster	of	highly	similar	RLP	
genes	is	also	present	in	the	Nipponbare	S.	hermonthica	resistance	QTL.	

RNAi	 lines	 where	 suites	 of	 these	 RLP	 genes	 had	 been	 down-regulated	 in	 Nipponbare	 were	
phenotyped	for	S.	hermonthica	resistance,	and	gene	expression	examined	by	qPCR.	Increased	
susceptibility	 was	 associated	 with	 suppression	 of	 multiple	 RLP	 genes,	 and	 could	 not	 be	
associated	with	 suppression	of	a	 single	gene.	Tos17	and	T-DNA	 insertion	 lines	 targeting	4	of	
the	genes	independently	showed	no	increase	in	susceptibility,	suggesting	that	these	genes	did	
not	underlie	the	resistance,	that	there	was	functional	redundancy	or	that	multiple	RLP	genes	
may	act	together	to	confer	resistance	to	S.	hermonthica	in	this	cultivar.	

Finally,	 the	 genetic	 diversity	 of	 the	 candidate	 resistance	 genes	 in	 the	 QTL	 were	 examined	
across	a	range	of	diverse	rice	cultivars	to	determine	if	it	was	possible	to	exploit	their	diversity	
to	reduce	the	number	of	candidate	resistance	genes.	Cultivars	were	phenotyped	for	resistance	
to	S.	hermonthica	and	a	correlation	analysis	performed	for	each	gene	between	S.	hermonthica	
resistance	 and	 similarity	 of	 the	 gene	 to	 the	 Nipponbare	 allele.	 A	 good	 correlation	 was	
observed	 for	a	number	of	 candidate	genes,	 and	a	 region	of	 the	QTL	was	 identified	 that	was	
more	likely	to	be	involved	in	S.	hermonthica	resistance.		

These	 results	 compiled	across	experiments	provide	evidence	 for	 the	 involvement	of	 the	RLP	
resistance	genes	 in	contributing	to	the	resistance	to	S.	hermonthica	seen	 in	the	rice	cultivars	
IR64	and	Nipponbare.	
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Abbreviations	and	Acronyms	

ABA	 abscisic	acid		
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1.1	Introduction	to	parasitic	plants	

Parasitism	occurs	in	all	Kingdoms	of	life,	and	is	known	to	be	a	very	successful	 life	strategy.	In	

plants,	 parasitism	 has	 evolved	 independently	 at	 least	 a	 dozen	 times,	 and	 1	 %	 of	 all	

angiosperms	(c.	4000	species)	are	thought	to	be	parasitic	(Berner	et	al.,	1995;	Westwood	et	al.,	

2010).	 The	 dependence	 of	 parasitic	 plants	 on	 their	 host	 for	 survival	 varies	 greatly	 among	

genera.	Holoparasites	lack	chlorophyll	and	are	entirely	dependent	on	their	host	for	a	source	of	

carbon,	while	hemiparasites	are	photosynthetic	and	are	thus	able	to	fix	at	least	some	of	their	

own	 carbon,	 although	 the	extent	 to	which	 they	do	 this	 varies	 considerably	between	 species	

(Westwood	et	al.,	2010).	Hemi-parasites	may	be	either	 facultative,	 living	autotrophically	and	

only	 parasitizing	 host	 plants	 when	 they	 are	 available,	 or	 obligate,	 requiring	 a	 host	 plant	 to	

complete	their	 life	cycle	(Westwood	et	al.,	2010).	Additionally,	some	parasitic	plants,	such	as	

Rhinanthus	 and	Olax	 species,	 have	 functional	 roots	 to	 extract	water	 and	 nutrients	 from	 the	

soil.	Others	only	have	undeveloped	roots	(Orobanche	species)	or	no	roots	at	all	 (Cuscuta	and	

the	mistletoes)	(Hibberd	&	Jeschke,	2001).	Despite	this	diversity,	all	parasitic	plants	are	defined	

by	 their	 ability	 to	 form	haustoria	 (from	 the	 Latin	haurire,	meaning	 to	 drink),	 the	 specialised	

transfer	 organ	 through	 which	 the	 parasite	 obtains	 its	 water,	 minerals	 and	 carbohydrates	

(Hibberd	&	Jeschke	2001).		

	

The	family	Orobanchaceae	are	the	most	species	rich	of	all	parasitic	plant	lineages,	comprising	

89	 genera	 and	 ca.	 2061	 species,	 and	 are	 unique	 in	 that	 they	 represent	 the	 full	 range	 of	

parasitic	ability,	 from	facultative	to	obligate	parasites	 (Bennett	&	Mathews,	2006;	Westwood	

et	 al.,	 2010).	 The	 majority	 are	 root	 parasites,	 including	 the	 genera	 Striga,	 Orobanche	 and	

Alectra,	which	are	among	the	world’s	most	destructive	agricultural	pests	affecting	cereals	and	

legume	 crops	 (Bennett	 &	 Mathews,	 2006;	 Parker,	 2013).	 Striga	 species	 are	 particularly	

devastating,	 infecting	 the	 staple	 crops	 of	 sub-Saharan	 Africa	 (maize,	 sorghum,	 pearl	 millet,	

upland	 rice	 and	 cowpea),	 causing	 average	 yield	 losses	 of	 between	 30	 –	 90	 %	 and	 even	

complete	crop	failure	(Ejeta,	2007).	Over	40	%	of	cereal	producing	land	in	sub-Saharan	Africa	is	

infested	 with	 Striga	 hermonthica	 (Delile)	 Benth,	 and	 Striga	 asiatica	 (L.)	 Kuntze	 which	 are	

continuing	to	spread,	affecting	the	lives	of	100	million	people	and	causing	annual	crop	losses	in	

excess	of	US	$1	billion	(Scholes	&	Press,	2008;	Rodenburg	et	al.,	2010;	Spallek	et	al.,	2013).	The	

effects	 of	 the	parasite	 are	worse	where	 soil	 fertility	 is	 poor,	 reducing	 the	 already	 low	yields	

further	 (Ejeta	&	Gressel,	 2007;	 Atera	 et	 al.,	 2012).	 The	 poorest	 subsistence	 farmers	 are	 the	

most	 severely	 affected	 by	 Striga,	 which	 threatens	 food	 security	 and	 prevents	 a	 means	 to	

escape	poverty.	 It	 is	thus	not	surprising	that	Striga	 is	now	considered	to	be	the	most	serious	

biotic	threat	to	cereal	production	in	sub-Saharan	Africa	(Scholes	&	Press,	2008).	
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Research	into	control	of	Striga	in	Africa	started	over	70	years	ago,	but	success	has	been	limited	

(Atera	 et	 al.,	 2012),	 and	 our	 understanding	 of	 parasitic	 plant-host	 interactions	 has	 lagged	

behind	 that	 of	 insect	 and	 microbial	 pathogens	 (Scholes	 &	 Press	 2008).	 It	 is	 also	 becoming	

increasingly	obvious	 that	 the	degree	of	Striga	 infestation	 in	 sub-Saharan	Africa	 is	worsening.	

Increasing	 population	 is	 partly	 to	 blame,	 putting	 pressure	 on	 land	 availability	 and	 forcing	

agriculture	 onto	 less	 suitable	marginal	 lands	with	 low	 soil	 fertility	 (Ejeta,	 2007).	 The	 shift	 in	

cultivation	 to	 continuous	 cropping,	 particularly	 monocropping,	 with	 no	 or	 shortened	 fallow	

periods	and	low	use	of	fertilisers	due	to	cost,	has	not	helped	(Emechebe	et	al.,	2004).	Use	of	

contaminated	cereal	seed	and	frequent	cultivation	of	susceptible	crops	that	allow	the	build-up	

of	 parasite	 seeds	 in	 the	 soil	 are	 also	 responsible,	 often	 leading	 farmers	 to	 abandon	 fields.	

Striga	infection	on	rice	is	increasing	due	to	changing	diets,	crop	profitability	and	an	expanding	

area	under	cultivation	 (Rodenburg	et	al.,	2010).	 It	 is	 therefore	clear	 that	an	effective	control	

strategy	is	urgently	needed	that	is	both	cost	effective	and	easy	to	implement	for	resource	poor	

farmers.		

Not	 all	 Striga	 species	 pose	 a	 threat	 to	 agricultural	 production	 however.	 The	 Striga	 genus	

consists	of	over	40	species,	only	11	of	which	are	considered	agricultural	pests	(Ejeta,	2007).	Of	

these,	 S.	 hermonthica,	 S.	 asiatica	 and	 S.	 gesnerioides	 inflict	 the	 greatest	 economic	 damage	

(Mohamed	et	al.,	2007).	Striga	hermonthica,	 also	known	as	 the	giant	witchweed,	 is	 the	best	

studied	of	these.	As	an	obligate	allogamous	(out-crossing)	species	(Safa	et	al.,	1984)	with	high	

genetic	diversity	and	tall	stature,	it	causes	the	most	severe	crop	losses	(Spallek	et	al.,	2013).	It	

is	also	the	most	widespread	of	Striga	species,	affecting	much	of	western,	central	and	eastern	

Africa.	 Striga	 asiatica	 is	 most	 commonly	 found	 in	 southern	 and	 eastern	 Africa,	 but	 is	 also	

present	in	parts	of	Asia,	Australia	and	the	United	States.	In	contrast	to	other	Striga	species,	S.	

gesnerioides	 (Willd.)	 Vatke	 infects	 dicotyledonous	 plants,	 in	 particular	 cowpea.	 It	 causes	

greatest	damage	 in	Western	Africa,	but	 it	also	occurs	 in	 the	Arabian	Peninsula,	Asia	and	 the	

United	 States	 (Mohamed	 et	 al.,	 2001,	 2007;	 Ejeta,	 2007).	 Unlike	 S.	 hermonthica,	 both	 S.	

asiatica	and	S.	 gesnerioides	 are	 autogamous	 (inbreeding)	 species,	 and	 therefore	 show	more	

distinct	morphotypes	and	a	higher	degree	of	specialisation	(Mohamed	et	al.,	2001;	Botanga	et	

al.,	2002).	Figure		1.1	shows	the	distribution	of	Striga	species	throughout	Africa.	
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Figure	1.1	The	distribution	of	the	three	most	destructive	Striga	species	 in	Africa.	Figure	from	
Spallek	et	al	2013.	
	
	

1.2	The	life	cycle	of	Striga	

The	highly	specialised	life	cycle	of	Striga	means	that	it	is	very	hard	to	control	the	parasite	in	the	

field;	 each	 stage	 is	 tightly	 coupled	with	 the	 lifecycle	 of	 the	 host	 plant,	 requiring	 a	 complex	

exchange	of	signals	 for	successful	parasitism.	Understanding	the	 life	cycle	and	biology	of	 the	

parasite	is	essential	for	effective	control,	as	the	parasite	can	be	targeted	at	different	stages	of	

development	 (Yoder	&	 Scholes,	 2010)	 (Figure	 1.2).	 Before	 germination,	 Striga	 seeds	 require	

exposure	 to	 warm,	 humid	 conditions	 for	 one	 to	 two	 weeks	 (conditioning)	 to	 enter	 a	 state	

where	 they	become	sensitive	 to	host-derived	germination	stimulants	 (Vallance,	1950;	Yoder,	

2001).	Three	different	classes	of	compounds	have	been	identified	in	the	root	exudates	of	host	

plants	 that	 will	 stimulate	 the	 seed	 germination	 of	 root	 parasitic	 plants:	 dihydrosorgoleone,	

S. hermonthica 

S. asiatica 

S. gesnerioides 
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strigolactones	 and	 sesquiterpene	 lactones,	 the	most	 potent	 of	 which	 are	 the	 strigolactones	

(Bouwmeester	 et	 al.,	 2003;	 Yoneyama	 et	 al.,	 2010).	 Strigolactones	 were	 first	 discovered	 as	

seed	germination	stimulants	of	parasitic	plants	but	more	recently	were	also	identified	as	plant	

hormones	 that	 regulate	 shoot	 and	 root	 branching	 in	 plants	 (Gomez-Roldan	 et	 al.,	 2008;	

Umehara	et	al.,	2008)	and	inducers	of	hyphal	branching	of	arbuscular	mycorrhizal	(AM)		fungi	

(Akiyama	et	al.,	2005).	Multiple	strigolactone	receptors	have	also	now	been	identified	in	Striga	

(Conn	et	al.,	2015;	Toh	et	al.,	2015;	Tsuchiya	et	al.,	2015).	

	

Following	exposure	to	strigolactones,	Striga	seeds	germinate	and	a	radicle	begins	to	grow.	The	

tip	 of	 the	 radicle	 produces	 hydrogen	 peroxide	 which	 activates	 the	 release	 of	 2,6-

dimethoxybenzoquinone	 (DMBQ)	 from	 host	 cell	 walls	 through	 the	 oxidative	 degradation	 of	

lignin	(Keyes	et	al.,	2007).	This	acts	as	an	haustorial	inducing	factor	(HIF)	causing	swelling	at	the	

radicle	tip	and	the	production	of	haustorial	hairs	which	aid	attachment	to	the	host	roots,	and	

an	 haustorium	 develops	 (Yoshida	 et	 al.,	 2016).	 Cells	 under	 the	 haustorium	 divide	 to	 form	 a	

wedge	which	functions	as	a	penetration	peg,	pushing	through	the	host	cortex	and	endodermis	

to	establish	direct	xylem-xylem	connections	between	the	host	and	parasite	(Dorr,	1997;	Keyes	

et	al.,	2001;	Yoshida	et	al.,	2016).	After	successful	penetration,	 the	parasite	can	then	extract	

water,	minerals	and	nutrients	from	the	host	plant,	produce	its	own	cotyledons	and	stem,	and	

grow	 towards	 the	 soil	 surface.	 Approximately	 6	 weeks	 after	 emergence	 the	 Striga	 plant	

flowers	 (Rich	 &	 Ejeta,	 2007).	 Each	 Striga	 plant	 produces	 10,000-200,000	 tiny	 seeds	

approximately	 0.2	 -	 0.5	mm	 in	 length,	 which	 are	 easily	 transported	 by	 wind,	 water,	 animal	

movement	 and	 contaminated	 crop	 seed	 and	 farm	 equipment	 (Berner	 et	 al.,	 1994;	 Hearne,	

2009).	 Seeds	 can	 remain	 viable	 for	 over	 20	 years	 in	 the	 soil,	 making	 eradication	 extremely	

difficult.	

	

1.3	Host	responses	to	Striga	infection	

The	 effects	 of	 Striga	 infection	 on	 the	 growth	 of	 the	 host	 plant	 occur	 as	 soon	 as	 a	 vascular	

connection	 is	 established,	well	 before	 the	parasite	 emerges	 above	 ground	 (Press	&	 Stewart,	

1987;	Frost	et	al.,	1997).	It	is	this	phenomenon	that	has	earned	the	parasite	its	name	“Striga”	

(Latin	 for	 “witch”),	 referring	 to	 the	 seemingly	 bewitched	 effect	 on	 the	 crop	 (Rich	 &	 Ejeta,	

2008).	 	 Early	 effects	 of	 Striga	 infection	 include	 reduced	 internode	 expansion	 and	 severe	

stunting,	reduced	tillering	(in	the	case	of	rice)	and	decreased	photosynthesis	and	transpiration	

(Press	&	Stewart,	1987;	Frost	et	al.,	1997;	Gurney	et	al.,	1999).	
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Figure	1.2	The	life	cycle	of	Striga.	Red	arrows	indicate	opportunities	for	host	resistance.	
Adapted	from	Scholes	and	Press	2008.	
	

	
	

Reductions	in	host	biomass	cannot	be	accounted	for	by	an	increase	in	parasite	biomass	alone	

(i.e.	 just	 due	 to	 acquisition	 of	 host	 resources),	 leading	 to	 the	 suggestion	 that	 Striga	 has	 a	

phytotoxic	 effect	 on	 the	 host,	 perhaps	 through	 the	 production	 of	 a	 toxin	 capable	 of	 being	

transported	through	the	host,	affecting	plant	metabolism	(Press	&	Stewart,	1987;	Rank	et	al.,	

2004).	However,	a	more	recent	hypothesis	suggests	that	the	severe	stunting	of	the	host	plant	

may	be	hormone	based,	controlled	by	plant	growth	regulators	rather	than	a	toxin.	Auxins	and	

cytokinins	are	known	to	control	shoot	branching	and	tillering	in	plants	(Leyser,	2003;	Hayward	

et	al.,	2009)	and	recently	strigolactones	have	been	shown	to	be	involved	as	well.	High	levels	of	

strigolactones	 inhibit	 tiller	 bud	outgrowth	 (and	 thus	number)	 in	 rice	 (Umehara	et	 al.,	 2008).	

Reduced	tillering	is	also	seen	under	Striga	 infection	of	rice	(Jamil	et	al.,	2012),	suggesting	the	

effects	of	Striga	infection	on	the	growth	of	the	host	plant	could	be	regulated	at	least	in	part	by	

these	hormones.	As	the	parasite	grows	and	its	biomass	increases	it	also	acts	as	an	additional	

sink,	 effectively	 competing	 for	 host	 carbon,	 inorganic	 solutes	 and	water	 (Frost	 et	 al.,	 1997;	

Gurney	et	al.,	 1999).	 For	 some	hosts,	 symptoms	of	 infection	may	be	characteristic	of	 severe	

drought	stress,	and	show	increased	root:	shoot	ratios	compared	to	uninfected	plants	(Aflakpui	

et	al.	2002).	Not	surprisingly,	the	time	of	attachment	of	the	parasite	to	the	host	roots	 is	also	

Low	production	 of	
germination	stimulants

Low	production	 of	
haustorial inducing	 factors

Mechanical	barriers	
(suberization,	protein	cross-
linking,	callose	depositions),	
phenolic compounds,	
hypersensitive	response	Mucilage	accumulation	

blocking	host	vessels
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important,	with	 early	 attachment	 causing	 the	 greatest	 reductions	 in	 host	 biomass	 and	 grain	

yield,	 and	 larger	 parasite	 biomass	 (Gurney	 et	 al.,	 1999).	 Indeed,	 the	 speed	 of	 emergence,	

rather	 than	 the	parasite	number,	has	been	 found	 to	be	 the	main	determinant	of	 severity	of	

impact	on	host	growth	(Kaewchumnong	&	Price,	2008).	Because	the	impacts	of	Striga	infection	

are	 seen	 soon	 after	 attachment,	 effective	 control	 strategies	 must	 act	 early	 on,	 preventing	

attachment	or	killing	the	parasite	before	it	can	become	properly	established	(Scholes	&	Press,	

2008).	However,	many	control	strategies	currently	used	do	not	act	in	this	way.	

	

1.4	Current	strategies	for	controlling	Striga		

Cultural	control	strategies,	such	as	nutrient	fertilisation	and	/	or	 intercropping,	help	to	target	

the	 pre-	 attachment	 stages	 of	 parasite	 development.	 The	 improved	 soil	 fertility	 achieved	

through	fertilisation	is	thought	to	reduce	the	amount	of	strigolactones	produced	by	host	plant	

roots,	thereby	alleviating	the	impacts	of	Striga	infection	due	to	reduced	germination	of	Striga	

seeds	 in	 the	 soil	 (Jamil	 et	 al.,	 2011a).	 In	 contrast,	 strigolactone	 production	 is	 markedly	

increased	 under	 phosphorus	 and	 nitrogen	 deficiency	 (Yoneyama	 et	 al.,	 2007b,a).	 However,	

inorganic	fertilisers	are	often	expensive	or	unavailable,	meaning	that	large	scale	fertilizer	use	is	

not	 a	 viable	 option	 for	many	 farmers	 (Hearne,	 2009;	 Atera	 et	 al.,	 2012).	 Crop	 rotation	 and	

intercropping	 with	 leguminous	 trap	 crops	 such	 as	 cowpea,	 groundnut	 or	 soybean	 are	 less	

expensive	 alternatives	 (Gbehounou	 &	 Adango,	 2003)	 and	 can	 help	 to	 alleviate	 the	 Striga	

problem.	 Oswald	 et	 al.,	 (2002)	 showed	 that	 productivity	 of	maize	 could	 be	 increased	when	

intercropped	with	a	range	species,	of	which	cowpea	and	yellow	gram	were	the	most	effective.	

Additional	benefits	of	 intercrops	 included	 increased	 shading,	 lower	 temperatures	and	higher	

humidity	 under	 the	 intercrop	 canopy,	 which	 reduced	 the	 number	 of	 Striga	 plants	 in	 these	

systems	 (Oswald	et	 al.,	 2002).	 Legume	 crops	 contribute	 to	 control	 by	 improving	 soil	 fertility	

through	 nitrogen	 fixation	 and	 by	 causing	 suicidal	 germination	 of	 Striga	 seeds.	 Indeed,	

germination	 stimulants	 present	 in	 the	 root	 exudates	 of	 legumes	 generally	 stimulate	

germination	of	Striga	seeds.	Desmodium	species,	which	can	be	used	as	fodder	crop	for	cattle,	

are	particularly	effective	and	produce	large	amounts	of	germination	stimulants	that	will	cause	

suicidal	germination	of	Striga	 seeds.	The	fact	 that	Desmodium	 is	a	perennial	 intercrop	and	 is	

present	even	when	 the	crop	 is	not	 in	 the	ground	also	means	 that	 it	 reduces	 the	Striga	 seed	

bank	more	effectively	over	time	than	annual	intercrops.	In	addition	to	improving	the	nitrogen	

content	of	the	soil,	and	stimulating	suicidal	germination	of	seeds,	novel	flavonoids	in	the	root	

exudates	of	D.	uncinatum	also	inhibit	subsequent	radicle	growth	and	development	(Khan	et	al.,	

2008;	 Hooper	 et	 al.,	 2010).	 All	 these	 mechanisms	 together	 contribute	 to	 a	 dramatic	

suppression	of	Striga	attachment	to	the	host	crop	and	increases	 in	yield	(Kifuko-Koech	et	al.,	
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2012;	Midega	et	al.,	2013).	However,	willingness	to	invest	 in	a	non-food	intercrop	may	be	an	

issue	for	some	subsistence	farmers.	In	such	cases	an	alternative	legume,	such	as	soybean,	may	

be	 more	 appropriate	 (Hearne,	 2009)	 although	 this	 is	 much	 less	 effective.	 Repeated	 use	 of	

intercrops	is	also	required	before	significant	improvements	in	grain	yield	are	achieved,	due	to	

the	high	numbers	and	longevity	of	Striga	seed	that	have	accumulated	in	the	soil	(Atera	et	al.,	

2012).	Hand	weeding	is	another	control	measure	popular	among	farmers	(Atera	et	al.,	2012).	It	

has	 the	 potential	 to	 reduce	 the	 Striga	 seed	 bank	 in	 the	 soil	 if	 carried	 out	 before	 flowering	

(Hearne,	2009).	However,	it	is	labour	intensive	and	can	only	be	achieved	once	the	parasite	has	

emerged	 above	 ground	 and	 reached	 a	manageable	 size.	Unfortunately	many	of	 the	harmful	

effects	on	host	growth	occur	before	this	stage	(Frost	et	al.,	1997).	

	
One	 chemical	 control	 strategy	 for	Striga	 involves	growing	herbicide	 resistant	 seeds,	which	 is	

currently	 only	 used	 for	 maize.	 Tolerant	 maize	 germplasm	 harbours	 a	 natural	 mutation	 for	

imidazolinone	 resistance,	 which	 confers	 resistance	 against	 the	 imidazolinone	 herbicide	

(Kanampiu	et	al.,	2003).	This	mutation	does	not	occur	in	dicotyledonous	plants	such	as	Striga,	

making	 it	 susceptible	 to	 the	 application	 of	 this	 herbicide.	Maize	 seeds	 are	 treated	with	 low	

doses	of	 imidazolinone	prior	to	planting,	and	the	herbicide	works	by	 inhibiting	the	activity	of	

acetolactate	synthase	(ALS),	killing	the	parasite	and	forming	a	protective	zone	around	the	host	

plant	 roots.	 Herbicide	 coated	 maize	 seed	 is	 already	 used	 in	 East	 Africa	 under	 the	 name	

StrigAway	 (Kanampiu	 et	 al.,	 2003;	 Rodenburg	 et	 al.,	 2010).	 However,	 its	 effectiveness	 is	

variable	 and	 very	 dependent	 on	 environmental	 conditions	 such	 as	 the	 time	 of	 Striga	

germination	and	the	distribution	of	rainfall;	too	much	rain	will	wash	the	herbicide	beneath	the	

rhizosphere	 of	 the	 crop	 (Kanampiu	 et	 al.,	 2003).	 Using	 seed	 based	 technologies	 for	 Striga	

control	 requires	 farmers	 to	 purchase	 treated	 seed	 annually,	 as	 non-treated	 seed	 shows	 no	

resistance	(Hearne,	2009).	This	is	unattractive	for	the	majority	of	African	farmers,	who	rely	on	

seed	produced	on	their	own	farm	(Rodenburg	et	al.,	2010).	

	

1.4.1	The	use	of	resistant	cultivars	in	controlling	Striga			 	 	 													

Because	the	impacts	of	Striga	on	host	growth	and	development	occur	very	early	on,	within	a	

few	 days	 of	 attachment,	 an	 effective	 control	 strategy	 should	 prevent	 attachment	 or	 kill	 the	

parasite	before	 it	 can	become	properly	established.	Removal	of	Striga	 from	 the	host	once	 it	

has	 emerged	 above	 ground	 does	 not	 reverse	 the	 damage	 it	 has	 already	 caused.	 The	 use	 of	

resistant	 cultivars	 has	 long	 been	 considered	 a	 sustainable	 and	 cost	 effective	 form	 of	 crop	

protection	 against	Striga,	 especially	when	 used	 in	 combination	with	 other	 control	measures	

that	aim	to	reduce	the	Striga	seed	bank	and	improve	soil	fertility	(Scholes	&	Press,	2008).	Crop	

resistance	would	not	only	reduce	Striga	infection	and	yield	losses,	but	would	also	reduce	rates	



Chapter	1	

	 24	

of	 seed	 production,	 thereby	 reducing	 the	 seed	 bank	 in	 the	 soil	 and	 the	 chance	 of	 future	

infestations	(Rodenburg	et	al.,	2006).	

However,	there	are	several	aspects	of	Striga	biology	that	pose	a	treat	to	the	durability	of	host	

plant	resistance.	Firstly,	the	high	genetic	variability	within	and	between	different	species	and	

populations	 of	 Striga;	 S.	 hermonthica	 exhibits	 particularly	 high	 genetic	 variation	 due	 to	 its	

outbreeding	mating	 system,	 leading	 to	 high	 levels	 of	 heterozygosity	within	 each	 population	

(Safa	et	al.,	1984;	Mohamed	et	al.,	2007).	Secondly,	each	Striga	plant	is	capable	of	producing	

10,000	–	200,000	dust-like	seeds	that	can	remain	viable	in	the	soil	for	20	years	(Berner	et	al.,	

1995).	 This	 creates	 a	 reservoir	 of	 genetic	 diversity	 within	 the	 soil,	 and	 a	 range	 of	 Striga	

genotypes	 capable	 of	 infecting	 a	wide	 range	 of	 host	 species	 and	 cultivars.	 This	 high	 genetic	

variability	means	that	no	cultivar	shows	complete	resistance	to	Striga;	even	the	most	resistant	

plants	may	 still	 support	one	or	 two	parasites.	 It	 is	 therefore	unlikely	 that	a	 single	 resistance	

gene	 would	 be	 useful	 in	 the	 field,	 as	 any	 new	 resistance	 is	 immediately	 confronted	 by	 the	

genetic	 diversity	 of	 the	 Striga	 seed	 bank	 (Mohamed	 et	 al.,	 2007).	 Additionally,	 host-plant	

resistance	is	known	to	vary	between	different	Striga	species	and	ecotypes,	which	may	also	be	

affected	by	climate,	and	vary	across	different	sites	and	years	(Johnson	et	al.,	1997;	Rodenburg	

et	al.,	2017).		

For	resistance	to	be	effective,	it	must	be	both	broad	spectrum	against	a	range	of	Striga	species	

and	ecotypes,	 and	must	 also	be	durable.	 This	 requires	 pyramiding	multiple	 resistance	 genes	

with	different	modes	of	action	 into	a	 single	 locally	adapted	cultivar.	 It	also	 requires	a	better	

understanding	 of	 Striga	 diversity	 and	 virulence,	 and	 how	 this	 translates	 into	 host-parasite	

specificity.	 Improved	 knowledge	of	 the	molecular	 genetic	basis	 of	 resistance	with	 respect	 to	

parasite	virulence	will	allow	predictive	breeding	programs	to	be	targeted	for	different	regions	

to	match	appropriate	host	resistance	against	the	prevailing	parasite	ecotype.	

	

For	rice,	breeding	for	Striga	resistance	has	received	relatively	little	attention,	perhaps	because	

75	%	of	the	worlds	rice	production	occurs	in	irrigated	lowlands	where	Striga	species	are	absent	

(Seck	et	al.,	2012).	Parasitic	weeds	are	only	prevalent	 in	rain-fed	ecosystems,	which	 in	Africa	

accounts	 for	around	72	%	of	total	rice	production	(Rodenburg	et	al.,	2010).	However,	due	to	

increased	 demand	 for	 rice	 in	 Africa,	 national,	 regional	 and	 international	 agencies	 are	 now	

placing	a	higher	priority	on	the	rice	sector	as	a	means	to	improve	food	security	and	economic	

growth	(Balasubramanian	et	al.,	2007).	
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1.5	How	do	plants	defend	themselves	against	parasitic	weeds?		

Plants	 possess	 sophisticated	 defence	mechanisms	 to	 defend	 themselves	 from	 attack	 from	 a	

wide	 variety	of	 pests,	 pathogens	 and	parasites	 (Jones	&	Dangl,	 2006).	Much	of	 the	work	on	

plant	 immunity	 has	 been	 carried	 out	 on	 bacterial	 and	 fungal	 pathogens,	 but	 much	 less	 is	

known	 about	 defence	 against	 parasitic	 plants.	 However,	 several	 studies	 have	 shown	 that	

plants	 recognise	 and	 defend	 themselves	 against	 parasitic	 plants	 in	 a	 very	 similar	manner	 to	

microbial	pathogens.	Different	defence	responses	may	operate	at	different	stages	of	parasite	

infection	 and	 may	 vary	 between	 different	 host	 species	 and	 genotypes	 (Yoshida	 &	 Shirasu,	

2009).	

1.5.1	Pre-attachment	resistance	
Since	Striga	seeds	require	a	chemical	signal	from	the	host	to	germinate,	the	first	opportunity	

for	 resistance	 is	 to	 select	 cultivars	 which	 produce	 low	 amounts	 of	 germination	 stimulants	

(Vogler	et	al.,	1996).	This	form	of	resistance	is	best	described	in	Striga	resistant	genotypes	of	

sorghum	(Haussmann	et	al.,	2001)	and	to	a	 lesser	extent	rice	(Jamil	et	al.,	2011b)	but	 is	also	

important	in	resistance	to	Orobanche		(Rubiales	et	al.,	2003).	In	rice,	NERICA	cultivars	exhibit	a	

positive	relationship	between	strigolactone	production	and	the	germination,	attachment	and	

emergence	of	Striga	plants	(Jamil	et	al.,	2011b).	QTL	mapping	using	a	Recombinant	Inbred	Line	

(RIL)	mapping	 population	 created	 from	 Bala,	 an	 indica	 rice	 cultivar,	 and	 Azucena,	 a	 tropical	

japonica	 cultivar,	 identified	 a	 major	 QTL	 on	 chromosome	 1	 termed	 qSLB1.1	 for	 both	 the	

production	 of	 strigolactones	 and	 the	 germination	 of	 S.	 hermonthica	 seeds	 (Cardoso	 et	 al.,	

2014).	 Two	 cytochrome	P450	 genes,	 SLB1	 and	 SLB2,	which	 showed	high	 homology	with	 the	

MAX1	strigolactone	biosynthesis	gene	in	Arabidopsis,	were	identified	in	the	QTL	for	Azucena,	

the	 high	 strigolactone	 producer.	 These	 genes	 were	 missing	 in	 Bala,	 which	 produced	 lower	

strigolactone	 levels,	 but	 overexpression	 of	 either	 of	 these	 genes	 in	 Bala	 resulted	 in	 higher	

strigolactone	production	 (Cardoso	et	al.,	 2014).	A	 recent	 study	 identified	a	 gene	 in	 sorghum	

responsible	for	an	alteration	in	the	types	of	strigolactones	present	in	root	exudates,	resulting	

in	 increased	Striga	 resistance	 (Gobena	et	al.,	2017).	Sorghum	 lines	with	mutations	 in	 the	 lgs	

allele	 produced	 drastically	 less	 of	 the	 dominant	 strigolactone	 5-deoxystrigol,	 a	 potent	

stimulant	 of	 Striga	 germination,	 but	 this	 resulted	 in	 greater	 production	 of	 the	 strigolactone	

orobanchol.	 Interestingly,	 orobanchol	 does	 not	 stimulate	 germination	 of	 Striga,	 and	 plants	

mutant	for	the	lgs	allele	did	not	differ	greatly	in	the	extent	of	AM	colonisation	or	tiller	number	

(Gobena	 et	 al.,	 2017),	 indicating	 it	 may	 be	 possible	 to	 breed	 increased	 resistance	 to	 Striga	

without	affecting	the	plants	important	associations	with	these	fungi	or	alterations	in	the	plants	

development.	
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The	exudation	of	germination	inhibitors	and	reduced	production	of	HIFs	from	host	plants	are	

other	 pre-attachment	 forms	of	 resistance	 (Rispail	et	 al.,	 2007).	Gurney	et	 al.	 (2003)	 showed	

that	 Tripsacum	 dactyloides,	 a	 wild	 relative	 of	 maize,	 had	 enhanced	 resistance	 against	 S.	

hermonthica,	 in	 part	 due	 to	 the	 low	 concentrations	 of	 HIFs	 produced.	 Parasites	 which	 did	

attach	 to	Tripsacum	dactyloides	 roots	 developed	 slowly	with	 poor	 haustorial	 differentiation,	

and	 the	 formation	 of	 secondary	 haustoria	 was	 inhibited,	 suggesting	 a	 mobile	 signal	 is	 also	

produced	in	host	roots	which	inhibits	haustorial	development	(Gurney	et	al.,	2003).	

	

1.5.2	Post-attachment	resistance	
Post	attachment	resistance	to	parasitic	plants	can	occur	in	the	root	cortex,	at	the	endodermis,	

or	after	vascular	connection	(Yoshida	&	Shirasu,	2009;	Timko	&	Scholes,	2013).	Typical	defence	

responses	 are	 similar	 to	 those	 observed	 for	 microbial	 pathogens,	 and	 include	 suberin	 and	

callose	 depositions,	 increased	 production	 of	 phenolic	 compounds,	 lignifications	 of	 the	

endodermis,	increases	in	peroxidase	activity,	expression	of	pathogenesis-related	(PR)	proteins	

and	hypersensitive	response	(Mohamed	et	al.,	2003;	Echevarría-Zomeño	et	al.,	2006;	Pérez-de-

Luque	et	al.,	2006a;	Timko	&	Scholes,	2013).	

	

Resistance	 to	 the	 parasitic	 plant	 Orobanche	 cumana	 in	 sunflower	 occurs	 at	 the	 cortex	

(Echevarría-Zomeño	et	 al.,	 2006).	Here,	 suberization	of	 host	 cell	walls	 together	with	 protein	

cross-linking,	were	observed	in	resistance	interactions,	preventing	penetration	by	the	parasite.	

In	pea,	accumulation	of	callose	was	also	observed,	as	well	as	H2O2	and	peroxidases	(Pérez-de-

Luque	 et	 al.,	 2006a).	 Peroxidases	 are	 a	 group	 of	 enzymes	 involved	 in	 a	 variety	 of	 functions	

including	 lignification,	 suberization,	 and	 other	 stress	 responses,	 and	 together	 with	 H2O2,	

enable	 protein	 cross-linking	 and	 formation	 of	 papillae,	 thereby	 strengthening	 cell	 walls	

(Echevarría-Zomeño	 et	 al.,	 2006).	 The	 presence	 of	 phenolic	 compounds	 in	 cortical	 cells	was	

also	observed	during	incompatible	reactions.	These	are	excreted	into	the	apoplast,	creating	a	

toxic	 environment	 and	 effectively	 poisoning	 the	 parasite	 (Echevarría-Zomeño	 et	 al.,	 2006).	

Plant	defensins,	which	show	antifungal	properties	against	a	broad	range	of	fungi	(Thomma	et	

al.,	 2002),	 are	 also	 known	 to	 provide	 resistance	 against	 parasitic	 plants.	 de	 Zélicourt	 et	 al.,	

(2007),	 showed	 that	 the	 sunflower	 (Helianthis	 annuus)	 defensin	 Ha-DEF1	 was	 involved	 in	

resistance	to	O.	cumana.	Expression	of	Ha-DEF1	was	induced	upon	O.	cumana	infection,	while	

purified	Ha-DEF1	induced	browning	symptoms	at	the	radicle	apex	of	O.	cumana	seedlings	as	a	

result	 of	 cell	 death.	 Anti-fungal	 activity	 of	 Ha-DEF1	 was	 confirmed	 with	 bioassays	 on	

Saccharomyces	 cerevisiae	 and	 Alternaria	 brassicicola,	 which	 showed	 strong	 inhibition	 of	

growth	 and	 germ-tube	 development,	 respectively.	 However,	 no	 effect	 was	 seen	 on	 S.	
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hermonthica	seedlings	(de	Zélicourt	et	al.,	2007).	This	was	the	first	account	of	defensins	acting	

on	plant	cells.		

	

Resistance	to	S.	hermonthica	in	the	resistant	sorghum	genotype	Framida	occurs	at	3	different	

stages;	 the	 inhibition	of	 haustorial	 development,	 reduced	 translocation	of	 nutrients	 towards	

the	 haustoria,	 and	 the	 accumulation	 of	 phenolic	 substances	 around	 the	 central	 cylinder	

(Arnaud	 et	 al.,	 1999),	 demonstrating	 resistance	 can	 act	 at	 different	 levels	 simultaneously.	

Yoshida	&	Shirasu	 (2009)	also	demonstrated	multi-layers	of	 incompatibility	during	 resistance	

to	 S.	 hermonthica	 in	 non-host	 dicotyledonous	 plants.	 Four	 different	 non-host	 plants,	

Arabidpsis,	 cowpea,	 the	 legume	 Lotus	 japonicas	 and	 the	 hemiparasite	 Phtheirospermum	

japonicum,	 were	 infected	 with	 germinated	 S.	 hermonthica	 seeds	 to	 examine	 differences	 in	

incompatibility.	Arabidopsis	and	cowpea	exhibited	resistance	after	vascular	connections	were	

established.	Resistance	in	Lotus	japonicas	was	due	to	mechanical	barriers	in	the	cortex,	while	

resistance	 in	 the	hemiparasite	Phtheirospermum	 japonicum	occurred	very	early,	and	 in	most	

cases	 S.	 hermonthica	 failed	 to	 form	 an	 attachment	 or	 penetrate	 the	 P.	 japonicum	 roots	

(Yoshida	 &	 Shirasu,	 2009).	 Gurney	 et	 al.	 (2006)	 reported	 that	 resistance	 in	 the	 rice	 cultivar	

Nipponbare	occurred	at	the	endodermis,	and	no	evidence	of	lignification	was	observed.		

	

The	study	by	Yoshida	&	Shirasu	(2009)	investigated	the	rate	of	infection	and	development	of	S.	

hermonthica	 on	 the	 resistant	Nipponbare	 and	 the	more	 susceptible	 rice	 cultivar	 Koshihikari.	

The	frequency	of	different	developmental	stages	of	the	parasite	was	recorded	at	two	and	four	

weeks	 post	 inoculation	 (wpi)	 of	S.	 hermonthica,	and	 calculated	 as	 a	 percentage	 of	 parasites	

that	had	penetrated	host	 tissue.	At	4	wpi	 significantly	 fewer	parasites	had	developed	 to	 the	

six-leaf	 stage	 on	Nipponbare	 compared	 to	 Koshihikari.	 However,	 at	 2	wpi,	 the	 frequency	 of	

parasites	 that	 had	 developed	 vascular	 connections	 did	 not	 differ	 significantly	 between	 the	

cultivars,	 suggesting	 Nipponbare	 may	 also	 exhibit	 some	 form	 of	 post-vascular	 resistance	

(Yoshida	 &	 Shirasu,	 2009).	 Resistance	 to	 S.	 hermonthica	 is	 very	 ecotype	 dependent,	 and	

therefore	 differences	 in	 resistance	 may	 be	 observed	 with	 different	 ecotypes.	 Post	 vascular	

resistance	was	seen	 in	the	vetch	Vicia	sativa	when	 infected	with	Orobache	crenata.	This	was	

shown	to	be	due	to	the	accumulation	of	mucilage,	composed	mainly	of	non-esterified	pectins,	

which	 blocked	 host	 vessels,	 obstructing	 the	 parasites	 nutrient	 supply	 and	 causing	 browning	

and	death	of	 the	tubercles	 (Pérez-de-Luque	et	al.,	2006b).	 In	addition	to	 the	pre-attachment	

resistance	 in	some	rice	 (NERICA)	cultivars	described	above,	some	NERICA	cultivars	also	show	

very	 good	 post-attachment	 resistance	 to	 some	 S.	 hermonthica	 and	 S.	 asiatica	 ecotypes.	 In	

most	cases	this	was	characterised	by	the	 inability	of	the	Striga	 to	penetrate	the	endodermis.	

Some	parasites	were	able	to	penetrate	the	endodermis	and	form	a	few	vascular	connections,	
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but	 these	 grew	 slowly	 and	 were	 associated	 with	 deposition	 of	 a	 dense	 staining	 material	

(Cissoko	 et	 al.,	 2011).	 In	 most	 cases,	 this	 resistance	 was	 maintained	 when	 challenged	 by	

several	ecotypes	of	both	Striga	species,	indicating	resistance	was	relatively	broad	spectrum.	In	

cowpea,	resistance	to	S.	gesnerioides	is	often	associated	with	a	hypersensitive	response	at	the	

site	 of	 parasite	 attachment	 (Li	 &	 Timko,	 2009).	 This	 is	 characteristic	 of	 a	 gene-for-gene	

resistance	response,	where	cultivars	carrying	the	specific	resistance	(R)	gene	convey	resistance	

against	a	specific	race	of	the	parasite	(Scholes	et	al.,	2007)	causing	browning	and	subsequent	

death	 of	 the	 parasite	within	 3	 or	 4	 days	 (Li	 &	 Timko,	 2009;	 Huang	 et	 al.,	 2012a).	 The	 gene	

responsible	 for	 this	 reaction	 has	 been	 identified	 in	 cowpea.	 This	 gene,	 termed	 RSG3-301,	

provides	resistance	against	S.	gesnerioides	race	3	(SG3),	and	is	the	first	resistance	gene	against	

Striga	 species	 to	be	 cloned	 (Li	&	Timko,	2009).	 The	hypersensitive-like	 response	observed	 in	

cowpea	 resistance	 response	 is	 much	 less	 common	 in	 hosts	 exhibiting	 resistance	 to	 Striga	

hermonthica	or	asiatica,	although	it	has	been	observed	in	some	sorghum	cultivars	(Mohamed	

et	al.,	2003).	

	

1.5.3	The	role	of	signalling	molecules	
Inducible	defence	 responses	 in	plants	 are	 regulated	by	a	network	of	 signalling	molecules,	of	

which	salicylic	acid	(SA),	jasmonic	acid	(JA),	ethylene	(ET)	and	abscisic	acid	(ABA)	are	thought	to	

be	 the	 most	 important.	 Generally	 speaking,	 the	 SA	 signalling	 pathway	 is	 associated	 with	

defence	 against	 pathogens	 with	 a	 biotrophic	 lifestyle,	 while	 the	 JA/ET	 signalling	 pathway	

activates	 a	 set	 of	 defence	 responses	 targeting	 necrotrophic	 pathogens	 (Glazebrook,	 2005).	

However,	 these	 pathways	 are	 known	 to	 interact	 extensively	 and	 mutually	 antagonise	 each	

other,	 allowing	 a	 plant	 to	 fine-tune	 its	 defence	 against	 different	 pathogens	 and	 modes	 of	

infection	 (Kunkel	 &	 Brooks,	 2002).	 These	 pathways	 are	 also	 involved	 in	 defence	 against	

parasitic	plants.	Application	of	SA	to	the	roots	of	red	clover	(Trifolium	pratense)	was	found	to	

reduce	the	number	of	O.	minor	parasites,	while	application	of	MeJA	had	no	effect	(Kusumoto	

et	 al.,	 2007).	 The	 SA	 and	 JA	 signalling	 pathways	 are	 known	 to	 act	 antagonistically,	 although	

they	 may	 also	 act	 synergistically	 at	 lower	 concentrations	 (Mur	 et	 al.,	 2006).	 Hiraoka	 &	

Sugimoto	 (2008)	 showed	 that	 infection	 of	 S.	 hermonthica	 on	 a	 susceptible	 sorghum	 cultivar	

induced	 JA-responsive	 genes	 and	 suppressed	 SA-responsive	 genes	 in	 host	 roots.	 In	 contrast,	

Striga	 infection	 on	 roots	 of	 the	 resistant	 cultivar	 Wad	 Ahmed	 induced	 both	 SA	 and	 JA-

responsive	 genes	 to	 a	 lesser	 degree,	 suggesting	 both	 signalling	 pathways	 are	 involved	 in	

resistance.	 Application	 of	 SA	 to	 host	 roots	 reduced	 susceptibility	 of	 all	 cultivars	 (Hiraoka	 &	

Sugimoto,	2008),	indicating	this	hormone	may	play	a	greater	role	in	resistance	against	parasitic	

plants.	
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In	rice,	both	the	SA	and	JA	pathways	are	 induced	on	 infection	with	S.	hermonthica,	although	

induction	 of	 the	 SA	 pathway	 occurs	 after	 that	 of	 JA	 (Mutuku	 et	 al.,	 2015).	 Interestingly,	

mutants	in	JA	biosynthesis	were	susceptible,	although	resistance	was	recovered	by	application	

of	 exogenous	 JA.	 In	 contrast,	 SA	 is	 not	 necessary,	 as	 SA-deficient	 NahG	 plants	 were	 also	

resistant;	these	mutants	also	showed	induction	in	the	JA	pathway.	However,	plants	containing	

a	silencing	construct	to	knockdown	the	WRKY45	transcription	factor,	which	is	a	key	regulator	

of	the	SA	signalling	pathway,	were	susceptible	to	S.	hermonthica,	and	showed	down-regulation	

in	the	JA	pathway.	Foliar	application	of	JA	recovered	resistance.	These	results	suggests	that	in	

rice,	WRKY45	 is	 involved	 in	 the	 regulation	 of	 both	 the	 SA	 and	 JA	 pathways	 (Mutuku	 et	 al.,	

2015).	 The	 identification	 of	 the	 resistance	 genes	 will	 help	 clarify	 the	 defence	 mechanisms	

involved	in	this	resistance.	

	

1.6	The	genetic	basis	of	Striga	resistance	

Although	 many	 different	 Striga	 resistance	 phenotypes	 have	 been	 observed,	 the	 underlying	

genetics	 governing	 these	 responses	 is	 not	 well	 understood.	 Many	 studies	 investigating	 the	

molecular	basis	of	Striga	 resistance	have	shown	 it	 to	be	polygenic,	 controlled	by	both	major	

and	minor	genes	(Timko	&	Scholes,	2013).	These	may	be	recessive	or	quantitative	in	nature.	In	

an	 investigation	 into	the	 inheritance	of	 low	Striga	germination	stimulants	 in	sorghum,	Vogler	

et	 al.	 (1996)	 used	 one	 resistant	 line	 “SRN-39”	 and	 three	 susceptible	 lines	 to	 show	 that	 low	

stimulant	production	was	controlled	by	a	single,	recessive	allele.	A	similar	 investigation	using	

recombinant	 inbred	 lines	 (RILs)	 of	 sorghum	 also	 found	 low	 production	 of	 germination	

stimulants	 to	be	 inherited	by	a	single	recessive	gene	of	major	effect.	However,	 low	and	high	

stimulant	producing	classes	were	not	always	distinct,	suggesting	some	minor	genes	may	also	

be	 involved	 (Haussmann	 et	 al.,	 2001).	 Haussmann	 et	 al.	 (2004)	 used	 two	 RIL	 mapping	

populations	 to	 identify	 resistance	quantitative	 trait	 loci	 (QTL)	 in	 sorghum.	Resistant	parental	

lines	 were	 characterised	 as	 low	 germination	 stimulant	 producing	 (IS9830)	 or	 expressing	

mechanical	 resistance	 (N13).	 Resistance	 was	 tested	 in	 the	 field	 over	 two	 years	 and	 five	

different	sites	across	Mali	and	Kenya,	and	composite	 interval	mapping	used	to	detect	eleven	

QTL	 in	 both	 populations,	 indicating	 resistance	 is	 not	 simply	 inherited.	 The	 QTL	 of	 most	

significance	corresponded	to	the	 lgs	 locus,	a	major	 locus	 for	 low	germination	stimulants,	but	

other	 QTL	 were	 also	 identified.	 Five	 QTL	 were	 shared	 between	 the	 two	 populations.	 Since	

these	 withstood	 across	 populations,	 years	 and	 environments,	 they	 are	 ideal	 candidates	 for	

marker-assisted	selection	(Haussmann	et	al.,	2004).		
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In	 another	 study,	 the	 production	 of	 low	 amounts	 of	 haustorial	 initiation	 factors	 in	 sorghum	

were	found	to	be	inherited	as	a	single	dominant	gene,	Lhf.	This	gene	was	only	present	in	the	

wild	 sorghum	 species	 PQ434.	 Mapping	 populations	 created	 from	 crosses	 of	 high	 stimulant	

producing	 lines,	 together	with	genotyping	using	microsatellite	markers,	enabled	 this	gene	 to	

be	 mapped	 within	 19.3cM	 from	 the	 Xtxp358	 marker	 on	 linkage	 group	 nine	 (Grenier	 et	 al.,	

2007).	

	

Resistance	 against	 S.	 gesnerioides	 in	 cowpea	 (Vigna	 unguiculata)	 is	 better	 understood.	 S.	

gesnerioides	exhibits	clear	race	structure,	and	seven	races	are	currently	known	to	exist	 (Li	et	

al.,	2009).	Resistance	to	these	races	in	cowpea	is	thought	to	be	conferred	by	a	single	dominant	

gene	in	most	cases,	and	has	been	mapped	to	two	linkage	groups	(Ouedraogo	et	al.,	2001).	As	

mentioned	above,	the	first	resistance	gene	to	S.	gesnerioides	in	the	cowpea	cultivar	B301	has	

now	 been	 cloned	 (Li	 &	 Timko,	 2009).	 The	 protein	 product	 from	 this	 gene	 localises	 to	 the	

plasma	membrane,	 and	 contains	 coiled-coil,	 nucleotide	 binding	 site	 and	 leucine	 rich	 repeat	

(CC-NBS-LRR)	 domains.	 A	 possible	 role	 as	 a	 guard	 molecule	 against	 parasite	 attack	 was	

suggested	(Li	&	Timko,	2009).		

	

In	rice,	mapping	populations	have	also	been	used	successfully	to	uncover	the	genetic	basis	of	

Striga	resistance.	Gurney	et	al.	(2006)	used	Backcross	Inbred	Lines	(BILs)	of	Nipponbare,	which	

exhibits	 strong	 post-attachment	 resistance	 to	 S.	 hermonthica,	 and	 Kasalath	 which	 is	 more	

susceptible,	 in	 order	 to	 identify	 the	 genomic	 regions	 governing	 post-attachment	 resistance.	

Composite	interval	mapping	was	used	to	locate	seven	resistance	QTL	on	chromosomes	1,	4,	5,	

6,	7,	8	and	12.	Four	of	these	were	confirmed	in	a	second	screen,	and	those	on	chromosome	4	

and	 12	 appeared	 to	 be	 the	most	 important.	 Although	 the	mean	 resistance	 of	 the	mapping	

population	was	intermediate	between	the	parents,	the	slight	bimodality	in	the	distribution	of	

resistance	 observed	 indicates	 the	 segregation	 of	 some	 genes	 of	major	 effect	 (Gurney	et	 al.,	

2006).	 Interestingly,	 a	 large	 effect	 QTL	 on	 chromosome	 4	 was	 due	 to	 a	 resistant	 allele	 in	

Kasalath	 rather	 than	 in	 Nipponbare,	 which	 suggests	 a	 phenotype	 even	more	 resistant	 than	

Nipponbare	could	be	created	by	combining	these	into	the	same	cultivar.	In	order	to	establish	

whether	this	Kasalath	derived	resistance	QTL	also	conferred	resistance	to	S.	hermonthica	 in	a	

different	genetic	background,	Swarbrick	et	al.	(2009)	carried	out	a	further	QTL	analysis	using	a	

Koshihikari-Kasalath	 Backcross	 Inbred	 Line	 mapping	 population.	 Three	 QTL	 conferring	

resistance	 to	 Striga	 were	 identified,	 one	 of	 which	 came	 from	 the	 susceptible	 Koshihikari	

genotype.	 The	 location	 of	 the	 large-effect	 QTL	 in	 the	 Koshihikari-Kasalath	 population	

overlapped	 with	 the	 QTL	 detected	 previously,	 verifying	 its	 role	 in	 resistance	 and	 narrowing	

down	its	position	in	the	genome	(Swarbrick	et	al.,	2009).		
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The	QTL	identified	by	Gurney	et	al.,	(2006)	were	very	interesting	as	there	was	a	suggestion	that	

resistance	 may	 be	 due	 to	 a	 few	 genes	 of	 major	 effect.	 However,	 because	 the	 rice	 cultivar	

Kasalath	 also	 possessed	 significant	 resistance	 it	 was	 difficult	 to	 resolve	 the	 QTL	 further.	 In	

order	to	investigate	the	Nipponbare	resistance	QTL	in	more	detail,	a	second	study	was	carried	

out	 at	 the	 University	 of	 Sheffield	 using	 a	 BIL	 population	 derived	 from	 a	 cross	 between	

Nipponbare	and	Koshihikari.	Koshihikari	is	a	temperate	japonica	cultivar	that	is	susceptible	to	

the	 S.	 hermonthica	 ecotype	 used	 in	 the	 mapping	 studies,	 so	 better	 resolution	 is	 achieved	

between	 lines	 when	 phenotyping	 for	 resistance.	 This	 study	 revealed	 one	 major	 QTL	 on	

chromosome	 12	 (Nipponbare)	 between	 positions	 4.0	 -	 8.0	 Mbp,	 with	 a	 peak	 at	 6.74	 Mbp	

(Figure	1.3)	(Scholes	et	al.,	unpublished	data).	This	QTL	region	explains	55	%	of	variation	for	S.	

hermonthica	 resistance,	 and	with	 a	 LOD	 score	 of	 greater	 than	 25	 strongly	 suggests	 that	 the	

resistance	 is	 due	 to	 a	 single	 gene	 or	 to	 a	 few	 genes	 of	 major	 effect.	 Such	 a	 major	 QTL	 is	

surprising	 given	 the	 genetic	 diversity	 of	 the	 parasite,	 and	 indicates	 the	 presence	 of	 a	 very	

important	resistance	gene	or	genes,	supporting	the	conclusion	of	Gurney	et	al.,	(2006).		

	

It	can	be	seen	from	Figure	1.3	that	the	QTL	is	broad	and	the	area	contains	many	hundreds	of	

genes.	Lack	of	recombination	in	this	area	meant	it	was	impossible	to	refine	the	QTL	using	lines	

from	the	original	population,	therefore	a	series	of	BC4F5	lines	were	produced	at	the	University	

of	Sheffield	and	NIAS,	Japan,	by	backcrossing	a	small	selection	of	resistant	lines	to	Koshihikari	

and	 selfing	 to	 the	 F5	 generation.	 These	 lines	 were	 then	 phenotyped	 for	 S.	 hermonthica	

resistance.	 Phenotyping	 the	 BC4F5	 lines	 refined	 the	 QTL	 position	 to	 between	 5.7	 -	 6.7	Mbp	

(Figure	1.4).	Within	the	QTL	there	was	a	350	kb	region	that	is	not	present	in	the	same	region	of	

Koshihikari	genome	(Figure	1.5)	(Scholes	et	al.,	unpublished	data).	It	is	therefore	possible	that	

resistance	 could	 be	 provided	 within	 this	 Nipponbare	 specific	 region,	 although	 the	 QTL	

extended	beyond	it	on	both	sides	(Scholes,	personal	communication).		

	

The	S.	hermonthica	 resistance	QTL	 in	Nipponbare	contains	131	genes,	over	half	of	which	are	

annotated	 as	 transposons	 or	 retrotransposons	 (see	 http://rice.plantbiology.msu.edu/	 for	

annotations).	Also	within	this	region	is	a	cluster	of	13	receptor-like	proteins	(RLPs)	annotated	

as	homologs	of	genes	providing	resistance	to	Verticillium	wilt	in	tomato	(Table	1.1).	Verticillium	

wilts	are	soil	borne,	xylem-invading	fungal	plant	pathogens	with	a	broad	host	range,	infecting	

over	 200	 host	 species	 (Fradin	 &	 Thomma,	 2006).	 In	 a	 similar	 manner	 to	 Striga	 species,	

Verticillium	wilts	respond	to	host	root	exudates,	which	stimulate	germination	of	microsclerotia	

in	 the	 soil.	 These	 penetrate	 the	 root,	 crossing	 the	 endodermis	 to	 enter	 the	 xylem,	 where	

conidia	 are	 produced	 and	 transported	 around	 the	 plant	 in	 the	 water	 stream	 (Fradin	 &	



Chapter	1	

	 32	

Thomma,	 2006).	 The	 strikingly	 similar	 infection	 strategy	 of	 this	 parasite	with	 Striga	 species,	

together	with	the	presence	of	a	cluster	of	Verticillium	wilt	homologs	in	the	Nipponbare	Striga	

resistance	 QTL,	 makes	 these	 genes	 excellent	 candidates	 for	 Striga	 resistance.	 Additionally,	

these	RLP	 genes	 also	belong	 to	 the	 same	gene	 class	 as	 a	 gene	 recently	 identified	 in	 tomato	

(CuRe1)	 that	 provides	 increased	 resistance	 to	 the	 stem	 holoparisitic	 plant	 Cuscuta	 reflexa.	

Overexpression	of	the	cell	surface	RLP	gene	CuRe1	into	susceptible	S.	pennellii	plants	resulted	

in	hypersensitive	response	symptoms	and	improved	resistance	to	C.	reflexa	(Hegenauer	et	al.,	

2016).	 The	 expression	 of	 these	 candidate	 resistance	 genes	 in	 Nipponbare	 was	 investigated	

under	 S.	 hermonthica	 infection	 using	 quantitative	 PCR	 (qPCR).	 	 Expression	 of	 four	 of	 these	

genes	 (Os12g11370,	 Os12g11660,	 Os12g11680	 and	 Os12g11720)	 was	 upregulated	 in	

Nipponbare,	but	not	Koshihikari,	 in	 response	 to	S.	hermonthica	 infection,	 although	 this	does	

not	necessarily	imply	an	involvement	in	resistance	(Scholes	et	al.,	unpublished	data).	
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Figure	1.3	Phenotype	of	rice	cultivars	Nipponbare	(a)	and	Koshikihari	 (b)	 infected	with	Striga	
hermonthica	 (Kibos	 ecotype).	 (c)	 Genome-wide	 quantitative	 trait	 locus	 (QTL)	 for	 Striga	
hermonthica	resistance	traits	(Striga	biomass,	number	and	cumulative	length	per	rice	plant)	on	
chromosome	12	 in	the	Nipponbare/Koshihikari	//Koshihikari	BIL	population.	 	A	single	QTL	on	
Chromosome	12	at	7.7cM	/	6.75	Mbp	explains	over	55	%	of	the	variation	in	Striga	resistance	
(Striga	biomass	or	number)	(Scholes	et	al.,	unpublished	data).	
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Figure	1.4	The	resistance	of	the	BC4F5	lines	from	the	Nipponbare	x	Koshihikari	BIL	population	
showing	 recombination	 in	 and	 around	 the	 QTL	 region	 on	 chromosome	 12.	 Top	 panel:	 Dry	
biomass	 of	 S.	 hermonthica	 21	 days	 after	 infection	 with	 germinated	 S.	 hermonthica	 seed	
collected	 from	 Kibos	 in	Western	 Kenya	 in	 2013.	 Values	 are	 means	 ±	 SE	 where	 N=4.	 Lower	
panel:	 Recombination	 breakpoints	 for	 each	 line	 are	 shown	 in	 relation	 to	 chromosomal	
position,	where	A	 =	Nipponbare	 genotype	 and	 B	 =	 Koshihikari	 genotype.	 Letters	 above	 bars	
indicate	significant	differences	between	lines	(p	<	0.05).	(Scholes	et	al.,	unpublished	data).	
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NIAS_Os_aa12001721 4998567 12 A B B A A A A A A A B B B B A A B
NIAS_Os_aa12001813 5773314 12 A A A A A A A A A A B B B B A A B
Os12g11370 6138570 12 A A A A A A A A A A B B B B B B B
NIAS_Os_aa12007100 6139075 12 A A A A A A A A A A B B B B B B B
NIAS_Os_aa12002375 6212403 12 A A A A A A A A A A B B B B B B B
c12_288_353 6318334 12 A A A A A A A A A A B B B B B B B
c12_432_500 6350003 12 A A A A A A A A A A B B B B B B B
c12_540_564 6369157 12 A A A A A A A A A A B B B B B B B
c12_809_850 6423651 12 A A A A A A A A A A B B B B B B B
Os12g11860 6447258 12 A A A A A A A A A A B B B B B B B
c12_1263_1307 6510292 12 A A A A A A A A A A B B B B B B B
RM27774 6561860 12 A A A A A A A A A A B B B B B B B
NIAS_Os_aa12002704 6614218 12 A A A A A A A A A A B B B B B B B
12090 CAPS_1 MluI 6625745 12 A A A A A A A A A A B B B B B B B
NIAS_Os_aa12002776 6673116 12 A A A A A A A A B B B B B B B B B
12220 CAPS_1 RsaI 6711063 12 A A A A A A A A B B B B B B B B B
NIAS_Os_aa12002853 6715564 12 A A A A A A A B B B B B B A B B B
RM6905 6745944 12 A A A A A A A B B B B B A A B B B
NIAS_Os_aa12002930 6749236 12 A A A A A A B B B B B B A A B B B
NIAS_Os_aa12002973 6759198 12 A A A A A A B B B B B B A A B B B
NIAS_Os_aa12003095 6820293 12 A A A A A A B B B B B A A A B B B
NIAS_Os_aa12003164 6860235 12 A A A A A A B B B B B A A A B B B
NIAS_Os_aa12003241 6887901 12 A A A A A A B B B B B A A A B B B
NIAS_Os_aa12003300 6896661 12 A A A A A A B B B B B A A A B B B
NIAS_Os_aa12003345 6922087 12 A A A A A B B B B B A A A A B B B

Line Nipp 1-1 3-9 17-1 38-2 102-5 140-12 164-3 241-4 85-3 2-2 64-3 36-1 156-3 25-1 200-2 Kosh
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Figure	1.5	Comparison	of	the	genome	structure	of	rice	varieties	Nipponbare	and	Koshihikari	within	the	S.	hermonthica	QTL	region	on	chromosome	12.		Numbers	
refer	to	the	sequence	length	in	bp.	Coloured	blocks	surround	a	region	of	the	genome	that	aligns	to	part	of	the	genome	being	compared	that	is	homologous	and	
free	 from	 genomic	 rearrangement.	 Lines	 link	 regions	 of	 homology.	 Blocks	 below	 the	 centre	 line	 indicate	 regions	 of	 inverse	 orientation	 relative	 to	 the	 top	
sequence.	Areas	outside	blocks	do	not	align,	and	so	contain	sequences	specific	to	that	genome	or	lacking	homology	between	genomes.	(Scholes	et	al.,	unpublished	
data).	
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Table	1.1	Genes	present	in	the	Nipponbare	S.	hermonthica	resistance	QTL.	Transposable	elements	and	expressed	proteins	have	been	omitted.	aa	=	amino	acid.	
Source:	MSU	(http://rice.plantbiology.msu.edu/)	and	International	Rice	Genome	Sequencing	Project	(IRGSP)	(http://rapdb.dna.affrc.go.jp).		

Genes	in	Nipponbare	 Annotation	 Length	(aa)	
LOC_Os12g10850.1	
LOC_Os12g10870.1	

hhH-GPD	superfamily	base	excision	DNA	repair	protein,	putative,	expressed	
verticillium	wilt	disease	resistance	protein,	putative,	expressed	

475	
1016	

LOC_Os12g10930.1	 NL0E,	putative,	expressed	 749	
LOC_Os12g11370.1	 verticillium	wilt	disease	resistance	protein,	putative,	expressed	 1015	
LOC_Os12g11500.1	IRGSP	 resistance	protein	SlVe1	precursor,	putative,	expressed	 1013	
LOC_Os12g11510.1		 hcr2-0B,	putative,	expressed	 829	
LOC_Os12g11660.1	 RALFL45	-	Rapid	ALkalinization	Factor	RALF	family	protein	precursor,	expressed	 99	
LOC_Os12g11680.1	IRGSP	 verticillium	wilt	disease	resistance	protein	precursor,	putative,	expressed	 1000	
LOC_Os12g11720.1		 verticillium	wilt	disease	resistance	protein	precursor,	putative,	expressed	 1020	
LOC_Os12g11860.1		 verticillium	wilt	disease	resistance	protein	precursor,	putative,	expressed	 1006	
LOC_Os12g11930.1		 disease	resistance	protein	SlVe2	precursor,	putative,	expressed	 1016	
LOC_Os12g11940.1		 disease	resistance	family	protein,	putative,	expressed	 855	
LOC_Os12g12000.1		 RALFL46	-	Rapid	ALkalinization	Factor	RALF	family	protein	precursor,	expressed	 97	
LOC_Os12g12010.1		 verticillium	wilt	disease	resistance	protein	precursor,	putative,	expressed	 1000	
LOC_Os12g12120.1		 verticillium	wilt	disease	resistance	protein	precursor,	putative,	expressed	 1006	
LOC_Os12g12130.1		 verticillium	wilt	disease	resistance	protein,	putative,	expressed	 1026	
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1.7	Genetic	mapping	to	identify	Striga	resistance	QTL	

It	 is	 clear	 from	 many	 studies	 discussed	 that	 the	 use	 of	 mapping	 populations	 has	 been	

extremely	important	in	the	discovery	of	Striga	resistance	QTL	thus	far.	Several	different	types	

of	mapping	 population	 exist,	 but	most	 are	 originally	 produced	 from	 two	 genetically	 distinct	

parents	(Morrell	et	al.,	2012).	BILs,	also	referred	to	as	Near	Isogenic	Lines	(NILs),	are	generated	

by	 repeated	backcrossing	 of	 the	 F1	progeny	 to	 one	of	 the	 original	 parents,	 so	 that	 each	 line	

contains	a	 small	number	of	 introgressed	 fragments	 from	 the	donor	genome	 in	an	otherwise	

homogenous	genetic	background	(Fernie	&	Klee,	2011).	All	lines	together	represent	the	whole	

genome	 of	 the	 donor	 parent	 in	 an	 overlapping	 manner	 (see	 Figure	 1.6)	 (Ali	 et	 al.,	 2010).	

Recombinant	 Inbred	 Lines	 (RILs)	 are	 created	 by	 repeated	 selfing	 (self-fertilising)	 of	 the	 F1	

progeny	 until	 homozygosity	 is	 reached.	 Here,	 each	 individual	 contains	multiple	 introgressed	

fragments,	and	on	average	the	genome	of	each	parent	is	represented	equally	throughout	the	

population	 (Mauricio,	2001;	Fernie	&	Klee,	2011).	Figure	1.6	 shows	a	comparison	between	a	

NIL	 an	 RIL	 mapping	 population.	 Nested	 Association	 Mapping	 (NAM)	 populations	 are	 a	

relatively	new	design	of	mapping	population	which	involves	crossing	multiple	lines	to	a	single	

reference	 parent	 (Morrell	et	 al.,	 2012),	 to	 create	many	RILs.	 Because	 of	 the	 diversity	 of	 the	

parents,	NAM	represents	a	cost	effective	and	powerful	strategy	for	genome-wide	fine	mapping	

by	 sequencing	 only	 the	 founder	 parents	 and	 genotyping	 the	 RILs	 with	 the	 same	 genetic	

markers	(Yu	et	al.,	2008).		

	

In	 addition	 to	 mapping	 populations,	 the	 availability	 of	 annotated	 genome	 sequences	 and	

advances	 in	genomic	technologies	generally	have	opened	doors	 for	studying	a	whole	host	of	

candidate	 genes	 for	 complex	 traits	 by	 taking	 advantage	 of	 the	 natural	 genetic	 diversity	 and	

historical	 recombination	 events	 found	 in	 diverse	 cultivars,	 using	 a	 technique	 known	 as	

association	 mapping	 (Zhu	 et	 al.,	 2008).	 Association	 mapping	 has	 the	 benefit	 of	 increased	

mapping	resolution	at	reduced	research	time,	and	can	be	used	to	identify	novel	and	superior	

alleles	 (Zhu	 et	 al.,	 2008;	 Morrell	 et	 al.,	 2012).	 Association	 studies	 use	 single	 nucleotide	

polymorphisms	(SNPs)	to	search	for	statistical	associations	between	phenotype	and	genotype	

(Morrell	et	al.,	2012),	are	now	a	promising	approach	in	genetic	mapping,	and	can	be	used	to	

fine	 map	 genes	 within	 a	 QTL	 (Huang	 et	 al.,	 2010;	 Han	 &	 Huang,	 2013).	 There	 are	 two	

approaches	that	may	be	taken:	(1)	candidate-gene	association	mapping,	which	targets	selected	

candidate	genes	and	identifies	SNPs	within	these	genes	and	between	lines;	while	(2)	genome-

wide	 association	mapping	 searches	 for	 associations	 between	 genotype	 and	 phenotype	 at	 a	

whole-genome	 level.	 For	example,	Huang	et	al.,	 (2010)	 carried	out	genome-wide	association	

studies	(GWAS)	of	14	agronomic	traits	using	3.6	million	SNPs	across	517	rice	landraces.	The	loci	
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identified	 explained	 on	 average	 36	%	 of	 phenotypic	 variation.	 The	 peaks	 of	 these	 loci	were	

often	near	known	genes,	suggesting	GWAS	can	also	be	used	to	aid	gene	identification	(Huang	

et	al.,	2010).		

	

	

	

  
	
Figure	1.6	Comparison	of	a	near	isogenic	line	(A)	and	a	recombinanat	inbred	line	(B)	mapping	
population.	Figure	from	Fernie	and	Klee	2011.	
	

1.8	Rice	as	a	model	system	for	studying	Striga	resistance	

Although	more	commonly	associated	with	Asia,	rice	has	been	cultivated	in	Africa	for	centuries	

(Nwanze	et	al.,	2006).	Increased	population	and	changes	in	consumer	preferences	have	lead	to	

growing	 demand	 for	 rice	 as	 a	 food	 source,	 and	 rice	 is	 now	 grown	 and	 consumed	 in	 38	

countries	in	sub-Saharan	Africa	(Balasubramanian	et	al.,	2007).	Using	rice	to	better	understand	
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the	 molecular	 genetic	 basis	 of	 resistance	 to	 Striga	 has	 several	 advantages.	 Firstly	 it	 is	

considered	the	model	monocot	for	molecular	genetic	studies;	it’s	small	genome	size	of	389	Mb	

has	been	accurately	sequenced	(Matsumoto	et	al.,	2005)	and	shows	a	high	degree	of	synteny	

with	 other	 cereals	 (Bolot	 et	 al.,	 2009),	 suggesting	 improved	 knowledge	 of	 the	 genetics	

underlying	 important	 agronomic	 traits	 may	 be	 applied	 to	 other	 cereals.	 In	 addition,	 rice	

possesses	enormous	within-species	diversity	(Garris	et	al.,	2005;	Zhu	&	Ge,	2005;	Schatz	et	al.,	

2014).	 The	 re-sequencing	 of	 3000	 rice	 genomes	 from	 all	 known	 sub-groups,	 including	 both	

cultivated	and	wild	accessions,	has	opened	the	door	to	a	better	understanding	of	the	genetic	

diversity	within	this	species	 (Xu	et	al.,	2011;	The	3000	Rice	Genomes	Project,	2014),	and	the	

availability	 of	 mapping	 populations	 and	 wild	 rice	 species	 is	 a	 valuable	 source	 of	 genetic	

material	which	can	be	exploited	for	 improved	breeding	purposes	 (Ali	et	al.,	2010;	Fragoso	et	

al.,	 2017).	 In	 addition,	 insertion	mutant	 germplasm	 such	 as	 the	Tos17	 retrotransposon	 lines	

exists	 for	 rice	 (Hirochika,	 2001;	 Sallaud	 et	 al.,	 2004),	 which	 can	 contribute	 to	 functional	

genomics.	 Rice	 therefore	 is	 an	 ideal	 model	 cereal	 for	 investigating	 the	 genetic	 basis	 of	

resistance	to	Striga.	

	

1.9	Aims	and	Objectives	of	thesis	

The	 aim	 of	 this	 thesis	 is	 to	 identify	 novel	 QTL	 and	 candidate	 resistance	 genes	 in	 rice	 and	

functionally	 validate	 their	 role	 in	providing	 resistance	 to	S.	hermonthica	 (Kibos	 isolate)	using	

comparative	and	functional	genomic	approaches.	Specific	aims	are:	

	

1) To	discover	novel	QTL	for	post-attachment	resistance	in	rice	to	S.	hermonthica	using	a	

rice	mapping	population	(Chapter	2).	

	

2) To	 identify	 candidate	 resistance	 genes	 within	 the	 IR64	 QTL	 region	 and	 test	 the	

hypothesis	 that	 the	 candidate	 resistance	 genes	 are	 the	 same	 or	 similar	 to	 those	

identified	in	the	Nipponbare	resistance	QTL	(Chapter	3).	

	

3) To	 determine	 whether	 the	 candidate	 receptor-like	 protein	 genes	 in	 Nipponbare	

underlie	resistance	to	S.	hermonthica	(Chapter	4).	

4) To	examine	 the	diversity	 of	 candidate	 resistance	 genes	 in	 the	QTL	 across	 a	 range	of	

genetically	 diverse	 rice	 cultivars	 to	 test	 the	 hypothesis	 that	 their	 diversity	 can	 help	

identify	 genes	 or	 combinations	 of	 genes	 underlying	 resistance	 to	 S.	 hermonthica	

(Chapter	5).	
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Chapter	2 	

Identification	of	QTL	underlying	resistance	to	Striga	hermonthica	(Kibos	
ecotype)	in	a	rice	Recombinant	Inbred	Line	(RIL)	population	derived	from	
a	cross	between	IR64	(O.	sativa	ssp.	indica)	and	Azucena	(O.	sativa	ssp.	

japonica)	
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2.1	Introduction	

Rice	has	been	cultivated	 in	Africa	 for	centuries	 (Nwanze	et	al.,	2006).	Over	the	 last	40	years,	

cultivation	and	consumption	of	rice	in	West	and	sub-Saharan	Africa	has	increased	dramatically	

(Balasubramanian	et	al.,	2007)	and	is	now	becoming	one	of	the	most	important	crops	both	in	

terms	of	consumption	and	cash	 income	(Atera	&	 Itoh,	2011).	Cultivation	of	 the	West	African	

species	Oryza	glaberrima	is	being	replaced	by	the	Asian	species	Oryza	sativa,	which	possesses	

more	favourable	agronomic	traits	such	as	reduced	lodging	and	higher	yield,	although	it	is	less	

well	adapted	 to	 the	African	climate	 (Jones	et	al.,	1997;	Semagn	et	al.,	2007).	 In	 sub-Saharan	

Africa,	 the	 majority	 of	 rice	 is	 grown	 by	 poor	 subsistence	 farmers	 with	 limited	 access	 to	

expensive	 chemical	 inputs,	 meaning	 rice	 production	 here	 has	 the	 lowest	 yield	 in	 the	 world	

(Nwanze	et	al.,	2006).	Weed	competition	is	a	serious	constraint,	accounting	for	yield	losses	in	

excess	 of	 2.2	 million	 tons	 per	 year,	 at	 an	 estimated	 value	 of	 $1.45	 billion	 (Rodenburg	 &	

Johnson,	2009).	Among	the	most	damaging	weeds	of	the	semi-arid	regions	are	Striga	species;	

obligate	 root	 hemiparasites	which	 infect	 staple	 cereal	 crops	 and	 cause	 severe	 reductions	 in	

growth	and	development	of	 the	host	plant	 (Parker	&	Riches,	1993).	Striga	 thrives	where	soil	

fertility	 is	 low,	 typically	affecting	 the	poorest	 subsistence	 farmers	most	severely,	 threatening	

food	security	and	preventing	a	means	to	escape	poverty	(Rodenburg	et	al.,	2010).	

	

Currently	 the	most	 popular	 control	measures	with	 farmers	 are	 hand-weeding,	 intercropping	

and	crop	rotation	to	improve	soil	fertility	(Atera	et	al.,	2012).	Other	control	measures	include	

the	use	of	 fertilisers	 and	herbicide	 resistant	 seed,	however	 these	are	often	unaffordable	 for	

subsistence	 farmers	 (Hearne,	 2009;	 Rodenburg	 et	 al.,	 2010).	 The	 impacts	 of	 Striga	 on	 host	

growth	and	development	are	seen	within	a	few	days	of	attachment,	well	before	the	parasite	

emerges	 above	 ground	 (Press	 &	 Stewart,	 1987;	 Frost	 et	 al.,	 1997).	 Therefore	 an	 effective	

control	strategy	should	act	early	on,	preventing	attachment	or	killing	the	parasite	before	it	can	

become	properly	established.	The	use	of	genetically	improved	cultivars	exhibiting	a	good	level	

of	resistance	to	Striga	offers	a	cost-effective	alternative	which	could	be	used	effectively	as	part	

of	an	integrated	control	program	aimed	at	improving	soil	fertility	and	reducing	the	Striga	soil	

seed	bank	(Hearne,	2009;	Yoder	&	Scholes,	2010;	Atera	et	al.,	2012).		

	

Although	 Striga	 resistance	 is	 known	 to	 exist	 in	 rice	 germplasm,	 very	 few	 genotypes	 show	

complete	resistance	or	immunity,	even	the	most	resistant	cultivars	can	still	support	one	or	two	

Striga	plants.	This	poses	a	threat	to	the	durability	of	resistance,	especially	given	the	high	level	

of	 genetic	 diversity	 in	 Striga	 populations	 and	 the	 huge	 numbers	 of	 seed	 produced	 by	 one	

Striga	 plant	 alone	 (Rodenburg	&	Bastiaans,	 2011).	 The	 success	 of	 a	 parasite	 on	 a	 host	 plant	

also	 depends	 on	 the	 interaction	 between	 the	 host	 genotype	 and	 the	 parasite	 population	 or	
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ecotype	(Huang	et	al.,	2012b).	As	on	outbreeding	parasite,	S.	hermonthica	shows	particularly	

high	levels	of	genetic	diversity	(Safa	et	al.,	1984).	Host	resistance	may	also	vary	under	different	

climates,	as	well	as	between	different	sites	and	years	(Rodenburg	et	al.,	2017).	For	resistance	

to	 be	 broad	 spectrum	 and	 durable,	 it	 is	 therefore	 desirable	 to	 combine	multiple	 resistance	

genes	 for	 both	 pre	 and	 post-attachment	 resistance,	 or	 different	 mechanisms	 of	 post	

attachment	resistance,	into	a	single	cultivar.	

	

Genetic	mapping	studies	have	 identified	a	number	of	QTL	for	resistance	to	S.	hermonthica	 in	

cereals.	 In	 sorghum,	 several	 S.	 hermonthica	 resistant	 QTL	 were	 mapped	 in	 two	 different	

mapping	populations	 (Haussmann	et	al.,	2004).	Resistant	parental	 lines	exhibited	mechanical	

resistance	 (N13)	 or	 low	 production	 of	 germination	 stimulants	 (IS9830).	 Field	 trials	 were	

conducted	over	two	years	in	Mali	and	Kenya,	and	composite	interval	mapping	used	to	detect	

11	 different	 resistant	 QTL	 in	 each	 population,	 with	 5	 QTL	 common	 between	 the	 two	

populations.	 A	 highly	 significant	 QTL	 x	 environment	 interaction	 was	 observed	 at	 each	 test	

location	(Haussmann	et	al.,	2004).	Mapping	studies	have	also	identified	examples	of	both	pre	

and	 post-attachment	 resistance	 to	 Striga	 in	 rice	 (Harahap	 et	 al.,	 1993;	 Gurney	 et	 al.,	 2006;	

Cissoko	 et	 al.,	 2011;	 Jamil	 et	 al.,	 2011;	 Atera	 et	 al.,	 2015;	 Samejima	 et	 al.,	 2016).	 Pre-

attachment	 resistance	 is	 associated	with	 lower	production	of	 germination	 stimulants	 in	host	

root	exudates	(Jamil	et	al.,	2011b)	while	post-attachment	resistance	is	associated	with	intense	

necrosis	at	the	attachment	site	and	a	failure	of	the	parasite	to	penetrate	the	root	endodermis	

(Gurney	 et	 al.,	 2006;	 Cissoko	 et	 al.,	 2011).	 Gurney	 et	 al	 (2006)	 identified	 seven	 putative	 S.	

hermonthica	 resistance	 QTL	 from	 a	 BIL	 population	 developed	 from	 a	 cross	 between	

Nipponbare,	an	O.	sativa	ssp.	 temperate	 japonica	cultivar	that	 is	 resistant	to	S.	hermonthica,	

and	 Kasalath,	 an	 indica	 cultivar	 that	 is	 more	 susceptible.	 The	 QTL	 on	 chromosome	 12	

(Nipponbare	allele)	and	on	chromosome	4	(Kasalath	allele)	explained	the	greatest	percent	of	

phenotypic	 variance	 in	 S.	 hermonthica	 resistance.	 A	 further	 QTL	 analysis	 in	 a	 Koshihikari-

Kasalath	BIL	 confirmed	 the	QTL	on	chromosome	4	and	verified	 its	 role	 in	a	different	genetic	

background	 (Swarbrick	 et	 al.,	 2009).	 The	 Nipponbare	 QTL	 was	 also	 mapped	 in	 a	 second	

population;	 a	 BIL	 population	 created	 from	 a	 cross	 between	 Nipponbare	 (resistant	 to	 S.	

hermonthica)	 and	Koshihikari	 (temperate	 japonica	 and	more	 susceptible),	 also	 identified	 the	

same	QTL	on	chromosome	12	(Scholes,	personal	communication)	(section	1.6).		

	

A	rice	Nested	Association	Mapping	(NAM)	population	has	recently	been	produced,	consisting	

of	a	series	of	10	RILs,	each	representing	a	genetically	different	tropical	japonica	parent,	but	all	

crossed	 to	 the	 same	 indica	 reference	 parent,	 IR64	 (Fragoso	 et	 al.,	 2017).	 This	 population	

therefore	 represents	 broad	 genetic	 diversity	 in	 rice	 (Fragoso	 et	 al.,	 2017),	 and	 is	 ideal	 for	



Chapter	2	

	 43	

uncovering	 new	 sources	 of	 S.	 hermonthica	 resistance.	 Approximately	 300	 seeds	 from	 the	 F1	

progeny	of	each	cross	were	selected	for	single-seed	descent	to	the	F7	generation	to	produce	

just	under	200	homozygous	RILs	for	each	population	(see	Figure	2.1)	(Fragoso	et	al.,	2017).	A	

RIL	population	contains	multiple	introgressed	fragments,	and	on	average	the	genome	of	each	

parent	 is	represented	equally	throughout	the	genome.	This	allows	for	the	testing	of	epistasis	

and	polygenic	resistance	(Mauricio,	2001;	Fernie	&	Klee,	2011).		

	

2.1.1	Aim	of	Chapter	2	
The	 aim	of	 this	 chapter	 is	 to	 discover	 novel	QTL	 for	 post-attachment	 resistance	 in	 rice	 to	 S.	

hermonthica	(Kibos	isolate)	using	a	RIL	population	(from	the	NAM	population)	and	to	test	the	

hypothesis	 that	 the	 broad	 genetic	 diversity	 of	 the	O.	 sativa	 japonica	 and	 indica	 parents	will	

allow	the	discovery	of	novel	S.	hermonthica	-resistance	QTL.	The	specific	objectives	are	to:	

	

1) Phenotype	 the	 parental	 lines	 of	 the	 rice	 NAM	 population	 for	 post-attachment	

resistance	 to	 S.	 hermonthica	 to	 identify	 an	 appropriate	 RIL	 population	 (where	 the	

parental	lines	show	different	S.	hermonthica	-resistance/susceptibility	phenotypes).		

2) Phenotype	 lines	 of	 the	 RIL	 population	 for	 post-attachment	 resistance	 to	 S.	

hermonthica	and	carry	out	an	analysis	to	identify	S.	hermonthica	-resistance	QTL.	

3) Determine	 the	 mode	 of	 inheritance	 of	 the	 resistance	 by	 phenotyping	 F1	 progeny	

derived	from	a	cross	between	the	two	parental	lines	of	the	RIL	population.	

4) Characterise	the	resistance	phenotype	of	the	resistant	parent	of	the	RIL	population	at	

a	microscopic	level.	
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Figure	2.1.	Development	of	a	rice	Nested	Association	Mapping	population.	The	10	founder	
parents	 are	O.	 sativa	 ssp.	 tropical	 japonica,	 all	 crossed	 to	 the	 common	 parent	 IR64	 (O.	
sativa	ssp.	indica).	Each	RIL	population	is	comprised	of	nearly	200	individuals	derived	from	
each	F1	cross,	followed	by	single	seed	descent	to	F7.	The	greater	NAM	population	consists	
of	1,879	lines	in	total.	Diagram	from	Fragoso	et	al.,	2017.	
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2.2	Materials	and	Methods	

2.2.1	Plant	materials	
Rice	seeds	of	parental	genotypes	of	the	NAM	population,	consisting	of	IR64	(Oryza	sativa	ssp.	

indica)	and	9	Oryza	sativa	ssp.	tropical	japonica	genotypes	(CT9998-41-12-M-4-1,	CT10037-56-

6-M-M-1,	 CT10005-12-1-M-4-1,	 ITA	 164-1,	 CT10006-7-2-M-2-1,	 CT8556-37-1-3-1-M-1,	

CT10035-26-4-2-M-1,	CT10035-42-4-4-M-1,	CT10045-5-5-M-1-1),	were	supplied	by	Dr.	Mathias	

Lorieux	at	 the	 International	Centre	 for	 Tropical	Agriculture	 (CIAT),	 Colombia.	However,	 since	

the	creation	of	this	population,	two	of	the	lines	(CT8556-37-1-3-1-M-1	and	CT10035-26-4-2-M-

1)	are	now	known	to	cluster	closer	to	the	indica	rather	than	the	japonica	subspecies	(Fragoso	

et	al.,	2017).	Parental	and	F1	rice	seeds	derived	from	a	cross	between	IR64	and	Azucena	were	

also	supplied	by	Dr.	Mathias	Lorieux.	Nipponbare	and	Koshihikari	seeds	(both	Oryza	sativa	ssp.	

temperate	 japonica)	 were	 supplied	 by	 Dr.	 Hori	 Kiyosumi	 at	 the	 National	 Institute	 for	

Agrobiological	 Sciences	 (NIAS),	 Japan.	 S.	 hermonthica	 seeds	 were	 collected	 from	 plants	

parasitising	maize	in	Kibos,	Western	Kenya,	in	2009	or	2013.	

	

2.2.2	Phenotyping	NAM	parental	lines	for	post-attachment	resistance	to	S.	hermonthica	
Rice	 seeds	 were	 germinated	 between	 2	 sheets	 of	moistened,	 glass	 fibre	 filter	 paper	 (GF/A,	

WhatmanTM,	Buckinghamshire),	held	between	2	blocks	of	wet	horticultural	rockwool	(Groden®,	

Vital)	 and	 incubated	 at	 30	 °C	 (Figure	 2.2).	 After	 7	 days,	 seedlings	 were	 transferred	 to	

rhizotrons,	 consisting	 of	 a	 25	 x	 25	 x	 2cm	 perspex	 chamber	 containing	 vermiculite	 medium	

(William	Sinclair,	Horticulture	Ltd,	Gainsborough,	UK)	a	strip	of	 rockwool,	and	a	sheet	of	100	

µm	mesh	 (Plastok	 Group,	 Birkenhead,	 UK)	 placed	 on	 top.	 Roots	 of	 the	 rice	 seedlings	 grew	

down	 over	 the	mesh,	 and	 holes	 at	 the	 top	 and	 bottom	 of	 the	 rhizotrons	 allowed	 for	 shoot	

growth	and	water	drainage,	respectively	(Cissoko	et	al.,	2011).	Roots	were	kept	in	the	dark	by	

covering	 the	 rhizotrons	 with	 aluminium	 foil.	 Plants	 were	 grown	 in	 a	 controlled	 walk-in	

chamber	(Figure	2.2)	with	a	day/night	temperature	of	28	˚C	/24	˚C,	60	%	relative	humidity	and	

a	12	h	photoperiod	at	an	irradiance	of	500	µmol	s-1	m-2.	Each	plant	was	watered	4	times	a	day	

with	a	total	volume	of	27	ml	of	40	%	Long	Ashton	solution	(Hewitt,	1966)	containing	a	2	mM	

ammonium	nitrate	as	the	nitrogen	source,	using	an	automatic	watering	system.		

	

S.	 hermonthica	 seeds	 were	 surfaced	 sterilised	 with	 10	 %	 bleach	 for	 5-10	 min,	 washed	

thoroughly	 with	 distilled	 water,	 and	 gently	 spread	 over	 moistened	 filter	 paper	 (GF/A,	

WhatmanTM,	Buckinghamshire)	in	Petri	dishes.	These	were	incubated	in	the	dark	at	30	°C	for	13	

days.	Eighteen	hours	before	infection	of	rice	seedlings,	S.	hermonthica	seeds	were	germinated	

by	 adding	 2	 ml	 of	 0.1	 ppm	 GR24,	 an	 artificial	 germination	 stimulant,	 to	 ensure	 consistent	

attachment	to	the	rice	roots	and	avoid	any	differences	in	pre-attachment	resistance	that	might	
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exist	 between	 different	 cultivars.	 The	 percentage	 germination	 of	 S.	 hermonthica	 seeds	 was	

recorded	 before	 infection.	 Fifteen	 days	 after	 sowing	 (das)	 the	 rice	 seeds,	 seedlings	 were	

inoculated	with	15	mg	of	germinated	S.	hermonthica	seeds	by	pipetting	them	along	the	roots	

and	then	carefully	positioning	them	within	5	mm	of	the	roots	using	a	small,	soft	paintbrush.		

Five	rice	plants	of	each	parental	 line	were	 infected	with	S.	hermonthica	seeds	collected	from	

plants	parasitising	maize	in	Kibos,	Western	Kenya,	in	2009.	To	compare	the	virulence	of	this	S.	

hermonthica	 seed	batch	with	 that	 collected	 from	 the	 same	 location	 in	2013,	 an	additional	5	

plants	 of	 IR64	 and	 Azucena	 were	 also	 infected	 with	 the	 2013	 S.	 hermonthica	 seed	 batch.	

Twenty-one	days	after	inoculation	(dai)	with	S.	hermonthica	seeds	images	of	the	root	systems	

of	rice	plants	were	acquired	by	placing	an	open	rhizotron	onto	the	surface	of	a	flatbed	scanner	

(Canon	 CanoScan	 9000F)	 and	 scanning	 at	 high	 resolution.	 S.	 hermonthica	 plants	 were	 then	

harvested	 from	 rice	 roots,	 placed	 in	 Petri	 dishes	 and	photographed	using	 a	 Canon	EOS500D	

digital	camera.	They	were	then	dried	at	30	°C	for	5	days	and	then	weighed	to	obtain	the	total	

dry	biomass	of	S.	hermonthica	on	each	rice	plant.	The	number	and	length	of	parasites	was	also	

determined	 from	 Petri	 dish	 images	 using	 Image	 J	 software	 (http://imagej.nih.gov/ij/).	 S.	

hermonthica	plants	 that	were	smaller	 than	3.5	mm	 in	 length	were	not	considered	successful	

attachments	and	were	discounted	from	measurements.		

	

2.2.3	QTL	mapping	strategy	and	analysis	
The	 IR64	x	Azucena	RIL	population,	which	consists	of	184	homozygous	 lines,	was	 chosen	 for	

QTL	mapping	of	S.	hermonthica	 resistance.	This	population	was	genotyped	by	 sequencing	at	

the	University	of	Yale	to	identify	44,500	high	quality	SNP	markers.	Sequencing	reads	mapped	

onto	 the	 Nipponbare	 reference	 sequence	 (Nipponbare	 reference	MSU	 v.7.0).	 The	 computer	

program	MapDisto	 (Lorieux,	 2012)	was	 used	 to	 impute	missing	 data,	 correct	 for	 genotyping	

errors	and	construct	a	genetic	map.	Different	algorithms	were	run	within	MapDisto	to	achieve	

this.	 LB	 impute	 was	 used	 to	 correct	 for	 false	 homozygosity	 and	 impute	 missing	 genotypes	

(Fragoso	et	al.,	2016),	and	BP-Impute	used	 for	breakpoint	 imputation.	These	were	combined	

with	 final	 imputation	using	 the	R/qtl	 ‘argmax’	 function.	 Further	genotyping	corrections	were	

carried	out	using	the	 ‘Color	genotypes’	 tool	 in	MapDisto.	Redundant	SNP	markers	 from	non-

recombining	 regions	 were	 filtered	 out.	 The	 above	 analysis	 was	 performed	 by	 Dr	 Mathias	

Lorieux,	CIAT,	Colombia	and	collaborators	at	the	University	of	Yale.	The	filtered	SNP	data	was	

made	available	for	the	mapping	of	S.	hermonthica	resistance	QTL.	

	

Phenotyping	large	numbers	of	plants	for	resistance	/	susceptibility	to	Striga	is	time	consuming;	

therefore	a	two-step	approach	was	implemented	to	reduce	the	number	required	for	accurate	

QTL	detection.	In	step	1,	44	lines	were	chosen	at	random	for	phenotyping.		Four	rice	plants	of	
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each	line	were	grown,	as	well	as	an	additional	4	of	each	parent.	These	were	inoculated	with	S.	

hermonthica	 and	 scored	 for	 resistance	 as	 described	 in	 section	 2.2.2,	 making	 a	 total	 of	 184	

plants.	As	it	was	not	possible	to	infect	this	many	plants	at	one	time	point,	plants	were	split	into	

3	 batches	 of	 approximately	 62	 plants	 each.	 The	 4	 replicates	 were	 distributed	 over	 the	 3	

batches	to	help	calibrate	for	variation	that	may	occur	between	batches.	Batches	1	and	2	were	

separated	by	5	days,	and	batches	2	and	3	were	separated	by	2	days.	A	linear	mixed	model	was	

run	 on	 the	 S.	 hermonthica	 dry	 biomass	 data	 to	 determine	 how	much	 variation	 was	 due	 to	

variation	 between	 batches	 compared	 to	 variation	 between	 genotypes,	 with	 batch	 and	

genotype	 fitted	 as	 random	 effects.	 As	 variation	 between	 batches	 was	 detected,	 data	 were	

normalises	by	Z-scores	before	running	the	QTL	analysis.	Z-scores	were	calculated	for	each	line	

by	 finding	 the	difference	 in	mean	S.	 hermonthica	 biomass	 between	each	 line	 and	 the	mean	

biomass	 of	 the	 population,	 and	 then	 dividing	 this	 value	 by	 the	 standard	 deviation	 of	 the	

population.	QTL	analysis	was	carried	out	 in	the	computer	program	MapDisto	(Lorieux,	2012).	

Linkage	 groups	 were	 first	 determined	 by	 mapping	 SNPs	 on	 the	 physical	 map	 (Nipponbare	

reference	 MSU	 v.7.0).	 A	 one-way	 ANOVA	 was	 implemented	 to	 search	 for	 trait-to-marker	

associations	 using	 the	 built-in	 F-test	 feature	 in	 MapDisto.	 The	 more	 robust	 Kruskal-Wallis	

method	was	also	run	for	comparison.	In	addition,	the	R/qtl	 interface	was	used	to	perform	an	

additional	QTL	analysis	by	selecting	the	interval	mapping	method	(Lander	&	Botstein,	1989).	

	

On	detection	of	a	QTL,	an	additional	20	lines	were	selected	that	showed	recombination	within	

the	 QTL	 region.	 These	 were	 phenotyped	 for	 S.	 hermonthica	 resistance	 as	 before.	 Four	

replicates	were	 again	 used	 for	 each	 line,	 spread	 over	 2	 batches	which	were	 separated	 by	 2	

days.	 Data	 from	 both	 phenotyping	 experiments	 were	 then	 pooled	 and	 normalised	 using	 Z-

scores	to	account	for	variation	between	replicates	and	batches.	Data	normalisation	and	scaling	

was	carried	out	by	Dr.	Mathias	Lorieux,	CIAT,	Colombia.	Pooled	data	were	used	in	subsequent	

QTL	analyses,	which	was	carried	out	as	described	above.	

	

2.2.4	Generation	of	F1	progeny	by	cross	pollination		
In	 order	 to	 determine	 the	 mode	 of	 inheritance	 of	 resistance	 in	 IR64	 and	 Nipponbare,	 the	

resistant	cultivars	were	each	crossed	with	two	susceptible	cultivars,	Azucena	and	Koshihikari.	

In	addition,	a	cross	was	also	made	between	IR64	and	Nipponbare,	and	between	Azucena	and	

Koshihikari.	 The	 F1	 generations	 from	 each	 cross	 were	 phenotyped	 for	 resistance	 to	 S.	

hermonthica	(Kibos	ecotype).	

	

In	order	to	carry	out	the	crosses,	the	outer	leaves	of	rice	panicles	were	cut	away	from	the	base	

to	expose	all	 spikelets,	 before	 flowering	 (Figure	2.3).	 The	 top	of	 each	 spikelet	 in	 the	panicle	
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was	cut	off	at	a	slight	angle	just	above	the	anthers	using	scissors.	Anthers	were	removed	from	

each	 spikelet	 using	 a	 glass	 syringe	 attached	 to	 a	 vacuum.	A	 second	panicle	 from	a	 different	

cultivar	was	 chosen	 for	 the	pollen	donor.	 The	 two	panicles	were	 tied	 together,	 covered	 in	a	

glassine	bag,	which	was	closed	with	a	paperclip,	and	staked.	Panicles	were	flicked	several	times	

around	midday	for	the	next	2	 -	3	days	to	 increase	the	chance	of	pollination.	Once	seeds	had	

developed	and	panicles	had	turned	yellow,	panicles	were	cut	from	the	plant	and	dried	at	40	°C	

for	one	week.	 Seeds	were	 stored	at	 4	 °C	until	 use.	 To	 test	 that	 cross	pollination	of	parental	

cultivars	 had	 taken	 place,	 rice	 seedlings	where	 genotyped	 by	 PCR	 using	 polymorphic	 simple	

sequence	repeat	(SSR)	markers	and	a	primer	in	the	Os12g11370	gene	that	had	previously	been	

shown	to	amplify	different	product	sizes	for	the	cultivars	crossed	(Table	2.1).	Thermo	Scientific	

Phire	Plant	Direct	PCR	kit	was	used	for	genotyping,	which	was	carried	out	before	plants	were	

infected	with	S.	hermonthica.	A	 small	piece	of	 leaf	 tip	approximately	2	mm	 in	diameter	was	

taken	from	each	seedling,	and	placed	in	20	µl	of	Dilution	Buffer.	A	 leaf	tip	was	also	removed	

from	each	parental	plant.	The	leaf	sample	was	then	crushed	against	the	side	of	the	tube	with	a	

sterile	pipette	tip	until	the	solution	turned	green.	After	spinning	down,	1	µl	of	the	supernatant	

was	used	as	a	DNA	template	in	a	20	µl	PCR	reaction.	Each	20	µl	PCR	reaction	consisted	of	10	µl	

2	 x	 Phire	 Plant	 PCR	Buffer,	 1	µl	 of	 each	 primer	 at	 a	 concentration	 of	 10	 µM	 (to	 give	 a	 final	

concentration	of	0.5	µM	in	the	reaction),	0.4	µl	Phire	Hot	Start	 II	DNA	polymerase,	1	µl	DNA	

template	and	6.6	µl	H2O.	The	PCR	cycling	program	was:	5	min	at	98	°C	 (initial	denaturation);	

then	40	cycles	of	5	s	at	98	°C	(denaturation),	5	s	at	62	-	65	°C	according	to	individual	primers	

(annealing),	and	20	s	at	72	°C	(extension);	followed	by	a	final	extension	of	1	min	at	72	°C.	5	µl	

of	 5	 X	 DNA	 Loading	 Buffer,	 blue	 (Bioline)	 was	 added	 to	 each	 sample,	 and	 12	 µl	 of	 the	mix	

loaded	onto	a	1.5	–	2	%	agarose	gel,	according	 to	product	size.	F1	 samples	were	 run	next	 to	

parental	genotypes	until	good	separation	of	bands	was	visible.		
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Figure	2.2.	a)	Rice	seeds	germinating	between	sheets	of	filter	paper	before	being	
transferred	 to	 rhizotrons.	 b)	 S.	 hermonthica-infected	 rice	 plants	 growing	 in	
rhizotrons,	watered	by	an	automatic	watering	system. 
	

	

a 

b 
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Table	2.1.	Primer	sequences	for	confirming	successful	cross	pollination	of	F1	progeny.	

Primer	
name	

Forward	primer	sequence	
(5’-3’)	

Reverse	primer	sequence	
(5’-3’)	

Cross	

	
11370	
genotype	

	
AATTCGCTCACTAGGATTGAGCTT	

	
AAGATCTGCGGAGGCACCTT	

Nip	x	Kosh			
IR64	x	Kosh	
Azucena	x	Kosh	

RM101	 GTGAATGGTCAAGTGACTTAGGTGGC	 ACACAACATGTTCCCTCCCATGC	 IR64	x	Azucena	
RM164	 TCTTGCCCGTCACTGCAGATATCC	 GCAGCCCTAATGCTACAATTCTTC	 Nip	x	Azucena	
	

	

2.2.5	The	phenotype	of	resistance		
The	phenotype	of	resistance	or	susceptibility	on	IR64	and	Azucena	was	investigated	by	taking	

images	of	S.	hermonthica	at	the	site	of	attachment	on	rice	roots.	Images	were	taken	at	21	dai	

using	a	Leica	stereomicroscope	(Leica	MZ	FLIII).	To	obtain	a	cross-sectional	view	of	susceptible	

and	resistant	host	responses,	a	selection	of	attachments	were	cut	and	fixed	in	Carnoy’s	fixative	

(4	 :	 1,	 100	 %	 ethanol	 :	 acetic	 acid)	 by	 vacuum	 infiltration	 for	 20	 min.	 Samples	 were	 then	

washed	twice	in	100	%	ethanol	for	30	min,	before	being	infiltrated	in	a	solution	of	Technovit	1:	

100	%	ethanol	(1:1)	(Technovit	(R)	7100)	for	2	h.	Samples	were	then	placed	in	100	%	Technovit	1	

for	 15	min,	 then	 transferred	 to	 fresh	 Technovit	 1	 for	 a	 further	 3	 d.	 Each	 sample	 was	 then	

embedded	in	resin	mould	by	mixing	Technovit	1	and	Hardener	2	in	a	15	:	1	ratio	according	to	

manufacturer’s	instructions.	After	mounting	onto	histoblocks,	5	µm	sections	were	cut	through	

the	 attachment	 using	 a	 Leica	 microtome	 (RM2145),	 placed	 on	 a	 microscope	 slide	 (Super	

Premium	Microscope	 Slides,	 Gurr	 (R))	 in	 distilled	 water,	 and	 dried	 on	 a	 hot	 plate	 at	 65	 °C.	

Sections	 were	 stained	 for	 2	 min	 in	 1	 %	 Toluidine	 blue	 at	 65	 °C,	 then	 washed	 for	 5	 min	 in	

distilled	water.	 Sections	were	mounted	permanently	 in	Dep-Pex	mounting	medium	 (Gurr	 (R),	

PROLABO	(R))	and	photographs	taken	with	an	Olympus	(BX51)	microscope.	

	

2.2.6	Statistical	analysis	
The	statistical	package	R,	version	3.3.0	 (http://www.r-project.org)	was	used	for	analysis	of	S.	

hermonthica	biomass	and	number	data	of	the	NAM	parental	lines	and	the	F1	progeny.	For	the	

NAM	 parental	 lines,	 a	 one-way	 ANOVA	 was	 carried	 out	 to	 assess	 significant	 differences	

between	 genotypes,	 followed	 by	 a	 Tukey	 Multiple	 Comparison	 test	 to	 identify	 where	 the	

significant	differences	 lie.	Two-sample	 t-tests	were	carried	out	on	 the	F1	biomass	data.	Tests	

were	carried	out	on	log10	transformed	data,	to	adjust	for	non-normal	distribution.		
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Figure	2.3.	Cross-pollination	of	rice.	a)	panicle	before	removal	of	outer	leaves.	b)	spikelets	were	
cut	 at	 an	 angle	 above	 the	 anthers.	 c)	 removal	 of	 anthers	 by	 vacuum.	 d)	 panicles	 bagged	
together	in	a	glassine	bag.	
	

	

	

	

	

	

a b c da b c d

a b c da b c d
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2.3	Results	

2.3.1	Evaluation	of	post-attachment	resistance	of	NAM	parents	to	Striga	hermonthica	
In	 order	 to	 identify	 an	 appropriate	 rice	mapping	 population	 for	 detection	 of	 S.	 hermonthica	

resistance	 QTL,	 11	 parents	 of	 a	 NAM	 population	 were	 phenotyped	 for	 post-attachment	 S.	

hermonthica	 resistance	 (Figure	 2.4).	 There	 was	 a	 highly	 significant	 difference	 between	

genotypes	for	S.	hermonthica	dry	biomass	(ANOVA:	F	=	24.3,	d.f.	=	12,	54,	p	<	0.001),	number	

(ANOVA:	F	=	12.4,	d.f.	=	12,	54,		p	<	0.001)	and	cumulative	length	(ANOVA:	F	=	18.1,	d.f.	=	12,	

54,	p	<	0.001).	There	was	no	significant	difference	in	S.	hermonthica	dry	biomass,	number	or	

cumulative	 length	 between	 plants	 infected	 with	 S.	 hermonthica	 seed	 collected	 in	 2009	

compared	to	those	collected	 in	2013.	The	S.	hermonthica	biomass	collected	 from	these	 lines	

fell	 broadly	 into	 two	 categories:	 resistant	 or	 susceptible.	 The	 IR64	 parent	 showed	 good	

resistance	to	S.	hermonthica,	while	Azucena	was	the	most	susceptible.	NAM	parents	CT10006,	

ITA164	and	CT10035-26	were	all	susceptible	to	S.	hermonthica,	with	a	dry	biomass	of	between	

10.9	mg	 and	14.2	mg.	All	 other	 cultivars	 exhibited	 a	 good	 level	 of	 resistance,	which	did	 not	

differ	significantly	from	IR64	(Tukey’s	honesty	significant	differences	p	<	0.05).	There	was	also	

a	highly	significant	difference	 in	 the	number	of	S.	hermonthica	 seedlings	between	genotypes	

(ANOVA:	 F	 =	 12.4,	 d.f.	 =12,	 54,	 p	 <	 0.001).	 Mean	 number	 of	 S.	 hermonthica	 seedlings	 per	

genotype,	and	mean	cumulative	length	of	S.	hermonthica	seedlings,	showed	similar	patterns	to	

S.	 hermonthica	 biomass,	 although	 for	mean	 number	 the	 difference	 between	 resistance	 and	

susceptibility	was	less	well	defined	(Figure	2.4).	The	RIL	population	from	a	cross	between	the	

most	susceptible	cultivar,	Azucena,	and	IR64	was	chosen	for	further	study.		

	

2.3.2	The	phenotype	of	resistance	in	IR64	
Transverse	sections	of	IR64	and	Azucena	roots	at	the	site	of	S.	hermonthica	attachments	21	dai	

revealed	the	phenotype	of	these	cultivars	to	be	resistant	and	susceptible	respectively	(Figure	

2.5).	The	cultivar	Azucena	was	very	susceptible	with	many	S.	hermonthica	individuals	on	each	

host	 root	 system	 (Figure	 2.5	 a),	whereas	 very	 few	 parasites	 attached	 and	 grew	 on	 the	 root	

systems	of	IR64	(Figure	2.5	b).	The	resistance	response	of	IR64	was	characterised	by	necrosis	

at	the	site	of	attachment	(Figure	2.5	b	inset).	Transverse	sections	through	the	root	and	parasite	

haustorium	revealed	that	the	parasite	had	penetrated	the	root	cortex,	endodermis	and	made	

vascular	connections	with	the	host	xylem	in	the	susceptible	cultivar	Azucena	(Figure	2.5	c).	In	

contrast,	 in	 the	 resistant	 cultivar	 IR64,	 the	 parasite	 penetrated	 the	 cortex	 but	 failed	 to	

penetrate	the	endodermis	and	thus	could	not	form	connections	to	the	host	xylem	vessels.	
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Figure	 2.4.	 The	 dry	 biomass	 (a)	 mean	 number	 (b)	 and	 mean	 cumulative	 length	 (c)	 of	 S.	
hermonthica	plants	harvested	from	parents	of	a	Nested	Association	Mapping	population	21	dai	
with	 germinated	 Striga	 hermonthica	 seed	 collected	 from	 Kibos	 in	Western	 Kenya.	 IR64	 and	
Azucena	 cultivars	were	 infected	with	 S.	 hermonthica	 seed	 collected	 in	 both	 2009	 (K09)	 and	
2013	(K13).	All	other	genotypes	were	 infected	with	Kibos	2009	seed.	Values	are	means	±	SE,	
where	 n	 =	 5.	 There	 was	 a	 highly	 significant	 effect	 of	 genotype	 on	 S.	 hermonthica	 biomass,	
number	and	cumulative	length	(ANOVA	p	<	0.001).	Tukey’s	honesty	significant	differences	(p	<	
0.05)	 are	 represented	 by	 letters	 above	 each	 bar:	 different	 letter	 codes	 represent	 significant	
differences.	
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Figure	2.5.	The	phenotype	of	resistance	and	susceptibility	of	IR64	and	Azucena	rice	cultivars	to	
S.	hermonthica,	 (Kibos	ecotype).	 a	and	b)	Root	 systems	of	S.	hermonthica	 infected	plants	21	
days	after	infection.	b)	The	resistant	reaction	was	associated	with	necrosis	around	the	site	of	
parasite	attachment	(inset).	c-d)	Transverse	sections	through	the	attachment	and	host	root.	c)	
The	 parasite	 has	 successfully	 penetrated	 the	 host	 cortex	 and	 endodermis	 and	 formed	 fully	
established	xylem-xylem	connections.	d)	Resistance	in	IR64	is	shown	by	failure	of	the	parasite	
to	breach	the	endodermis	and	attach	to	the	host	xylem	vessels,	 instead	growing	through	the	
cortex	and	around	the	vascular	core.	Hx-Px,	host-parasite	xylem;	En,	Parasite	endophyte;	HE,	
host	endodermis,	Hc,	host	cortex,	Hx,	host	xylem	vessels.	
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2.3.3	Identification	of	a	Striga	hermonthica		resistance	QTL	
S.	 hermonthica	 dry	weight	 from	 the	 64	 RILs	 phenotyped	 ranged	 from	 very	 resistant	 to	 very	

susceptible	(Figure	2.6).	Azucena	was	the	most	susceptible	with	a	mean	biomass	of	40.1	mg	S.	

hermonthica.	Twelve	of	the	RILs	were	more	resistant	than	IR64,	with	a	mean	biomass	of	 less	

than	1.75	mg.	Most	lines	had	intermediate	resistance	between	the	IR64	and	Azucena	parents.	

S.	hermonthica	dry	weight	was	normalised	using	z-scores	and	these	scores	were	used	as	trait	

data	for	QTL	analyses.	A	number	of	different	QTL	analyses	were	performed	(Table	2.2).	A	single	

major	QTL	was	detected	on	chromosome	12	between	positions	5.7	–	6.7	Mb	with	all	analyses	

conducted	(Table	2.2,	Figures	2.7	-	2.10).	No	other	QTL	were	detected	on	chromosomes	1	-	11.		

The	 one-way	 ANOVA	 produced	 a	 LOD	 score	 of	 14.07	 (Figure	 2.7,	 Table	 2.2),	 and	 the	

percentage	of	variance	explained	by	the	QTL	was	67.9%.	The	same	QTL	was	also	detected	by	

the	more	robust	Kruskal-Wallis	method	with	almost	as	high	significance	(LOD	=	12.37)	(Figure	

2.8,	 Table	 2.2),	 and	 by	 interval	 mapping	 (LOD	 =	 14.34)	 (Figure	 2.9,	 Table	 2.2).	 A	 lack	 of	

recombination	between	positions	5759093	–	6719392bp	(Figure	2.10)	meant	it	was	impossible	

to	define	the	QTL	further.	

	

	

	
Table	 2.2.	 Summary	 statistics	 of	 the	 QTL	 for	 S.	 hermonthica	 resistance	 in	 the	 rice	 IR64	 x	
Azucena	RIL	population.	QTL	analysis	was	performed	using	3	different	methods.	
Method	 Chromosome	 Marker	 Position	

(cM)	
LOD	 %	R2	

	
F	/	H	

statistic	
-log	10(p)	

One-way	
ANOVA	

12	 Chr12_5759093	–	
Chr12_6719392	

32.0	
	

14.07	
	

67.9	
	

116.48	
(F)	

14.47	
	
	

Kruskal-
Wallis	

12	 Chr12_5759093	–	
Chr12_6719392	

31.99	
	

12.37	
	

-	 56.97	
(H)	

13.36	
	
	

Interval	
Mapping	

12	 Chr12_5672456-	
Chr12_6863703	

	

32.0	 14.34	
	

-	 -	 -	
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Figure	2.6.	Distribution	of	resistance	to	Striga	hermonthica	(Kibos	isolate)	21	dai	in	the	rice	Recombinant	Inbred	Line	IR64	x	Azucena	mapping	population.	Forty-
four	 randomly	chosen	 lines	 (shown	 in	 red)	where	phenotyped	 initially.	Further	 lines	 (shown	 in	blue)	showing	recombination	within	 the	QTL	region	where	then	
phenotyped.	Green	dots	are	lines	phenotyped	in	both	experiments.	Parents	of	the	mapping	population	are	IR64	(indica)	and	Azucena	(japonica).	Data	shown	are	z-
score	values	calculated	from	mean	S.	hermonthica	dry	weight,	n=4.		
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Figure	 2.7.	 Logarithm	 of	 odds	 (LOD)	 scores	 for	 S.	 hermonthica	 resistance	 across	 all	 rice	 chromosomes	 as	 determined	 by	 a	 one-way	 ANOVA	method.	 QTL	
mapping	analysis	was	carried	out	using	64	recombinant	inbred	lines	(RILs)	from	the	IR64	x	Azucena	rice	mapping	population.	Green	horizontal	lines	represent	
threshold	levels	of	statistical	significance	(LOD	scores	of	3).	
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Figure	2.8.	Logarithm	of	odds	(LOD)	scores	for	S.	hermonthica	resistance	across	all	rice	chromosomes	as	determined	by	a	Kruskall	Wallis	method.	QTL	mapping	
analysis	was	carried	out	using	64	recombinant	inbred	lines	(RILs)	from	the	IR64	x	Azucena	rice	mapping	population.	Green	horizontal	lines	represent	threshold	
levels	of	statistical	significance	(LOD	scores	of	3).	
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Figure	2.9.		Major	QTL	for	S.	hermonthica	resistance	in	O.	sativa	cultivar	IR64,	located	on	chromosome	12	with	a	peak	at	32cM.	(Interval	mapping,	LOD	=	13.34).	
Green	horizontal	line	represents	threshold	level	of	statistical	significance	(LOD	scores	of	3).	
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Figure	2.10.	Resistance	of	14	lines	of	the	RIL	
population	 showing	 recombination	 in	 and	
around	 the	 QTL	 region.	 Top	 panel:	 Dry	
biomass	 of	 Striga	 hermonthica	 21	 dai	 with	
germinated	 S.	 hermonthica	 seed	 collected	
from	 Kibos	 in	Western	 Kenya	 2013.	 Values	
are	means	±	SE,	where	n	=	4.	Bottom	panel:	
Recombination	breakpoints	for	each	line	are	
shown	 in	 relation	 to	 base	 pair	 position,	
where	 A=IR64	 genotype	 and	 B=Azucena	
genotype.	 LOD	 scores	 and	 F-test	 values	 for	
each	 marker	 position	 are	 shown	 in	 the	
columns	on	the	right.	QTL	region	 is	marked	
by	2	horizontal	lines.	
	

		

SSD	name 252 121 112 122 120 348 235 240 306 136 222 208 276 107

Marker Chr cM R2 LOD score - log (p) F-test
Chr12_4738350 12 30.6 A A A A A A A B B B B B B B 0.496 8.92 9.46 57.02 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_4879459 12 30.9 A A A A A A A B B B B B B B 0.490 8.77 9.31 55.68 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_4880181 12 30.9 A A A A A A A B B B B B B B 0.490 8.77 9.31 55.68 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_5460392 12 31.2 A A A A A A A B B B B B B B 0.527 9.76 10.29 64.69 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_5464488 12 31.2 A A A A A A A B B B B B B B 0.527 9.76 10.29 64.69 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_5508481 12 31.4 A A A A A A A A A B B B B B 0.562 10.76 11.26 74.46 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_5508699 12 31.4 A A A A A A A A A B B B B B 0.562 10.76 11.26 74.46 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_5523550 12 31.7 A A A A A A A A A B B B B B 0.612 12.33 12.80 91.42 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_5528390 12 31.7 A A A A A A A A A B B B B B 0.612 12.33 12.80 91.42 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_5672456 12 32.0 A A A A A A A A A B B B B B 0.612 12.33 12.80 91.42 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_5721967 12 32.0 A A A A A A A A A B B B B B 0.612 12.33 12.80 91.42 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Chr12_5759093 12 32.0 B A A A A A A A A B B B B B 0.679 14.07 14.47 116.48 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 5738729	-
Chr12_5765866 12 32.0 B A A A A A A A A B B B B B 0.679 14.07 14.47 116.48 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 6716202
Chr12_6718112 12 32.0 B A A A A A A A A A B B B B 0.679 14.07 14.47 116.48 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_6719392 12 32.0 B A A A A A A A A A B B B B 0.679 14.07 14.47 116.48 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_6796129 12 32.0 B A A A A A A A A A B B B B 0.640 13.31 13.75 103.07 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_6807028 12 32.0 B A A A A A A A A A B B B B 0.640 13.31 13.75 103.07 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_6863703 12 32.3 B A A A A A A A A A B B B B 0.640 13.31 13.75 103.07 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_6973931 12 32.5 B A A A A A A A A A B B B B 0.640 13.31 13.75 103.07 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7107105 12 32.5 B A A A A A A A A A B B B B 0.640 13.31 13.75 103.07 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7168835 12 32.8 B B B B A A A A A A B B B B 0.607 12.17 12.64 89.59 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7170553 12 32.8 B B B B A A A A A A B B B B 0.607 12.17 12.64 89.59 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7206496 12 33.1 B B B B A A A A A A B B B B 0.558 10.63 11.14 73.19 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7209544 12 33.1 B B B B A A A A A A B B B B 0.558 10.63 11.14 73.19 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7249505 12 33.4 B B B B A A A A A A B B B B 0.558 10.63 11.14 73.19 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7249709 12 33.4 B B B B A A A A A A B B B B 0.558 10.63 11.14 73.19 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7265428 12 33.6 B B B B A A A A A A B B B B 0.558 10.63 11.14 73.19 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7271756 12 33.6 B B B B A A A A A A B B B B 0.558 10.63 11.14 73.19 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7381705 12 33.9 B B B B A A A A A A B B B B 0.586 11.50 11.99 82.25 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7382959 12 33.9 B B B B A A A A A A B B B B 0.586 11.50 11.99 82.25 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7484435 12 34.2 B B B B B B B A A A B B B B 0.533 9.91 10.43 66.11 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7487691 12 34.2 B B B B B B B A A A B B B B 0.533 9.91 10.43 66.11 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7507741 12 34.5 B B B B B B B A A A B B B B 0.492 8.81 9.35 56.06 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7509112 12 34.5 B B B B B B B A A A B B B B 0.492 8.81 9.35 56.06 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7558112 12 35.0 B B B B B B B A A A B B B B 0.446 7.70 8.26 46.71 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7560509 12 35.0 B B B B B B B A A A B B B B 0.446 7.70 8.26 46.71 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7637870 12 35.3 B B B B B B B A A A B B B B 0.383 6.29 6.87 36.00 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7644399 12 35.3 B B B B B B B A A A B B B B 0.383 6.29 6.87 36.00 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7662987 12 35.5 B B B B B B B A A A A B B B 0.342 5.45 6.03 30.09 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7670542 12 35.5 B B B B B B B A A A A B B B 0.342 5.45 6.03 30.09 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7721020 12 35.8 B B B B B B B A A A A B B B 0.342 5.45 6.03 30.09 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7721196 12 35.8 B B B B B B B A A A A B B B 0.342 5.45 6.03 30.09 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7898555 12 36.1 B B B B B B B A A A A A A B 0.283 4.34 4.92 22.93 |||||||||||||||||||||||||||||||||||||||||||||||||
Chr12_7921012 12 36.1 B B B B B B B A A A A A A A 0.283 4.34 4.92 22.93 |||||||||||||||||||||||||||||||||||||||||||||||||
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2.3.4	The	mode	of	inheritance	of	the	resistance	to	Striga	hermonthica	in	IR64	and	
Nipponbare	
To	determine	 the	mode	of	 inheritance	of	 resistance	 in	 IR64	and	Nipponbare,	 these	 cultivars	

were	both	 crossed	with	 two	 susceptible	 cultivars,	Azucena	 and	Koshihikari,	 and	phenotyped	

for	resistance	to	S.	hermonthica.	Mean	S.	hermonthica	dry	weight	on	F1	plants	from	all	crosses	

was	approximately	midway	between	the	parents,	 indicating	co-dominance	 (Figure	2.11).	The	

difference	 in	 S.	 hermonthica	 dry	 weight	 between	 genotypes	 was	 highly	 significant;	 S.	

hermonthica	 dry	weight	 from	 the	 IR64	 x	Azucena	 cross	was	 significantly	different	 from	both	

IR64	(two	sample	t-test:	t	=	4.2,	d.f.	=	10,	p	<	0.01)	and	Azucena	(t	=	2.9,	d.f,	=	10,	p	<	0.05).	

Similarly,	 S.	 hermonthica	 dry	 weight	 from	 the	 IR64	 x	 Koshihikari	 cross	 was	 significantly	

different	 from	both	 IR64	 (t	=	4.0,	d.f.	=	25,	p	<	0.001)	and	Koshihikari	 (t	=	2.1,	d.f.	=	26,	p	<	

0.05).	There	was	also	a	significant	difference	in	S.	hermonthica	dry	weight	for	the	Nipponbare	

crosses.	 There	 was	 a	 significant	 difference	 in	 S.	 hermonthica	 dry	 weight	 harvested	 from	

Nipponbare	x	Azucena	F1	plants	when	compared	to	Nipponbare	(t	=	3.3,	d.f.	=	26,	p	<	0.01)	and	

Azucena	 (t	 =	 9.1,	 d.f.	 =	 27,	 p	 <0.001)	 parents.	 S.	 hermonthica	 dry	 weight	 harvested	 from	

Nipponbare	x	Koshihikari	F1	plants	was	significantly	different	to	Nipponbare	(t	=	6.3,	d.f.	=	25,	

p	<0.001)	and	Koshihikari	(t	=	2.5,	d.f.	=	26,	p	<	0.05).		

	

To	test	 if	the	resistance	 in	 IR64	and	Nipponbare	 is	 likely	to	be	due	the	presence	of	the	same	

resistance	gene	or	genes,	F1	plants	were	produced	from	a	cross	between	these	two	cultivars	

and	 phenotyped	 for	 S.	 hermonthica	 resistance.	 There	 was	 no	 significant	 difference	 in	 S.	

hermonthica	 dry	 biomass	 between	 genotypes;	 all	 genotypes	 were	 highly	 resistant	 to	 the	

parasite	 (Figure	 2.11).	 Azucena	 and	 Koshihikari	 plants	were	 also	 crossed	with	 each	 other	 to	

test	 for	 resistance	 interactions	 between	 susceptible	 cultivars.	 There	 was	 no	 significant	

difference	in	S.	hermonthica	dry	biomass	between	the	F1	plants	and	their	susceptible	parents	

(Figure	2.11).	
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Figure	 2.11.	 Evaluation	 of	 post-attachment	 resistance	 of	 Azucena,	 IR64,	 Nipponbare,	

Koshihikari	and	the	F1	hybrids	to	Striga	hermonthica.	Data	shown	are	S.	hermonthica	mean	dry	

weight	28	dai	±	SE.	Significant	differences	(p<0.05)	are	represented	by	letters	above	each	bar:	

different	letter	codes	represent	significant	differences.	
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2.4	Discussion	

Breeding	 broad	 spectrum,	 durable	 resistance	 to	 Striga	 species	 in	 cereal	 crops	 is	 likely	 to	

require	pyramiding	of	multiple	resistance	genes	for	both	pre	and	post-attachment	resistance,	

or	 different	 mechanisms	 of	 post	 attachment	 resistance	 (Scholes	 &	 Press,	 2008;	 Timko	 and	

Scholes	2013).	The	aim	of	this	study	was	to	identify	novel	QTL	for	resistance	to	S.	hermonthica	

(Kibos	ecotype).	 Initially	ten	tropical	 japonica	parents	of	a	NAM	population	and	the	common	

parent	 IR64,	were	 phenotyped	 for	 resistance	 to	 S.	 hermonthica	 to	 enable	 selection	 of	 a	 RIL	

mapping	 population	 where	 the	 parental	 lines	 showed	 genetic	 differences	 for	 the	 trait	 of	

interest	 (Mauricio,	2001;	Semagn	et	al.,	2006),	 in	 this	case	S.	hermonthica	 resistance.	The	O.	

sativa	indica	cultivar	IR64	showed	strong	resistance	to	S.	hermonthica	(Kibos	isolate),	as	did	six	

other	parental	lines.	Four	of	the	parental	genotypes	were	highly	susceptible	to	S.	hermonthica.	

The	most	 susceptible	 genotype	was	Azucena	 thus	 the	 IR64	 (indica)	 x	 Azucena	 (japonica)	 RIL	

population	was	selected	for	phenotyping	and	analysis.	O	sativa	indica	and	japonica	subspecies	

are	estimated	to	have	diverged	0.4	million	years	ago	(mya)	(Zhu	&	Ge,	2005),	therefore	using	a	

population	derived	from	an	indica	x	japonica	cross	guarantees	high	levels	of	polymorphism	in	

the	population,	and	so	a	good	coverage	of	SNP	markers	 (Fragoso	et	al.,	2017).	 In	addition,	a	

resistant	indica	parent	was	expected	to	harbour	novel	resistance	genes	not	present	in	japonica	

cultivars.		

	

2.4.1	What	is	the	phenotype	of	resistance	in	IR64?	
The	 phenotype	 of	 resistance	 in	 IR64	 was	 associated	 with	 necrosis	 around	 the	 site	 of	 the	

parasite	 attachment.	 Cross	 sections	 through	 the	 root	 most	 commonly	 revealed	 that	 the	

parasite	 penetrated	 the	 root	 epidermis	 and	 cortex,	 but	 was	 halted	 at	 the	 endodermis.	 The	

haustorium	did	not	develop	or	differentiate	properly.	Occasionally	S.	hermonthica	plants	did	

make	a	few	vascular	connections	but	these	parasites	were	small	and	grew	slowly.	Interestingly,	

these	 phenotypes	 of	 resistance	 in	 IR64	 are	 similar	 to	 those	 observed	 in	 some	 other	 rice	

cultivars.	 For	 example,	Gurney	et	 al.	 (2006)	 showed	 that	 the	 parasites	 attached	 to	 the	 host	

roots	but	within	24	h	necrosis	was	visible	at	 the	 site	of	attachment.	 In	addition	 the	parasite	

rarely	 breached	 the	 endodermis	 to	 form	 xylem-xylem	 connections,	 and	 often	 grew	 through	

the	 cortex,	 around	 the	 vascular	 core	 and	 out	 of	 the	 root.	 Similarly,	 resistant	 NERICA	 lines	

(NERICA	 1	 and	 NERICA	 10)	 showed	 the	 same	 phenotypes	 in	 response	 to	 S.	 hermonthica	

infection;	 in	 most	 cases	 the	 parasite	 failed	 to	 breach	 the	 endodermis.	 However,	 in	 both	

Nipponbare	 and	 the	 NERICA	 cultivars	 some	 vascular	 connections	 were	 made	 but	 dense	

staining	 material	 was	 observed	 and	 parasites	 remained	 small	 (Cissoko	 et	 al.,	 2011).	 In	 the	

resistance	 interaction	 between	 Orobanche	 aegyptiaca	 and	 the	 vetch	 Vicia	 atropurpurea	
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cultivar	Popany,	the	parasite	was	also	halted	at	the	endodermis.	This	was	coupled	with	a	red-

brown	 secretion	 in	 the	 apoplast	 of	 the	 host-parasite	 interface	 and	 around	 the	 vascular	

cylinders	(Goldwasser	et	al.,	2000).	This	inability	of	the	parasite	to	penetrate	the	endodermis	

therefore	 appears	 to	 be	 common	 form	 of	 post-attachment	 resistance	 to	 parasitic	 plants,	

although	it	is	not	the	only	resistance	phenotype	and	the	underlying	mechanism	governing	this	

response	is	still	unknown.	Arrest	of	parasite	development	can	occur	at	later	stages	of	infection	

in	some	interactions.	The	wild	relative	of	maize,	Tripsacum	dactyloides,	exhibited	resistance	to	

S.	hermonthica	 after	 vascular	 continuity	was	established	 (Gurney	et	al.,	 2003).	 This	was	also	

observed	for	non-hosts	Arabidopsis	and	cowpea	when	 infected	with	S.	hermonthica	 (Yoshida	

and	 Shirasu	 2009).	 However	 when	 the	 non-host	 and	 hemiparasite	 Phtheirospermum	

japonicum	was	infected	with	S.	hermonthica,	resistance	occurred	much	earlier;	S.	hermonthica	

radicles	 failed	 to	penetrate	 the	 roots	 and	 instead	 continued	 to	elongate	 (Yoshida	&	Shirasu,	

2009).		

	

2.4.2.	Identification	of	a	S.	hermonthica	resistance	QTL	
In	this	study	a	RIL	population	derived	from	a	cross	between	the	resistant	cultivar	IR64	(indica)	

and	 the	 susceptible	 cultivar	 Azucena	 (tropical	 japonica)	 was	 used	 for	 identifying	 S.	

hermonthica	resistance	QTL.	Due	to	the	very	high	map	coverage	(one	SNP	every	8	Kb)	a	novel	

two-step	phenotyping	strategy	was	taken	to	see	if	it	was	possible	to	speed	up	detection	of	any	

QTL	present.	A	small	subset	of	the	population	(44	lines)	was	randomly	chosen	for	phenotyping	

resistance	to	S.	hermonthica	and	an	initial	QTL	analysis	carried	out	to	see	if	any	QTL	could	be	

detected.	Unexpectedly,	this	immediately	revealed	the	presence	of	a	QTL	on	chromosome	12	

in	a	similar	position	to	that	detected	previously	in	the	Nipponbare/Koshihikari//Koshihikari	BIL	

population	 (Scholes,	 personal	 communication).	 	 The	 high-resolution	 marker	 data	 was	 then	

used	to	identify	other	lines	within	the	RIL	population	possessing	recombination	within	the	QTL	

region.	These	were	phenotyped	for	S.	hermonthica	resistance,	which	increased	the	resolution	

of	 the	 initial	 QTL,	 producing	 a	 LOD	 score	 of	 14.34	 without	 having	 to	 phenotype	 the	 whole	

population.	 	 Thus	 the	 2-step	 strategy	 enabled	 the	 discovery	 of	 the	 QTL	 within	 3	 months	

compared	 to	 3	 years	 for	 the	 Nipponbare	 /	 Koshihikari	 BIL	 population	 (Scholes,	 personal	

communication).	 It	 should	be	noted,	however,	 that	 this	strategy	only	works	 for	strong	effect	

QTL,	which	can	be	detected	using	small	population	sizes.	

	

The	S.	 hermonthica	 resistance	QTL	 in	 IR64	was	 located	between	positions	5.7	 –	6.7	Mbp	on	

chromosome	12.		This	QTL	region	is	quite	large	due	to	lack	of	recombination	in	the	area,	which	

is	 possibly	 due	 to	 structural	 differences	 between	 the	 IR64	 and	 Azucena	 genomes.	 The	 local	

recombination	 rate	between	5.7	 -	 7.2	Mbp	was	 very	 low,	between	5	 -	 10	 fold	 less	 than	 the	
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whole	genome	average.	SNP	coverage	was	also	low	in	the	region	due	to	sequence	alignment	

issues	 (Lorieux,	 personal	 communication).	 	 Nevertheless,	 the	 importance	 of	 this	 QTL	 for	 S.	

hermonthica	 resistance	 is	 evident	 from	 the	 highly	 significant	 LOD	 scores	 and	 percentage	 of	

variance	 explained	 by	 the	 QTL	 (%	 R
2	
=	 67.9)	 which	 suggests	 that	 the	 resistance	 is	 due	 to	 a	

major	 gene,	 or	 a	 small	 number	 of	 tightly	 linked	 genes	 of	 major	 effect.	 No	 other	 QTL	 were	

detected	on	other	chromosomes,	which	is	in	accordance	with	this	hypothesis.	

	

The	S.	 hermonthica	 resistance	QTL	on	 chromosome	12	 identified	 in	 this	 population	overlaps	

that	of	the	Nipponbare	QTL	detected	previously	(section	1.6	and	Gurney	et	al.,	2006).	In	both	

cases,	 S.	 hermonthica	 seeds	were	 collected	 from	plants	 parasitizing	maize	 in	 Kibos,	western	

Kenya,	although	the	earlier	study	used	seed	collected	in	1997,	whereas	seed	collected	in	2013	

was	used	 in	 the	present	 study.	The	 identification	of	a	QTL	 in	 the	 same	position	 is	extremely	

interesting	 as	 the	 resistance	 in	 IR64	was	 expected	 to	 be	 different	 due	 to	 the	 divergence	 of	

indica	 and	 japonica	 subspecies.	 This	 result	 suggests	 that	 the	 same	 or	 similar	 genes	 may	

underlie	 the	 resistance	 in	 both	 Nipponbare	 and	 IR64,	 or	 if	 several	 genes	 are	 involved,	 they	

could	 overlap	 between	 the	 two	 cultivars.	 It	 also	 suggests	 that	 these	 genes	 may	 be	 very	

important	 for	 resistance	 to	 S.	 hermonthica	 in	 rice.	 A	 detailed	 analysis	 of	 the	 genes	 present	

within	the	IR64	QTL	region	and	a	comparison	with	the	Nipponbare	S.	hermonthica	-	resistance	

QTL	is	reported	in	Chapter	3.	

	

The	 success	 of	 a	 parasite	 on	 a	 host	 plant	 depends	 on	 both	 genotype	 x	 environment	

interactions	 and	 the	 interaction	 between	 the	 host	 genotype	 and	 the	 particular	 parasite	

population	or	ecotype	(Huang	et	al.,	2012b).	As	on	outbreeding	parasite,	S.	hermonthica	shows	

particularly	high	 levels	of	genetic	diversity	 (Safa	et	al.,	1984).	Other	studies	 investigating	 the	

resistance	 of	 IR64	 and	 Azucena	 found	 both	 of	 these	 cultivars	 were	 susceptible	 to	 S.	

hermonthica.	 When	 challenged	 with	 S.	 hermonthica	 seed	 collected	 from	 maize	 in	 Kibos	 in	

1997,	IR64	plants	from	IRRI	were	susceptible	(Gurney	et	al.,	2006).	In	contrast,	Cissoko	(2012)	

found	that	IR64	plants	from	CIAT,	Colombia,	showed	good	resistance	to	the	same	ecotype	of	S.	

hermonthica	 as	was	 also	 found	 in	 the	 present	 study.	 Therefore	 it	 is	 likely	 that	 IR64	 cultivar	

from	 IRRI	 differs	 genetically	 from	 the	 CIAT	 genotype	 used	 here.	 In	 a	 pot	 experiment,	 IR64	

plants	 from	 IRRI	were	 susceptible	 to	S.	hermonthica	 seed	 collected	 from	sorghum	 in	Mali	 in	

2003.	 	 Azucena	 plants	 were	 more	 resistant	 to	 S.	 hermonthica	 than	 IR64	 in	 this	 study	

(Kaewchumnong	&	Price,	2008).	This	difference	 in	 resistance	might	also	be	explained	by	 the	

different	S.	hermonthica	ecotype	used.	As	rice	plants	were	grown	 in	pots	 in	this	experiment;	

differences	may	also	be	due	to	different	levels	of	pre-attachment	resistance	between	cultivars,	

due	to	different	levels	of	germination	stimulant	produced.	
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2.4.3	What	is	the	genetic	basis	of	resistance	in	IR64	to	S.	hermonthica?	
The	 F1	 progeny	 of	 the	 cross	 between	 IR64	 and	 Azucena	 had	 intermediate	 resistance	 to	 S.	

hermonthica	when	compared	to	the	parental	 lines,	 indicating	that	resistance	 is	co-dominant.	

The	fact	that	the	same	result	was	seen	in	the	F1	progeny	of	the	cross	between	Nipponbare	and	

Koshihikari	 and	 that	 the	F1	progeny	of	 a	 cross	between	Nipponbare	and	 IR64	were	 resistant	

suggests	that	the	same	gene(s)	may	underlie	the	resistance	in	both	cultivars.	The	Cf	genes	 in	

tomato	 which	 provide	 resistance	 against	 the	 foliar	 fungal	 pathogen	 C.	 fulvum	 (Hammond-

Kosack,	 1994)	 are	 also	 thought	 to	 be	 co-dominant.	 These	 authors	 speculated	 that	 if	 the	 Cf	

resistance	 genes	 encoded	 proteins	 with	 a	 receptor	 or	 surveillance	 function,	 then	 greater	

perception	 of	 the	 invading	 pathogen	 would	 be	 achieved	 by	 greater	 concentrations	 of	 the	

receptor	with	respect	to	the	concentration	of	avirulence	gene	product.	The	signal	to	the	plant	

to	activate	a	defence	response	is	therefore	the	outcome	of	this	interaction,	and	is	proportional	

to	 the	 plants	 ability	 to	 detect	 the	 invading	 organism	 (receptor	 concentration)	 and	 the	

pathogens	 ability	 to	 repress	 the	 response	 mounted	 (Avr	 concentration)	 (Hammond-Kosack,	

1994).	 The	 Cf	 genes	 are	 now	 known	 to	 encode	 cell	 surface	 Receptor	 Like	 Proteins	 (RLP)	

(Piedras	et	al.,	2000;	Fradin	et	al.,	2009;	Liu	et	al.,	2015).	Given	that	the	Nipponbare	QTL	region	

also	contains	a	cluster	of	RLP	genes	with	homology	to	Verticillium	wilt	RLP	genes,	it	is	tempting	

to	 speculate	 that	 a	 similar	 mechanism	 may	 be	 acting	 in	 resistance	 to	 S.	 hermonthica.	 In	

addition,	 a	 gene	 in	 tomato	 that	 confers	 increased	 resistance	 to	 the	 shoot	 parasitic	 plant	C.	

reflexa	(CuRe1)	has	also	been	shown	to	encode	a	RLP	(Hegenauer	et	al.,	2016).	

	

This	 incomplete	 dominance	 of	 the	 resistance	 identified	 in	 IR64	 and	 Nipponbare	 against	 the	

Kibos	ecotype	of	S.	hermonthica	 is	 in	contrast	 to	 resistance	 identified	against	other	parasitic	

plants.	For	example,	three	independent	dominant	genes	were	shown	to	provide	resistance	to	

S.	 gesnerioides	 in	 three	 different	 cowpea	 genotypes	 (Atokple	 et	 al.,	 1995).	 S.	 gesnerioides	

exhibits	clear	race	structure,	and	seven	races	have	so	far	been	identified.	Resistance	genes	for	

these	have	been	mapped	to	two	linkage	groups	for	a	variety	of	cowpea	cultivars	(Ouedraogo	

et	al.,	2001),	with	race-specific	resistance	thought	to	be	conferred	by	a	single	dominant	gene	

in	most	cases	(Li	et	al.,	2009).	Resistance	to	the	root	holoparasite	O.	cumana	is	also	dominant	

and	monogenically	inherited.	In	this	case	resistance	to	five	races	of	O.	cumana	is	provided	by	

five	independent	genes	termed	Or1-Or5,	respectively	(Molinero-Ruiz	et	al.,	2006).		In	contrast,	

resistance	 to	S.	 hermonthica	 is	 not	 thought	 to	be	 race	 specific	 (it	 is	 an	obligate	outbreeder)	

thus	 it	 is	 interesting	 to	 speculate	 that	 cell	 surface	 immune	 receptors	may	 detect	 conserved	

pathogen	 associated	 molecular	 patterns	 (PAMPs)	 thus	 providing	 broad	 spectrum	 resistance	

against	the	genetically	diverse	S.	hermonthica	seed	bank.		
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2.4.4	Conclusions		
This	 chapter	has	 identified	a	major	QTL	 for	post-attachment	S.	hermonthica	 resistance	 in	an	

IR64	x	Azucena	RIL	mapping	population.	A	major	QTL	was	detected	on	chromosome	12	which	

mapped	 to	 the	 same	 position	 as	 the	 QTL	 previously	 identified	 in	 Nipponbare,	 despite	 the	

ancestral	divergence	of	 these	 two	subspecies.	Further	examination	of	 the	 IR64	QTL	 region	 is	

required	to	identify	candidate	S.	hermonthica	resistance	genes	and	compare	them	with	genes	

present	 in	 the	 Nipponbare	 QTL.	 Comparison	 of	 gene	 sequences	 from	 rice	 genotypes	

susceptible	 to	 S.	 hermonthica	 may	 also	 help	 identify	 or	 narrow	 down	 candidate	 resistance	

genes.		
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3.1	Introduction	

The	 work	 in	 Chapter	 2	 describes	 the	 mapping	 of	 a	 major	 QTL	 on	 chromosome	 12	 for	 S.	

hermonthica	 resistance	 in	 the	 indica	 rice	 cultivar	 IR64.	 The	 position	 of	 this	 QTL	 directly	

overlays	 that	 of	 the	 S.	 hermonthica	 resistance	 QTL	 previously	 detected	 in	 the	 temperate	

japonica	 cultivar	Nipponbare.	However,	 it	 is	not	known	whether	any	of	 the	genes	within	the	

QTL	are	shared	between	the	two	cultivars.	The	Nipponbare	QTL	contains	a	cluster	of	13	genes	

annotated	 as	 orthologs	 of	 disease	 resistance	 genes	 that	 are	 currently	 top	 candidates	 for	 S.	

hermonthica	 resistance	 genes	 (see	 section	 1.6).	 These	 are	 predicted	 to	 encode	 RLPs	 that	

localise	to	the	plasma	membrane.	 It	remains	to	be	determined	whether	the	QTL	 in	 IR64	also	

contains	 these	 orthologs,	 or	 whether	 there	 are	 alternative	 or	 additional	 genes	 in	 IR64	 that	

could	provide	S.	hermonthica	resistance	by	a	different	resistance	mechanism.	The	genes	in	the	

IR64	QTL	must	 first	 be	 determined	 in	 order	 to	 identify	 possible	 resistance	 gene	 candidates.	

This	 will	 enable	 their	 functional	 validation	 and	 a	 better	 understanding	 of	 the	 different	

mechanisms	that	exist	within	plants	to	defend	themselves	against	attack	by	parasitic	weeds.			

	

Plants	 come	 under	 attack	 from	 a	 diverse	 range	 of	 pests,	 pathogens	 and	 parasites.	 Unlike	

animals,	 plants	 lack	 mobile	 defender	 cells	 and	 instead	 rely	 on	 the	 innate	 immunity	 of	

individual	cells	to	defend	themselves	(Jones	&	Dangl,	2006).	Plant	defence	strategies	are	highly	

sophisticated,	 consisting	of	multiple	 layers	which	 can	be	 constitutively	expressed	or	 induced	

upon	pathogen	attack,	and	may	be	activated	locally	or	systemically	(Dangl	&	Jones,	2001).	The	

defence	mounted	depends	on	the	lifestyle	and	infection	strategy	of	the	attacker,	and	results	in	

activation	 of	 a	 set	 of	 defence-related	 genes	 regulated	 by	 a	 complex	 signalling	 network	 of	

phytohormones	(Pieterse	et	al.,	2009).	The	outcome	of	 infection	 is	determined	by	the	plants	

ability	to	mount	a	timely	and	appropriate	defence	response.		

	

Successful	recognition	of	the	invader	is	key	to	successful	induction	of	defence.	Several	models	

describing	pathogen	recognition	and	plant	immune	responses	have	been	suggested.	The	gene-

for-gene	 hypothesis	 states	 that	 a	 plant	 possessing	 a	 single	 dominant	 resistance	 (R)	 gene	 is	

resistant	towards	a	pathogen	possessing	a	corresponding	dominant	avirulence	gene	(Avr)	(Flor,	

1971)	 with	 resistance	 originally	 thought	 to	 be	 conferred	 by	 direct	 ligand-gene	 interaction	

(Keen,	 1990;	 Thomma	et	 al.,	 2011).	However,	 it	 is	 now	 known	 that	many	R	 proteins	 do	not	

interact	directly	with	their	receptor	(Luderer	et	al.,	2001;	Selote	&	Kachroo,	2010)	 leading	to	

the	 suggestion	 that	 some	 R	 proteins	 monitor	 the	 target	 of	 the	 effector,	 instead	 detecting	

changes	 in	 “pathogen-induced	 modified	 self”;	 the	 guard	 hypothesis	 (Jones	 &	 Dangl,	 2006;	

Dodds	&	Rathjen,	2010).	The	zig-zag	model,	introduced	by	Jones	&	Dangl,	(2006),	postulated	a	

two-branched	 immune	 system	 in	 plants.	 Firstly,	 trans-membrane	 pattern	 recognition	
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receptors	 (PRRs)	 at	 the	 cell	 surface	 recognise	 slowly	 evolving,	 conserved	microbial	 features	

termed	microbe	or	pathogen	associated	molecular	patterns	(MAMPs/PAMPs)	such	as	flagellin	

or	 chitin,	 leading	 to	 the	activation	of	basal	 resistance,	or	PAMP-triggered	 immunity	 (PTI).	 To	

overcome	this,	pathogens	release	fast	evolving	and	highly	specific	effector	molecules	into	the	

host	 cell,	 resulting	 in	 effector-triggered	 susceptibility	 (ETS).	 These	 may	 be	 recognised	 by	

intracellular	 nucleotide-binding	 (NB)	 leucine-rich	 repeat	 (LRR)	 resistance	 proteins,	 leading	 to	

the	 activation	 of	 a	 defence	 response	 and	 effector-triggered	 immunity	 (ETI).	 An	 evolutionary	

arms	 race	 drives	 pathogens	 to	 evolve	 new	 effectors	 to	 suppress	 ETI,	 and	 in	 turn	 the	 plant	

comes	under	pressure	to	evolve	new	methods	for	their	detection	(Jones	&	Dangl,	2006).		

	

Although	the	PTI	and	ETI	model	brings	together	the	gene-for-gene	model	with	the	recognition	

of	more	general	pathogen	elicitors,	 it	does	not	conform	to	all	aspects	of	plant	 immunity.	For	

example,	 some	 R	 proteins	 have	 properties	more	 consistent	with	 PRR	 receptors	 and	 are	 not	

always	pathogen	specific	(Fradin	et	al.,	2009;	de	Jonge	et	al.,	2012;	Lozano-Torres	et	al.,	2012).	

For	example	in	red	current	tomato	(Solanum	pimpinellifolium),	the	RLP	protein	Cf-2	mediates	

dual	 disease	 resistance	 to	 both	 the	 leaf	mould	 fungus	C.	 fulvum	 and	 also	 the	 root	 parasitic	

nematode	Globodera	rostochiensis	 (Lozano-Torres	et	al.,	2012).	Conversely,	some	PAMPs	are	

only	 recognised	 by	 a	 very	 narrow	 range	 of	 host	 plants	 (Thomma	 et	 al.,	 2011).	 Additionally,	

perception	of	effectors	does	not	always	occur	inside	host	cells	(Cook	et	al.,	2015).	Therefore	an	

alternative	view	of	the	plant	immune	system	was	proposed	by	Cook	et	al.	 (2015)	termed	the	

Invasion	Model	 (Figure	3.1),	which	encompasses	a	 continuum	between	PTI	and	ETI.	Broadly,	

plants	detect	invaders	either	directly	or	indirectly	by	means	of	any	type	of	receptor	that	is	able	

to	effectively	portray	 the	presence	of	 an	 invader	 and	 convert	 the	 signal	 into	 an	 appropriate	

defence	response	(Thomma	et	al.,	2011;	Cook	et	al.,	2015).		

	

Despite	recent	progress,	very	little	is	known	about	the	genes	underlying	resistance	to	parasitic	

plants.	 However,	 a	 race-specific	 gene-for-gene	 resistance	 mechanism	 is	 known	 to	 occur	

between	the	dicotyledonous	cowpea	V.	unguiculata	and	S.	gesnerioides.	The	R	gene	RSG3-301	

in	the	cowpea	cultivar	B301,	which	encodes	a	protein	containing	coiled-coil,	nucleotide	binding	

site	 and	 leucine	 rich	 repeat	 (CC-NBS-LRR)	 domains	 and	 which	 localises	 to	 the	 plasma	

membrane,	provides	resistance	against	S.	gesnerioides	race	3.	Although	the	parasite	was	able	

to	 penetrate	 the	 host	 cortex,	 it	 could	 not	 cross	 the	 endodermis	 and	 thus	 failed	 to	 make	

vascular	 connections	 (Li	 &	 Timko,	 2009).	 More	 recently,	 a	 cell-surface	 receptor-like	 protein	

(RLP)	was	shown	to	provide	increased	resistance	to	the	stem	holoparasite	C.	reflexa	in	tomato.	

Resistant	tomato	(Solanum	lycopersicum)	plants	produced	reactive	oxygen	species	 (ROS)	and	

ethylene	in	response	to	extracts	of	six	different	Cuscuta	species,	suggesting	the	resistant	host		
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Figure	3.1.	The	Invasion	Model	of	plant	immunity	proposed	by	Cook	et	al	2015,	to	illustrate	an	
attempted	 plant-invader	 symbiosis.	 Upon	 attempted	 symbiosis,	 the	 invading	 organism	

releases	Invasion	patterns	(IP)	which	are	perceived	by	plant	Invasion	Pattern	Receptors	(IPR),	

eliciting	 an	 IP-triggered	 response	 (IPTR).	 The	 invader	 may	 use	 effectors	 to	 facilitate	 the	

interaction,	 but	 failure	 of	 the	 invader	 to	 manipulate	 IPTR	 leads	 to	 a	 halt	 in	 symbiosis.	

Potentially,	 IPTR	may	be	utilised	 (e.g.	 by	necrotrophs)	or	 suppressed	 (e.g.	 by	biotrophs)	 and	

symbiosis	is	continued.	Multiple	recognition	events	and	attempts	to	influence	IPTR	eventually	

leads	to	a	termination	or	continuation	of	the	symbiosis.	Figure	from	Cook	et	al.,	2015.	
	

  
is	able	to	detect	a	common	factor	present	in	all	species	(Hegenauer	et	al.,	2016).	Heterologous	

expression	 of	 five	 tomato	 RLP	 genes	 in	 tobacco	 (Nicotiana	 tabacum),	 a	 species	 unable	 to	

detect	 the	 Cuscuta	 factor,	 identified	 one	 gene	 which	 resulted	 in	 an	 oxidative	 burst	 and	

ethylene	production	 in	 response	to	C.	 reflexa	extracts.	This	gene,	 termed	CuRe1,	was	absent	

from	susceptible	S.	pennellii	plants.		Stable	transformation	of	CuRe1	into	both	S.	pennellii	and	

N.	 tabacum	 resulted	 in	 increased	 resistance	 to	 C.	 reflexa,	 although	 this	 resistance	 was	

incomplete	(Hegenauer	et	al.,	2016).	

	

No	resistance	genes	against	Striga	species	have	yet	been	identified	in	rice.	However,	the	QTL	

for	S.	hermonthica	resistance	in	the	temperate	japonica	Nipponbare	contains	a	cluster	of	RLP	

genes	 annotated	 as	 homologs	 of	Verticillium	wilt	 disease	 resistance	proteins	 in	 tomato.	 The	

highly	similar	infection	strategy	and	lifecycle	of	these	fungi	compared	to	Striga	species	makes	

these	 genes	 excellent	 candidates	 for	 S.	 hermonthica	 resistance	 in	 this	 cultivar.	 The	

identification	of	a	QTL	for	S.	hermonthica	resistance	in	the	rice	cultivar	IR64	(Chapter	2),	which	

maps	 to	 the	 same	 position	 on	 chromosome	 12	 as	 the	 QTL	 for	 S.	 hermonthica	 resistance	 in	

PY53CH25-Thomma ARI 10 July 2015 7:4

Perhaps most importantly, the Invasion Model allows a separation between IPs and the
molecules or processes that produce IPs. This is important to account for the fact that molecules
with any function can contain or produce IPs, but the molecules are not defined from a host per-
ception or response viewpoint. That is, although molecules such as flagellin, EF-Tu, and chitin
contain host-perceived patterns, their primary function is for the general physiology of their orig-
inator. Likewise, the primary function of pectin is to aid in the structure of the plant cell wall,
but oligogalacturonide fragments resulting from pectin degradation are IPs (19, 109). Invader-
synthesized molecules, including, but not limited to, toxins, proteasome inhibitors, phosphatases,
cell wall–degrading enzymes, silencing suppressors, and transcription activator–like (TAL) effec-
tors, serve a primary function to aid in symbiosis, but from a host perception perspective, these
molecules may contain or produce IPs. Any of these molecules may have multiple functions and
can be represented on a continuum from primary functionality in the originator to primary in-
volvement in symbiosis. As researchers, this allows us to more accurately describe the function of
these molecules as being important for originator physiology, host penetration, enzyme detox-
ification, host defense suppression, host signaling, nutrient acquisition, and dispersal to name a
few, instead of categorizing everything as being a MAMP or an effector. Also, we account for the
spectrum of responses that are triggered by an IP originating from any molecule.

Another important component of the Invasion Model is that IP-triggered responses (IPTRs)
do not result in immunity by default (Figure 2). Following perception of one or more IPs, the
resulting IPTR(s) will culminate in two outcomes: the end of symbiosis or continued symbiosis.
These two outcomes are mediated by three mechanisms defined from the perspective of the
invader: (a) failure to suppress IPTR, (b) suppression of IPTR, or (c) utilization of IPTR. Invaders
may use effectors to manipulate the triggered response to influence the outcome of the symbiosis.

IPTR

Effector

Suppress IPTR

Symbiosis continued

Utilize IPTR
Symbiosis continued 

Failure to suppress IPTR
Symbiosis stopped

or

IP
RIP

Figure 2
The Invasion Model to describe an attempted plant-invader symbiosis. Upon attempted symbiosis, invasion
patterns (IPs) are perceived by plant IP receptors (IPRs), inciting an IP-triggered response (IPTR). Invaders
may use effectors to influence the interaction, but if the invader fails to manipulate the IPTR, the symbiosis
stops. Potentially, the IPTR may be suppressed (e.g., by biotrophs) or utilized (e.g., by necrotrophs) to
continue symbiosis. Continued symbiosis and effector usage may generate host-perceivable IPs, leading to
continued IPTR. Collectively, multiple recognition events and invader strategies influence the IPTR and
eventually result in termination or continuation of symbiosis.
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Nipponbare,	 strongly	 suggests	 that	 the	 same,	 or	 very	 similar,	 resistance	 genes	 may	 exist	

between	IR64	and	Nipponbare	in	this	region.		

	

3.1.1	Aim	of	Chapter	3	
The	aim	of	this	chapter	is	to	identify	candidate	resistance	genes	within	the	IR64	QTL	and	test	

the	hypothesis	that	the	candidate	resistance	genes	are	the	same	or	similar	to	those	identified	

in	the	Nipponbare	resistance	QTL.	Specific	aims	are:	

	

1) To	compare	the	genome	structure	of	the	IR64	and	Nipponbare	QTL	regions.	

2) To	 identify	 genes	 within	 the	 IR64	 QTL	 region	 by	 using	 gene	 prediction	 software	 to	

annotate	the	IR64	QTL.	

3) To	 compare	 similarity	 of	 the	 predicted	 genes	 with	 those	 of	 Nipponbare	 and	 the	 S.	

hermonthica	susceptible	cultivars	Koshihikari	and	Azucena,	where	possible.	

4) To	clone	and	sequence	the	IR64	candidate	resistance	genes.	

5) The	examine	gene	expression	by	qPCR	of	candidate	resistance	genes	in	roots	of	IR64,	

in	response	to	infection	with	S.	hermonthica.	
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3.2	Materials	and	Methods	

3.2.1	Genome	sequences		
The	 Nipponbare	 reference	 genome	 was	 downloaded	 from	 the	 MSU	 website	

http://rice.plantbiology.msu.edu/.		In	addition,	some	gene	sequences	were	also	obtained	from	

the	 Nipponbare	 reference	 sequence	 from	 the	 IRGSP	 website	 (http://	

rgp.dna.affrc.go.jp/IRGSP/index.html)	 where	 gene	 prediction	 algorithms	 predicted	 different	

start	and	stop	sites	for	specific	genes.	Genome	sequence	from	the	rice	cultivar	Koshihikari	(O.	

sativa	 ssp.	 temperate	 japonica),	 that	 spanned	 most	 of	 the	 equivalent	 S.	 hermonthica	

resistance-	QTL	region	of	both	Nipponbare	and	IR64	(approximately	144,000	bp	in	length)	was	

provided	by	Dr.	Kiyosumi	Hori	(National	Institute	of	Agrobiological	Sciences	(NIAS),	Japan)	from	

the	sequencing	of	two	Bac	clones	(J0090-E04	and	J0090-F01).	To	examine	genes	not	covered	

by	 this	 Bac	 sequence,	 the	 Koshihikari	 chromosome	 12	 genome	 sequence	 was	 downloaded	

from	 the	National	Centre	 for	Biotechnology	 Information	 (NCBI,	GenBank:	DG000036.1).	 IR64	

Illumina	 genome	 sequence	 was	 downloaded	 from	 http://schatzlab.cshl.edu/data/rice/.	 The	

sequence	 information	 for	 this	 cultivar	 has	 not	 been	 assembled	 into	 chromosomes,	 and	

currently	 exists	 as	 a	 series	 of	 over	 36,000	 contigs	with	 no	 annotation.	 In	 addition,	 a	 longer	

PacBio	sequence	(2.07	Mb	in	length)	covering	the	IR64	QTL	region	was	kindly	provided	by	the	

Schatz	Laboratory	(for	confidential	use	in	this	project).		

	

3.2.2	Comparison	of	the	genome	structure	spanning	the	Striga	hermonthica	resistance	QTL	
region	in	rice	cultivars	
Genome	sequence	from	the	Nipponbare	and	IR64	S.	hermonthica	resistance	QTL	regions	and	

the	 equivalent	 region	 from	 Koshihikari	 were	 compared	 using	 Mauve	 Multiple	 Genome	

Alignment	 software	 http://darlinglab.org/mauve/mauve.html.	 Sequences	 were	 aligned	 with	

Progressive	 Mauve	 using	 default	 parameters.	 This	 software	 allows	 large-scale	 evolutionary	

events	 such	 inversions	 and	 rearrangements	 to	 be	 visualised	 and	 compared	 between	 closely	

related	 genomes,	 showing	 medium	 to	 high	 amounts	 of	 genome	 rearrangement.	 The	

Nipponbare	 sequence	 from	 5.7	 -	 6.7	 Mbp	 was	 aligned	 with	 the	 equivalent	 region	 in	 IR64	

(approximately	526,000	bp).	Both	the	IR64	and	Nipponbare	sequences	were	also	compared	to	

the	 equivalent	 sequence	 from	 the	 S.	 hermonthica	 susceptible	 cultivar	 Koshihikari.	 As	 the	

Koshihikari	 sequence	 for	 chromosome	 12	 obtained	 from	NCBI	 is	 not	 high	 quality	 it	was	 not	

possible	to	use,	therefore	the	higher	quality	Illumina	Bac	sequence	from	NIAS	was	used	for	this	

comparison.	However	this	sequence	does	not	cover	the	entire	QTL	region.	
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3.2.3	Prediction	of	genes	in	within	the	IR64	S.	hermonthica	resistance	QTL	and	comparison	
with	genes	in	the	Nipponbare	S.	hermonthica	resistance	QTL	
In	order	to	identify	all	genes	within	the	IR64	QTL,	the	QTL	region	was	selected	from	the	PacBio	

sequence,	 and	 Fgenesh	 gene-finder	 (Softberry,	 Inc.)	 program	 used	 to	 predict	 gene	 models	

(Solovyev	et	al.,	2006).	Organism	specific	gene-finder	parameters	were	set	to	monocot	plants.	

The	amino	acid	sequences	of	all	proteins	predicted	by	Fgenesh	were	then	blasted	against	the	

rice	 reference	 sequence	 using	 the	 blasp	 BLAST	 search	 on	 the	 MSU	 website	 using	 default	

settings	 (http://rice.plantbiology.msu.edu/analyses_search_blast.shtml)	 to	 obtain	 gene	

annotations.	In	addition,	gene	prediction	was	also	carried	out	for	the	available	Koshihikari	Bac	

sequence	 in	 the	 same	 way,	 to	 allow	 comparison	 of	 this	 region	 between	 S.	 hermonthica	

resistant	 and	 susceptible	 cultivars.	 To	 test	 the	 accuracy	 of	 Fgenesh	 gene	 predictions,	 the	

sequences	of	Nipponbare	QTL	region	was	also	analysed	with	Fgenesh	gene-finder	in	the	same	

way	and	candidate	genes	compared	back	to	the	Nipponbare	reference	sequence.	Recently,	a	

genome	 annotation	 for	 the	 IR64	 PacBio	 genome	 sequence	 also	 became	 available	 from	 the	

Schatz	 laboratory.	 This	 annotation	 was	 produced	 using	 the	 Maker2	 genome	 annotation	

pipeline,	and	the	coordinates	of	predicted	genes	checked	against	the	Fgenesh	predictions.	

	

Nucleotide	and	amino	acid	 sequences	of	all	predicted	genes	within	 the	 IR64	QTL	 region	and	

the	equivalent	region	 in	Koshihikari	 (excluding	transposable	elements)	were	aligned	with	the	

Nipponbare	homologs	using	 the	Create	Alignment	 tool	with	highest	 accuracy	 settings	 in	CLC	

bio	Main	Workbench	version	7.0.3.	The	Create	Pairwise	Comparison	function	was	then	used	to	

calculate	the	number	of	gaps,	differences,	 identities	and	%	 identity	between	the	alignments.	

Phylogenetic	trees	were	constructed	from	alignments	using	the	Neighbor	Joining	method,	and	

bootstrapping	analysis	set	to	1000	replicates.		

	

3.2.4	Cloning	and	sequencing	of	IR64	candidate	resistance	genes	

3.2.4.1	DNA	extraction	
DNA	extraction	was	carried	out	according	to	the	Qiagen	DNeasy	Plant	Mini	Kit.	Approximately	

80	 -	 100	 mg	 of	 leaf	 tissue	 was	 used	 for	 each	 extraction.	 Leaf	 tissue	 was	 placed	 in	 a	 2	 ml	

Eppendorf	 tube	 containing	 a	 sterile	 ball	 bearing	 and	 frozen	 in	 liquid	 nitrogen,	 before	 being	

disrupted	 in	 a	 TissueLyser	 (Qiagen)	 for	 45	 s	 at	 25	 Hz	 until	 a	 fine	 powder	 was	 obtained.	

Following	tissue	disruption,	400	µl	buffer	AP1	and	4	µl	RNase	A	was	added	to	each	tube,	tubes	

were	vortexed	and	then	incubated	for	10	min	at	65	°C	in	a	water	bath.	Tubes	were	inverted	2	-

3	times	during	incubation.	Following	incubation,	130	µl	Buffer	P3	was	added	and	mixed	briefly,	

then	transferred	to	ice	for	a	further	5	min.	Samples	were	then	centrifuged	at	20,000		x		g	for	5	
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min.	The	lysate	was	removed	and	pipetted	into	a	QIAshredder	Mini	spin	column	placed	in	a	2	

ml	 collection	 tube,	 and	 centrifuged	 for	 2	min	 at	 20,000	 x	 g.	 The	 flow-through	was	 carefully	

transferred	 to	a	new	tube	so	as	not	 to	disturb	 the	pellet,	and	1.5	x	volume	Buffer	AW1	was	

added	 and	mixed	 by	 pipetting.	 Six-hundred	 and	 fifty	 µl	 of	 the	mixture	was	 transferred	 to	 a	

DNeasy	Mini	spin	column	placed	in	a	2	ml	collection	tube,	then	centrifuged	for	1	min	at	6000	x	

g.	 The	 flow-through	was	discarded,	 and	 the	 step	 repeated	with	 the	 remaining	 sample.	After	

discarding	 flow-through	again,	500	µl	Buffer	AW2	was	added,	and	samples	centrifuged	 for	1	

min	at	6000	x	g.	Flow-through	was	discarded	and	a	further	500	µl	Buffer	AW2	was	added,	this	

time	 followed	 by	 centrifugation	 at	 20,000	 x	 g	 for	 2	 min.	 The	 spin	 column	 was	 carefully	

removed	from	the	collection	tube	and	placed	in	a	new,	sterile	microcentrifuge	tube.	Thirty	µl	

nuclease-free	water	was	pipetted	onto	the	centre	of	the	spin	column	and	incubated	at	room	

temperature	for	5	min.	Samples	were	centrifuged	for	1	min	at	6000	x	g.	The	flow-through	was	

pipetted	back	into	the	spin	column	to	concentrate	the	sample,	and	centrifuged	again	at	6000	x	

g	for	1	min.	The	quality	and	quantity	of	DNA	in	the	samples	was	measured	using	a	Nanodrop	

spectrophotometer	(ND-8000,	Thermo	Scientific).	

	

3.2.4.2	PCR	amplification	of	candidate	S.	hermonthica	RLP	genes	in	IR64		
Gateway	 primers	 were	 designed	 to	 PCR	 amplify	 predicted	 genes	 from	 IR64	 sequences.	 For	

primer	design,	the	25	bp	attB	site	of	the	primers	required	for	Gateway	cloning	was	followed	by	

18	-	25	bp	of	 the	gene-specific	sequence	homologous	to	the	beginning	 (forward	primer)	and	

end	 (reverse	 primer)	 sequence	 of	 each	 gene.	 Potential	 hairpin	 formation	 and	 self-annealing	

was	 checked	 using	 the	 oligonucleotide	 properties	 calculator	 OligoCalc	 (http://	

biotools.nubic.northwestern.edu/OligoCalc.html),	and	specificity	confirmed	with	Primer	BLAST	

(NCBI)	 (https://www.ncbi.nlm.nih.gov/tools/primer-blast/).	 Primers	 and	 product	 sizes	 are	

shown	in	Table	3.1.	Genes	were	amplified	by	PCR	using	the	highly	accurate	Phusion	Hot	Start	

Flex	DNA	polymerase	(New	England	BioLabs).	A	25	µl	reaction	was	carried	out	for	each	gene.	

Nuclease-free	water	was	 used	 as	 a	 no-template	 control.	 	 The	 reaction	 consisted	 of	 5	 µl	 5	 x	

Phusion	HF	Buffer,	0.5	µl	10	mM	dNTPs	(40	mM	total),	1.25	µl	of	each	10	µM	primer,	0.25	µl	

Phusion	Hot	Start	Flex	DNA	polymerase,	5	µl	DNA	template	(10	ng	/µl)	and	11.75	µl	nuclease-

free	water.	The	PCR	cycling	conditions	were:	30	s	at	98	°C	(initial	denaturation);	then	40	cycles	

of	10	s	at	98	°C	(denaturation),	30	s	annealing	at	72	°C	for	the	first	15	cycles,	then	decreasing	

by	1	°C	until	57	°C	and	remaining	at	this	temperature	for	the	remaining	25	cycles,	2	min	at	72	

°C	 (extension);	 followed	by	a	 final	extension	of	10	min	at	72	°C.	Five	µl	of	each	product	was	

mixed	with	5	x	DNA	Loading	Buffer	(Bioline)	and	run	on	a	1.6	%	gel	to	check	product	sizes.		
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PCR	 purification	 of	 the	 amplified	 genes	 was	 carried	 out	 according	 to	 the	 QIAquick	 PCR	

Purification	Kit	(Qiagen).	Five	volumes	of	Buffer	PB	were	added	to	the	PCR	reaction	and	mixed,	

and	 10	 µl	 3	M	 sodium	 acetate	 (pH	 5.0)	 added	 if	 the	mixture	 turned	 orange	 or	 purple.	 The	

mixture	was	 added	 to	 a	QIAquick	 column	 and	 centrifuged	 for	 60	 s	 at	 17,900	 x	 g.	 The	 flow-

through	was	discarded,	and	samples	washed	with	750	µl	Buffer	PE	by	centrifuging	for	60	s	at	

the	same	speed,	followed	by	a	further	60	s	to	remove	residual	buffer.		QIAquick	columns	were	

placed	 in	a	clean,	sterile	microcentrifuge	tubes,	and	DNA	eluted	 in	30	µl	nuclease-free	water	

by	centrifuging	at	17,900	x	g	for	60	sec.	The	quality	and	quantity	of	DNA	in	the	samples	was	

measured	using	a	Nanodrop	spectrophotometer.		

	

3.2.4.3	Cloning	of	candidate	IR64	resistance	genes	into	pDONR/Zeo		
A	BP	recombination	reaction	was	carried	out	for	each	IR64	gene	amplified	to	create	a	Gateway	

entry	clone.	For	each	gene	to	be	cloned,	1	µl	purified	PCR	product	(50	ng)	was	added	to	a	tube	

containing	0.5	µl	pDONR/Zeo,	1	µl	BP	clonase	II	and	2.5	µl	nuclease-free	water,	to	make	a	total	

volume	of	5	µl.	Samples	were	incubated	at	25	°C	overnight.	The	BP	reaction	mix	was	used	for	

transformation	into	Library	Efficiency®	DH5α
TM	

chemically	competent	Escherichia	coli	cells;	2.5	

µl	each	BP	reaction	was	added	to	25	µl	competent	cells,	mixed	gently	and	incubated	for	30	min	

on	 ice.	 Cells	 were	 then	 heat-shocked	 for	 30	 s	 at	 42	 °C	 in	 a	 water	 bath,	 and	 immediately	

returned	to	ice.	Under	sterile	conditions,	125	µl	of	S.O.C.	medium	was	added	to	each	sample	

and	incubated	for	1	h	at	37	°C	while	shaking.	100	µl	was	then	spread	onto	pre-warmed	low	salt	

LB	plates	 containing	 zeocin	and	 incubated	at	37	 °C	overnight.	 Low	salt	 LB	medium	 (500	ml):	

Tryptone	5	g,	NaCl	2.5	g,	Yeast	Extract	2.5	g,	Bacto	agar	7.5	g;	autoclaved	and	cooled	to	around	

55	°C,	then	250	µl	zeocin	added	and	mixed	before	pouring	onto	plates.		

	

To	test	for	successful	transformation,	colony	PCRs	were	carried	out	using	pDONR	specific	M13	

primers	for	a	selection	of	colonies	(forward	primer:	CGCCAGGGTTTTCCCAGTCACGAC;	reverse	

primer:	TCACACAGGAAACAGCTATGAC)	using	 the	Qiagen	Taq	PCR	Master	Mix	Kit.	Each	10	µl	

PCR	reaction	consisted	of	5	µl	Taq	PCR	Master	Mix,	0.2	µl	of	each	primer	(5	µM	each)	and	4.8	

µl	nuclease-free	water.	For	the	DNA	template,	a	pipette	tip	was	used	to	touch	a	colony,	and	

then	 placed	 directly	 in	 the	 PCR	 mix.	 The	 PCR	 cycling	 program	 was:	 3	 min	 at	 94	 °C	 (initial	

denaturation);	then	35	cycles	of	30	s	at	94	°C	(denaturation),	30	s	at	60	°C	(annealing),	and	3	

min	30	s	at	72	°C	(extension);	followed	by	a	final	extension	of	10	min	at	72	°C.	2.5	µl	of	5X	DNA	

Loading	 Buffer,	 blue	 (Bioline)	 was	 added	 to	 each	 sample,	 and	 the	 mix	 loaded	 onto	 a	 1	 %	

agarose	 gel.	Overnight	 cultures	were	 carried	out	 for	 successfully	 transformed	 colonies	 (5	ml	

low	 salt	 LB	medium	 containing	 zeocin,	 37	 °C,	 shaking).	 A	miniprep	was	 then	 carried	 out	 to	

isolate	 the	 plasmids	 using	 the	QIAprep	 Spin	Miniprep	 Kit	 (Qiagen).	 Overnight	 cultures	were	
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spun	 down	 at	 6,800	 x	 g	 for	 3	min	 to	 pellet	 the	 bacteria.	 Cells	were	 re-suspended	 in	 250	 µl	

Buffer	 P1,	 and	 250	 µl	 Buffer	 P2	 added	 and	mixed	 thoroughly	 to	 start	 the	 lysis	 reaction.	 To	

neutralize	the	reaction,	350	µl	Buffer	N3	was	added	and	mixed,	and	samples	centrifuged	for	10	

min	at	17,900	x	g.	The	supernatant	was	added	to	QIAprep	spin	columns,	centrifuged	for	60	s	at	

17,900	x	g,	and	the	flow	through	discarded.	Columns	were	washed	with	500	µl	Buffer	PB	and	

then	 again	 with	 750	 µl	 Buffer	 PE,	 and	 centrifuged	 for	 60	 s	 at	 17,900	 x	 g	 each	 time.	 Flow	

through	was	 discarded	 and	 samples	 centrifuged	 for	 a	 further	 60	 s	 to	 remove	 residual	wash	

buffer.	DNA	was	eluted	 in	30	µl	nuclease-free	water.	Samples	 from	2	colonies	 for	each	gene	

cloned	were	sequenced	at	GATC-biotech	(Cologne,	Germany)	 for	Lightrun	Sanger	sequencing	

using	both	the	vector	M13	primers	and	a	series	of	primers	designed	against	specific	regions	of	

each	gene	(Table	3.2).	Sequences	were	returned	to	the	University	of	Sheffield	for	assembly.	

	

Table	 3.1	Sequences	of	Gateway	primers	 for	amplification	of	 full-length	candidate	Receptor-

Like	Protein	(RLP)	S.	hermonthica	resistance	genes	in	IR64.	The	first	column	lists	the	gene	ID	of	

the	closest	Nipponbare	homolog.	

Closest	
homolog		to	
Nipponbare	

Primer	name	 Gateway	primer	sequence	(5’	–	3’)	 Amplicon	
length	
(bp)	

Os12g10870	

10870_GW_F	 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGTCGTCGTT

CTCCAAGAGAGTC	
3048	

	
10870_GW_R	 GGGGACCACTTTGTACAAGAAAGCTGGGTTCAGCGTTGCTT

TCTCATGCACC	

	

Os12g10930	

IR64	10930	GW	F	 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGTCATCGTC

CTCCATGAGAGT	
3045	

	
IR64	10930	GW	R	 GGGGACCACTTTGTACAAGAAAGCTGGGTTCAGTGTTCCTT

TCTCATGTGGC	

	

Os12g11370	

>11370_GW_F	 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGTCGTCGTC

CACCAAGAGGC	
3045	

	
>11370_GW_R	 GGGGACCACTTTGTACAAGAAAGCTGGGTTCATCGCTGTTT

TTTCATATGCCTTCC	

	

Os12g11500	

11500_RNAi_9_GW_F	 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGTCATCGTC

CACCAAGAGAG	
2511	

	
IR64	11500	GW	F	 GGGGACCACTTTGTACAAGAAAGCTGGGTTTACGTTTGGA

ACTGTATATTACTTGT	

	

Os12g11510	

Os12g11510.1_GW_OX

_CDS_F1	

GGGGACAAGTTTGTACAAAAAAGCAGGCTATGCGATCTGC

TTACCATCTGAT	
2733	

	
Os12g11510.1_GW_OX

_CDS_R1	

GGGGACCACTTTGTACAAGAAAGCTGGGTTCAAAGGATTT

CCCCAGAAAGCT	

	

Os12g12000	

IR64	12000	GW	F	 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGCGAGAA

GAGCGAGCG	
285	

	
IR64	12000	GW	R	 GGGGACCACTTTGTACAAGAAAGCTGGGTCTA	TGG	TAT	

TGG	TGT	GGG	GCA	

	

Os12g12010	

Os12g12010.1_GW_OX

_CDS_F1	

GGGGACAAGTTTGTACAAAAAAGCAGGCTATGTCCTCCTCC

ATGAGAGTTG	 3000	

	Os12g11680.1_GW_OX

_CDS_R1	

GGGGACCACTTTGTACAAGAAAGCTGGGTTCAAGCTTGCT

GATTCCTTTTGTTG	
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Table	 3.2	 Sequences	 of	 primers	 used	 for	 sequencing	 of	 Receptor-Like	 Protein	 (RLP)	 S.	
hermonthica	candidate	resistance	genes	in	IR64.	

Closest	homolog	 Primer	name	 Primer	sequence	(5’	–	3’)	
Os12g10870	 11870_SEQ1	_R	 GAAGCTACCTAACGAAGAGGG	

	 11870_SEQ1	_F	 CTTCACAGGTATGATTCCGAGC	

	 11870_SEQ2	_R	 AGGAGTCACTAATCTGATTGTTTCC	

	 11870_SEQ2	_F	 AATTTGATTGACGGAAAGATACCC	

Os12g10930	 IR64	10930	seq1	R	 CCTGTGAAGTTTGTGAGACTG	

	 IR64	10930	seq1	F	 TTCTCACAGGCAAGTAGTCTG	

	 IR64	10930	seq2	F	 AAGGTTGTGTACTTGAGGCAC	

	 IR64	10930	seq2	R	 GCAACTAGAGATCTGGGTATC	

Os12g11370	 11370_genotype_F1	 AATTCGCTCACTAGGATTGAGCTT	

	 11370_genotype_R1	 AAGATCTGCGGAGGCACCTT	

	 11370	qPCR	F	 GGATCCTTCATATACAGTTGATGG	

	 11370	qPCR	R	 GAAGTTATTTGAGGCCATATCGG	

Os12g11500	 11500_SEQ1_R				 ATTCTCCAAGCTAGTGTCCTGTGAG					

	 11500_SEQ1_F2	 ACTGTTCTTCAGCTATCC	

	 11500_SEQ2_R2	 CGATGAGTTGCAGTTTCC	

	 11500_SEQ2_F					 TACTCGACTTACCTTGGTGAAACTG				

Os12g11510	 11510_SEQ1_R2	 CGATGAGTTGCAGTTTCC	

	 11510_SEQ1_F			 CTCCCCAGCCTTAGTGTTCTTC									

	 11510_SEQ2_R2	 CCAATGTCAAGGATCTCC	

	 11510_SEQ2_F	 ACCGGCGAGTTACCTGATAATATC									

Os12g12010	 112010_SEQ1_R		 AGAGAAATTAGGCAGATTTCCAGAGAT	

	 12010_SEQ1_F		 CAGCTTTCAAACAACAACTTCGAA																					

	 IR64	12010	seq2	R2		 TGAGAGGCATAGATGAGAACTG	

	 11680_SEQ2_F2	 GATCTGACCCTTTACTTCCAC	

All	genes		 M13	F	 CGCCAGGGTTTTCCCAGTCACGAC	

	 M13	R	 TCACACAGGAAACAGCTATGAC	

	

3.2.5	Amplification	and	sequencing	of	homologs	of	candidate	S.	hermonthica	resistance	
genes	from	Azucena	
The	genome	sequence	for	Azucena	is	not	available.	Therefore,	in	order	to	determine	whether	

candidate	S.	hermonthica	resistance	genes	that	had	been	identified	in	IR64	were	also	present	

in	Azucena,	 PCR	 amplification	was	 carried	 out	 on	Azucena	DNA	 for	 each	 candidate	 gene,	 as	

described	 in	 section	 3.2.4.	 As	 the	 sequences	 for	 Azucena	 were	 unknown,	 the	 primers	 used	

were	those	designed	against	the	IR64	gene	sequences.	Where	these	primer	sequences	differed	

between	 the	 IR64	 and	Nipponbare	 for	 a	 particular	 gene,	 both	 the	 IR64	 and	 the	Nipponbare	

primer	 sets	 were	 used.	 Amplified	 products	 were	 sequenced	 directly	 from	 PCR	 products	 as	

described	in	section	3.2.4.	

	

3.2.6	Growth	and	collection	of	IR64	root	material	for	measurement	of	the	expression	of	
candidate	resistance	genes		
To	 examine	 the	 expression	 of	 the	 7	 candidate	 resistance	 genes	 identified	 in	 IR64,	 S.	

hermonthica-infected	and	uninfected	root	tissue	was	collected	at	3	different	time	points.	IR64	

rice	plants	were	grown	in	rhizotrons	and	infected	with	S.	hermonthica	as	described	in	section	

2.2.2.	Twenty-four	plants	were	infected	with	germinated	S.	hermonthica	seeds,	while	another	
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24	were	left	uninfected.	At	2,	4	and	10	dai,	 infected	roots	were	cut	from	each	plant,	washed	

gently	 in	 distilled	 water	 to	 remove	 any	 S.	 hermonthica	 seeds,	 dried	 on	 tissue	 paper	 and	

immediately	frozen	in	liquid	nitrogen.	Uninfected	control	root	tissue	was	collected	and	treated	

in	 the	 same	way.	 Tissue	 from	 2	 rice	 plants	was	 combined	 to	make	 one	 biological	 replicate.	

Tissue	for	four	biological	was	harvested	at	each	time	point.	

	

3.2.7	RNA	extraction,	cDNA	synthesis	and	qPCR	to	measure	the	expression	of	candidate	
resistance	genes	in	IR64	following	infection	with	S.	hermonthica	
RNA	 extraction	 of	 root	 tissue	 was	 carried	 out	 using	 the	 Qiagen	 RNeasy	 Plant	 Mini	 Kit.	

Approximately	100	mg	of	 root	 tissue	was	used	per	 sample.	Root	 tissue	was	ground	 in	 liquid	

nitrogen	with	 a	 pestle	 and	 600	 µl	 Buffer	 RLT,	 containing	 β-mercaptoethanol,	 was	 added	 to	

each	 sample.	 Further	 tissue	 disruption	 was	 carried	 out	 by	 shaking	 for	 60	 s	 at	 25	 hz	 in	 a	

TissueLyser	(Qiagen).	The	lysate	was	then	added	to	a	QIAshredder	column	and	centrifuged	at	

20,000	x	g	for	2	min.	The	supernatant	was	carefully	removed	and	immediately	mixed	with	275	

µl	ethanol,	before	being	transferred	to	an	RNeasy	spin	column	and	centrifuged	at	8000	x	g	for	

15	 s.	 700	µl	 Buffer	 RW1	was	 added	 to	 each	 sample,	 inverted	 to	wash	 the	 column	and	 then	

centrifuged	 for	 another	 15	 s.	 Samples	were	 then	washed	 twice	with	 500	µl	 Buffer	 RPE,	 and	

centrifuged	at	8000	x	g	for	15	s	and	2	min	respectively.		Columns	were	centrifuge	for	another	

60	s	to	remove	residual	buffer,	and	RNA	eluted	in	40	µl	RNAase-free	water	by	centrifuging	for	

a	 final	 60	 s	 at	 8,000	 x	 g.	 The	 quality	 and	 quantity	 of	 RNA	 was	 assessed	 using	 a	 Nanodrop	

spectrophotometer	(ND-8000,	Thermo	Scientific)	by	measuring	the	ratio	of	absorbance	at	260	

:	 280	 and	 260	 :	 230.	 In	 addition,	 500	 ng	 of	 RNA	was	 run	 on	 a	 1	%	 agarose	 gel	 to	 assess	 its	

integrity.	Only	RNA	samples	with	a	260	/	280	ratio	of	>	1.8	were	used	for	cDNA	synthesis.	

	

Synthesis	of	cDNA	was	carried	out	using	the	Maxima	First	strand	cDNA	synthesis	Kit	for	qPCR	

with	dsDNase	(Thermo	Scientific)	following	the	manufacturer’s	instructions.	For	each	reaction,	

1	µg	RNA	was	combined	with	1	µl	10	x	dsDNase	Buffer	and	1	µl	dsDNase	in	a	total	volume	of	

10	µl,	 and	mixed	 gently.	 Samples	were	 incubated	 for	 10	min	 at	 37	 °C,	 chilled	on	 ice,	 briefly	

centrifuged.	 After	 chilling	 again,	 4	 µl	 5	 x	 Reaction	Mix,	 2	 µl	 Maxima	 Enzyme	Mix	 and	 4	 µl	

nuclease-free	 water	 was	 added	 to	 each	 sample	 and	 gently	 mixed	 and	 centrifuged	 briefly.	

Samples	were	incubated	for	10	min	at	25	°C,	followed	by	30	min	at	50	°C,	and	finally	5	min	at	

85	 °C	 to	 terminate	 the	 reaction.	 To	 test	 for	 RNA	 contamination	of	 synthesised	 cDNA,	 a	 PCR	

reaction	 was	 carried	 out	 using	 primers	 for	 the	 eEF-1α	 gene	 (elongation	 factor	 1-alpha	

Os03g08020)	 (forward	 primer:	 ATGGGTAAGGAGAAGACGCACATC;	 reverse	 primer:	

TCATTTCTTCTTGGCGGCAGC)	and	products	run	on	a	1.5	%	agarose	gel.	Amplification	with	these	

primers	gives	different	product	sizes	for	genomic	DNA	(1939	bp)	and	cDNA	(1344	bp).		
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qPCR	was	carried	out	using	the	Bioline	SensiMix	TM	SYBR	No-ROX	Kit	using	a	Corbett	Research	

RG-6000	machine.	 Each	 10	 µl	 reaction	 consisted	 of	 5	 µl	 2	 x	 Sensimix	
TM
	 SYBR	 No-ROX,	 1

	
µl	

primers	 (2.5	µM)	and	4	µl	 cDNA	 (1	 in	 12	dilution).	 Cycling	 conditions	were:	 10	min	at	 95	 °C	

(initial	denaturation),	then	40	cycles	of	15	s	at	95	°C	(denaturation),	15	s	at	60	°C	(annealing),	

and	 15	 s	 at	 72	 °C	 (extension).	 After	 the	 40	 cycles	 a	melt	 curve	 is	 performed.	 	 Temperature	

increased	from	61	°C	–	91	°C	at	1	°C	intervals	for	5	s	at	each	step	(Corbett	Research	RG-6000).	

Two	 technical	 replicates	were	 run	 for	 each	 sample,	 and	 3	 biological	 replicates	were	 run	 for	

each	time	point	and	treatment.	For	each	gene	of	interest,	the	PCR	reactions	were	carried	out	

for	 all	 time	 points	 for	 both	 infected	 and	 uninfected	 tissue	 in	 the	 same	 run.	 Presenilin	

(Os01g16930)	was	used	as	a	reference	gene	as	the	expression	of	this	gene	does	not	alter	during	

S.	hermonthica	infection	(Swarbrick	et	al.,	2008).	A	negative	(nuclease-free	water)	and	positive	

(genomic	DNA)	control	was	included	in	each	run.	Primer	sequences	used	in	the	reactions	are	

shown	in	Table	3.3.	Primers	were	designed	to	have	a	TM	of	~60	°C,	be	approximately	20	-	25	

bp	in	length	and	have	product	sizes	of	between	50	–	150	bp.	Primers	contained	a	GC	clamp	of	

2	 at	 the	 3’	 end	where	 possible.	 Potential	 hairpin	 formation	 and	 self-annealing	was	 checked	

using	the	oligonucleotide	properties	calculator	OligoCalc	 (http://biotools.nubic.northwestern.	

edu/OligoCalc.html),	 and	 specificity	 confirmed	 with	 Primer	 BLAST	 (NCBI)	 (https://	

www.ncbi.nlm.nih.gov/tools/primer-blast/)	and	PCR	followed	by	agarose	gel	electrophoresis.	

	

Table	3.3.	Sequences	of	primers	designed	for	qPCR	amplification	of	candidate	S.	hermonthica	
resistance	genes	in	IR64.	Presenilin	(Os01g16930)	was	used	as	a	reference	gene.	

Closest	
homolog		

Primer	name	 Primer	sequence	(5’	–	3’)	 Amplicon	
length	(bp)	

Os12g10870	
10870	F	 GATCCTTCATATACAGTTGACAGG	

65	
10870	R	 GCCATGTCAGCAATTCTGAGC	

Os12g10930	
IR64	10930	qPCR	F1	 CACCATCCCTGGGACTATCGG	

84	
IR64	10930	qPCR	R1	 GGTGGAACTGGCCCCGTAAG	

Os12g11370	
11370	F	 GGATCCTTCATATACAGTTGATGG	

79	
11370	R	 GAAGTTATTTGAGGCCATATCGG	

Os12g11500	
Os12g11500_F2	 GTAGTACCACCGGTTCGG	

107	
Os12g11500_R2	 ATGACTGGAAGGCAGTGG	

Os12g11510	
IR64	11510	qPCR	F3	 GTGGGCATGGAAGACCTTGA	

82	
IR64	11510	qPCR	R3	 AGGGTGAGATCCAATACTCGT	

Os12g12000	
Os12g12000-F1	 GGAAGACGAAGATCAGATTGG	

99	
Os12g12000-R1	 TCCCCTCGCTCTTTATACTG	

Os12g12010	
12010	F2	 TACTAGAAGTGTCTGGGTTGG	

119	
12010	R2	 GGAAGCTGGTAAGCGTCCG	

Os01g16930	
Os01g16930-F1	 TAGAGCAGGAGGATGATTCG	

54	
Os01g16930-R1	 CACCAACATCCCTCATTTCC	

	

3.2.9	Analysis	of	qPCR	data	
Relative	 quantification	 of	 gene	 expression	 was	 calculated	 according	 to	 the	 Comparative	 Ct	

method	described	in	Pfaffl	(2004).	Raw	data	consisted	of	amplification	efficiency	(E)	and	take-
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off	 (TO)	 cycle	 number	 for	 each	 technical	 replicate.	 Values	 for	 two	 technical	 replicates	were	

averaged	 to	 give	 values	 for	 each	 biological	 replicate	 (sample).	 The	 mean	 amplification	

efficiency	was	 calculated	 for	 the	 gene	 of	 interest	 (GOI)	 at	 each	 time	point	 by	 averaging	 the	

biological	replicates.	For	each	biological	replicate,	E	was	raised	to	the	power	of	the	difference	

between	the	minimum	take-off	 (defined	as	the	replicate	with	the	 lowest	 take	off	value	for	a	

particular	 gene)	 and	 the	 sample	 take-off	 value	 of	 each	 replicate	 for	 that	 gene.	 The	 same	

procedure	is	followed	for	the	reference	gene	in	this	case	presenilin	(Os01g16930).	Values	for	

the	 target	 gene	 were	 then	 divided	 by	 those	 of	 the	 reference	 gene.	 The	 equation	 for	 this	

calculation	is	shown	below:	

	

Ratio	=	(Etarget)	
target	(min.	TO		–	sample	TO)	

(Eref)	
ref	(min.	TO		–	sample	TO)

	

	

E	=	amplification	efficiency,	target	=	target	gene;	ref	=	reference	gene;	and	TO	=	take-off	cycle.		

	

Finally,	all	values	were	divided	by	the	mean	of	the	uninfected	tissue	for	each	time	point	and	

each	 gene	 of	 interest,	 to	 determine	 any	 the	 fold	 difference	 in	 gene	 expression	 between	

infected	 vs	 uninfected	 roots.	 For	 each	 gene,	 two-sample	 t-tests	 were	 carried	 out	 between	

infected	and	uninfected	root	tissue	at	each	time	point	(2,	4	and	10	dai	with	S.	hermonthica).	
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3.3	Results	

3.3.1	Comparison	of	the	genome	structure	of	the	S.	hermonthica	resistance	QTL	between	
rice	cultivars	
Mauve	 Multiple	 Alignment	 software	 was	 used	 to	 compare	 the	 genomic	 structure	 of	 the	

Nipponbare	 and	 IR64	 QTL	 regions,	 and	 also	 the	 equivalent	 region	 for	 the	 S.	 hermonthica	

susceptible	 cultivar	 Koshihikari.	 Large-scale	 inversions	 and	 rearrangements	 across	 the	 QTL	

region	between	the	three	cultivars	are	shown	in	Figure	3.2.	The	sequence	of	the	Nipponbare	

QTL	was	 first	 aligned	against	 the	equivalent	 region	 in	Koshihikari.	 It	must	be	noted	 that	 the	

Koshihikari	Bac	sequence	was	used	here	which	does	not	cover	the	entire	QTL	region,	starting	

around	 372	 kb	 downstream	 of	 the	 Nipponbare	 sequence.	 Small	 regions	 of	 homology	 were	

observed	 between	 Nipponbare	 and	 Koshihikari.	 Additionally,	 a	 region	 of	 around	 193	 kb	 in	

length	was	observed	 in	Nipponbare	 that	was	 absent	 from	 the	Koshihikari	 genome	 sequence	

(Figure	3.2a).	At	approximately	526	kb	in	length,	the	IR64	QTL	region	is	401	kb	shorter	than	the	

Nipponbare	QTL	region	of	927	kb.	Despite	this,	many	regions	in	the	IR64	QTL	show	homology	

with	 parts	 of	 the	 Nipponbare	 QTL	 (Figure	 3.2b).	 Some	 regions	 are	 rearranged,	 and	 4	 small	

regions	 have	 undergone	 inversion.	 The	 IR64	 QTL	 was	 then	 compared	 to	 Koshihikari.	 Large	

regions	of	homology	were	observed	with	IR64	and	Koshihikari	(Figure	3.2c),	and	these	showed	

very	few	rearrangements	in	the	order	of	the	sequence.	In	contrast	to	the	alignment	between	

Koshihikari	and	Nipponbare,	no	region	was	observed	that	was	specific	 to	 IR64	and	 lacking	 in	

Koshihikari.		

	

3.3.2	The	IR64	QTL	contains	homologs	of	candidate	S.	hermonthica	resistance	genes	in	
Nipponbare	
Fgenesh	 gene-finder	 programme	 was	 used	 to	 predict	 gene	 models	 from	 the	 IR64	 QTL	

sequence	(PacBio)	on	chromosome	12.	This	revealed	the	presence	of	76	genes.	The	amino	acid	

sequences	 for	 the	 predicted	 genes	were	 blasted	 against	 the	 rice	MSU	 database	 to	 find	 the	

closest	 homolog	 and	 gene	 annotation.	 Of	 the	 76	 gene	 predictions,	 11	 were	 annotated	 as	

transposons,	 31	 as	 retrotransposons	 and	 11	 as	 expressed	 proteins.	 Five	 genes	 were	 not	

identified.	 Seven	 genes	 were	 predicted	 which	 shared	 closest	 homology	 to	 the	 candidate	 S.	

hermonthica	 resistance	 RLP	 genes	 in	 Nipponbare	 (Figure	 3.3).	 A	 homolog	 to	 both	 the	 DNA	

repair	 protein	 (Os12g10850)	 and	 the	 Rapid	 Alkalization	 Factor	 family	 protein	 (Os12g12000)	

were	also	predicted	for	IR64.	The	different	genes	families	found	within	the	IR64	QTL	are	shown	

in	Figure	3.3.	All	the	genes	except	the	transposons	and	retrotransposons	are	listed	in	Table	3.4	

together	with	the	annotation	of	their	closest	homolog.	To	distinguish	the	IR64	homologs	from	

the	Nipponbare	genes,	they	will	be	named	IR64_h_	+	the	name	of	the	Nipponbare	gene	with	

the	closest	homology,	from	here	on.	
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Figure	 3.2.	 Structural	 comparison	 of	 the	 Striga	 hermonthica	 resistance	 QTL	 between	 rice	
cultivars	 IR64,	 Nipponbare	 and	 the	 susceptible	 cultivar	 Koshihikari.	 The	 position	 of	 the	 RLP	

genes	 on	 the	 Nipponbare	 sequence	 is	 indicated	 at	 the	 top,	 and	 numbers	 above	 each	

annotated	gene	 refers	 to	 their	Os12g	number	 (MSU).	Numbers	above	genome	sequence	 for	

each	cultivar	refer	to	its	length	in	bp	and	does	not	correlate	with	bp	position	on	the	genome.	

Coloured	blocks	indicate	regions	that	are	homologous	and	free	from	genomic	rearrangement	

between	 cultivars.	 Lines	 between	 blocks	 link	 these	 regions	 of	 homology.	 Blocks	 below	 the	

centre	 line	 indicate	 regions	 of	 inverse	 orientation	 relative	 to	 the	 first	 (top)	 sequence	 being	

compared.	Areas	outside	blocks	did	not	align,	and	contain	sequences	specific	to	that	genome	

or	 lacking	 homology	 between	 genomes.	 Genome	 alignments	were	 carried	 out	 using	Mauve	

Multiple	 Genome	 Alignment	 software	 using	 Progressive	 Mauve	 default	 parameters	 http://	

darlinglab.org/mauve/mauve.html.	
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Seven	 IR64	 genes	 were	 predicted	 that	 shared	 closest	 homology	 to	 the	 candidate	 S.	

hermonthica	 resistance	 RLP	 genes	 in	 Nipponbare.	 	 These	 shared	 closest	 homology	 to	

Os12g10870,	 Os12g10930,	 Os12g11370,	 Os12g11500,	 Os12g11930,	 Os12g11510	 and	

Os12g12010.	The	gene	models	for	these	genes	and	their	coordinates	on	the	PacBio	contig	are	

shown	 in	Figure	3.4.	Only	one	of	 these	genes,	 IR64_h_Os12g10930,	was	predicted	 to	have	a	

single	 intron,	all	others	were	predicted	to	be	encoded	by	a	single	exon	(Figure	3.4).	This	 is	 in	

contrast	 to	 Os12g10930	 in	 Nipponbare,	 which	 contains	 2	 introns.	 Nipponbare	 Os12g11510	

contains	 a	 single	 intron,	 whereas	 only	 1	 exon	 was	 predicted	 for	 the	 IR64	 homolog	 for	 this	

gene.	 The	predicted	 sequence	 for	 IR64_h_Os12g11500	 translated	 to	 a	protein	of	 818	amino	

acids	 in	 length,	 compared	 to	1013	 in	Nipponbare.	A	 short	protein	208	amino	acids	 in	 length	

with	 closest	 homology	 to	 Os12g11930	 (which	 forms	 a	 duplicated	 pair	 with	 Os12g11500	 in	

Nipponbare)	was	also	predicted	for	IR64.	The	position	of	these	RLP	gene	homologs	in	relation	

to	each	other,	and	their	orientation	on	the	IR64	PacBio	contig,	are	shown	in	Figure	3.5.	

	

A	comparison	was	carried	out	between	the	publically	available	Illumina	and	PacBio	sequences	

for	 all	 these	 genes	 identified	 in	 IR64,	 by	 blasting	 the	 predicted	 gene	 sequences	 against	 the	

Illumina	sequence.	All	gene	sequences	were	identical	between	the	two,	with	the	exception	of	

the	 IR64_h_	 Os12g10870.	 The	 PacBio	 sequence	 for	 this	 gene	 had	 one	 nucleotide	 missing	

towards	 the	end	of	 the	gene,	which	 resulted	 in	 an	early	 stop	 codon.	 To	 confirm	 the	 correct	

sequences	 from	 our	 own	 rice	 material,	 the	 RLP	 gene	 homologs	 in	 IR64	 were	 cloned	 from	

genomic	DNA,	sequenced,	assembled	and	aligned	against	the	both	the	Illumina	and	the	PacBio	

IR64	 sequences	 (Figure	 3.6).	 The	 sequences	 IR64_h_Os12g10870	 matched	 the	 Illumina	

sequence,	 confirming	a	 sequencing	error	 in	 the	PacBio	version	of	 this	 gene.	This	 is	 shown	 is	

Figure	 3.6.	 All	 other	 genes	 sequenced	 were	 identical	 to	 both	 the	 Illumina	 and	 PacBio	

sequences.		

	

The	 amino	 acid	 sequences	 of	 the	 seven	 IR64	 RLP	 homologs	 of	 candidate	 S.	 hermonthica	

resistance	genes	were	aligned	 together	 to	examine	 their	 similarity	 (Figure	3.7).	Many	of	 the	

genes	 showed	 good	 sequence	 similarity	 over	much	 of	 the	 alignment;	with	 the	 exception	 of	

IR64_h_Os12g11930,	 %	 identity	 between	 sequences	 ranged	 between	 52.5	 –	 78.6	 %.	 The	

greatest	difference	 in	 sequences	occurred	at	 the	predicted	start	 site,	with	only	Os12g10870,	

IR64_h_Os12g11370	 and	 IR64_h_Os12g11510	 predicted	 to	 contain	 signal	 peptides.	 The	

shorter	sequence	(818	amino	acids)	of	IR64_h_Os12g11500	with	respect	to	the	other	proteins	

meant	 that	 this	 protein	 is	 missing	 a	 transmembrane	 domain	 (Figure	 3.7).	 In	 contrast,	

IR64_h_Os12g11930	 contains	 a	 transmembrane	 domain	 but	 is	missing	 a	 signal	 peptide	 and	

most	of	the	LRR	region	present	in	the	other	6	sequences	(Figure	3.7).		
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Figure	3.3.	The	number	of	genes	and	proportion	of	different	gene	families	present	in	the	IR64	

(top)	and	Nipponbare	(bottom)	S.	hermonthica	resistance	QTL	between	positions	5.7-6.7	Mbp.	

IR64	genes	were	predicted	using	Fgenesh	gene-finder	 (Softberry,	 Inc)	using	PacBio	 sequence	

obtained	from	the	Schatz	lab	(confidential).	Annotation	of	IR64	genes	was	obtained	by	BLAST	

search	against	the	Nipponbare	reference	genome	on	the	MSU	rice	database.		

	

	

Total=76

RLPs
Transposons
Retrotransposons
RALFs
Expressed proteins
Other
Unknown

Total=142

RLPs
Transposons
Retrotransposons
RALFs
Hypothetical proteins
Expressed proteins
Other



Chapter	3	

	 86	

	
Table	3.4	Genes	within	the	IR64	S.	hermonthica	resistance	QTL	region	as	predicted	by	Fgenesh	gene-finder	(Softberry,	Inc)	using	the	IR64	PacBio	contig	sequence	
obtained	from	the	Schatz	lab	(confidential).	Genes	encoding	transposable	elements	have	been	omitted.	Annotation	was	obtained	by	blasting	the	IR64	sequences	
against	the	Nipponbare	reference	genome	(MSU).	%	identity	to	Nipponbare	refers	to	the	query	coverage	for	each	BLAST	hit.	Genes	highlighted	are	homologs	of	
candidate	resistance	RLP	genes	in	the	Nipponbare	S.	hermonthica	resistance	QTL.	
	
	

	

Gene Position	on	contig exons amino	acids chain BLAST	hit	(MSU) Annotation Query	
Coverage

%	Identity	to	
Nipponbare

>FGENESH:174 1190669		-	1191103		 1 144 - LOC_Os10g10664.1 protein|hypothetical	protein 83.33 99.17
>FGENESH:176 1197183		-	1197563		 1 126 - LOC_Os06g38460.1 protein|expressed	protein 100 96.83
>FGENESH:180 1226216		-	1226653	 1 145 + LOC_Os12g10510.1 protein|expressed	protein 100 99.31
>FGENESH:181 1226998		-	1230393		 7 201 - LOC_Os12g10520.2 protein|OsMADS33	-	MADS-box	family	gene	with	MIKCc	type-box,	expressed 100 100
>FGENESH:183 1254705		-	1258356	 6 151 + LOC_Os12g10560.1 protein|clathrin	adaptor	complex	small	chain	domain	containing	protein,	expressed 100 99.34
>FGENESH:187 1278376		-	1278657		 1 93 + LOC_Os03g45010.1 protein|expressed	protein 59.14 90.91
>FGENESH:189 1296477		-	1297364	 1 295 + LOC_Os12g10630.1 protein|ZF-HD	protein	dimerisation	region	containing	protein,	expressed 82.37 90.65
>FGENESH:190 1305976		-	1311010 10 402 - LOC_Os12g10640.1 protein|uncharacterized	protein	ycf45,	putative,	expressed 92.54 99.73
>FGENESH:191 1315149		-	1317143	 4 189 + LOC_Os12g10650.1 protein|expressed	protein 100 100
>FGENESH:192 1320933		-	1323441	 2 214 + LOC_Os12g10660.1 protein|B-box	zinc	finger	family	protein,	putative,	expressed 100 98.13
>FGENESH:193 1324179		-	1329337 5 1174 - LOC_Os12g10670.1 protein|AAA-type	ATPase	family	protein,	putative,	expressed 100 99.66
>FGENESH:195 1347745		-	1348477		 2 132 - LOC_Os12g10690.1 protein|expressed	protein 100 92.42
>FGENESH:196 1352113		-	1359203		 13 1227 + LOC_Os12g10700.1 protein|expressed	protein 100 96.74
>FGENESH:197 1367562		-	1371971 1 1469 - LOC_Os12g10710.1 protein|NB-ARC	domain	containing	protein,	expressed 96.32 98.73
>FGENESH:198 1377212		-	1380083		 8 196 + LOC_Os12g10720.1 protein|glutathione	S-transferase,	putative,	expressed 100 91.59
>FGENESH:199 1381329		-	1384120		 9 212 + LOC_Os12g10730.2 protein|glutathione	S-transferase,	putative,	expressed 100 99.06
>FGENESH:201 1392019		-	1401841		 19 854 + LOC_Os12g10740.1 protein|leucine-rich	repeat	family	protein,	putative,	expressed 100 81.97
>FGENESH:202 1404498		-	1405079	 2 173 - LOC_Os12g10750.1 protein|ARGOS,	putative,	expressed 72.83 95.24
>FGENESH:203 1411861		-	1412640	 1 259 + LOC_Os12g43564.1 protein|expressed	protein 68.34 94.92
>FGENESH:204 1415680		-	1416227		 2 172 - LOC_Os12g10760.1 protein|expressed	protein 100 100
>FGENESH:210 1461777		-	1465201		 5 407 + LOC_Os12g10810.1 protein|expressed	protein 55.28 87.76
>FGENESH:214 1485289		-	1491393	 8 670 + LOC_Os12g10810.1 protein|expressed	protein 39.4 84.47
>FGENESH:218 1514154		-	1515437			 2 197 - LOC_Os08g44290.1 protein|RNA	recognition	motif	containing	protein,	putative,	expressed 14.72 75.86
>FGENESH:219 1516435	-	1519039	 7 465 + LOC_Os12g10850.1 protein|hhH-GPD	superfamily	base	excision	DNA	repair	protein,	putative,	expressed 100 96.2
>FGENESH:220 1526291	-		1523245		 1 1015 - LOC_Os12g10870.1 protein|verticillium	wilt	disease	resistance	protein,	putative,	expressed 100 98.82
>FGENESH:221 1534068		-	1534274				 1 68 - LOC_Os12g10880.1 protein|expressed	protein 100 83.82
>FGENESH:224 1562067		-	1564892			 7 390 + LOC_Os12g10910.1 protein|A/G-specific	adenine	DNA	glycosylase,	putative,	expressed 47.44 78.6
>FGENESH:225 1569945		-	1572974	 2 978 - LOC_Os12g10930 genomic|NL0E,	putative,	expressed 64.59 88.72
>FGENESH:235 1631609		-	1633053		 3 281 - LOC_Os09g30060.1 protein|expressed	protein 39.86 82.14
>FGENESH:242 1689663		-	1692707		 1 1014 - LOC_Os12g11370.1 protein|verticillium	wilt	disease	resistance	protein,	putative,	expressed 100 100
>FGENESH:245 1710511		-	1711172		 2 87 - LOC_Os12g11420.1 protein|expressed	protein 58.62 82.35
>FGENESH:246 1712262		-	1712591		 1 109 - LOC_Os12g11400.1 protein|hypothetical	protein 100 98.17
>FGENESH:248 1715403		-	1715813	 1 136 - LOC_Os05g20010.1 protein|expressed	protein 19.12 96.15
>FGENESH:256 1768306		-	1770759	 1 817 + LOC_Os12g11500.1 protein|resistance	protein	SlVe1	precursor,	putative,	expressed 96.57 98.86
>FGENESH:257 1779773		-	1780396	 1 207 + LOC_Os12g11930.1 protein|disease	resistance	protein	SlVe2	precursor,	putative,	expressed 100 98.07
>FGENESH:258 1784556		-	1787288			 1 910 - LOC_Os12g11510 genomic|hcr2-0B,	putative,	expressed 54.15 98.31
>FGENESH:265 1839294		-	1839503				 1 69 - LOC_Os12g11980.1 protein|expressed	protein 100 88.41
>FGENESH:266 1841865		-	1842071		 1 68 - LOC_Os12g11990.1 protein|expressed	protein 100 97.06
>FGENESH:269 1864564		-	1864848				 1 94 + LOC_Os12g12000.1 protein|RALFL46	-	Rapid	ALkalinization	Factor	RALF	family	protein	precursor,	expressed 100 86.46
>FGENESH:270 1870560		-	1873493		 1 977 + LOC_Os12g12010.1 protein|verticillium	wilt	disease	resistance	protein	precursor,	putative,	expressed 100 97.85
>FGENESH:271 1877169		-	1879931		 3 853 - LOC_Os11g46980.1 protein|receptor-like	protein	kinase	2	precursor,	putative,	expressed 87.57 72.36
>FGENESH:272 1891789		-	1893496			 2 150 + LOC_Os12g12170.1 protein|cytochrome	b5-like	Heme/Steroid	binding	domain	containing	protein,	expressed 100 98.67
>FGENESH:278 1938377		-	1942685			 10 819 - LOC_Os12g12260.2 protein|diacylglycerol	kinase	1,	putative,	expressed 80.22 99.85
>FGENESH:279 1957145		-	1958810			 2 527 - LOC_Os12g12290.1 protein|exostosin	family	domain	containing	protein,	expressed 100 99.43
>FGENESH:280 1962401		-	1964889		 8 328 - LOC_Os12g12300.1 protein|EDM2,	putative,	expressed 100 94.2
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Table	3.4	continued	
	

	

	
	

Gene Position	on	contig exons amino	acids chain BLAST	hit	(MSU) Annotation Query	
Coverage

%	Identity	to	
Nipponbare

>FGENESH:174 1190669		-	1191103		 1 144 - LOC_Os10g10664.1 protein|hypothetical	protein 83.33 99.17
>FGENESH:176 1197183		-	1197563		 1 126 - LOC_Os06g38460.1 protein|expressed	protein 100 96.83
>FGENESH:180 1226216		-	1226653	 1 145 + LOC_Os12g10510.1 protein|expressed	protein 100 99.31
>FGENESH:181 1226998		-	1230393		 7 201 - LOC_Os12g10520.2 protein|OsMADS33	-	MADS-box	family	gene	with	MIKCc	type-box,	expressed 100 100
>FGENESH:183 1254705		-	1258356	 6 151 + LOC_Os12g10560.1 protein|clathrin	adaptor	complex	small	chain	domain	containing	protein,	expressed 100 99.34
>FGENESH:187 1278376		-	1278657		 1 93 + LOC_Os03g45010.1 protein|expressed	protein 59.14 90.91
>FGENESH:189 1296477		-	1297364	 1 295 + LOC_Os12g10630.1 protein|ZF-HD	protein	dimerisation	region	containing	protein,	expressed 82.37 90.65
>FGENESH:190 1305976		-	1311010 10 402 - LOC_Os12g10640.1 protein|uncharacterized	protein	ycf45,	putative,	expressed 92.54 99.73
>FGENESH:191 1315149		-	1317143	 4 189 + LOC_Os12g10650.1 protein|expressed	protein 100 100
>FGENESH:192 1320933		-	1323441	 2 214 + LOC_Os12g10660.1 protein|B-box	zinc	finger	family	protein,	putative,	expressed 100 98.13
>FGENESH:193 1324179		-	1329337 5 1174 - LOC_Os12g10670.1 protein|AAA-type	ATPase	family	protein,	putative,	expressed 100 99.66
>FGENESH:195 1347745		-	1348477		 2 132 - LOC_Os12g10690.1 protein|expressed	protein 100 92.42
>FGENESH:196 1352113		-	1359203		 13 1227 + LOC_Os12g10700.1 protein|expressed	protein 100 96.74
>FGENESH:197 1367562		-	1371971 1 1469 - LOC_Os12g10710.1 protein|NB-ARC	domain	containing	protein,	expressed 96.32 98.73
>FGENESH:198 1377212		-	1380083		 8 196 + LOC_Os12g10720.1 protein|glutathione	S-transferase,	putative,	expressed 100 91.59
>FGENESH:199 1381329		-	1384120		 9 212 + LOC_Os12g10730.2 protein|glutathione	S-transferase,	putative,	expressed 100 99.06
>FGENESH:201 1392019		-	1401841		 19 854 + LOC_Os12g10740.1 protein|leucine-rich	repeat	family	protein,	putative,	expressed 100 81.97
>FGENESH:202 1404498		-	1405079	 2 173 - LOC_Os12g10750.1 protein|ARGOS,	putative,	expressed 72.83 95.24
>FGENESH:203 1411861		-	1412640	 1 259 + LOC_Os12g43564.1 protein|expressed	protein 68.34 94.92
>FGENESH:204 1415680		-	1416227		 2 172 - LOC_Os12g10760.1 protein|expressed	protein 100 100
>FGENESH:210 1461777		-	1465201		 5 407 + LOC_Os12g10810.1 protein|expressed	protein 55.28 87.76
>FGENESH:214 1485289		-	1491393	 8 670 + LOC_Os12g10810.1 protein|expressed	protein 39.4 84.47
>FGENESH:218 1514154		-	1515437			 2 197 - LOC_Os08g44290.1 protein|RNA	recognition	motif	containing	protein,	putative,	expressed 14.72 75.86
>FGENESH:219 1516435	-	1519039	 7 465 + LOC_Os12g10850.1 protein|hhH-GPD	superfamily	base	excision	DNA	repair	protein,	putative,	expressed 100 96.2
>FGENESH:220 1526291	-		1523245		 1 1015 - LOC_Os12g10870.1 protein|verticillium	wilt	disease	resistance	protein,	putative,	expressed 100 98.82
>FGENESH:221 1534068		-	1534274				 1 68 - LOC_Os12g10880.1 protein|expressed	protein 100 83.82
>FGENESH:224 1562067		-	1564892			 7 390 + LOC_Os12g10910.1 protein|A/G-specific	adenine	DNA	glycosylase,	putative,	expressed 47.44 78.6
>FGENESH:225 1569945		-	1572974	 2 978 - LOC_Os12g10930 genomic|NL0E,	putative,	expressed 64.59 88.72
>FGENESH:235 1631609		-	1633053		 3 281 - LOC_Os09g30060.1 protein|expressed	protein 39.86 82.14
>FGENESH:242 1689663		-	1692707		 1 1014 - LOC_Os12g11370.1 protein|verticillium	wilt	disease	resistance	protein,	putative,	expressed 100 100
>FGENESH:245 1710511		-	1711172		 2 87 - LOC_Os12g11420.1 protein|expressed	protein 58.62 82.35
>FGENESH:246 1712262		-	1712591		 1 109 - LOC_Os12g11400.1 protein|hypothetical	protein 100 98.17
>FGENESH:248 1715403		-	1715813	 1 136 - LOC_Os05g20010.1 protein|expressed	protein 19.12 96.15
>FGENESH:256 1768306		-	1770759	 1 817 + LOC_Os12g11500.1 protein|resistance	protein	SlVe1	precursor,	putative,	expressed 96.57 98.86
>FGENESH:257 1779773		-	1780396	 1 207 + LOC_Os12g11930.1 protein|disease	resistance	protein	SlVe2	precursor,	putative,	expressed 100 98.07
>FGENESH:258 1784556		-	1787288			 1 910 - LOC_Os12g11510 genomic|hcr2-0B,	putative,	expressed 54.15 98.31
>FGENESH:265 1839294		-	1839503				 1 69 - LOC_Os12g11980.1 protein|expressed	protein 100 88.41
>FGENESH:266 1841865		-	1842071		 1 68 - LOC_Os12g11990.1 protein|expressed	protein 100 97.06
>FGENESH:269 1864564		-	1864848				 1 94 + LOC_Os12g12000.1 protein|RALFL46	-	Rapid	ALkalinization	Factor	RALF	family	protein	precursor,	expressed 100 86.46
>FGENESH:270 1870560		-	1873493		 1 977 + LOC_Os12g12010.1 protein|verticillium	wilt	disease	resistance	protein	precursor,	putative,	expressed 100 97.85
>FGENESH:271 1877169		-	1879931		 3 853 - LOC_Os11g46980.1 protein|receptor-like	protein	kinase	2	precursor,	putative,	expressed 87.57 72.36
>FGENESH:272 1891789		-	1893496			 2 150 + LOC_Os12g12170.1 protein|cytochrome	b5-like	Heme/Steroid	binding	domain	containing	protein,	expressed 100 98.67
>FGENESH:278 1938377		-	1942685			 10 819 - LOC_Os12g12260.2 protein|diacylglycerol	kinase	1,	putative,	expressed 80.22 99.85
>FGENESH:279 1957145		-	1958810			 2 527 - LOC_Os12g12290.1 protein|exostosin	family	domain	containing	protein,	expressed 100 99.43
>FGENESH:280 1962401		-	1964889		 8 328 - LOC_Os12g12300.1 protein|EDM2,	putative,	expressed 100 94.2
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Figure	 3.4.	 IR64	 gene	 prediction	 models	 for	 genes	 showing	 homology	 to	 candidate	 Striga	
hermonthica	 resistance	 genes	 in	 Nipponbare,	 predicted	 by	 Fgenesh	 gene-finder	 (Softberry,	
Inc).	Names	refer	to	the	closest	Nipponbare	homolog.	Number	of	exons	and	their	coordinates	
on	 the	 PacBio	 contig	 are	 shown	 below	 each	 prediction.	 TSS:	 transcription	 start	 site;	 PolA:	
polyadenylation	 signal	 sequence;	 CDSo:	 coding	 sequence,	 solo	 (single	 exon);	 CDSf:	 coding	
sequence,	first;	CDSl:	coding	sequence,	last.	
	

FGENESH 2.6 Prediction of potential genes in Monocot genomic DNA
Seq name: Emilys_contig_big_10870_corrected 
Length of sequence: 2078785 
Number of predicted genes 292: in +chain 133, in -chain 159.
Number of predicted exons 1202: in +chain 589, in -chain 613.
Positions of predicted genes and exons: Variant 1 from 1, 
Score:19271.151562 

CDSf CDSi CDSl CDSo PolA TSS

1
291 1000 1500 2000 2500 3000 3500 4116

1 2 3 4 5 6 7 8 9

1 -      PolA       291               -2.36

1 -    1 CDSl       322 -       507    6.11       322 -       507    186

1 -    2 CDSi       587 -       685    2.03       587 -       685     99

1 -    3 CDSi       788 -       860    2.41       788 -       859     72

1 -    4 CDSi       949 -      1059    8.53       951 -      1058    108

1 -    5 CDSi      1156 -      1329    4.02      1158 -      1328    171

1 -    6 CDSi      1439 -      2420   69.11      1441 -      2418    978

1 -    7 CDSi      2470 -      2611   17.33      2471 -      2611    141

1 -    8 CDSi      2686 -      3559   39.75      2686 -      3558    873

1 -    9 CDSf      3594 -      4108   31.31      3596 -      4108    513

1 -      TSS       4116               -9.68

2
5895 6500 7000 7500 8000 8500 9000 9500 9890

1 2 3 4

2 +      TSS       5895               -3.88

2 +    1 CDSf      6390 -      6965   38.67      6390 -      6965    576

2 +    2 CDSi      7137 -      7442   11.89      7137 -      7442    306

2 +    3 CDSi      7519 -      8049   23.79      7519 -      8049    531

2 +    4 CDSl      8361 -      9602   27.86      8361 -      9602   1242

2 +      PolA      9890               -1.06

3
10107 11000 12000 13000 14000 15000 16195

1 2 3

3 -      PolA     10107               -2.56

3 -    1 CDSl     10486 -     11478   65.20     10486 -     11478    993

3 -    2 CDSi     11708 -     13819  123.37     11708 -     13819   2112

3 -    3 CDSf     15532 -     15588    5.37     15532 -     15588     57

3 -      TSS      16195               -2.68

FGENESH 2.6 Prediction of potential genes in Monocot genomic DNA
Seq name: Emilys_contig_big_10870_corrected 
Length of sequence: 2078785 
Number of predicted genes 292: in +chain 133, in -chain 159.
Number of predicted exons 1202: in +chain 589, in -chain 613.
Positions of predicted genes and exons: Variant 1 from 1, 
Score:19271.151562 

CDSf CDSi CDSl CDSo PolA TSS

1
291 1000 1500 2000 2500 3000 3500 4116

1 2 3 4 5 6 7 8 9

1 -      PolA       291               -2.36

1 -    1 CDSl       322 -       507    6.11       322 -       507    186

1 -    2 CDSi       587 -       685    2.03       587 -       685     99

1 -    3 CDSi       788 -       860    2.41       788 -       859     72

1 -    4 CDSi       949 -      1059    8.53       951 -      1058    108

1 -    5 CDSi      1156 -      1329    4.02      1158 -      1328    171

1 -    6 CDSi      1439 -      2420   69.11      1441 -      2418    978

1 -    7 CDSi      2470 -      2611   17.33      2471 -      2611    141

1 -    8 CDSi      2686 -      3559   39.75      2686 -      3558    873

1 -    9 CDSf      3594 -      4108   31.31      3596 -      4108    513

1 -      TSS       4116               -9.68

2
5895 6500 7000 7500 8000 8500 9000 9500 9890

1 2 3 4

2 +      TSS       5895               -3.88

2 +    1 CDSf      6390 -      6965   38.67      6390 -      6965    576

2 +    2 CDSi      7137 -      7442   11.89      7137 -      7442    306

2 +    3 CDSi      7519 -      8049   23.79      7519 -      8049    531

2 +    4 CDSl      8361 -      9602   27.86      8361 -      9602   1242

2 +      PolA      9890               -1.06

3
10107 11000 12000 13000 14000 15000 16195

1 2 3

3 -      PolA     10107               -2.56

3 -    1 CDSl     10486 -     11478   65.20     10486 -     11478    993

3 -    2 CDSi     11708 -     13819  123.37     11708 -     13819   2112

3 -    3 CDSf     15532 -     15588    5.37     15532 -     15588     57

3 -      TSS      16195               -2.68

217 +    1 CDSf   1504697 -   1504748   -3.50   1504697 -   1504747     51

217 +    2 CDSi   1505054 -   1505106    1.67   1505056 -   1505106     51

217 +    3 CDSi   1505389 -   1505451    2.07   1505389 -   1505451     63

217 +    4 CDSi   1505851 -   1505948   12.37   1505851 -   1505946     96

217 +    5 CDSi   1506760 -   1506847   10.64   1506761 -   1506847     87

217 +    6 CDSi   1507604 -   1507658    7.11   1507604 -   1507657     54

217 +    7 CDSi   1507712 -   1507719   -1.41   1507714 -   1507719      6

217 +    8 CDSi   1508697 -   1509034   20.64   1508697 -   1509032    336

217 +    9 CDSi   1510194 -   1510329   10.73   1510195 -   1510329    135

217 +   10 CDSl   1510450 -   1510728    0.79   1510450 -   1510728    279

217 +      PolA   1511496                0.44

218
1513637 1514000 1514500 1515000 1515500 1515753

1 2

218 -      PolA   1513637                0.44

218 -    1 CDSl   1514154 -   1514171    0.20   1514154 -   1514171     18

218 -    2 CDSf   1514862 -   1515437   24.85   1514862 -   1515437    576

218 -      TSS    1515753               -5.98

219
1515804 1517000 1518000 1519000 1520071

1 2 3 4 5 6 7

219 +      TSS    1515804               -6.58

219 +    1 CDSf   1516435 -   1516812   19.90   1516435 -   1516812    378

219 +    2 CDSi   1516929 -   1516988   14.91   1516929 -   1516988     60

219 +    3 CDSi   1517453 -   1517569    1.55   1517453 -   1517569    117

219 +    4 CDSi   1517666 -   1517763    9.66   1517666 -   1517761     96

219 +    5 CDSi   1518122 -   1518672   34.51   1518123 -   1518671    549

219 +    6 CDSi   1518770 -   1518873    8.34   1518772 -   1518873    102

219 +    7 CDSl   1518950 -   1519039    3.86   1518950 -   1519039     90

219 +      PolA   1520071                0.44

220
1523142 1524000 1525000 1526000 1526763

1

220 -      PolA   1523142                0.44

220 -    1 CDSo   1523245 -   1526292  110.23   1523245 -   1526292   3048

220 -      TSS    1526763               -7.28

221
1534005 1534500 1535000 1535543

1

221 -      PolA   1534005                0.44

221 -    1 CDSo   1534069 -   1534275   16.29   1534069 -   1534275    207

IR64_h_Os12g10870	

221 -      TSS    1535543               -2.28

222
1545947 1547000 1548000 1549000 1550243

1 2 3 4

222 -      PolA   1545947                0.44

222 -    1 CDSl   1545979 -   1546035   -2.21   1545979 -   1546035     57

222 -    2 CDSi   1546192 -   1546419    9.28   1546192 -   1546419    228

222 -    3 CDSi   1546459 -   1548348  111.15   1546459 -   1548348   1890

222 -    4 CDSf   1548414 -   1550054   92.94   1548414 -   1550054   1641

222 -      TSS    1550243               -7.28

223
1558829 1559500 1560000 1560500 1561000 1561454

1 2

223 +      TSS    1558829               -1.98

223 +    1 CDSf   1559131 -   1560277   41.84   1559131 -   1560276   1146

223 +    2 CDSl   1560671 -   1561311   19.28   1560673 -   1561311    639

223 +      PolA   1561454                0.44

224
1561621 1563000 1564000 1565223

1 2 3 4 5 6 7

224 +      TSS    1561621               -8.98

224 +    1 CDSf   1562068 -   1562466   22.44   1562068 -   1562466    399

224 +    2 CDSi   1562588 -   1562647    9.94   1562588 -   1562647     60

224 +    3 CDSi   1563502 -   1563599    9.49   1563502 -   1563597     96

224 +    4 CDSi   1563978 -   1564240   13.19   1563979 -   1564239    261

224 +    5 CDSi   1564371 -   1564529    7.34   1564373 -   1564528    156

224 +    6 CDSi   1564625 -   1564728    9.30   1564627 -   1564728    102

224 +    7 CDSl   1564804 -   1564893    3.09   1564804 -   1564893     90

224 +      PolA   1565223                0.44

225
1569862 1570500 1571000 1571500 1572000 1572500 1573135

1 2

225 -      PolA   1569862                0.44

225 -    1 CDSl   1569946 -   1571846   70.55   1569946 -   1571844   1899

225 -    2 CDSf   1571940 -   1572975   66.40   1571941 -   1572975   1035

225 -      TSS    1573135               -6.18

226
1582722 1583000 1583500 1584000 1584183

1

IR64_h_Os12g10930	

IR64_h_Os12g11370	

238 +    7 CDSi   1659546 -   1659636    1.73   1659547 -   1659636     90

238 +    8 CDSl   1660084 -   1660260    8.63   1660084 -   1660260    177

238 +      PolA   1660567                0.44

239
1669822 1669900 1670000 1670100 1670212

1

239 +      TSS    1669822               -2.38

239 +    1 CDSo   1669868 -   1670176    6.03   1669868 -   1670176    309

239 +      PolA   1670212                0.44

240
1673343 1674000 1674500 1675000 1675500 1676000 1676502

1 2 3 4 5 6 7 8 9

240 -      PolA   1673343               -2.36

240 -    1 CDSl   1673372 -   1673548    8.81   1673372 -   1673548    177

240 -    2 CDSi   1673630 -   1673713    0.80   1673630 -   1673713     84

240 -    3 CDSi   1673809 -   1673881    1.55   1673809 -   1673880     72

240 -    4 CDSi   1673961 -   1674029    2.21   1673963 -   1674028     66

240 -    5 CDSi   1674249 -   1674312    3.83   1674251 -   1674310     60

240 -    6 CDSi   1674548 -   1675183   23.40   1674549 -   1675181    633

240 -    7 CDSi   1675312 -   1675453   15.86   1675313 -   1675453    141

240 -    8 CDSi   1675657 -   1675862   10.54   1675657 -   1675860    204

240 -    9 CDSf   1676294 -   1676498   10.28   1676295 -   1676498    204

240 -      TSS    1676502               -3.88

241
1679165 1682500 1685000 1688427

1 2 3 4 5

241 -      PolA   1679165               -2.56

241 -    1 CDSl   1679205 -   1680964  104.43   1679205 -   1680962   1758

241 -    2 CDSi   1681039 -   1681386   10.81   1681040 -   1681384    345

241 -    3 CDSi   1681633 -   1682003    8.52   1681634 -   1682002    369

241 -    4 CDSi   1682070 -   1682537    9.36   1682072 -   1682536    465

241 -    5 CDSf   1685573 -   1686060   13.69   1685575 -   1686060    486

241 -      TSS    1688427               -2.78

242
1689202 1690000 1691000 1692000 1693338

1

242 -      PolA   1689202               -1.06

242 -    1 CDSo   1689664 -   1692708  129.07   1689664 -   1692708   3045

242 -      TSS    1693338               -6.28

IR64_h_Os12g11500	

253
1745017 1745500 1746000 1746500 1747000 1747345

1

253 +      TSS    1745017               -9.18

253 +    1 CDSo   1745224 -   1745634   32.02   1745224 -   1745634    411

253 +      PolA   1747345                0.44

254
1747742 1748500 1749000 1749500 1750000 1750500 1751024

1 2 3 4 5

254 -      PolA   1747742                0.44

254 -    1 CDSl   1748267 -   1748902   55.30   1748267 -   1748902    636

254 -    2 CDSi   1748998 -   1749534   19.86   1748998 -   1749534    537

254 -    3 CDSi   1749567 -   1749979   27.44   1749567 -   1749977    411

254 -    4 CDSi   1750069 -   1750144    0.52   1750070 -   1750144     75

254 -    5 CDSf   1750186 -   1750905   47.34   1750186 -   1750905    720

254 -      TSS    1751024               -2.48

255
1755543 1756000 1756500 1757000 1757542

1 2

255 +      TSS    1755543               -4.28

255 +    1 CDSf   1755650 -   1755829    9.79   1755650 -   1755829    180

255 +    2 CDSl   1756968 -   1757096    1.52   1756968 -   1757096    129

255 +      PolA   1757542                0.44

256
1767912 1769000 1770000 1771000 1772138

1

256 +      TSS    1767912               -6.68

256 +    1 CDSo   1768307 -   1770760   92.89   1768307 -   1770760   2454

256 +      PolA   1772138                0.44

257
1779531 1779800 1780000 1780200 1780400 1780600 1780825

1

257 +      TSS    1779531               -7.78

257 +    1 CDSo   1779774 -   1780397   19.24   1779774 -   1780397    624

257 +      PolA   1780825                0.44

258
1783788 1785000 1786000 1787336

1

IR64_h_Os12g11930	

253
1745017 1745500 1746000 1746500 1747000 1747345

1

253 +      TSS    1745017               -9.18

253 +    1 CDSo   1745224 -   1745634   32.02   1745224 -   1745634    411

253 +      PolA   1747345                0.44

254
1747742 1748500 1749000 1749500 1750000 1750500 1751024

1 2 3 4 5

254 -      PolA   1747742                0.44

254 -    1 CDSl   1748267 -   1748902   55.30   1748267 -   1748902    636

254 -    2 CDSi   1748998 -   1749534   19.86   1748998 -   1749534    537

254 -    3 CDSi   1749567 -   1749979   27.44   1749567 -   1749977    411

254 -    4 CDSi   1750069 -   1750144    0.52   1750070 -   1750144     75

254 -    5 CDSf   1750186 -   1750905   47.34   1750186 -   1750905    720

254 -      TSS    1751024               -2.48

255
1755543 1756000 1756500 1757000 1757542

1 2

255 +      TSS    1755543               -4.28

255 +    1 CDSf   1755650 -   1755829    9.79   1755650 -   1755829    180

255 +    2 CDSl   1756968 -   1757096    1.52   1756968 -   1757096    129

255 +      PolA   1757542                0.44

256
1767912 1769000 1770000 1771000 1772138

1

256 +      TSS    1767912               -6.68

256 +    1 CDSo   1768307 -   1770760   92.89   1768307 -   1770760   2454

256 +      PolA   1772138                0.44

257
1779531 1779800 1780000 1780200 1780400 1780600 1780825

1

257 +      TSS    1779531               -7.78

257 +    1 CDSo   1779774 -   1780397   19.24   1779774 -   1780397    624

257 +      PolA   1780825                0.44

258
1783788 1785000 1786000 1787336

1

IR64_h_Os12g11510	

253
1745017 1745500 1746000 1746500 1747000 1747345

1

253 +      TSS    1745017               -9.18

253 +    1 CDSo   1745224 -   1745634   32.02   1745224 -   1745634    411

253 +      PolA   1747345                0.44

254
1747742 1748500 1749000 1749500 1750000 1750500 1751024

1 2 3 4 5

254 -      PolA   1747742                0.44

254 -    1 CDSl   1748267 -   1748902   55.30   1748267 -   1748902    636

254 -    2 CDSi   1748998 -   1749534   19.86   1748998 -   1749534    537

254 -    3 CDSi   1749567 -   1749979   27.44   1749567 -   1749977    411

254 -    4 CDSi   1750069 -   1750144    0.52   1750070 -   1750144     75

254 -    5 CDSf   1750186 -   1750905   47.34   1750186 -   1750905    720

254 -      TSS    1751024               -2.48

255
1755543 1756000 1756500 1757000 1757542

1 2

255 +      TSS    1755543               -4.28

255 +    1 CDSf   1755650 -   1755829    9.79   1755650 -   1755829    180

255 +    2 CDSl   1756968 -   1757096    1.52   1756968 -   1757096    129

255 +      PolA   1757542                0.44

256
1767912 1769000 1770000 1771000 1772138

1

256 +      TSS    1767912               -6.68

256 +    1 CDSo   1768307 -   1770760   92.89   1768307 -   1770760   2454

256 +      PolA   1772138                0.44

257
1779531 1779800 1780000 1780200 1780400 1780600 1780825

1

257 +      TSS    1779531               -7.78

257 +    1 CDSo   1779774 -   1780397   19.24   1779774 -   1780397    624

257 +      PolA   1780825                0.44

258
1783788 1785000 1786000 1787336

1

258 -      PolA   1783788                0.44

258 -    1 CDSo   1784557 -   1787289  114.41   1784557 -   1787289   2733

258 -      TSS    1787336               -2.68

259
1788169 1788500 1789000 1789500 1790097

1

259 -      PolA   1788169                0.44

259 -    1 CDSo   1789196 -   1789507    9.82   1789196 -   1789507    312

259 -      TSS    1790097               -6.58

260
1790587 1791000 1791500 1792000 1792500 1792775

1 2

260 +      TSS    1790587               -4.68

260 +    1 CDSf   1790998 -   1791371   25.20   1790998 -   1791369    372

260 +    2 CDSl   1791648 -   1792380   24.80   1791649 -   1792380    732

260 +      PolA   1792775                0.44

261
1793188 1793400 1793600 1793800 1794000 1794200 1794440

1 2

261 -      PolA   1793188                0.44

261 -    1 CDSl   1793214 -   1793762    3.81   1793214 -   1793762    549

261 -    2 CDSf   1793829 -   1794083   12.11   1793829 -   1794083    255

261 -      TSS    1794440               -6.58

262
1802497 1802800 1803000 1803200 1803400 1803600 1803754

1

262 -      PolA   1802497                0.44

262 -    1 CDSo   1803265 -   1803474   11.14   1803265 -   1803474    210

262 -      TSS    1803754               -5.98

263
1809842 1812500 1815000 1817197

1 2 3 4

263 -      PolA   1809842                0.44

263 -    1 CDSl   1810017 -   1813462  181.04   1810017 -   1813460   3444

263 -    2 CDSi   1813525 -   1814522   68.55   1813526 -   1814521    996

263 -    3 CDSi   1814787 -   1815592   62.40   1814789 -   1815592    804

263 -    4 CDSf   1816689 -   1816754    0.44   1816689 -   1816754     66

IR64_h_Os12g12010	

269
1864214 1864500 1864750 1865000 1865162

1

269 +      TSS    1864214               -7.88

269 +    1 CDSo   1864565 -   1864849   14.46   1864565 -   1864849    285

269 +      PolA   1865162                0.44

270
1869707 1871000 1872000 1873000 1873595

1

270 +      TSS    1869707               -6.98

270 +    1 CDSo   1870561 -   1873494  123.01   1870561 -   1873494   2934

270 +      PolA   1873595                0.44

271
1876870 1877500 1878000 1878500 1879000 1879500 1880012

1 2 3

271 -      PolA   1876870               -1.06

271 -    1 CDSl   1877170 -   1877537   15.25   1877170 -   1877535    366

271 -    2 CDSi   1877642 -   1879327   38.31   1877643 -   1879325   1683

271 -    3 CDSf   1879425 -   1879932   21.20   1879426 -   1879932    507

271 -      TSS    1880012               -3.48

272
1890349 1891000 1892000 1893000 1894192

1 2 3

272 +      TSS    1890349               -4.38

272 +    1 CDSf   1891790 -   1891891   13.50   1891790 -   1891891    102

272 +    2 CDSi   1892128 -   1892194   11.23   1892128 -   1892193     66

272 +    3 CDSl   1893214 -   1893497   23.50   1893216 -   1893497    282

272 +      PolA   1894192               -1.06

273
1894716 1896000 1898000 1900000 1902000 1904000 1905514

1 2 3 4 5 6

273 +      TSS    1894716               -4.98

273 +    1 CDSf   1895121 -   1895436   21.88   1895121 -   1895435    315

273 +    2 CDSi   1897417 -   1897516    2.27   1897419 -   1897514     96

273 +    3 CDSi   1897947 -   1898103    6.36   1897948 -   1898103    156

273 +    4 CDSi   1899324 -   1899410    1.89   1899324 -   1899410     87

273 +    5 CDSi   1903216 -   1903316    8.62   1903216 -   1903314     99

273 +    6 CDSl   1903663 -   1904719   28.02   1903664 -   1904719   1056

273 +      PolA   1905514               -1.06
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Figure	 3.5	 Position	 of	 IR64	 gene	 predictions	 on	 the	 PacBio	 contig	 for	 genes	 showing	 homology	 to	 candidate	 Striga	 hermonthica	 resistance	 RLP	 genes	 in	
Nipponbare.	Gene	predictions	were	made	by	Fgenesh	gene-finder	 (Softberry,	 Inc).	Names	 refer	 to	 the	closest	Nipponbare	homolog.	Numbers	above	sequence	
refer	 to	 the	 length	of	 the	QTL	 in	bp	and	does	not	 correlate	with	position	on	 the	genome.	Arrows	 indicate	gene	orientation.	 IR64	PacBio	 contig	 sequence	was	
obtained	from	the	Schatz	lab	(confidential)	
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Figure	3.6.	Nucleic	acid	sequenced	alignment	from	part	of	the	IR64	homolog	to	Os12g10870.	
Illumina	 and	 PacBio	 sequnces	 are	 aligned	 against	 genes	 cloned	 from	 IR64.	 The	 sequencing	
error	of	the	PacBio	sequence	is	highlighted	in	red.	
	

	

	

	

A	phylogenetic	tree	was	constructed	for	the	13	candidate	S.	hermonthica	resistance	RLP	genes	

in	the	Nipponbare	QTL,	and	the	homologs	identified	in	the	IR64	S.	hermonthica	resistance	QTL	

(Figure	3.8).	This	indicates	that	4	of	the	RLP	genes	in	Nipponbare	have	undergone	a	duplication	

event.	One	of	each	of	the	duplicated	genes	is	present	in	the	“Nipponbare-specific	region”	that	

was	observed	when	the	sequence	of	the	Nipponbare	QTL	was	aligned	against	the	equivalent	

region	of	the	Koshihikari	genome	(Figure	3.	2).	The	IR64	homologs	of	these	RLP	genes	are	more	

closely	related	to	the	genes	present	outside	this	“Nipponbare-specific”	region	(Figure	3.8).	

	

	

CT T ATGCTGA T TGAT T T CT C AAAT AATGCA T T CCATGGT A CCAT T CCTGA
CT T ATGCTGA T TGAT T T CT C AAAT AATGCA T T CCATGGT A CCAT T CCTGA
CT T ATGCTGA T TGAT T T CT C AAAT AATGCA T T CCATGGT A CCAT T CCTGA
CT T ATGCTGA T TGAT T T CT C AAAT AATGCA T T CCATGGT A CCAT T CCTGA

GACTGT CGGG GGGCT TGT AC TGCT T CACGG GCT CAACATG T CT CACAATG
GACTGT CGGG GG- CT TGT AC TGCT T CACGG GCT CAACATG T CT CACAATG
GACTGT CGGG GGGCT TGT AC TGCT T CACGG GCT CAACATG T CT CACAATG
GACTGT CGGG GGGCT TGT AC TGCT T CACGG GCT CAACATG T CT CACAATG

CCCT T ACAGG AT CAAT T CCA ACT CAGT T TG GCAGGT TGAA T CAACT TGAG
CCCT T ACAGG AT CAAT T CCA ACT CAGT T TG GCAGGT TGAA T CAACT TGAG
CCCT T ACAGG AT CAAT T CCA ACT CAGT T TG GCAGGT TGAA T CAACT TGAG
CCCT T ACAGG AT CAAT T CCA ACT CAGT T TG GCAGGT TGAA T CAACT TGAG

T CAT TGGACC T CT CCT CGAA TGAGCT CACT GGGGGGAT CC CCAAGGAGCT
T CAT TGGACC T CT CCT CGAA TGAGCT CACT GGGGGGAT CC CCAAGGAGCT
T CAT TGGACC T CT CCT CGAA TGAGCT CACT GGGGGGAT CC CCAAGGAGCT
T CAT TGGACC T CT CCT CGAA TGAGCT CACT GGGGGGAT CC CCAAGGAGCT

AGCAT CACT C AACT T CCT T T CAACACT T AA T T TGT CCT AC AACATGT TGG
AGCAT CACT C AACT T CCT T T CAACACT T AA T T TGT CCT AC AACATGT TGG
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1

MSSF SKRV - - PHHVA S- L L A MML I LQ L VQA T T LDD L T T T S SET T PAM- C L PDQA SA L LR L
MSSST KR L VR PHH LAK P L L T MLH I L LQVQA I A - - - - A L TD DAT A PV I QC L PDQA SA L LR L
M- - - - - RVAR - - H L P L - L L T V LQ I V LQAQA AT I L T - DRT S SSV PPP I PC L PDQA SA L LQL
M- - - - - - - - - - - - - - - - - - - - - Y I L LQVQA T T - - - - - NT A RT VV PPVRCH PDQA SA L LR L
M- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
MRSA - - - - - - - YH LMPP L AM L L I LG L ADHA - - - - - - - - - - SST EA PAAC L PDQA SA L LQL
MA - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A P I QC L PGQAAA L LQL

KRSFNAT AGD Y ST T FRSW I P GSDCCRWESV HCDGA - DGRV T SLD LGGHN L QAGG- LDHA L
KN SFNKT AGG Y ST A FRSW I T GTDCCHWDGV DCGGGEDGRV T SL V LGGHN L QAGS- I SPA L
KRSFNPKAGD YT T A FRSW I T G I DCCHWDG I ACGGA - DGRV T SLD LGGHH L QA S I - VD PA L
KH SFNAT AGD Y ST A FQSWVA GTDCCRWDGV GCGGA - DGRV T SLD LGGHQL QAGS- VDPA L
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
KR SFNAT I GD YPAA FRSWVA GADCCHWDGV RCGGAGGR- V T SLD L SHRD L QA SSGLDDA L
KRSFDAT VGD Y FAA FRSWVA GADCCHWDGV RCGGNDGRA I T F LD LRGHQL QA EV - LDAA L

FR L T SL KH LN L SGN I FTMSQ L PA - TGFEQL T E L TH LD L SD TN I AGKV PAG I GR L V SL V Y L
FR L T SLRY LD I SGNN F SMSQ L PV - TGFEN L T E L TH LD L SD TN I AGEV PAG I GSL VN L V Y L
FR L T SLRY LD L SGNN F SMS I L - I - NGL EQL T E L TH LD L SD TN I AGEV P SA I GR L T SL V Y L
FR L T SL KH LN L SGND F SMSQ L PV I TGFEQL T E L V Y LD L SD TN I AGEV PGS I GR L TN L V Y L
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
F SL T SL EY LD L SSND F SK SK L PA - TGFEK L TGL TH LD L SN TN FAGLV PAG I GR L T SLNY L
F SL T SL EY LD I SSND F SA SK L PA - TGFE L L A E L TH LD L SD DN FAGEV PAG I GH L TN L V Y L

D L ST SFV I V S YDDEN S I T RY ATH S I GQL SA PNMET L L TN L TN L EE LHMGM V - - DMSNN - -
D L ST SFY I I Y YDDENKMMP F A SDN FWQL SV PNMET L L AN L TN L EE LHMGM V - - DMSGN - -
D L ST SFY I V E FDNENGKMT Y N SD L FRQL SA PN L ET L LGN L TN L EE LHMGM V - - NMSGN - -
D L ST SFY I V E YNDDEQVT - F D SD SVWQL SA PNMET L I EN L SN L EE LHMGM V - - D L SGN - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
D L ST T F FV EG LDDK Y S I T YY Y SDTMAQL SE P SL ET L L AN L TN L EE LR LGM VMVNMSSNYG
D L ST SF LDEE LDEEN SV L YY T SY SL SQL SE P SLD SL L AN L TN LQE LR LGM V - - DMSSN - -

GE LWCDH I AK YT PK LQV L SL PYCSL SGPVC A SFAAMRSL T T I E LHYN L L S GSV PE F L AGF
GERWCDD I AK FT PK LQV L SL PYCSL SGP I C T SL SSMN SL T R I E LHYNH L S GSV PE F L AGF
GDQWCDH I AK ST PK LQV L SL PWCL L SGP I C T SL SAMQSLN T I E LHYNH L S GSV PE F L AT F
GERWCDN I AK YT PK LQV L SL PYCSL SGP I C A SF SA LQA L T M I E LHYNH L S GSV PE F L AGF
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
T ARWCDAMAR SSPK LRV I SM PYCSL SGP I C H SL SA LRSL S V I E LHYNH L S GPV PE F L AA L
GARWCDA I AR F SPK LQ I I SM PYCSL SGP I C QSF SA L K SL V V I E LHYNY L S GP I PE F L AD L

SN L T V LQL ST NN FQGWFPP I I FQHKK LRT I D L SKNPG I SG N L P - N F SQD S SL EN L FV SRT
SN L T V LQL SK NK FEGL FPP I I FQHKK L VT I N I TNNPGL SG SL P - N F SQD S K L EN L L I SST
SN L T V LQL SR NK FEGWFPPT I FQHKK L I T I N I I NN PGL SG H L P - N F SQA S SL ENV F I SL T
SN L T V LQL SK NK FQGSFPP I I FQHKK LRT I N L SKNPG I SG N L P - N F SQDT SL EN L F LNNT
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
P SL SV LQL SN NMFEGV FPP I I FQHEK L T T I N L T KN LG I SG N L PT SF SGD S SLQSL SV SNT
SN L SV LQL SN NN FEGWFPP I I FQHKK LRG I D L SKN FG I SG N L P - N F SAD S N LQS I SV SNT

N FTGM I P SS I SN LRSL KK LG I GA SGF SGT L P SSLGSF L Y L D L L EV SGFQ I VGSMP SW I SN
N FTG I I P SS I SN L K SL T K LD LGA SGF SGML P SSLGSL K Y L D L L EV SG I Q L TGSMA PW I SN
N FT A - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T L K Y L D L L EV SGLQL VGS I P SW I SN
N FTGT I PGS I I N L I SVKK LD LGA SGF SGSL P SSLGSL K Y L DMLQL SGLQL VGT I P SW I SN
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
N F SGT I PGS I SN LRSL K E L A LGA SGF SGV L P SS I GK L K SL SL L EV SGL E L VGS I P SW I SN
N F SGT I P SS I SN L K SL K E L A LGA SGF SGE L P SS I GK L K SL D L L EV SGL E L VGSMP SW I SN

L T SL T V LQF S NCGL SGHV P S S I GN LRE L I K L A L YNCK F SG KV PPQ I LN L T H L ET L V LH SN
L T SL T V L K F S DCGL SGE I P S S I GN L KK L SM LA L YNCK F SG KV PPQ I FN L T QLQSLQLH SN
L T SL T V LQF S NCGL SGQV P S S I GN LRE LRK L A L YNCK F SG KMPPQ I LN L T R LQT L L LH SN
L T SL T V LR I S NCGL SGPV P S S I GN LRE L T T L A L YNCN F SG T VHPQ I LN L T R LQT L L LH SN
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
L T SL T V L K F F SCGL SGP I PA S I GN L KK L T K L A L YNCH F SG V I A PQ I LN L T H LQY L L LH SN
L T SL T V LN F F HCGL SGR L PA S I V Y L T K L T K L A L YDCH F SG EVVN L I LN L T QL ET L L LH SN

N FDGT I E L T S F SK L KN L SV L N L SNNK L VVV DGEN I SSL V S FPN L E F L SL A SCSMST FPN I
N L AGT V E L T S FT K L KN L SV L N L SNNK L L V L HGEN SSSL V P FPK I K L L R L A SCS I ST FPN I
N FTGT V E I T S F SK L EN L SV L N L SNNE L L VV DGEN ST KV L S FPK I K F LR L A SCS I ST FPN I
N FAGT VD L T S F SK L KN L T F L N L SNNK L L VV EGKN SSSL V L FPK LQL L SL A SCSMT T FPN I
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
N L VGT V E L SS Y SKMQN L SA L N L SNNK L VVM DGEN SSSVV S YPN I I L L R L A SCS I SSFPN I
N FVGT A E L T S L SK LQN L SV L N L SNNK L VV I DGEN SSSEAT YP S I SF LR L S SCS I SSFPN I

L KH LDKMF SL D I SHNQ I QGA I PQWAWKTWK GLQF L L LNMS HNN FT SLGSD P L L P LH I E F L
L KH LHE I T T L D L SHNK I QGA I PQWAWETWR GMY F L L LN I S HNN I T SLGSD P L L P L E I D F F
L K SLNE I T SL D L SCNQ I QGA I PQWAWGTWK GLQFY L LN I S HNN FT SLGPD SL L P LH I D Y F
LRD L PD I T SL D L SNNQ I QGA I PQWAWKTWK GLQF I V LN I S HNN FT SLGSD P F L P L YV EY F
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
L RH LHE I T F L D L SYNQ I QGA I PQWAWKT - L N LGFA L FN L S HNK FT S I GSH P L L PV Y I E F F
LRH L PE I T SL D L SYNQ I RGA I PQWVWKT - S GY - F SL LN L S HNK FT STGSD P L L P LN I E F F

Signal	pep*de	



Chapter	3	

	 92	

	

Figure	 3.7.	 Amino	 acid	 alignment	 for	 7	 predicted	 IR64	 homologs	 of	 candidate	 Striga	
hermonthica	resistance	RLP	genes	in	Nipponbare.	Polymorphic	residues	are	highlighted	in	red.	
Structural	 domains	 of	 the	 protein	 predicted	 by	 NCBI	 protein	 BLAST	 and	 SMART	 protein	
(http://smart.embl-heidelberg.de)	are	shown	above	alignments.	Yellow	boxes	 indicate	amino	
acids	 that	 correspond	 to	 putative	 solvent-exposed	 residues	 xxLxLxx	 of	 the	 concave	 (inner)	
surface	of	the	extracellular	leucine-rich	repeat	(eLRR)	domain	thought	to	be	involved	in	ligand	
binding	(Zhang	et	al.,	2014).	
	

	

2

D L SFN S I EGP I P I PQEGSST LDY SSNQF SS I P LHY L T Y LG ET L T FKA SRN K L SGD I PP S I
D L SFN S I EGP I PV PQEGSTM LDY SSNQF SS MP LHY ST Y LG ET FT FKA SKN K L SGN I P - S I
DV SFN S I EGP I P I PRDGSST LDY SSNQF SA MP LHY ST Y LG ET L V FKA SKN K L SGN I P SS I
D L SFN S I EGP I P I PQEGSST LDY SSNQF SS MP LRY ST Y LG ET VT FKA SKN K L SGNV PP L I
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
D L SFNN I EGV I P I PK EGSVT LDY SNNRF SS L P LN F ST Y L T NT V L FKA SNN S I SRN I PP S I
D L SFNK I EGV I P I PQKGS I T LDY SNNQF SS MP LN F ST Y L K KT I I FKV SKN N L SGN I PP S I

CT AATN LQL F D L SYNN L SGS I P SC LMEDA I E LQV L SL K EN K L VGN L PD S I K EGCSL EA I D
CSA P - R LQL I D L SYNN L SGS I P SC LMEDVT A LQ I LN L K EN K L VGT I PDN I K EGCA L EA I D
CT AVRR LQL I D L SYNN F SGP I P SC LMED L T A LQV L SL K EN K L VGK L PD S I K EGCV L EA LD
CT T ARK LQL I D L SYNN L SGS I P SC L L E SF S E LQV L SL KAN K FVGK L PD I I K EGCA L EA LD
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
CDG I K SLQL I D L SNNN L TGL I P SC LMEDAD A LQV L SL KDN H L TGE L PDN I K EGCA L SA LD
CDR I K SLQL I D L SNNY L TG I I P SC LMEDA S A LQV L SL K EN N L TGE L PDN I K EGCA L SA LD

L SGN L I DGK I PRSL V SCRN L E I LDVGNNQ I SD SFPCWMSK LCK LQV L V L K SNK FTGQVMD
L SGN L FEGR I PRSL VACRN L E I LD I GNNE I SD SFPCWMSK L PK LQV L A L K SNK FTGQ I MD
L SGN L I EGK I PRSL VACKN L E F LD I GSNQ I SDT FPCWMSE L PK LQV L V L K SNK FTGQVMD
L SDN S I EGK I PRSL V SCRN L E I LD I GSNQ I SD SFPCWL SQ L PK LQV L V L K SNK L TGQVMD
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
F SGN S I QGQL PRSL VACRN L E I LD I GNNK I SD SFPCWMSK L PQLQV L V L K SNK F I GQ I LD
F SGN L I QGK L PRSL VACRN L E I LD I GNNQ I SD SFPCWMSK L PQLQV L V L K SNRF I GQ- MD

P SYT VDRN SC A FTQLR I ADM A SNN FNGT L P EAWFKMLK SM I AMTQNDT L V MENK - - YYHG
P SYT VDGN SC E FT E LR I ADM A SNN FNGT L P EAWFTMLK SM NA I SDNDT L V MENQ- - YYHG
P SYMAGGDT C E FT E LR I ADM A SNN FNGT L P EAWFKMLK SM MSRSDNET L V MENQ- - YYHG
P SYTGRQ I SC E FPA LR I ADM A SNN LNGMLM EGWFNVT PRN LAQ- - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - AR SDNDT L V MENQ- - YYHG
P SYTGGGNNC QFT K LQFADM SSNN L SGT L P EEWFKMLK SM I MDT CDNDML MREQH L YYRG
I SYTGDANNC QFT K LR I AD I A SNN F SGML P EEWFKMLK SM MT SSDNGT SV ME SQ- - YYHG

- - QT YQFT A S VT YKGSDMT I SK I L RT LML I D F SNNA FHGT I PET VGGLV L LHGLNMSHNA
- - QT YQFT AA VT YKGNY I T I SK I L RT L V L I D F SNNA FHGT I PET I GE L V L LHGLNMSHN S
- - QT YQFT AT VT YKGSSMT I SK I L RT L V L I D L SNNA FHGT I PGT I GE L I L LHGLNMSHNA
- - - - - - - - - - - - - - - - - - - I SR L FCV L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - N P
- - QT YQFT AT VT YKGNDRT I SK I L R SL V L I DV SGNA FHGA I PDT I GE L V L LRGLN L SHNA
KMQSYQFT AG I SYKGSGL T I SKT LRT L V L I DV SNNA FHGR I PRS I GE L V L LRA LNMSHNA
- - QT YQFT AA L T YKGND I T I SK I L T SL V L I DV SNND FHGS I P SS I GE L A L LHGLNMSRNM

L TGS I PTQFG R LNQL E SLD L SSNE L TGG I P K E L A SLN F L S T LN L SYNMLV GT I PN SYQF S
L TGP I PTQFG R LNQL E SLD L SSNE L FGE I P K E L A SLN F L S I LN L SYNT L V GR I PN SYQF S
L TGPV PPQLG R LNQL ET LD L SSNK L SGE I P DE L A SLN F L S T LN L SYNV L V GR I PD SYQF S
CPGPARV - - - - - - - - - - - - - - - HKT T SN I - - - - - - - - - - - - - - - - - - - - - - - - - - - - Q FQ
L TGP I P SQFG R LDQL E SLD L SFNE L SGE I P K E L A SLN F L S T LN L SNNT L V GR I PD SYQF S
L TGP I PVQFA N L KQL E L LD L SSNE L SGE I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
L TGP I PTQFG N LNN L E SLD L SSNK L SNE I P EK L A SLN F L A T LN L SYNMLA GR I PQSSH F S

T F SNN SF LGN I G LCGPP L SK QCDNPK EP I V MT YT SEK S- T DVV L V L FT A L GFGV SYAMT I
T F SNN SF LGN TGLCGPP L SK QCDNPQE ST V MPYV SEK S- I DV L L V L FT A L GFGV SFA I T I
T F SN SSF LGN TGLCGPP L SR QCDNPKGPT E MPYT SEK S- I DVV L L L FT A L GFGL SFAMT I
T * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
T F SN SSF LGN TGLCGPP L SR QCDNPEEP I T I PYT SEK S- I DAV L L L FT A L GFG I F FAMT I
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
T F SNA SFEGN I G LCGA P L SK QCSYRSEPN I MPHA SKKDP I DV L L F L FTGL GFGVCFG I T I

L I LWGRCMRK QR * -
L I VWGRHMKK QR * -
L I VWGSHMRK EH * -
- - - - - - - - - - - - - -
L I VWGSHMRK RH * -
- - - - - - - - - - - - L *
L V I WGSNKRN QQA *

Transmembrane	region	

Cytoplasmic	tail	

Signal	pep*de	

Transmembrane	domain	
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Figure	3.8.	Phylogenetic	relationship	of	13	RLP	genes	in	the	Striga	hermonthica	resistance	QTL	for	the	rice	cultivar	Nipponbare,	and	the	7	identified	
homologs	in	the	IR64	S.	hermonthica	resistance	QTL.	Nipponbare	genes	are	shown	in	blue,	IR64	homologs	are	shown	in	green.	Four	Nipponbare	genes	
have	 undergone	 duplication	 (indicated).	 Constructed	 in	 CLC	 bio	 Main	 Workbench	 version	 7.0.3	 using	 the	 Neighbor	 Joining	 method	 and	 1,000	
bootstrap	replicates.	Branch	lengths	are	proportional	to	phylogenetic	distances.	Numbers	at	nodes	are	bootstrap	confidence	values.		

1

duplica(on	

duplica(on	

duplica(on	

duplica(on	
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3.3.3	Koshihikari	contains	homologs	of	candidate	S.	hermonthica	resistance	genes	in	
Nipponbare	
Fgenesh	gene-finder	programme	was	also	used	 to	predict	 gene	models	 for	Koshihikari	 using	

Bac	sequence	for	the	equivalent	region	to	the	IR64	QTL.	Nineteen	genes	were	predicted	from	

the	 NIAS	 Koshihikari	 Bac	 sequence.	 The	 amino	 acid	 sequence	 of	 all	 predicted	 genes	 was	

blasted	against	the	rice	reference	sequence	to	obtain	gene	annotations	(Table	3.5).	Like	IR64	

and	 Nipponbare,	 the	 largest	 proportion	 of	 these	 predicted	 genes	 were	 annotated	 as	

transposons	 or	 retrotransposons	 (8),	 4	 were	 annotated	 as	 expressed	 proteins,	 and	 3	 were	

unidentified.	 Four	 genes	 were	 identified	 that	 shared	 closest	 homology	 to	 candidate	 S.	

hermonthica	 resistance	 RLP	 genes	 in	 Nipponbare,	 sharing	 closest	 homology	 to	Os12g11370,	

Os12g11500,	Os12g11940	and	Os12g12130.	These	will	be	named	Kosh_h_	+	the	name	of	the	

Nipponbare	 gene	 with	 the	 closest	 homology,	 from	 here	 on.	 Eight	 additional	 genes	 in	

Koshihikari	were	predicted	by	Fgenesh	using	sequence	obtained	from	NCBI	for	the	region	not	

covered	 by	 the	 NIAS	 Bac	 sequence.	 These	 included	 2	 expressed	 proteins,	 2	 glutathione	 S-

transferases	and	a	 leucine-rich	repeat	 family	protein,	and	are	 listed	 in	Table	3.5.	However,	 it	

should	 be	 noted	 that	 due	 to	 the	 poor	 quality	 of	 this	 sequence,	 other	 genes	 may	 also	 be	

present	that	could	not	be	detected	from	the	available	sequence.		

	

The	 Fgenesh	 gene	 model	 for	 Kosh_h_Os12g11370	 predicts	 a	 protein	 encoded	 by	 4	 exons,	

which	 is	 in	 contrast	 to	 the	 single	 exon	 for	 this	 gene	 for	 both	 Nipponbare	 and	 IR64.	 The	

remaining	3	RLP	homologs	are	encoded	by	a	single	exon	(Figure	3.9).	Kosh_h_Os12g11500	 is	

70	amino	acids	shorter	than	Os12g11500,	meaning	this	protein	lacks	a	transmembrane	domain	

(Figure	 3.10).	 Kosh_h_Os12g11940	 and	 Kosh_h_Os12g12130	 are	 497	 and	 509	 amino	 acids	

shorter	than	their	Nipponbare	homologs,	respectively,	and	therefore	also	lack	transmembrane	

domains	(Figure	3.10).	
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Table	 3.5	 Genes	 in	 Koshihikari	 for	 the	 equivalent	 region	 to	 the	 IR64	 S.	 hermonthica	 resistance	 QTL,	 as	 predicted	 by	 Fgenesh	 gene-finder	 (Softberry,	 Inc).	
Annotation	was	obtained	by	blasting	the	sequences	against	the	Nipponbare	reference	genome	(MSU).	%	identity	to	Nipponbare	refers	to	the	query	coverage	for	

each	BLAST	hit.	Genes	highlighted	are	homologs	of	candidate	resistance	RLP	genes	in	the	Nipponbare	S.	hermonthica	resistance	QTL.	Genomic	sequence	for	the	

first	 8	models	was	obtained	 from	NCBI	 (GenBank:	DG000036.1).	 The	 remaining	models	were	predicted	 from	 the	Bac	 sequence	provided	by	Dr.	 Kiyosumi	Hori	

(National	Institute	of	Agrobiological	Sciences	(NIAS),	Japan).	Genome	sequence	between	the	NCBI	and	NIAS	sequences	is	not	continuous.	

	

Gene Position	on	
contig exons amino	acids chain BLAST	hit	(MSU) Description Query	

Coverage
%	Identity	to	
Nipponbare Source:

>FGENESH:1a 2255	-	6664		 1 1469 	- LOC_Os12g10710.1 protein|NB-ARC	domain	containing	protein,	expressed 96.32 100

>FGENESH:2a 11822	-	14693			 8 196 + LOC_Os12g10720.1 protein|glutathione	S-transferase,	putative,	expressed 100 91.59

>FGENESH:3a 15940	-	18731			 9 212 + LOC_Os12g10730.2 protein|glutathione	S-transferase,	putative,	expressed 100 100

>FGENESH:4a 21453	-	28350		 18 927 + LOC_Os12g10740.1 protein|leucine-rich	repeat	family	protein,	putative,	expressed 100 89.86

>FGENESH:5a 	48049	-	49433		 3 136 + LOC_Os12g10770.1 protein|retrotransposon	protein,	putative,	unclassified,	expressed 41.18 100

>FGENESH:6a 57039	-	62363		 13 299 + LOC_Os12g10784.1 protein|2-dehydro-3-deoxyphosphooctonate	aldolase,	putative,	expressed 100 82.13

>FGENESH:7a 	73408	-	76160		 4 299 + LOC_Os12g10810.1 protein|expressed	protein 57.53 97.09

>FGENESH:8a 78925	-	79491	 1 188 + OC_Os12g10810.1 protein|expressed	protein 96.28 84.53

>FGENESH:1 12833	-	13141	 1 102 + No	hits

>FGENESH:2 14733	-	18059	 4 979 	- LOC_Os12g11370.1 protein|verticillium	wilt	disease	resistance	protein,	putative,	expressed 100 85.65

>FGENESH:3 20289	-	21195	 2 88 	- LOC_Os12g11430.1 protein|retrotransposon	protein,	putative,	unclassified 51.14 97.78

>FGENESH:4 23235	-	23765	 1 176 	- LOC_Os03g56910.1 protein|retrotransposon	protein,	putative,	LINE	subclass,	expressed 100 73.3

>FGENESH:5 30176	-	30463	 1 95 + No	hits

>FGENESH:6 44484	-	47312	 1 942 + LOC_Os12g11500.1 protein|resistance	protein	SlVe1	precursor,	putative,	expressed 99.89 93.94

>FGENESH:7 54358	-	55908	 1 516 	- LOC_Os12g12130.1 protein|verticillium	wilt	disease	resistance	protein,	putative,	expressed 99.81 78.34

>FGENESH:8 56994	-	60902	 3 1226 + LOC_Os03g33640.1 protein|retrotransposon	protein,	putative,	Ty1-copia	subclass,	expressed 100 95.84

>FGENESH:9 65928	-	68224 3 666 + LOC_Os01g68220.1 protein|transposon	protein,	putative,	unclassified,	expressed 78.53 98.28

>FGENESH:10 71018	-	71671 1 217 	- LOC_Os09g04590.1 protein|retrotransposon	protein,	putative,	unclassified,	expressed 48.39 99.05

>FGENESH:11 73488	-	75970	 2 391 + LOC_Os02g20080.1 protein|retrotransposon	protein,	putative,	unclassified 100 98.98

>FGENESH:12 78274	-	78927	 1 217 	- No	hits

>FGENESH:13 80744	-	90788	 13 2218 + LOC_Os12g39800.1 protein|retrotransposon	protein,	putative,	Ty1-copia	subclass,	expressed 43.51 94.33

>FGENESH:14 91003	-	92076	 1 357 	- LOC_Os12g11940.1 protein|disease	resistance	family	protein,	putative,	expressed 100 91.69

>FGENESH:15 95091	-	95564	 1 157 + LOC_Os12g11950.1 protein|expressed	protein 100 97.45

>FGENESH:16 119080	-	119289	 1 69 	- LOC_Os12g11550.1 protein|hypothetical	protein 100 97.1

>FGENESH:17 126982	-	127188	 1 68 	- LOC_Os12g11980.1 protein|expressed	protein 100 100

>FGENESH:18 130499	-	130705	 1 68 	- LOC_Os12g11990.1 protein|expressed	protein 100 100
>FGENESH:19 131433	-	137432 5 1138 	- LOC_Os06g13430.1 protein|retrotransposon	protein,	putative,	unclassified,	expressed 36.99 95.85

NCBI

NIAS
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Figure	 3.9	 Koshihikari	 gene	 prediction	 models	 for	 4	 genes	 showing	 homology	 to	 candidate	
Striga	 hermonthica	 resistance	 genes	 in	 Nipponbare,	 predicted	 by	 Fgenesh	 gene-finder	
(Softberry,	 Inc).	Names	refer	to	the	closest	Nipponbare	homolog.	Number	of	exons	and	their	
coordinates	 on	 the	 NIAS	 Bac	 clone	 sequence	 are	 shown	 below	 each	 prediction.	 TSS:	
transcription	 start	 site;	 PolA:	 polyadenylation	 signal	 sequence;	 CDSo:	 coding	 sequence,	 solo	
(single	 exon);	 CDSf:	 coding	 sequence,	 first;	 CDSi:	 coding	 sequence,	 internal;	 CDSl:	 coding	
sequence,	last.	
	

	

	

10 -      PolA     69695                0.44

10 -    1 CDSo     71018 -     71671   17.25     71018 -     71671    654

10 -      TSS      72709               -4.48

11
72934 73500 74000 74500 75000 75500 76000 76500 77000 77637

1 2

11 +      TSS      72934               -6.68

11 +    1 CDSf     73488 -     73643   10.50     73488 -     73643    156

11 +    2 CDSl     74951 -     75970   47.89     74951 -     75970   1020

11 +      PolA     77637                0.44

12
77844 78500 79000 79500 79965

1

12 -      PolA     77844                0.44

12 -    1 CDSo     78274 -     78927   16.08     78274 -     78927    654

12 -      TSS      79965               -4.48

13
80190 82000 84000 86000 88000 90000 90843

1 2 3 4 5 6 7 8 9 10 11 12 13

13 +      TSS      80190               -6.28

13 +    1 CDSf     80744 -     80899   10.50     80744 -     80899    156

13 +    2 CDSi     81509 -     81531   -7.52     81509 -     81529     21

13 +    3 CDSi     82025 -     82141    8.75     82026 -     82139    114

13 +    4 CDSi     82455 -     82578    4.27     82456 -     82578    123

13 +    5 CDSi     82696 -     83391   41.43     82696 -     83391    696

13 +    6 CDSi     83434 -     84323   29.27     83434 -     84321    888

13 +    7 CDSi     84542 -     85775   53.00     84543 -     85775   1233

13 +    8 CDSi     85858 -     86163    8.77     85858 -     86163    306

13 +    9 CDSi     86211 -     86372    8.38     86211 -     86372    162

13 +   10 CDSi     87458 -     87609   -6.18     87458 -     87607    150

13 +   11 CDSi     87872 -     88618   39.14     87873 -     88616    744

13 +   12 CDSi     88697 -     88859   -0.31     88698 -     88859    162

13 +   13 CDSl     88902 -     90788   70.47     88902 -     90788   1887

13 +      PolA     90843               -4.96

14
90883 91200 91400 91600 91800 92000 92200 92400 92683

1

14 -      PolA     90883               -3.86

14 -    1 CDSo     91003 -     92076   70.57     91003 -     92076   1074

14 -      TSS      92683               -4.38

5
29966 30100 30200 30300 30400 30500 30600 30725

1

5 +      TSS      29966               -7.88

5 +    1 CDSo     30176 -     30463   10.17     30176 -     30463    288

5 +      PolA     30725                0.44

6
44199 45000 45500 46000 46500 47000 47500 48000 48577

1

6 +      TSS      44199               -7.48

6 +    1 CDSo     44484 -     47312  120.83     44484 -     47312   2829

6 +      PolA     48577                0.44

7
53469 54000 54500 55000 55500 56000 56389

1

7 -      PolA     53469                0.44

7 -    1 CDSo     54358 -     55908   25.26     54358 -     55908   1551

7 -      TSS      56389               -9.68

8
56476 57000 57500 58000 58500 59000 59500 60000 60500 60977

1 2 3

8 +      TSS      56476               -3.78

8 +    1 CDSf     56994 -     57914   54.66     56994 -     57914    921

8 +    2 CDSi     57957 -     58194   12.87     57957 -     58193    237

8 +    3 CDSl     58381 -     60902  100.31     58383 -     60902   2520

8 +      PolA     60977                0.44

9
65212 65500 66000 66500 67000 67500 68000 68591

1 2 3

9 +      TSS      65212               -5.48

9 +    1 CDSf     65928 -     67494   78.41     65928 -     67493   1566

9 +    2 CDSi     67656 -     67928   17.16     67658 -     67927    270

9 +    3 CDSl     68064 -     68224   -4.58     68066 -     68224    159

9 +      PolA     68591                0.44

10
69695 70000 70500 71000 71500 72000 72709

1

5
29966 30100 30200 30300 30400 30500 30600 30725

1

5 +      TSS      29966               -7.88

5 +    1 CDSo     30176 -     30463   10.17     30176 -     30463    288

5 +      PolA     30725                0.44

6
44199 45000 45500 46000 46500 47000 47500 48000 48577

1

6 +      TSS      44199               -7.48

6 +    1 CDSo     44484 -     47312  120.83     44484 -     47312   2829

6 +      PolA     48577                0.44

7
53469 54000 54500 55000 55500 56000 56389

1

7 -      PolA     53469                0.44

7 -    1 CDSo     54358 -     55908   25.26     54358 -     55908   1551

7 -      TSS      56389               -9.68

8
56476 57000 57500 58000 58500 59000 59500 60000 60500 60977

1 2 3

8 +      TSS      56476               -3.78

8 +    1 CDSf     56994 -     57914   54.66     56994 -     57914    921

8 +    2 CDSi     57957 -     58194   12.87     57957 -     58193    237

8 +    3 CDSl     58381 -     60902  100.31     58383 -     60902   2520

8 +      PolA     60977                0.44

9
65212 65500 66000 66500 67000 67500 68000 68591

1 2 3

9 +      TSS      65212               -5.48

9 +    1 CDSf     65928 -     67494   78.41     65928 -     67493   1566

9 +    2 CDSi     67656 -     67928   17.16     67658 -     67927    270

9 +    3 CDSl     68064 -     68224   -4.58     68066 -     68224    159

9 +      PolA     68591                0.44

10
69695 70000 70500 71000 71500 72000 72709

1

FGENESH 2.6 Prediction of potential genes in Monocot genomic DNA
Seq name: j0090e04_contig19_22_20_21 
Length of sequence: 144875 
Number of predicted genes 19: in +chain 8, in -chain 11.
Number of predicted exons 44: in +chain 25, in -chain 19.
Positions of predicted genes and exons: Variant 1 from 1, Score:1021.668359 

CDSf CDSi CDSl CDSo PolA TSS

1
12537 12700 12800 12900 13000 13100 13200 13300 13400 13482

1

1 +      TSS      12537               -2.88

1 +    1 CDSo     12833 -     13141    5.84     12833 -     13141    309

1 +      PolA     13482                0.44

2
14618 15000 15500 16000 16500 17000 17500 18000 18471

1 2 3 4

2 -      PolA     14618                0.44

2 -    1 CDSl     14733 -     16680   42.54     14733 -     16679   1947

2 -    2 CDSi     16763 -     16910    6.86     16765 -     16908    144

2 -    3 CDSi     17046 -     17471   20.65     17047 -     17469    423

2 -    4 CDSf     17642 -     18059   28.15     17643 -     18059    417

2 -      TSS      18471               -3.58

3
20208 20400 20600 20800 21000 21200 21298

1 2

3 -      PolA     20208                0.44

3 -    1 CDSl     20289 -     20420   -3.05     20289 -     20420    132

3 -    2 CDSf     21061 -     21195   15.75     21061 -     21195    135

3 -      TSS      21298               -4.58

4
21904 22500 23000 23500 24000 24685

1

4 -      PolA     21904                0.44

4 -    1 CDSo     23235 -     23765   20.93     23235 -     23765    531

4 -      TSS      24685               -7.48

FGENESH 2.6 Prediction of potential genes in Monocot genomic DNA
Seq name: Emilys_contig_big_10870_corrected 
Length of sequence: 2078785 
Number of predicted genes 292: in +chain 133, in -chain 159.
Number of predicted exons 1202: in +chain 589, in -chain 613.
Positions of predicted genes and exons: Variant 1 from 1, 
Score:19271.151562 

CDSf CDSi CDSl CDSo PolA TSS

1
291 1000 1500 2000 2500 3000 3500 4116

1 2 3 4 5 6 7 8 9

1 -      PolA       291               -2.36

1 -    1 CDSl       322 -       507    6.11       322 -       507    186

1 -    2 CDSi       587 -       685    2.03       587 -       685     99

1 -    3 CDSi       788 -       860    2.41       788 -       859     72

1 -    4 CDSi       949 -      1059    8.53       951 -      1058    108

1 -    5 CDSi      1156 -      1329    4.02      1158 -      1328    171

1 -    6 CDSi      1439 -      2420   69.11      1441 -      2418    978

1 -    7 CDSi      2470 -      2611   17.33      2471 -      2611    141

1 -    8 CDSi      2686 -      3559   39.75      2686 -      3558    873

1 -    9 CDSf      3594 -      4108   31.31      3596 -      4108    513

1 -      TSS       4116               -9.68

2
5895 6500 7000 7500 8000 8500 9000 9500 9890

1 2 3 4

2 +      TSS       5895               -3.88

2 +    1 CDSf      6390 -      6965   38.67      6390 -      6965    576

2 +    2 CDSi      7137 -      7442   11.89      7137 -      7442    306

2 +    3 CDSi      7519 -      8049   23.79      7519 -      8049    531

2 +    4 CDSl      8361 -      9602   27.86      8361 -      9602   1242

2 +      PolA      9890               -1.06

3
10107 11000 12000 13000 14000 15000 16195

1 2 3

3 -      PolA     10107               -2.56

3 -    1 CDSl     10486 -     11478   65.20     10486 -     11478    993

3 -    2 CDSi     11708 -     13819  123.37     11708 -     13819   2112

3 -    3 CDSf     15532 -     15588    5.37     15532 -     15588     57

3 -      TSS      16195               -2.68

Kosh_h_Os12g11370	

Kosh_h_Os12g11500	

Kosh_h_Os12g12130	

Kosh_h_Os12g11940	



Chapter	3	

	 97	

	

1

MSSST KRPVR PHH LAK P L L L TMLH I L LQL K A I T A L TDDAT A PV I QC L PDQ A SA L LR L KH S
M- - - - - - - - - - - - - - - - - - - - - - Y I L LQVQ AT TN - T ART V V PPV PCHPDQ A SA L LR L KH S
MRSA YH - - - - - - - - - - - - LM P L L AML L I L V L ADHT SST EA VA PAAC L PDQ AAA L LQL KRS
M- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

FNT T AGGY ST T FRSW I T - - G TDCCHWEG I H CSG- EDGRVT SL V LGGHN LQ T T I - VD PA L F
FNAT AGDY ST A FRSWVA - - G TDCCRWDGVG CGGGADGRVT SLD LGGHN LQ AGS- VDPA L F
FNAT I GDY SA A FRSWVAVAG ADCCSWDGVR CGG- AGGRVT SLD L SHRD LQ AA SGLDDA L F
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

R LN SLRY LD L SGNN F SMSQL PV - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
R L T SL KH LN L SGND F SMSQL PV I TGFEQL T E L VH LH L SDT N I TGEV PGS I GR L TN L V Y LD
SL T SLGY LD L SSND FGK SQM PA - TGFEK L T GL TH LD L SNT N FAGLA PAG I GGL T SLNY LD
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - - - T D Y FWQL SL P SMET L L AN L T N L EE LHMGMV DMSGNGERWC
L ST SFY I V EY NDDEQVT FN - SD SVWQL SA P NMET L L EN L T N L EK LHMGMV D L SGNGERWC
L ST T F FEEE L DNEN S I PYYY SDT I SQL SEP SL ET L L AN L T N L EE LR LGMV NMSSNGARWC
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

DDVAK FA PK L QV L SL PYCSL SGP I CT SL SS MN SL T R I E LH YNH L SGPV PE F L AGF SN L T V
YN I AK YT PK L QV L SL PYCSL SGP I CA SF SA LQA L TM I E LH YNH L SGSV PE F L AGF SN L T V
DAMARSSSK L RV I SMPYCSL SGP I CH SL SA LR L L SV I E LH YNH L SGPV PE F L AA L SN L SV
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

LQ L SKNK FEG L FPP I I FQHK K L VT I N I TNN PGL SGSL PN F SQE SSL K Y LD SL EV SGLQLA
LQL SKNK FQG SFPP I I FQHK K LRT I N L SKN PG I SGN L PN F SQDT SL - - - E N L F L SNTN FT
LQL SNNMFEG A FPP I I FQHE K L T T I N L T KN - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

GSMA PW I SN L T SL T V L K F SD CGL SGE I P SS I GKK LD LGA S GF SGML P SSL GSL K Y LD SL E
GT I P SS I I N L I SV - - - - - - - - - - - - - - - - - - - KK LD LGA S GF SGSL P SSL GSL K Y LDMLQ
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

V SGLQLAGSM A PW I SN L T SL T V L K F SDCGL SGE I P SS I GN L KK L SMLA L Y NCK F SGKV PP
L SGLQLVGT I P SW I SN L SSL T V LR F SNCGL SGQV P SS I GN LRE L T T L A L Y NCN F SGT V PP
- - - - - - - - - - - - - - - - - - - - - - - - - - - LG I SGN L P SFPGD - SSLQSL SV S NTN F SGT I P S
- - - - - - - - - - P SW I SN L T SL NV L K F F SCGL SGP I P SS I GS L T K L T K L A L Y NCQF SGE I P S

Q I FN L TQLQS LQLH SNN LAG T V E L T SFT K L KN L SV LN L SN NK L L V LRGEN SSSL V P FPK I
Q I LN L T R LQT L L LH SNN FAG T V E L T SF SK L KN L T F LN L SN NK L L VV EGKN SSSL V SLHK L
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
L I LN L TQL ET L L LH SN SFVG T V E L T SYT K L QN L YV LN L SN NK L VV I DGE I T SSVV SN SSM

K L LR L A SCS I ST FPN I L RH L HE I T T LD L SH NK I QGA I PQW AWETWRGMY F L L LNMSHNN I
Q L L SL A SCSM T T FPN I L RH L PE I T SLD L SN NQ I QGA I PQW AWKTWKGLQF I V LN I SHNN F
- - - - - - - - S I ST I P SL - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SF L R L A SCS I SSFPK I L RH L PE I Y SLD L SH NQ I EGA I PQW AWETWT - TD F F F LN L SHNK F

T SLGSDP L L P L E I D F FD L SF N S I EGP I PV P QEGSTMLDY S SNQF SSMP LH Y SA Y LGQT FT
T SLGSDP F L P L SV EY FD L SF N S I GGP I P I P QEGSST LDY S SNQF SSMP LR Y ST Y LGET L T
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
T N I GTNP L L P L Y I EY FD L SF NN FEGD I P I P EEGSVT LD F S NNQF SSV P SN FYT Y L I N SL V

FKA SKNK L SG N I P S- I CT A P R - LQL I D L SY NN L SGS I P SC LMEDVT A LQ I LN L K ENK L VG
FKA SKNK L SG NV PP L I CT T A RK LQL I D L SY NN L SGS I P SC L L E SF SE LQV L SL KANK FVG
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
FKA SRN SL SG N I PPM I CN S I KT LQ I I D L SY NN LNGS I P SC LMEN LGSLQV L SL K ENQLAG

T I PDN I K EGC A L EA I D L SGN L FEGK I PRSL VACRN L E I LD I GNNE I SD SF PCWMSK L PK L
K L PD I I K EGC A L EA LD L SDN S I EGK I PRSL V SCRN L E I LD I GSNQ I SD SF PCWL SQL PK L
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
E L PDN I K EGC A L SA LD F SCN L I QGQL PRSL VACMN L E I LD I GNNQ I SD SF PCWMSK L T E L

QV L V L K SNK F TGQ I MDP SYT VDGN SCE FT E LR I ADMA SNN FNGT L PEAWF TMLK SM- NA I
QV L V L K SNK L TGQVMDP SYT GRQN SCE FP S LR I ADMA SNN LNGMLMEGWF KK L K SM- MAR
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
RV L V L K SNK F I GQ I LD P SYT GGGNNCQFT K LQFAD I SSNN L SGT L PEEWF KMLK SM I MVT

SENDT L VMEN Q- YYHG- - QT YQFT AAVT YK GNY I T I SK I L RT L V L I D F SN NA FHGT I PET
SDNDT L VMEN Q- YYHG- - QT YQFT AT VT YK GK SMT F SKV L RT L V L I D F SN NA FHGT I PET
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SDNDML I K EQ H L YYRGKMQS YQFT AG I SYK GSHVR I SKT L T T L V L I DV SN NA FHGR I PRS

I GE L V L LHGL NMSHNE L TGP I PTQFGR LNQ L E SLD L SSNE L FGE I PK E L A SLN F L S I LN L
I GE L I L LHGL N I SHNA L TGP I PPQLGR LNQ L E SLD L SSNK L SGK I PNE L E SLN F L ST LN L
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
I GE L V L LRA L NMSHNA L TGP I PVQFAN L KQ L E L LD L SSNE L SGE I L * - - - - - - - - - - - - -

Signal	pep*de	
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Figure	 3.10	 Amino	 acid	 alignment	 for	 4	 predicted	 Koshihikari	 homologs	 of	 candidate	 Striga	
hermonthica	resistance	RLP	genes	in	Nipponbare.	Polymorphic	residues	are	highlighted	in	red.	
Structural	 domains	 of	 the	 protein	 predicted	 by	 NCBI	 protein	 BLAST	 and	 SMART	 protein	
(http://smart.embl-heidelberg.de)	are	shown	above	alignments.	Yellow	boxes	 indicate	amino	
acids	 that	 correspond	 to	 putative	 solvent-exposed	 residues	 xxLxLxx	 of	 the	 concave	 (inner)	
surface	of	the	extracellular	leucine-rich	repeat	(eLRR)	domain	thought	to	be	involved	in	ligand	
binding	(Zhang	et	al.,	2014).	
	

	

3.3.4	Azucena	shares	3	homologs	of	candidate	S.	hermonthica	resistance	genes	with	IR64	
and	Nipponbare	
As	the	genome	sequence	of	Azucena	was	not	available,	primers	designed	against	candidate	S.	

hermonthica	 resistance	 RLP	 genes	 in	 IR64	were	 used	 to	 try	 to	 PCR	 amplify	 full-length	 gene	

sequences	 from	 Azucena	 genomic	 DNA.	 	 PCR	 products	 were	 amplified	 from	 Azucena	 using	

primers	designed	against	two	genes:		IR64_h_Os12g12010,	and	the	RALF	IR64_h_Os12g12000,	

however	 non-specific	 amplification	was	 also	 observed	with	 the	 IR64_h_Os12g12000	primers	

(Figure	 3.11A).	 Primers	 designed	 against	 Nipponbare	 genes	 sequences	 were	 also	 used	 on	

Azucena	where	primer	sequences	differed	between	the	IR64	and	Nipponbare	for	a	particular	

gene.	 Clear	 bands	 of	 the	 same	 size	 were	 observed	 for	 Os12g11500,	 Os12g12000	 and	

Os12g12010	(Figure	3.11B).	These	products	were	sequenced	and	their	sequences	translated	to	

amino	acids	for	alignment	against	the	IR64	and	Nipponbare	homologs.		

	

	

	

	

	

	

	
2

SYNA LVGRV P N SYQF ST F SN N SF LGNTGLC GPP L SKQCDN PQE ST VMPYV SEK S I DVV L V
SYNV L VGR I P D SYQF ST F SN SSF LGNTGLC GPP FV * - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

L FT A LGFGV S FA I T I L I VWG RHMKKKR *
- - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - R *
- - - - - - - - - - - - - - - - - - - - - - - - - - - -

Transmembrane	region	 Cytoplasmic	tail	
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Figure	 3.11	Amplification	of	 full-length	candidate	S.	hermonthica	 resistance	genes	 from	 IR64	
and	Azucena	 genomic	DNA.	A:	 primers	were	designed	against	 IR64	RLP	homologs.	B:	where	
primer	sequences	differed	between	 IR64	and	Nipponbare	for	a	particular	gene,	amplification	
of	Azucena	was	also	attempted	with	Nipponbare	specific	primers.	IR	=	IR64,	Az	=	Azucena,	Ni	=	
Nipponbare.	Numbers	above	names	refer	to	the	Os12g	gene	numbers	for	the	closest	homolog	
in	Nipponbare,	according	the	MSU	rice	database.	
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3.3.5	Comparison	of	candidate	S.	hermonthica	resistance	RLP	genes	between	cultivars	
The	 amino	 acid	 sequences	 of	 the	 candidate	 S.	 hermonthica	 resistance	 genes	 in	 IR64	 were	

aligned	 against	 those	 of	 Nipponbare,	 and	 where	 sequences	 were	 known,	 Koshihikari	 and	

Azucena.	These	are	shown	 in	Figures	3.12	 -	3.15.	 In	all	 cases,	 the	 IR64	homologs	were	more	

similar	 to	 the	 Nipponbare	 genes	 outside	 the	 “Nipponbare-specific	 region”,	 rather	 than	 the	

duplicated	gene	within	the	Nipponbare	specific	 region	 (see	Figure	3.8	 for	phylogenetic	 tree).	

This	was	also	 the	case	 for	 the	Azucena	and	Koshihikari	homologs,	with	 the	exception	of	one	

small	 gene	 in	 Koshihikari	 that	was	more	 similar	 to	Os12g11940	 than	Os12g11510.	Only	 two	

genes	 were	 identified	 in	 IR64	 where	 homologs	 were	 not	 detected	 in	 either	 of	 the	 two	

susceptible	 cultivars.	 These	were	Os12g10870	and	Os12g10930.	 The	 similarity	 in	 amino	 acid	

sequence	for	each	of	the	IR64	candidate	S.	hermonthica	resistance	genes	to	Nipponbare,	and	

also	Koshihikari	and	Azucena	where	identified,	is	described	below.	

	

IR64_h_Os12g10870:	 this	 gene	 shared	 98.8%	 identity	 with	 Nipponbare	 (Figure	 3.12).	 No	

homologs	were	identified	in	Koshihikari	or	Azucena.	

IR64_h_Os12g10930:	When	compared	to	Nipponbare,	IR64_h_Os12g10930	differed	in	several	

ways,	with	nearly	 400	differences	 in	 amino	 acids,	 including	 a	 region	of	 237	 amino	 acids	 not	

present	 in	 the	Nipponbare	gene	 (see	Appendix	Figure	S.1).	Additionally,	only	one	 intron	was	

predicted	for	IR64	for	this	gene,	whereas	there	are	two	present	in	Nipponbare.	No	homologs	

for	this	gene	were	identified	in	Koshihikari	or	Azucena.	

IR64_h_Os12g11370:	 this	 gene	 was	 the	 only	 gene	 identified	 in	 IR64	 that	 was	 identical	 to	

Nipponbare	 at	 the	 amino	 acid	 level	 (Figure	 3.13).	 Although	 this	 gene	 was	 also	 detected	 in	

Koshihikari,	identity	was	only	86.6%	and,	in	contrast	to	both	S.	hermonthica	resistant	cultivars,	

was	predicted	to	contain	3	introns.		No	homolog	was	identified	in	Azucena.	

IR64_h_Os12g11500:	 homologs	 of	 Os12g11500	 were	 found	 in	 all	 4	 cultivars	 investigated.	

When	 compared	 to	Nipponbare,	 the	 IR64	 gene	 sequence	was	 almost	 identical	 over	 the	 first	

800	amino	acids,	but	this	was	followed	by	an	early	stop	codon	soon	after.	In	both	Azucena	and	

Koshihikari,	Os12g11500	homologs	had	over	100	amino	acid	differences	compared	to	IR64	and	

Nipponbare,	 in	 addition	 to	 an	 early	 stop	 codon	 52	 amino	 acids	 from	 the	 end	 (Figure	 3.14).	

Os12g11500	in	Nipponbare	was	therefore	the	only	gene	to	posses	a	transmembrane	domain.	

The	 smaller	 IR64_h_Os11930	 gene	 aligned	 to	 the	 last	 207	 amino	 acids	 of	 both	Os12g11500	

and	Os12g11930,	and	differed	by	only	5	and	4	amino	acid	respectively	over	the	length	covered	

(Figure	3.15).		Hence,	IR64_h_Os11930	is	only	1	amino	acid	more	similar	to	Os12g11930	than	it	

is	to	Os12g11500.	IR64_h_Os11930	was	predicted	to	contain	a	transmembrane	domain.		
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IR64_h_Os12g11510:	 in	 contrast	 to	 Nipponbare,	 this	 homolog	 in	 IR64	was	 not	 predicted	 to	

have	 an	 intron,	 and	 contained	 a	 sequence	 of	 over	 100	 amino	 acids	 absent	 from	 the	

Nipponbare	 sequence	 (Appendix	 Figure	 S.2).	 Ten	 other	 single	 amino	 acid	 differences	 were	

present	 between	 the	 two	 cultivars	 for	 this	 gene.	 	 Neither	 gene	 was	 predicted	 to	 contain	 a	

transmembrane	domain.	Homologs	of	Os12g11510	were	not	detected	in	Azucena	by	PCR.	The	

two	 shorter	 Koshihikari	 genes	 (Kosh_h_Os12g11940	 and	 Kosh_h_Os12g12130)	 have	 the	

closest	homology	to	IR64_h_Os12h11510	in	IR64.	

IR64_h_Os12g12010:	 homologs	 of	 Os12g12010	 were	 identified	 in	 both	 IR64	 and	 Azucena.	

Over	 95%	 identity	 was	 shared	 between	 IR64,	 Nipponbare	 and	 Azucena,	 with	 the	 Azucena	

sequence	having	greater	similarity	to	Nipponbare	(99.8%	identity)	(Appendix	Figure	S.3)	than	it	

did	 to	 the	 IR64	 sequence	 (95.5	 %	 identity).	When	 compared	 to	 Nipponbare,	 several	 of	 the	

amino	 acid	 differences	between	 IR64_h_12010	were	 the	 same	as	 those	of	Os12g11680,	 the	

Nipponbare	 homolog	 to	Os12g12010,	 indicating	 this	 gene	 in	 IR64	 is	 a	 combination	 of	 these	

two	duplicated	genes	in	Nipponbare	(Appendix	Figure	S.4).		

IR64_h_Os12g12000:	a	homolog	of	the	Nipponbare	Rapid	Alkalization	factor	Os12g12000	was	

also	 present	 in	 IR64,	 Nipponbare	 and	 Azucena.	 Os12g12000	 also	 had	 higher	 identity	 to	 the	

Azucena	homolog	(94.9	%)	than	to	the	IR64	homolog	(90.7	%)	(Appendix	Figure	S.5).		

	

Table	 3.6	 summarises	 the	 length	 and	 %	 identity	 of	 all	 the	 genes	 predicted	 in	 the	 IR64	 S.	

hermonthica	resistance	QTL	that	are	also	present	in	the	Nipponbare	QTL.	Koshihikari	genes	are	

included	where	known.	

	



Chapter	3	

	 102	

	

	
Figure	 3.12	 Amino	 acid	 alignment	 of	 Os12g10870	 from	 Nipponbare	 and	 the	 IR64	 homolog	
(IR64_h_Os12g10870)	predicted	by	Fgenesh	gene-finder	(Softberry,	Inc).	Structural	domains	of	
the	 protein	 predicted	 by	 NCBI	 protein	 BLAST	 and	 SMART	 protein	 (http://smart.embl-
heidelberg.de)	 are	 shown	 above	 alignments.	 Yellow	 boxes	 indicate	 amino	 acids	 that	
correspond	to	putative	solvent-exposed	residues	xxLxLxx	of	the	concave	(inner)	surface	of	the	
extracellular	leucine-rich	repeat	(eLRR)	domain	thought	to	be	involved	in	ligand	binding.	
	

	
	
	
	
	
	

1

MSSF SKRV PH HVA SL L AMML I LQL VQAT T L DD L T T T SSET T PAMC L PDQA SA L LR L KRSF
MSSF SKRV PH HVA SL L AMML I LQL VQAT T L DD L T T T SSET T PAMC L PDQA SA L LR L KH SF

NAT AGDY ST T FRSW I PGSDC CRWESVHCDG ADGRVT SLD L GGHN LQAGGL DHA L FR L T SL
NAT AGDY ST T FRSWVPGADC CRWEGVHCDG ADGRVT SLD L GGHN LQAGGL DHA L FR L T SL

KH LN L SGN I F TMSQL PATGF EQL T E L TH LD L SDTN I AGKV PAG I GR L V SL V Y LD L ST SFV
KH LN L SGN I F TMSQL PATGF EQL T E L TH LD L SDTN I AGKV PAG I GR L V SL V Y LD L ST SFV

I V SYDDEN S I T RYATH S I GQ L SA PNMET L L TN L TN L EE LH MGMVDMSNNG E LWCDH I AK Y
I V SYDDEN S I TQYAVD S I GQ L SA PNMET L L TN L TN L EE LH MGMVDMSNNG E LWCDH I AK Y

T PK LQV L SL P YCSL SGPVCA SFAAMRSL T T I E LHYN L L SG SV PE F L AGF S N L T V LQL STN
T PK LQV L SL P YCSL SGPVCA SFAAMRSL T T I E LHYN L L SG SV PE F L AGF S N L T V LQL STN

N FQGWFPP I I FQHKK LRT I D L SKNPG I SGN L PN F SQD SSL EN L FV SRTN F TGM I P SS I SN
K FQGWFPP I I FQHKK LRT I D L SKNPG I SGN L PN F SQD SSL EN L SV SRTN F TGM I P SS I SN

LRSL KK LG I G A SGF SGT L P S SLGSF L Y LD L L EV SGFQ I VG SMP SW I SN L T SL T V LQF SNC
LRSL KK LG I G A SGF SGT L P S SLGSF L Y LD L L EV SGFQ I VG SMP SW I SN L T SL T V LQF SNC

GL SGHV P SS I GN LRE L I K L A L YNCK F SGKV PPQ I LN L TH L ET L V LH SNN F DGT I E L T SF S
GL SGHV P SS I GN LRE L I K L A L YNCK F SGKV PPQ I LN L TH L ET L V LH SNN F DGT I E L T SF S

K L KN L SV LN L SNNK L VVVDG EN I SSL V SFP N L E F L SL A SC SMST FPN I L K H LDKMF SLD I
K L KN L SV LN L SNNK L VVVDG EN I SSL V SFP N L E F L SL A SC SMST FPN I L K H LDKMF SLD I

SHNQ I QGA I P QWAWKTWKGL QF L L LNMSHN N FT SLGSDP L L P LH I E F LD L SFN S I EGP I P
SHNQ I QGA I P QWAWKTWKGL QF L L LNMSHN N FT SLGSDP L L P LH I E F LD L SFN S I EGP I P

I PQEGSST LD Y SSNQF SS I P LHY L T Y LGET L T FKA SRNK L SGD I PP S I CT AATN LQL FD L
I PQEGSST LD Y SSNQF SS I P LHY L T Y LGET L T FKA SRNK L SGD I PP S I CT AATN LQL FD L

SYNN L SGS I P SC LMEDA I E L QV L SL K ENK L VGN L PD S I K E GCSL EA I D L S GN L I DGK I PR
SYNN L SGS I P SC LMEDA I E L QV L SL K ENK L VGN L PD S I K E GCSL EA I D L S GN L I DGK I PR

SL V SCRN L E I LDVGNNQ I SD SFPCWMSK LC K LQV L V L K SN K FTGQVMDP S YT VDRN SCA F
SL V SCRN L E I LDVGNNQ I SD SFPCWMSK LR K LQV L V L K SN K FTGQVMDP S YT VDRN SCA F

TQLR I ADMA S NN FNGT L PEA WFKMLK SM I A MTQNDT L VME NK YYHGQT YQ FT A SVT YKGS
TQLR I ADMA S NN FNGT L PEA WFKMLK SM I A MTQNDT L VME NK YYHGQT YQ FT A SVT YKGS

DMT I SK I L RT LML I D F SNNA FHGT I PET VG GLV L LHGLNM SHNA L TGS I P TQFGR LNQL E
DT T I SK I L RT LML I D F SNNA FHGT I PET VG GLV L LHGLNM SHNA L TGS I P TQFGR LNQL E

SLD L SSNE L T GG I PK E L A SL N F L ST LN L SY NMLVGT I PN S YQF ST F SNN S F LGN I G LCGP
SLD L SSNE L T GG I PK E L A SL N F L ST LN L SY NMLVGR I PN S YQF ST F SNN S F LGN I G LCGP

P L SKQCDNPK EP I VMT YT SE K STDVV L V L F T A LGFGV SYA MT I L I LWGRC MRKQR *
P L SKQCDNPK EP I VMT YT SE K STDVV L V L F T A LGFGV SYA MT I L I LWGRC MRKQR *

Transmembrane	region	 Cytoplasmic	tail	

Signal	pep4de	
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Figure	 3.13	 Amino	 acid	 alignment	 of	 Os12g11370	 from	 Nipponbare	 and	 the	 IR64	 and	
Koshihikari	homologs	predicted	by	Fgenesh	gene-finder	(Softberry,	Inc).	Structural	domains	of	
the	 protein	 predicted	 by	 NCBI	 protein	 BLAST	 and	 SMART	 protein	 (http://smart.embl-
heidelberg.de)	 are	 shown	 above	 alignments.	 Yellow	 boxes	 indicate	 amino	 acids	 that	
correspond	to	putative	solvent-exposed	residues	xxLxLxx	of	the	concave	(inner)	surface	of	the	
extracellular	leucine-rich	repeat	(eLRR)	domain	thought	to	be	involved	in	ligand	binding.	

1

MSSST KR L VR PHH LAK P L L - TMLH I L LQVQ A I AA L TDDAT A PV I QC L PDQ A SA L LR L KN S
MSSST KR L VR PHH LAK P L L - TMLH I L LQVQ A I AA L TDDAT A PV I QC L PDQ A SA L LR L KN S
MSSST KRPVR PHH LAK P L L L TMLH I L LQL K A I T A L TDDAT A PV I QC L PDQ A SA L LR L KH S

FNKT AGGY ST A FRSW I TGTD CCHWDGVDCG GGEDGRVT SL V LGGHN LQAG S I SPA L FR L T
FNKT AGGY ST A FRSW I TGTD CCHWDGVDCG GGEDGRVT SL V LGGHN LQAG S I SPA L FR L T
FNT T AGGY ST T FRSW I TGTD CCHWEG I HCS G- EDGRVT SL V LGGHN LQT T I VDPA L FR LN

SLRY LD I SGN N F SMSQL PVT GFEN L T E L TH LD L SDTN I AG EV PAG I GSL V N L V Y LD L ST S
SLRY LD I SGN N F SMSQL PVT GFEN L T E L TH LD L SDTN I AG EV PAG I GSL V N L V Y LD L ST S
SLRY LD L SGN N F SMSQL PVT - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

F Y I I YYDDEN KMMP FA SDN F WQL SV PNMET L L AN L TN L EE LHMGMVDMSG NGERWCDD I A
FY I I YYDDEN KMMP FA SDN F WQL SV PNMET L L AN L TN L EE LHMGMVDMSG NGERWCDD I A
- - - - - - - - - - - - - - - - - D Y F WQL SL P SMET L L AN L TN L EE LHMGMVDMSG NGERWCDDVA

K FT PK LQV L S L PYCSL SGP I CT SL SSMN SL T R I E LHYNH L SGSV PE F L AG F SN L T V LQL S
K FT PK LQV L S L PYCSL SGP I CT SL SSMN SL T R I E LHYNH L SGSV PE F L AG F SN L T V LQL S
K FA PK LQV L S L PYCSL SGP I CT SL SSMN SL T R I E LHYNH L SGPV PE F L AG F SN L T V LQL S

KNK FEGL FPP I I FQHKK L VT I N I TNNPGL S GSL PN F SQD S K L - - - EN L L I SSTN FTG I I P
KNK FEGL FPP I I FQHKK L VT I N I TNNPGL S GSL PN F SQD S K L - - - EN L L I SSTN FTG I I P
KNK FEGL FPP I I FQHKK L VT I N I TNNPGL S GSL PN F SQE S SL K Y LD SL EV SGLQLAGSMA

SS I SN L K SL T - - - - - - - - - - - - - - - - - - - K LD LGA SGF SG ML P SSLGSL K Y LD L L EV SG I
SS I SN L K SL T - - - - - - - - - - - - - - - - - - - K LD LGA SGF SG ML P SSLGSL K Y LD L L EV SG I
PW I SN L T SL T V L K F SDCGL S GE I P SS I GKK LD LGA SGF SG ML P SSLGSL K Y LD SL EV SGL

QL TGSMA PW I SN L T SL T V L K F SDCGL SGE I P SS I GN L KK L SMLA L YNCK F SGKV PPQ I FN
QL TGSMA PW I SN L T SL T V L K F SDCGL SGE I P SS I GN L KK L SMLA L YNCK F SGKV PPQ I FN
QLAGSMA PW I SN L T SL T V L K F SDCGL SGE I P SS I GN L KK L SMLA L YNCK F SGKV PPQ I FN

L TQLQSLQLH SNN LAGT V E L T SFT K L KN L S V LN L SNNK L L V LHGEN SSSL V P FPK I K L L R
L TQLQSLQLH SNN LAGT V E L T SFT K L KN L S V LN L SNNK L L V LHGEN SSSL V P FPK I K L L R
L TQLQSLQLH SNN LAGT V E L T SFT K L KN L S V LN L SNNK L L V LRGEN SSSL V P FPK I K L L R

L A SCS I ST FP N I L KH LHE I T T LD L SHNK I Q GA I PQWAWET WRGMY F L L LN I SHNN I T SLG
L A SCS I ST FP N I L KH LHE I T T LD L SHNK I Q GA I PQWAWET WRGMY F L L LN I SHNN I T SLG
L A SCS I ST FP N I L RH LHE I T T LD L SHNK I Q GA I PQWAWET WRGMY F L L LN MSHNN I T SLG

SDP L L P L E I D F FD L SFN S I E GP I PV PQEGS TMLDY SSNQF SSMP LHY ST Y LGET FT FKA S
SDP L L P L E I D F FD L SFN S I E GP I PV PQEGS TMLDY SSNQF SSMP LHY ST Y LGET FT FKA S
SDP L L P L E I D F FD L SFN S I E GP I PV PQEGS TMLDY SSNQF SSMP LHY SA Y LGQT FT FKA S

KNK L SGN I P S I C SA PR LQL I D L SYNN L SGS I P SC LMEDVT A LQ I LN L K EN K L VGT I PDN I
KNK L SGN I P S I C SA PR LQL I D L SYNN L SGS I P SC LMEDVT A LQ I LN L K EN K L VGT I PDN I
KNK L SGN I P S I CT A PR LQL I D L SYNN L SGS I P SC LMEDVT A LQ I LN L K EN K L VGT I PDN I

K EGCA L EA I D L SGN L FEGR I PRSL VACRN L E I LD I GNNE I SD SFPCWMSK L PK LQV L A L K
K EGCA L EA I D L SGN L FEGR I PRSL VACRN L E I LD I GNNE I SD SFPCWMSK L PK LQV L A L K
K EGCA L EA I D L SGN L FEGK I PRSL VACRN L E I LD I GNNE I SD SFPCWMSK L PK LQV L V L K

SNK FTGQ I MD P SYT VDGN SC E FT E LR I ADM A SNN FNGT L P EAWFTMLK SM NA I SDNDT L V
SNK FTGQ I MD P SYT VDGN SC E FT E LR I ADM A SNN FNGT L P EAWFTMLK SM NA I SDNDT L V
SNK FTGQ I MD P SYT VDGN SC E FT E LR I ADM A SNN FNGT L P EAWFTMLK SM NA I SENDT L V

MENQYYHGQT YQFT AAVT YK GNY I T I SK I L RT L V L I D F SN NA FHGT I PET I GE L V L LHGL
MENQYYHGQT YQFT AAVT YK GNY I T I SK I L RT L V L I D F SN NA FHGT I PET I GE L V L LHGL
MENQYYHGQT YQFT AAVT YK GNY I T I SK I L RT L V L I D F SN NA FHGT I PET I GE L V L LHGL

NMSHN SL TGP I PTQFGR LNQ L E SLD L SSNE L FGE I PK E L A SLN F L S I LN L SYNT L VGR I P
NMSHN SL TGP I PTQFGR LNQ L E SLD L SSNE L FGE I PK E L A SLN F L S I LN L SYNT L VGR I P
NMSHNE L TGP I PTQFGR LNQ L E SLD L SSNE L FGE I PK E L A SLN F L S I LN L SYNA L VGRV P

N SYQF ST F SN N SF LGNTGLC GPP L SKQCDN PQE ST VMPYV SEK S I DV L L V L FT A LGFGV S
N SYQF ST F SN N SF LGNTGLC GPP L SKQCDN PQE ST VMPYV SEK S I DV L L V L FT A LGFGV S
N SYQF ST F SN N SF LGNTGLC GPP L SKQCDN PQE ST VMPYV SEK S I DVV L V L FT A LGFGV S

FA I T I L I VWG RHMKKQR *
FA I T I L I VWG RHMKKQR *
FA I T I L I VWG RHMKKKR *

Signal	pep*de	

Cytoplasmic	tail	
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1

M- - - - - - - - - - - - - - - - - - - Y I L LQVQAT T NT ART VV PPV RCHPDQA SA L LR L KH SFNAT
MSSST KRVAH H L P SL L L T AM Y I L LQVQAT T NT ART VV PPV RCHPDQA SA L LR L KH SFNAT
M- - - - - - - - - - - - - - - - - - - Y I L LQVQAT T NT ART VV PPV PCHPDQA SA L LR L KH SFNAT
MSSSAKRVAH H L P SL L L T AM Y I L LQVQAT T NT ART VV PPV PCHPDQA SA L LR L KH SFNAT

AGDY ST A FQS WVAGTDCCRW DGVGCGG- AD GRVT SLD LGG HQLQAGSVDP A L FR L T SL KH
AGDY ST A FQS WVAGTDCCRW DGVGCGG- AD GRVT SLD LGG HQLQAGSVDP A L FR L T SL KH
AGDY ST A FRS WVAGTDCCRW DGVGCGGGAD GRVT SLD LGG HN LQAGSVDP A L FR L T SL KH
AGDY ST A FRS WVAGTDCCRW DGVGCGGGAD GRVT SLD LGG HN LQAGSVDP A L FR L T SL KH

LN L SGND F SM SQL PV I TGFE QL T E L V Y LD L SDTN I AGEV P GS I GR L TN L V Y LD L ST SFY I
LN L SGND F SM SQL PV I TGFE QL T E L V Y LD L SDTN I AGEV P GS I GR L TN L V Y LD L ST SFY I
LN L SGND F SM SQL PV I TGFE QL T E L VH LH L SDTN I TGEV P GS I GR L TN L V Y LD L ST SFY I
LN L SGND F SM SQL PV I TGFE QL T E L VH LH L SDTN I TGEV P GS I GR L TN L V Y LD L ST SFY I

V EYNDDEQVT FD SD SVWQL S A PNMET L I EN L SN L EE LHMG MVD L SGNGER WCDN I AK YT P
V EYNDDEQVT FD SD SVWQL S A PNMET L I EN H SN L EE LHMG MVD L SGNGER WCDN I AK YT P
V EYNDDEQVT FN SD SVWQL S A PNMET L L EN L TN L EK LHMG MVD L SGNGER WCYN I AK YT P
V EYNDDEQVT FN SD SVWQL S A PNMET L L EN L TN L EK LHMG MVD L SGNGER WCYN I AK YT P

K LQV L SL PYC SL SGP I CA SF SA LQA L TM I E LHYNH L SGSV PE F L AGF SN L T V LQL SKNK F
K LQV L SL PYC SL SGP I CA SF SA LQA L TM I E LHYNH L SGSV PE F L AGF SN L T V LQL SKNK F
K LQV L SL PYC SL SGP I CA SF SA LQA L TM I E LHYNH L SGSV PE F L AGF SN L T V LQL SKNK F
K LQV L SL PYC SL SGP I CA SF SA LQA L TM I E LHYNH L SGSV PE F L AGF SN L T V LQL SKNK F

QGSFPP I I FQ HKK LRT I N L S KNPG I SGN L P N F SQDT SL EN L F LNNTN FTG T I PGS I I N L I
QGSFPP I I FQ HKK LRT I N L S KNPG I SGN L P N F SQDT SL EN L F LNNTN FTG T I PGS I I N L I
QGSFPP I I FQ HKK LRT I N L S KNPG I SGN L P N F SQDT SL EN L F L SNTN FTG T I P SS I I N L I
QGSFPP I I FQ HKK LRT I N L S KNPG I SGN L P N F SQDT SL EN L F L SNTN FTG T I P SS I I N L I

SVKK LD LGA S GF SGSL P SSL GSL K Y LDMLQ L SGLQLVGT I P SW I SN L T SL T V LR I SNCGL
SVKK LD LGA S GF SGSL P SSL GSL K Y LDMLQ L SGLQLVGT I P SW I SN L T SL T V LR I SNCGL
SVKK LD LGA S GF SGSL P SSL GSL K Y LDMLQ L SGLQLVGT I P SW I SN L SSL T V LR F SNCGL
SVKK LD LGA S GF SGSL P SSL GSL K Y LDMLQ L SGLQLVGT I P SW I SN L SSL T V LR F SNCGL

SGPV P SS I GN LRE L T T L A L Y NCN F SGT VHP Q I LN L T R LQT L L LH SNN FAG T VD L T SF SK L
SGPV P SS I GN LRE L T T L A L Y NCN F SGT VHP Q I LN L T R LQT L L LH SNN FAG T VD L T SF SK L
SGQV P SS I GN LRE L T T L A L Y NCN F SGT V PP Q I LN L T R LQT L L LH SNN FAG T V E L T SF SK L
SGQV P SS I GN LRE L T T L A L Y NCN F SGT V PP Q I LN L T R LQT L L LH SNN FAG T V E L T SF SK L

KN L T F LN L SN NK L L VV EGKN SSSL V L FPK L QL L SL A SCSM T T FPN I L RD L PD I T SLD L SN
KN L T F LN L SN NK L L VV EGKN SSSL V L FPK L QL L SL A SCSM T T FPN I L RD L PD I T SLD L SN
KN L T F LN L SN NK L L VV EGKN SSSL V SLHK L QL L SL A SCSM T T FPN I L RH L PE I T SLD L SN
KN L T F LN L SN NK L L VV EGKN SSSL V SLHK L QL L SL A SCSM T T FPN I L RH L PE I T SLD L SN

NQ I QGA I PQW AWKTWKGLQF I V LN I SHNN F T SLGSDP F L P L YV EY FD L SF N S I EGP I P I P
NQ I QGA I PQW AWKTWKGLQF I V LN I SHNN F T SLGSDP F L P L YV EY FD L SF N S I EGP I P I P
NQ I QGA I PQW AWKTWKGLQF I V LN I SHNN F T SLGSDP F L P L SV EY FD L SF N S I GGP I P I P
NQ I QGA I PQW AWKTWKGLQF I V LN I SHNN F T SLGSDP F L P L SV EY FD L SF N S I GGP I P I P

QEGSST LDY S SNQF SSMP LR Y ST Y LGET VT FKA SKNK L SG NV PP L I CT T A RK LQL I D L SY
QEGSST LDY S SNQF SSMP LR Y ST Y LGET VT FKA SKNK L SG NV PP L I CT T A RK LQL I D L SY
QEGSST LDY S SNQF SSMP LR Y ST Y LGET L T FKA SKNK L SG NV PP L I CT T A RK LQL I D L SY
QEGSST LDY S SNQF SSMP LR Y ST Y LGET L T FKA SKNKT SG NV PP L I CT T A RK LQL I D L SY

NN L SGS I P SC L L E SF SE LQV L SL KANK FVG K L PD I I K EGC A L EA LD L SDN S I EGK I PRSL
NN L SGS I P SC L L E SF SE LQV L SL KANK FVG K L PD I I K EGC A L EA LD L SDN S I EGK I PRSL
NN L SGS I P SC L L E SF SE LQV L SL KANK FVG K L PD I I K EGC A L EA LD L SDN S I EGK I PRSL
NN L SGS I P SC L L E SF SE LQV L SL KANK FVG K L PD I I K EGC A L EA LD L SDN S I EGK I PRSL

V SCRN L E I LD I GSNQ I SD SF PCWL SQL PK L QV L V L K SNK L TGQVMDP SYT GRQ I SCE FPA
V SCRN L E I LD I GSNQ I SD SF PCWL SQL PK L QV L V L K SNK L TGQVMDP SYT GRQ I SCE FPA
V SCRN L E I LD I GSNQ I SD SF PCWL SQL PK L QV L V L K SNK L TGQVMDP SYT GRQN SCE FP S
V SCRN L E I LD I GSNQ I SD SF PCWL SQL PK L QV L V L K SNK L TGQVMDP SYT GRQN SCE FP S

LR I ADMA SNN LNGMLMEGWF NVT PRN LAQ- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
L R I ADMA SNN LNGMLMEGWF KMLK SMMARS DNDT L VMENQ YYHGQT YQFT AT VT YKGNDR
LR I ADMA SNN LNGMLMEGWF KK L K SMMARS DNDT L VMENQ YYHGQT YQFT AT VT YKGK SM
LR I ADMA SNN LNGMLMEGWF KK L K SMMARS DNDT L VMENQ YYHGQT YQFT AT VT YKGK SM

- I SR L FCV L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - N PCPGP - - - - - ARVHK - - - -
T I SK I L R SL V L I DV SGNA FH GA I PDT I GE L V L LRGLN L SH NA L TGP I P SQ FCR LDQL E SL
T F SKV LRT L V L I D F SNNA FH GT I PET I GE L I L LHGLN I SH NA L TGP I PPQ LGR LNQL E SL
T F SKV LRT L V L I D F SNNA FH GT I PET I GE L I L LHGLN I SH NA L TGP I PPQ LGR LNQL E SL

- - - - - - - - - - - - - - - - - - - - - T T SN I - - - - - - - - - - - - - Q FQT * - - - - - - - - - - - - - - - -
D L SFNE L SGE I PK E L A SLN F L ST LN L SNNT L VGR I PD SYQ F ST F SN SSF L GNTGLCGL P L
D L SSNK L SGK I PNE L E SLN F L ST LN L SYNV L VGR I PD SYQ F ST F SN SSF L GNTGLCGPP F
D L SSNK L SGK I PNE L E SLN F L ST LN L SYNV L VGR I PD SYQ F ST F SN SSF L GNTGLCGPP F

Signal	pep*de	



Chapter	3	

	 105	

	

	
Figure	3.14	Multiple	Amino	acid	alignment	of	Os12g11500	with	IR64,	Azucena	and	Koshihikari	
homologs.	 IR64	and	Koshihkari	sequences	were	predicted	by	Fgenesh	gene-finder	 (Softberry,	
Inc),	Azucena	sequence	was	amplified	by	PCR	and	sequenced	by	Sanger	sequencing	.	Structural	
domains	 of	 the	 protein	 predicted	 by	 NCBI	 protein	 BLAST	 and	 SMART	 protein	
(http://smart.embl-heidelberg.de)	are	shown	above	alignments.	Yellow	boxes	 indicate	amino	
acids	 that	 correspond	 to	 putative	 solvent-exposed	 residues	 xxLxLxx	 of	 the	 concave	 (inner)	
surface	of	the	extracellular	leucine-rich	repeat	(eLRR)	domain	thought	to	be	involved	in	ligand	
binding.	Only	Os12g11500	was	predicted	to	contain	a	transmembrane	domain.	

	
	
	
	
	
	
	
	
	

	

	
Figure	3.15	Amino	acid	alignment	of	IR64_h_Os12g11930	aligned	to	the	end	sequence	of	both	
Os12g11500	 and	 Os12g11930	 from	 Nipponbare.	 IR64	 sequence	 was	 predicted	 by	 Fgenesh	
gene-finder	(Softberry,	Inc).	Structural	domains	of	the	protein	predicted	by	NCBI	protein	BLAST	
and	 SMART	 protein	 (http://smart.embl-heidelberg.de)	 are	 shown	 above	 alignments.	 Yellow	
boxes	 indicate	 amino	 acids	 that	 correspond	 to	 putative	 solvent-exposed	 residues	 xxLxLxx	 of	
the	concave	(inner)	surface	of	the	extracellular	 leucine-rich	repeat	(eLRR)	domain	thought	to	
be	involved	in	ligand	binding.	

	
	
	
	

2

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SRQCDNPEEP SA I PYT SEK S I DAV L L L FT A LGFG I SFAMT I L I VWGSHMR KRH *
V * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
V * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Transmembrane	region	 Cytoplasmic	tail	

GL SGPV P SS I GN LRE L T T L A L YNCN F SGT V HPQ I LN L T R L QT L L LH SNN F AGT VD L T SF S

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
K L KN L T F LN L SNNK L L VV EG KN SSSL V SFP K LQL L SL A SC SMT T FPN I L R D L PD I T SLD L
K L KN L T F LN L SNNK L L VV EG KN SSSL V L FP K LQL L SL A SC SMT T FPN I L R D L PD I T SLD L

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SNNQ I QGA I P QWAWKTWKGL QF I V LN I SHN N FT SLGSDP F L P L YV EY FD L SFN S I EGP I P
SNNQ I QGA I P QWAWKTWKGL QF I V LN I SHN N FT SLGSDP F L P L YV EY FD L SFN S I EGP I P

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
I PQEGSST LD Y SSNQF SYMP LRY ST Y LGET VT FKA SKNK L SGNV PP L I CT T ARK LQL I D L
I PQEGSST LD Y SSNQF SSMP LRY ST Y LGET VT FKA SKNK L SGNV PP L I CT T ARK LQL I D L

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SYNN L SGS I P SC L L E SF SE L QV L SL KANK F VGK L PD I I K E GCA L EA LD L S DN S I EGK I PR
SYNN L SGS I P SC L L E SF SE L QV L SL KANK F VGK L PD I I K E GCA L EA LD L S DN S I EGK I PR

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S L V SCRN L E I LD I GSNQ I SD SFPCWL SQL P K LQV L V L K SN K L TGQVMDP S YTGRQ I SCE F
SL V SCRN L E I LD I GSNQ I SD SFPCWL SQL P K LQV L V L K SN K L TGQVMDP S YTGRQ I SCE F

- - - - - - - - - - - - - - - - - - - - - - - - - - - - MA RSDNDT L VME NQYYHGQT YQ FT AT VT YKGN
PA LR I ADMA S NN LNGMLMEG WFKMLK SMMA RSDNDT L VME NQYYHGQT YQ FT AT VT YKGN
PA LR I ADMA S NN LNGMLMEG WFKMLK SMMA RSDNDT L VME NQYYHGQT YQ FT AT VT YKGN

DRT I SK I L R S L V L I DV SGNA FHGA I PDT I G E L V L LRGLN L SHNA L TGP I P SQFGR LDQL E
DRT I SK I L R S L V L I DV SSNA FHGA I PDT I G E L V L LRGLN L SHNA L TGP I P SQFGR LDQL E
DRT I SK I L R S L V L I DV SGNA FHGA I PDT I G E L V L LRGLN L SHNA L TGP I P SQFCR LDQL E

SLD L SFNE L S GE I PK E L A SL N F L ST LN L SN NT L VGR I PD S YQF ST F SN SS F LGNTGLCGP
SLD L SFNE L S GE I PK E L A SL N F L ST LN L AN NT L VGR I PD S YQF ST F SN SS F LGNTGLCGP
SLD L SFNE L S GE I PK E L A SL N F L ST LN L SN NT L VGR I PD S YQF ST F SN SS F LGNTGLCGL

P L SRQCDNPE EP I T I PYT SE K S I DAV L L L F T A LGFG I F FA MT I L I VWGSH MRKRH *
P L SRQCDNPE EP I A I PYT SE K S I DAV L L L F T A LGFG I SFA MT I L I VWGSH MRKRH *
P L SRQCDNPE EP SA I PYT SE K S I DAV L L L F T A LGFG I SFA MT I L I VWGSH MRKRH *

Transmembrane	region	 Cytoplasmic	tail	

GL SGPV P SS I GN LRE L T T L A L YNCN F SGT V HPQ I LN L T R L QT L L LH SNN F AGT VD L T SF S

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
K L KN L T F LN L SNNK L L VV EG KN SSSL V SFP K LQL L SL A SC SMT T FPN I L R D L PD I T SLD L
K L KN L T F LN L SNNK L L VV EG KN SSSL V L FP K LQL L SL A SC SMT T FPN I L R D L PD I T SLD L

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SNNQ I QGA I P QWAWKTWKGL QF I V LN I SHN N FT SLGSDP F L P L YV EY FD L SFN S I EGP I P
SNNQ I QGA I P QWAWKTWKGL QF I V LN I SHN N FT SLGSDP F L P L YV EY FD L SFN S I EGP I P

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
I PQEGSST LD Y SSNQF SYMP LRY ST Y LGET VT FKA SKNK L SGNV PP L I CT T ARK LQL I D L
I PQEGSST LD Y SSNQF SSMP LRY ST Y LGET VT FKA SKNK L SGNV PP L I CT T ARK LQL I D L

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SYNN L SGS I P SC L L E SF SE L QV L SL KANK F VGK L PD I I K E GCA L EA LD L S DN S I EGK I PR
SYNN L SGS I P SC L L E SF SE L QV L SL KANK F VGK L PD I I K E GCA L EA LD L S DN S I EGK I PR

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S L V SCRN L E I LD I GSNQ I SD SFPCWL SQL P K LQV L V L K SN K L TGQVMDP S YTGRQ I SCE F
SL V SCRN L E I LD I GSNQ I SD SFPCWL SQL P K LQV L V L K SN K L TGQVMDP S YTGRQ I SCE F

- - - - - - - - - - - - - - - - - - - - - - - - - - - - MA RSDNDT L VME NQYYHGQT YQ FT AT VT YKGN
PA LR I ADMA S NN LNGMLMEG WFKMLK SMMA RSDNDT L VME NQYYHGQT YQ FT AT VT YKGN
PA LR I ADMA S NN LNGMLMEG WFKMLK SMMA RSDNDT L VME NQYYHGQT YQ FT AT VT YKGN

DRT I SK I L R S L V L I DV SGNA FHGA I PDT I G E L V L LRGLN L SHNA L TGP I P SQFGR LDQL E
DRT I SK I L R S L V L I DV SSNA FHGA I PDT I G E L V L LRGLN L SHNA L TGP I P SQFGR LDQL E
DRT I SK I L R S L V L I DV SGNA FHGA I PDT I G E L V L LRGLN L SHNA L TGP I P SQFCR LDQL E

SLD L SFNE L S GE I PK E L A SL N F L ST LN L SN NT L VGR I PD S YQF ST F SN SS F LGNTGLCGP
SLD L SFNE L S GE I PK E L A SL N F L ST LN L AN NT L VGR I PD S YQF ST F SN SS F LGNTGLCGP
SLD L SFNE L S GE I PK E L A SL N F L ST LN L SN NT L VGR I PD S YQF ST F SN SS F LGNTGLCGL

P L SRQCDNPE EP I T I PYT SE K S I DAV L L L F T A LGFG I F FA MT I L I VWGSH MRKRH *
P L SRQCDNPE EP I A I PYT SE K S I DAV L L L F T A LGFG I SFA MT I L I VWGSH MRKRH *
P L SRQCDNPE EP SA I PYT SE K S I DAV L L L F T A LGFG I SFA MT I L I VWGSH MRKRH *

GL SGPV P SS I GN LRE L T T L A L YNCN F SGT V HPQ I LN L T R L QT L L LH SNN F AGT VD L T SF S

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
K L KN L T F LN L SNNK L L VV EG KN SSSL V SFP K LQL L SL A SC SMT T FPN I L R D L PD I T SLD L
K L KN L T F LN L SNNK L L VV EG KN SSSL V L FP K LQL L SL A SC SMT T FPN I L R D L PD I T SLD L

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SNNQ I QGA I P QWAWKTWKGL QF I V LN I SHN N FT SLGSDP F L P L YV EY FD L SFN S I EGP I P
SNNQ I QGA I P QWAWKTWKGL QF I V LN I SHN N FT SLGSDP F L P L YV EY FD L SFN S I EGP I P

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
I PQEGSST LD Y SSNQF SYMP LRY ST Y LGET VT FKA SKNK L SGNV PP L I CT T ARK LQL I D L
I PQEGSST LD Y SSNQF SSMP LRY ST Y LGET VT FKA SKNK L SGNV PP L I CT T ARK LQL I D L

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SYNN L SGS I P SC L L E SF SE L QV L SL KANK F VGK L PD I I K E GCA L EA LD L S DN S I EGK I PR
SYNN L SGS I P SC L L E SF SE L QV L SL KANK F VGK L PD I I K E GCA L EA LD L S DN S I EGK I PR

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S L V SCRN L E I LD I GSNQ I SD SFPCWL SQL P K LQV L V L K SN K L TGQVMDP S YTGRQ I SCE F
SL V SCRN L E I LD I GSNQ I SD SFPCWL SQL P K LQV L V L K SN K L TGQVMDP S YTGRQ I SCE F

- - - - - - - - - - - - - - - - - - - - - - - - - - - - MA RSDNDT L VME NQYYHGQT YQ FT AT VT YKGN
PA LR I ADMA S NN LNGMLMEG WFKMLK SMMA RSDNDT L VME NQYYHGQT YQ FT AT VT YKGN
PA LR I ADMA S NN LNGMLMEG WFKMLK SMMA RSDNDT L VME NQYYHGQT YQ FT AT VT YKGN

DRT I SK I L R S L V L I DV SGNA FHGA I PDT I G E L V L LRGLN L SHNA L TGP I P SQFGR LDQL E
DRT I SK I L R S L V L I DV SSNA FHGA I PDT I G E L V L LRGLN L SHNA L TGP I P SQFGR LDQL E
DRT I SK I L R S L V L I DV SGNA FHGA I PDT I G E L V L LRGLN L SHNA L TGP I P SQFCR LDQL E

SLD L SFNE L S GE I PK E L A SL N F L ST LN L SN NT L VGR I PD S YQF ST F SN SS F LGNTGLCGP
SLD L SFNE L S GE I PK E L A SL N F L ST LN L AN NT L VGR I PD S YQF ST F SN SS F LGNTGLCGP
SLD L SFNE L S GE I PK E L A SL N F L ST LN L SN NT L VGR I PD S YQF ST F SN SS F LGNTGLCGL

P L SRQCDNPE EP I T I PYT SE K S I DAV L L L F T A LGFG I F FA MT I L I VWGSH MRKRH *
P L SRQCDNPE EP I A I PYT SE K S I DAV L L L F T A LGFG I SFA MT I L I VWGSH MRKRH *
P L SRQCDNPE EP SA I PYT SE K S I DAV L L L F T A LGFG I SFA MT I L I VWGSH MRKRH *

GL SGPV P SS I GN LRE L T T L A L YNCN F SGT V HPQ I LN L T R L QT L L LH SNN F AGT VD L T SF S

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
K L KN L T F LN L SNNK L L VV EG KN SSSL V SFP K LQL L SL A SC SMT T FPN I L R D L PD I T SLD L
K L KN L T F LN L SNNK L L VV EG KN SSSL V L FP K LQL L SL A SC SMT T FPN I L R D L PD I T SLD L

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SNNQ I QGA I P QWAWKTWKGL QF I V LN I SHN N FT SLGSDP F L P L YV EY FD L SFN S I EGP I P
SNNQ I QGA I P QWAWKTWKGL QF I V LN I SHN N FT SLGSDP F L P L YV EY FD L SFN S I EGP I P

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
I PQEGSST LD Y SSNQF SYMP LRY ST Y LGET VT FKA SKNK L SGNV PP L I CT T ARK LQL I D L
I PQEGSST LD Y SSNQF SSMP LRY ST Y LGET VT FKA SKNK L SGNV PP L I CT T ARK LQL I D L

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SYNN L SGS I P SC L L E SF SE L QV L SL KANK F VGK L PD I I K E GCA L EA LD L S DN S I EGK I PR
SYNN L SGS I P SC L L E SF SE L QV L SL KANK F VGK L PD I I K E GCA L EA LD L S DN S I EGK I PR

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S L V SCRN L E I LD I GSNQ I SD SFPCWL SQL P K LQV L V L K SN K L TGQVMDP S YTGRQ I SCE F
SL V SCRN L E I LD I GSNQ I SD SFPCWL SQL P K LQV L V L K SN K L TGQVMDP S YTGRQ I SCE F

- - - - - - - - - - - - - - - - - - - - - - - - - - - - MA RSDNDT L VME NQYYHGQT YQ FT AT VT YKGN
PA LR I ADMA S NN LNGMLMEG WFKMLK SMMA RSDNDT L VME NQYYHGQT YQ FT AT VT YKGN
PA LR I ADMA S NN LNGMLMEG WFKMLK SMMA RSDNDT L VME NQYYHGQT YQ FT AT VT YKGN

DRT I SK I L R S L V L I DV SGNA FHGA I PDT I G E L V L LRGLN L SHNA L TGP I P SQFGR LDQL E
DRT I SK I L R S L V L I DV SSNA FHGA I PDT I G E L V L LRGLN L SHNA L TGP I P SQFGR LDQL E
DRT I SK I L R S L V L I DV SGNA FHGA I PDT I G E L V L LRGLN L SHNA L TGP I P SQFCR LDQL E

SLD L SFNE L S GE I PK E L A SL N F L ST LN L SN NT L VGR I PD S YQF ST F SN SS F LGNTGLCGP
SLD L SFNE L S GE I PK E L A SL N F L ST LN L AN NT L VGR I PD S YQF ST F SN SS F LGNTGLCGP
SLD L SFNE L S GE I PK E L A SL N F L ST LN L SN NT L VGR I PD S YQF ST F SN SS F LGNTGLCGL

P L SRQCDNPE EP I T I PYT SE K S I DAV L L L F T A LGFG I F FA MT I L I VWGSH MRKRH *
P L SRQCDNPE EP I A I PYT SE K S I DAV L L L F T A LGFG I SFA MT I L I VWGSH MRKRH *
P L SRQCDNPE EP SA I PYT SE K S I DAV L L L F T A LGFG I SFA MT I L I VWGSH MRKRH *

GL SGPV P SS I GN LRE L T T L A L YNCN F SGT V HPQ I LN L T R L QT L L LH SNN F AGT VD L T SF S

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
K L KN L T F LN L SNNK L L VV EG KN SSSL V SFP K LQL L SL A SC SMT T FPN I L R D L PD I T SLD L
K L KN L T F LN L SNNK L L VV EG KN SSSL V L FP K LQL L SL A SC SMT T FPN I L R D L PD I T SLD L

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SNNQ I QGA I P QWAWKTWKGL QF I V LN I SHN N FT SLGSDP F L P L YV EY FD L SFN S I EGP I P
SNNQ I QGA I P QWAWKTWKGL QF I V LN I SHN N FT SLGSDP F L P L YV EY FD L SFN S I EGP I P

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
I PQEGSST LD Y SSNQF SYMP LRY ST Y LGET VT FKA SKNK L SGNV PP L I CT T ARK LQL I D L
I PQEGSST LD Y SSNQF SSMP LRY ST Y LGET VT FKA SKNK L SGNV PP L I CT T ARK LQL I D L

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SYNN L SGS I P SC L L E SF SE L QV L SL KANK F VGK L PD I I K E GCA L EA LD L S DN S I EGK I PR
SYNN L SGS I P SC L L E SF SE L QV L SL KANK F VGK L PD I I K E GCA L EA LD L S DN S I EGK I PR

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S L V SCRN L E I LD I GSNQ I SD SFPCWL SQL P K LQV L V L K SN K L TGQVMDP S YTGRQ I SCE F
SL V SCRN L E I LD I GSNQ I SD SFPCWL SQL P K LQV L V L K SN K L TGQVMDP S YTGRQ I SCE F

- - - - - - - - - - - - - - - - - - - - - - - - - - - - MA RSDNDT L VME NQYYHGQT YQ FT AT VT YKGN
PA LR I ADMA S NN LNGMLMEG WFKMLK SMMA RSDNDT L VME NQYYHGQT YQ FT AT VT YKGN
PA LR I ADMA S NN LNGMLMEG WFKMLK SMMA RSDNDT L VME NQYYHGQT YQ FT AT VT YKGN

DRT I SK I L R S L V L I DV SGNA FHGA I PDT I G E L V L LRGLN L SHNA L TGP I P SQFGR LDQL E
DRT I SK I L R S L V L I DV SSNA FHGA I PDT I G E L V L LRGLN L SHNA L TGP I P SQFGR LDQL E
DRT I SK I L R S L V L I DV SGNA FHGA I PDT I G E L V L LRGLN L SHNA L TGP I P SQFCR LDQL E

SLD L SFNE L S GE I PK E L A SL N F L ST LN L SN NT L VGR I PD S YQF ST F SN SS F LGNTGLCGP
SLD L SFNE L S GE I PK E L A SL N F L ST LN L AN NT L VGR I PD S YQF ST F SN SS F LGNTGLCGP
SLD L SFNE L S GE I PK E L A SL N F L ST LN L SN NT L VGR I PD S YQF ST F SN SS F LGNTGLCGL

P L SRQCDNPE EP I T I PYT SE K S I DAV L L L F T A LGFG I F FA MT I L I VWGSH MRKRH *
P L SRQCDNPE EP I A I PYT SE K S I DAV L L L F T A LGFG I SFA MT I L I VWGSH MRKRH *
P L SRQCDNPE EP SA I PYT SE K S I DAV L L L F T A LGFG I SFA MT I L I VWGSH MRKRH *

GL SGPV P SS I GN LRE L T T L A L YNCN F SGT V HPQ I LN L T R L QT L L LH SNN F AGT VD L T SF S

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
K L KN L T F LN L SNNK L L VV EG KN SSSL V SFP K LQL L SL A SC SMT T FPN I L R D L PD I T SLD L
K L KN L T F LN L SNNK L L VV EG KN SSSL V L FP K LQL L SL A SC SMT T FPN I L R D L PD I T SLD L

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SNNQ I QGA I P QWAWKTWKGL QF I V LN I SHN N FT SLGSDP F L P L YV EY FD L SFN S I EGP I P
SNNQ I QGA I P QWAWKTWKGL QF I V LN I SHN N FT SLGSDP F L P L YV EY FD L SFN S I EGP I P

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
I PQEGSST LD Y SSNQF SYMP LRY ST Y LGET VT FKA SKNK L SGNV PP L I CT T ARK LQL I D L
I PQEGSST LD Y SSNQF SSMP LRY ST Y LGET VT FKA SKNK L SGNV PP L I CT T ARK LQL I D L

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SYNN L SGS I P SC L L E SF SE L QV L SL KANK F VGK L PD I I K E GCA L EA LD L S DN S I EGK I PR
SYNN L SGS I P SC L L E SF SE L QV L SL KANK F VGK L PD I I K E GCA L EA LD L S DN S I EGK I PR

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S L V SCRN L E I LD I GSNQ I SD SFPCWL SQL P K LQV L V L K SN K L TGQVMDP S YTGRQ I SCE F
SL V SCRN L E I LD I GSNQ I SD SFPCWL SQL P K LQV L V L K SN K L TGQVMDP S YTGRQ I SCE F

- - - - - - - - - - - - - - - - - - - - - - - - - - - - MA RSDNDT L VME NQYYHGQT YQ FT AT VT YKGN
PA LR I ADMA S NN LNGMLMEG WFKMLK SMMA RSDNDT L VME NQYYHGQT YQ FT AT VT YKGN
PA LR I ADMA S NN LNGMLMEG WFKMLK SMMA RSDNDT L VME NQYYHGQT YQ FT AT VT YKGN

DRT I SK I L R S L V L I DV SGNA FHGA I PDT I G E L V L LRGLN L SHNA L TGP I P SQFGR LDQL E
DRT I SK I L R S L V L I DV SSNA FHGA I PDT I G E L V L LRGLN L SHNA L TGP I P SQFGR LDQL E
DRT I SK I L R S L V L I DV SGNA FHGA I PDT I G E L V L LRGLN L SHNA L TGP I P SQFCR LDQL E

SLD L SFNE L S GE I PK E L A SL N F L ST LN L SN NT L VGR I PD S YQF ST F SN SS F LGNTGLCGP
SLD L SFNE L S GE I PK E L A SL N F L ST LN L AN NT L VGR I PD S YQF ST F SN SS F LGNTGLCGP
SLD L SFNE L S GE I PK E L A SL N F L ST LN L SN NT L VGR I PD S YQF ST F SN SS F LGNTGLCGL

P L SRQCDNPE EP I T I PYT SE K S I DAV L L L F T A LGFG I F FA MT I L I VWGSH MRKRH *
P L SRQCDNPE EP I A I PYT SE K S I DAV L L L F T A LGFG I SFA MT I L I VWGSH MRKRH *
P L SRQCDNPE EP SA I PYT SE K S I DAV L L L F T A LGFG I SFA MT I L I VWGSH MRKRH *
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3.3.6	Comparison	of	candidate	S.	hermonthica	resistance	gene	in	IR64	with	RLP	genes	in	
different	plant	species	
Receptor-like	 proteins	 often	 share	 conserved	motifs	 between	 different	 plant	 species.	 These	

are	 thought	 to	play	a	 role	 in	 conformation,	 stability	 and	possibly	 function	of	 these	proteins.	

The	amino	acid	 sequences	of	 the	RLP	 genes	 in	 IR64	were	aligned	against	 5	other	RLP	 genes	

identified	in	tomato;	these	were	Ve1,	which	provides	resistance	to	race	1	strains	of	V.	dahlia	

and	 V.	 albo-atrum,	 and	 its	 close	 homolog	 Ve2;	 Cf-4	 and	 Cf-9	 which	 confer	 resistance	 to	

different	races	of	C.	fulvum	through	recognition	of	different	avirulence	factors	(Thomas,	1997)	

and	 the	 recently	 identified	 CuRe1,	 essential	 for	 the	 perception	 of	 the	 stem	 holoparasite	 C.	

reflexa	 (Hegenauer	et	al.,	2016).	Their	evolutionary	 relationship	 is	 shown	 in	Figure	3.16.	The	

IR64	RLP	genes	were	most	closely	related	to	Ve1	and	Ve2,	and	most	distantly	related	to	CuRe1.		

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Table	 3.6	 (overleaf).	 Gene	 comparisons	 for	 across	 the	S.	 hermonthica	 resistance	QTL	between	 the	
annotated	Nipponbare	genes	and	those	predicted	within	the	IR64	QTL.	Koshihikari	gene	predictions	are	
included	where	known.	Only	genes	present	in	both	IR64	and	Nipponbare	QTL	are	shown.	Transposable	
elements	 have	 been	 omitted.	 %	 identity	 is	 over	 the	 full	 length	 of	 the	 gene	 alignment.
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FgenesH

Query Annotation Nipponbare Koshihikari
Gene	model	(Nipponbare) start stop Length	(aa) Length	(aa) %	identity Length	(aa) %	identity

LOC_Os12g10710.1 5746099 5752994 NB-ARC	domain	containing	protein,	expressed 1549 1470 89.26 1470 90.4
LOC_Os12g10720.1 5756436 5760088 glutathione	S-transferase,	putative,	expressed 215 197 91.63 197 91.63
LOC_Os12g10730.2 5760466 5763724 glutathione	S-transferase,	putative,	expressed 213 213 99.06 213 100

Top	of	Nipponbare	mapping
LOC_Os12g10740.1 5765954 5773383 leucine-rich	repeat	family	protein,	putative,	expressed 968 855 82.77 968 90.71-100?
LOC_Os12g10750.1 5775600 5776808 ARGOS,	putative,	expressed 127 174 69.54 ? ?
LOC_Os12g10760.1 5786022 5786569 expressed	protein 173 173 100 ? ?
LOC_Os12g10810.1 5817169 5819154 expressed	protein 271 671 33.83 300 61.91

408 51.87 189 55.6
LOC_Os12g10820.1 5822599 5829161 expressed	protein 422 ? ?
LOC_Os12g10850.1 5849759 5852388 hhH-GPD	superfamily	base	excision	DNA	repair	protein,	putative,	expressed 475 466 96.63 ? ?
LOC_Os12g10870.1 5856217 5859264 verticillium	wilt	disease	resistance	protein,	putative,	expressed 1016 1016 98.82 ? ?
LOC_Os12g10880.1 5866457 5866925 expressed	protein 64 69 84.06 ? ?
LOC_Os12g10910.1 5901106 5902772 A/G-specific	adenine	DNA	glycosylase,	putative,	expressed 216 39.1 40.38 ? ?
LOC_Os12g10930.1 5904580 5907620 NL0E,	putative,	expressed 749 979 60.04 - -
LOC_Os12g11370.1 6138570 6142158 verticillium	wilt	disease	resistance	protein,	putative,	expressed 1015 1015 100 980 86.61
LOC_Os12g11400.1 6156332 6156661 hypothetical	protein 110 110 98.18 - -
LOC_Os12g11420.1 6164435 6164653 expressed	protein 73 88 52.27 - -
LOC_Os12g11500.1	IRGSP 6224244 6227225 resistance	protein	SlVe1	precursor,	putative,	expressed 1013 818 78.18 943 87.28
LOC_Os12g11510.1	 6231368 6235528 hcr2-0B,	putative,	expressed 829 911 87.94 - -
LOC_Os12g11550.1 6259614 6259823 hypothetical	protein 70 - - 70 97.14

LOC_Os12g11660.1 6324994 6325718 RALFL45	-	Rapid	ALkalinization	Factor	RALF	family	protein	precursor,	expressed 99 - - - -
LOC_Os12g11680.1	IRGSP 6340808 6344089 verticillium	wilt	disease	resistance	protein	precursor,	putative,	expressed 1000 - - - -
LOC_Os12g11720.1 6356947 6360006 verticillium	wilt	disease	resistance	protein	precursor,	putative,	expressed 1020 - - - -
LOC_Os12g11860.1 6447258 6450275 verticillium	wilt	disease	resistance	protein	precursor,	putative,	expressed 1006 - - - -
LOC_Os12g11930.1 6506509 6509781 disease	resistance	protein	SlVe2	precursor,	putative,	expressed 1016 208 20.08 - -
LOC_Os12g11940.1 6517869 6520549 disease	resistance	family	protein,	putative,	expressed 855 - - 358 38.83

LOC_Os12g11950.1 6525869 6526486 expressed	protein 158 - - 158 97.47
LOC_Os12g11980.1 6563886 6564092 expressed	protein 69 70 88.57 69 100
LOC_Os12g11990.1 6567115 6567660 expressed	protein 69 69 97.1 69 100
LOC_Os12g12000.1 6576304 6577029 RALFL46	-	Rapid	ALkalinization	Factor	RALF	family	protein	precursor,	expressed 97 95 90.72 - -
LOC_Os12g12010.1 6583346 6586345 verticillium	wilt	disease	resistance	protein	precursor,	putative,	expressed 1000 978 95.7 - -
LOC_Os12g12120.1 6647316 6650612 verticillium	wilt	disease	resistance	protein	precursor,	putative,	expressed 1006 - - - -
LOC_Os12g12130.1 6650911 6654239 verticillium	wilt	disease	resistance	protein,	putative,	expressed 1026 - - 517 39.48

Bottom	of	Nipponbare	mapping
LOC_Os12g12170 6677657 6679930 cytochrome	b5-like	Heme/Steroid	binding	domain	containing	protein,	expressed 151 151 98.68

LOC_Os12g12260.2 6729628 6734373 diacylglycerol	kinase	1,	putative,	expressed 664 820 80.49
Bottom	of	IR64	mapping

Top	of	IR64	
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Figure	 3.16	 Phylogenetic	 relationship	of	RLP	genes	 in	 the	S.	 hermonthica	 resistance	QTL	 from	 the	 rice	 cultivar	 IR64	and	5	homologous	RLP	genes	 identified	 in	

tomato,	 involved	 in	 resistance	 to	 Verticillium	 wilt	 (Ve1	 and	 Ve2)	 Cladosporum	 fulvum	 (Cf-4	 and	 Cf-9),	 and	 the	 stem	 parasitic	 plant	 Cuscuta	 reflexa	 (CuRe1).	
Neighbor	Joining	built	using	1,000	bootstrap	replicates.	Branch	lengths	are	proportional	to	phylogenetic	distances.	Numbers	at	nodes	are	bootstrap	confidence	

values.	
	

1

1
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3.3.7	The	phenotype	of	resistance	during	S.	hermonthica	infection	on	IR64	
In	the	resistance	interaction	on	IR64,	S.	hermonthica	successfully	penetrated	the	root	and	had	

grown	 into	 the	 cortex	 by	 2	 dai	 (Figure	 3.17,	 2	 dai).	 However,	 it	 failed	 to	 penetrate	 the	

endodermis,	and	by	4	dai	was	seen	growing	through	the	cortex	and	around	the	vascular	core.	

In	contrast,	in	a	susceptible	interaction	S.	hermonthica	had	breached	the	endodermis	at	4	dai	

and	 begun	 to	 make	 vascular	 connections	 (Figure	 3.17,	 4	 dai).	 The	 S.	 hermonthica	 radicle	

continued	to	grow	through	the	IR64	cortex	until	8	dai,	but	at	10	dai	the	radicle	had	started	to	

die.	On	Azucena,	vascular	connection	were	fully	established	at	6	dai,	allowing	the	parasite	to	

grow	and	develop	rapidly	thereafter	(Figure	3.17).			

	

3.3.8	Gene	expression	analysis	of	candidate	S.	hermonthica	resistance	on	infected	and	
uninfected	IR64	root	tissue	
The	expression	of	all	candidate	S.	hermonthica	resistance	RLP	genes	and	the	IR64	homolog	of	

Os12g12000	 (RALF46)	 was	 measured	 in	 IR64	 S.	 hermonthicaa-infected	 and	 uninfected	 root	

tissue	 by	 qPCR	 at	 3	 time	points	 2,	 4	 and	 10	 days	 after	 inoculation	 (Figure	 3.18).	 Transcripts	

were	 detected	 for	 all	 genes	 measured,	 however	 for	 IR64_h_Os12g11510	 this	 was	 barely	

detectable	and	showed	poor	and	variable	amplification	of	the	product.	Transcript	levels	for	all	

genes	were	normalised	 against	 the	uninfected	 tissue	 following	normalisation	 relative	 to	 rice	

presenilin	 (Os01g16930),	 to	 give	 a	 relative	 gene	 expression	 value	 in	 uninfected	 tissue	 of	 1.	

There	was	very	 little	difference	 in	 relative	gene	expression	between	 infected	and	uninfected	

tissue	 2	 dai	 with	 S.	 hermonthica	 for	 all	 genes	 investigated.	 This	 was	 also	 the	 case	 at	 4	 dai;	

IR64_h_Os12g12000	 showed	 a	 slight	 increase	 in	 transcript	 (Figure	 3.18F)	 but	 large	 standard	

error	 was	 observed	 at	 this	 time	 point.	 At	 10	 dai,	 both	 IR64_h_Os12g10870	 and	

IR64_h_Os12g11370	 were	 upregulated	 1.7	 and	 1.9	 fold	 compared	 to	 uninfected	 tissues	

respectively	 (Figures	 3.18A	 and	 C),	 but	 this	 was	 only	 statistically	 significant	 for	

IR64_h_Os12g11370	 (two-sample	 t-test,	 t	 =	 7.35,	 df	 =	 3.19,	 p	 =	 0.004).	 No	 other	 significant	

differences	were	observed	for	any	gene	assessed	at	any	time	point	(Figure	3.18).		
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Figure	 3.17	 Time	 course	 of	 the	 phenotype	 of	 infection	 of	 S.	 hermonthica	 on	 the	 roots	 of	
resistant	 rice	 cultivar	 IR64	and	 the	 susceptible	 cultivar	Azucena	at	2,	4,	6,	8	and	10	dai	with	
germinated	S.	hermonthica	seed.	(Kibos	ecotype).	IR64:	resistance	is	shown	by	a	failure	of	the	
parasite	to	breach	the	endodermis	and	attach	to	xylem	vessels,	 instead	growing	through	the	
cortex	 and	 around	 the	 vascular	 core.	 Azucena:	 by	 4	 dai	 the	 parasite	 has	 breached	 the	
endodermis	 and	 started	 to	 make	 vascular	 connections	 to	 the	 xylem.	 The	 parasite	 then	
develops	rapidly.	
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4	dai	

6	dai	
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Figure	 3.18	 Time	 course	 of	 relative	 gene	 expression	 quantified	 by	 qPCR	 of	 candidate	 S.	
hermonthica	resistance	genes	in	S.	hermonthica	infected	and	uninfected	root	tissue	of	the	
resistant	rice	cultivar	 IR64.	Red	=	 infected	tissue,	blue	=	uninfected.	Expression	levels	are	
normalised	 to	 rice	 presenilin	 (Os01g16930),	 and	 plotted	 relative	 to	 uninfected	 tissue	 at	
each	 time	 point.	 Error	 bars	 are	 standard	 error	 where	 n	 =	 3	 biological	 replicates,	 each	
consisting	 of	 the	 combined	 tissue	 from	 2	 individual	 plants.	 Star	 represents	 a	 significant	
difference	between	infected	and	uninfected	tissue	(two-sample	t-test,	p	<	0.05).	
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3.4	Discussion	

The	aim	of	this	chapter	was	to	identify	candidate	resistance	genes	in	the	IR64	S.	hermonthica	

resistance	QTL,	to	test	the	hypothesis	that	the	same	or	similar	gene(s)	may	be	present	in	the	

previously	 identified	 S.	 hermonthica	 resistance	 QTL	 in	 the	 rice	 cultivar	 Nipponbare.	 Gene	

prediction	 software	and	BLAST	analysis	 identified	 a	number	of	highly	 similar	 genes	between	

the	 two	 cultivars,	 which	 were	 confirmed	 by	 sequencing.	 Only	 one	 gene	 (Os12g11370)	 was	

identical	at	the	amino	acid	level	between	the	two	cultivars.	Six	genes	identified	within	the	IR64	

QTL	are	orthologs	of	 receptor-like	proteins	 (RLPs)	 in	other	plant	 species,	 and	BLAST	analysis	

identified	 them	as	orthologs	of	Verticillium	wilt	disease	 resistance	proteins.	Given	 the	highly	

similar	 lifestyle	and	 infection	 strategy	between	Verticillium	wilts	and	Striga	 species,	 it	 seems	

plausible	that	a	Verticillium	wilt	resistance	ortholog	in	rice	may	be	involved	in	resistance	to	S.	

hermonthica.	 The	 recent	 discovery	 that	 the	 RLP	 CuRe1	 in	 tomato	 is	 sufficient	 to	 confer	

increased	 resistance	 to	 the	 holoparasite	 C.	 reflexa	 (Hegenauer	 et	 al.,	 2016)	 is	 additional	

evidence	 that	 these	 genes	 are	 top	 candidates	 for	 involvement	 in	 the	 resistance	 response	

observed	in	IR64	and	Nipponbare	to	S.	hermonthica.	

	

Receptor-like	proteins	are	an	important	type	of	cell	surface	receptor	in	plants,	and	are	known	

to	 play	 a	 role	 in	 both	 developmental	 processes	 and	 disease	 resistance	 (Kruijt	 et	 al.,	 2005;	

Wang	 et	 al.,	 2010).	 Genes	 involved	 in	 development	 are	 under	 evolutionary	 pressure	 to	

maintain	 a	 particular	 function	 and	 tend	 to	 be	 conserved	 (Fritz-Laylin	 et	 al.,	 2005)	 while	

resistance	genes	are	exposed	 to	 strong	diversifying	 selection	and	often	have	multiple	 copies	

(Bai	 et	 al.,	 2002;	 Meyers	 et	 al.,	 2003),	 making	 their	 identification	 challenging.	 The	 protein	

structure	of	 an	RLP	 typically	 consist	 of	 a	 seven	domains	 termed	A	 to	G,	 illustrated	 in	 Figure	

3.19:	a	signal	peptide	(A),	a	cysteine	rich	B	domain,	the	eLRR	domain	(C)	that	mediates	protein-

protein	 interactions,	 a	 variable	 domain	 (D),	 an	 acidic	 domain	 (E),	 a	 transmembrane	helix	 (F)	

which	localises	the	protein	the	plasma	membrane,	and	a	short	cytoplasmic	tail	(G)	that	lacks	a	

kinase	 domain.	 The	 eLLR	 domain	 can	 be	 further	 divided	 into	 3	 sub-domains:	 the	 C1	 eLLR	

domain,	 C2	 non-LRR	 island	 domain	 and	 the	 C3	 eLLR	 region,	 although	 the	 C2	 domain	 is	 not	

present	in	all	RLPs	(Wang	et	al.,	2010).		
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Figure	3.19	Domain	structure	of	a	typical	receptor-like	protein	(RLP)	(A)	and	comparison	with	a	

receptor-like	kinase	(B).	Diagram	from	Wang	et	al.,	2010.	

	

Developmental	 RLP	 genes	 include	 Too	 Many	 Mouths	 (TMM)	 which	 regulates	 stomatal	

distribution	 in	 Arabidopsis	 and	 CLAVATA2	 (CLV2)	 which	 is	 involved	 in	 maintenance	 of	 the	

meristem	(Wang	et	al.,	2010).	RLPs	involved	in	disease	resistance	include	Ve1	which	provides	

resistance	against	race	1	strains	of	V.	dahlia	and	V.	albo-atrum	in	tomato	(Fradin	et	al.,	2009),	

HcrVf-2	 which	 provide	 resistance	 to	 apple	 scab	 fungus	 Venturia	 inaequalis	 (Belfanti	 et	 al.,	

2004),	and	the	Cf	genes	which	govern	resistance	to	various	strains	of	Cladosporium	fulvum	 in	

tomato	 (Wang	et	al.,	 2010).	 The	 ability	 of	RLPs	 to	perceive	 the	presence	of	 an	 attacker	 and	

activate	downstream	signalling	 is	crucial	 for	the	 initiation	of	a	defence	response	(Yang	et	al.,	

2012a).	Unlike	 receptor-like	kinases	 (RLKs),	RLPs	 lack	an	 internal	 kinase	domain,	and	 instead	

form	an	association	with	the	common	adaptor	kinase	SOBIR1	(suppressor	of	BAK1-interacting	

receptor	 kinase)	 for	 functionality	 and	 downstream	 signalling	 (Liebrand	et	 al.,	 2013).	 Indeed,	

SlSOBIR1	from	S.	 lycopersicum	showed	constitutive	 interaction	with	the	CuRe1	 receptor	both	
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in	the	presence	and	absence	of	the	Cuscuta	factor	stimulus	(Hegenauer	et	al.,	2016).	Thus,	the	

presence	of	a	SOBIR1	rice	ortholog	was	also	identified	in	rice.	Unsurprisingly,	this	protein	was	

highly	conserved	between	all	rice	cultivars	tested,	showing	97.5	%	identity	between	IR64	and	

Nipponbare	/Koshihikari,	and	100	%	 identity	between	Koshihikari	and	Nipponbare,	 indicative	

of	 its	 role	 in	 important	biological	processes.	 This	 gene	would	 therefore	be	a	good	 target	 for	

further	analysis	of	the	function	of	genes	conferring	resistance	to	S.	hermonthica.	

	

Six	 RLP	 genes	 were	 identified	 in	 the	 IR64	 S.	 hermonthica	 resistance	 QTL,	 compared	 to	 13	

present	 in	 Nipponbare.	 Phylogenetic	 analysis	 indicates	 that	 Nipponbare	 has	 undergone	 a	

duplication	event;	4	of	the	RLP	genes	are	very	closely	related	to	a	second	RLP,	with	one	of	each	

of	 the	 duplicated	 genes	 occurring	 outside	 the	 ‘Nipponbare-specific’	 region.	 This	 duplication	

event	clearly	took	place	after	the	divergence	of	Nipponbare	from	both	IR64	and	Koshihikari,	as	

this	Nipponbare	specific	region	is	absent	from	the	genomes	of	both	these	cultivars	(Figure	3.2).		

The	 IR64	 RLPs	 are	more	 similar	 to	 RLPs	 outside	 the	Nipponbare	 specific	 region	 (Figure	 3.8),	

suggesting	this	insertion	in	Nipponbare	is	no	more	likely	to	contain	a	resistance	gene	or	genes	

than	those	outside	the	region,	despite	this	region	being	absent	from	the	Koshihikari	genome.	

	

Clusters	of	resistance	genes	are	a	well	known	phenomenon	 in	plant	genomes	(Meyers	et	al.,	

2005;	McDowell	&	Simon,	2006),	with	usually	one	gene	in	the	cluster	providing	resistance	to	a	

particular	pathogen	(Michelmore	et	al.,	1998;	Kruijt	et	al.,	2005).	For	example,	the	Cf-5	cluster	

of	 Lycopersicon	 esculentum	 var.	 cerasiforme,	 the	wild	 relative	 of	 tomato,	 contains	 4	 closely	

related	RLP	genes,	of	which	only	Hcr2-5C	provides	 resistance	against	C.	 fulvum	 (Dixon	et	al.,	

1998).	However,	 this	 is	not	always	the	case	and	occasionally	two	 independent	genes	may	be	

functionally	 equivalent;	 the	 Cf-2	 locus	 in	 tomato	 comprises	 two	 Cf-2	 genes,	 both	 of	 which	

provide	resistance	to	strains	of	C.	fulvum	expressing	the	corresponding	Avr2	gene	(Dixon	et	al.,	

1996).	 Nevertheless,	 the	 presence	 of	 a	 highly	 conserved	 gene	 in	 both	 our	 S.	 hermonthica	

resistant	cultivars,	and	its	absence	or	lack	of	close	identity	with	susceptible	cultivars	would	be	

a	 good	 indicator	 for	 a	 possible	 resistance	 gene.	 Therefore	 to	 help	 identify	 the	 most	 likely	

resistance	gene	or	genes	in	the	cluster,	the	amino	acid	sequences	of	all	RLP	genes	identified	in	

IR64	 were	 closely	 compared	 with	 those	 of	 Nipponbare	 and,	 the	 where	 sequences	 were	

available,	with	the	S.	hermonthica	susceptible	cultivars	Koshihikari	and	Azucena.	The	two	RLPs	

in	 IR64	 sharing	 the	 highest	 amino	 acid	 identity	 with	 Nipponbare	 were	 IR64_h_Os12g10870	

(98.8	 %)	 and	 IR64_h_Os12g11370	 (100	 %).	 Neither	 gene	 was	 successfully	 amplified	 from	

Azucena	(using	primers	designed	against	the	Nipponbare	or	 IR64	gene	sequences)	while	only	

one	of	 these	 genes	 (Kosh_h_Os12g11370)	was	 amplified	 from	Koshihikari.	 	 The	 sequence	of	

this	gene	in	Koshihikari	shared	only	86.6%	identity	with	the	IR64	and	Nipponbare	gene	at	the	
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amino	 avid	 level.	 	 Thus	 these	 two	 genes	 are	 top	 candidates	 for	 S.	 hermonthica	 resistance.	

Given	the	estimated	divergence	of	 indica	 (IR64)	and	 japonica	 (Nipponbare)	cultivars	0.4	mya	

(Zhu	&	Ge,	2005),	 it	 is	surprising	that	Os12g11370	is	 identical	at	the	amino	acid	 level	 in	both	

IR64	 and	Nipponbare.	 This	 suggests	 the	 gene	 is	 under	 evolutionary	 pressure	 not	 to	 change,	

which	can	be	interpreted	in	two	different	ways:	that	the	gene	is	important	in	a	developmental	

process	or	basic	cell	function,	or	that	it	provides	a	unique	and	important	form	of	resistance	to	

the	plant.	The	absence	or	lack	of	close	identity	of	this	gene	in	susceptible	cultivars	may	suggest	

the	 latter,	 although	 it	 is	 unlikely	 that	 this	 gene	 evolved	 to	 protect	 against	 Striga	 species.	

Homologs	of	Os12g11500	were	found	in	all	cultivars	tested.	While	the	first	818	amino	acids	of	

this	 homolog	 in	 IR64	 showed	 over	 98%	 identity	 with	 Nipponbare,	 the	 last	 205	 amino	 acids	

were	 missing	 from	 the	 end	 of	 the	 IR64	 version,	 meaning	 this	 protein	 in	 IR64	 lacks	 a	

transmembrane	 domain	 and	 so	 likely	 localises	 in	 the	 cytoplasm	 (Bleckmann	 et	 al.,	 2010).	 A	

smaller	 gene	 (IR64_h_Os12g11930)	 was	 also	 identified	 in	 IR64	 over	 9	 Kb	 downstream	 of	

IR64_h_Os12g11500,	and	 the	sequence	of	 this	gene	aligns	 to	 the	end	of	Os12g11500	 that	 is	

missing	from	IR64_h_Os12g11500.	However	it	seems	unlikely	that	these	genes	could	function	

in	the	same	way	as	Os12g11500	in	Nipponbare.	Interestingly,	the	gene	model	predicted	using	

Maker2	(Schatz	lab)	for	this	gene	in	IR64	differed	with	that	of	Fgenesh	prediction	used	in	this	

study.	The	Maker2	annotation	predicted	a	 single	gene	of	 the	 same	 length	as	Os12g11500	 in	

IR64,	 containing	 a	 9	 Kb	 intron.	 It	 is	 unclear	 which	 of	 these	 predictions	 is	 correct;	 it	 is	 also	

possible	they	could	be	alternatively	spliced	variants.	Both	the	susceptible	cultivars	Koshihikari	

and	Azucena	contained	a	homolog	of	Os12g11500	that	were	almost	identical	with	each	other.	

Interestingly,	 where	 amino	 acids	 differed	 from	 IR64	 or	 Nipponbare,	 these	 differences	 were	

often	 the	 same	 for	 Koshihikari	 and	 Azucena	 (see	 Figure	 3.14).	 However	 the	 gene	 in	 these	

cultivars	also	has	an	early	stop	codon	when	compared	to	Nipponbare,	which	also	means	the	

protein	lacks	a	transmembrane	domain.	It	is	therefore	unclear	how	important	this	gene	could	

be	as	a	candidate	for	S.	hermonthica	resistance.	The	IR64_h_Os12g11510	amino	acid	sequence	

is	clearly	different	from	the	Nipponbare	homolog,	and	neither	gene	was	predicted	to	contain	a	

transmembrane	 domain	 (Appendix	 Figure	 S.2),	 suggesting	 they	 do	 not	 anchor	 to	 the	

membrane	and	 thus	do	not	 function	as	RLPs.	The	closest	Koshihikari	homologs	 for	 this	gene	

(Kosh_h_Os12g11940	 and	 Kosh_h_Os12g12130)	 are	 much	 shorter	 in	 sequence,	 suggesting	

these	 genes	 in	 Koshihikari	 are	 unlikely	 to	 be	 functional.	 Interestingly,	 a	 homolog	 for	

Os12g12010	was	sequenced	from	Azucena	that	differed	by	only	2	amino	acids,	while	the	IR64	

homolog	had	43	amino	acid	differences	(Appendix	Figures	S.3	and	S.4).	Therefore	unless	these	

two	mutations	 in	Azucena	underlie	the	basis	susceptibility,	 it	seems	unlikely	that	this	gene	 is	

involved	 in	 resistance	 to	 S.	 hermonthica.	 The	 RLP	 gene	 most	 different	 between	 IR64	 and	

Nipponbare	 was	 Os12g10930.	 While	 it	 seems	 unlikely	 that	 this	 gene	 shares	 functionality	
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between	 the	 two	 cultivars,	we	 cannot	 rule	out	 the	possibility	 that	 two	genes	may	be	acting	

independently	to	provide	the	same	form	of	resistance.	

	

Although	 comparisons	of	 gene	 sequences	between	 resistant	 and	 susceptible	 genotypes	may	

help	to	identify	a	candidate	resistance	gene,	 interpretations	must	be	taken	cautiously,	as	not	

all	 amino	 acids	 are	 functionally	 important.	 Ligand	 specificity	 of	 most	 eLRR	 receptors	 is	

determined	in	the	eLRR	C1	domain	(Zhang	&	Thomma,	2013).	Zhang	et	al.,	(2014)	used	alanine	

scanning	on	 the	 solvent	 exposed	 residues	 across	 the	 eLRR	domain	of	Ve1,	 and	 showed	 that	

functionality	of	the	protein	requires	the	presence	of	several	eLRRs	in	the	C1	and	C3	domains,	

as	well	as	the	non-eLRR	C2	domain.	Similarly,	recognitional	specificity	of	Cf-9	is	determined	by	

only	five	amino	acid	residues	on	the	solvent-exposed	central	LRR,	which	occupy	hypervariable	

positions	 across	 global	 Cf	 alignments.	 These	 positions	 also	 correspond	 to	 the	 residues	

determining	 Cf-4	 specificity	 (Wulff	 et	 al.,	 2009).	 However,	 the	 strength	 of	 a	 resistance	

response	was	affected	by	the	presence	of	other	LRRs	in	the	protein;	amino	acids	in	LRRs	13	to	

15	 were	 required	 for	 recognition	 of	 Avr9	 by	 Cf-9,	 but	 upstream	 residues	 in	 LRRs	 10	 to	 12	

contributed	to	the	severity	of	the	necrosis	(Chakrabarti	et	al.,	2009).	All	this	suggests	that	two	

genes,	which	may	differ	over	much	of	 their	 sequence,	 can	 share	 a	 common	 function	 if	 they	

also	share	important	specificity-determining	residues.		

	

Analogous	 to	 Striga,	 resistance	 to	Verticillium	 wilt	 conferred	 by	Ve1	 is	 never	 complete,	 and	

even	the	most	resistant	plants	still	support	low	levels	of	proliferation	of	race	1	strains	(Fradin	

et	al.,	2011).	Ve1	was	also	found	to	provide	resistance	to	Fusarium	oxysporum,	another	fungal	

pathogen	on	tomato,	which	is	compatible	with	resistance	to	Striga	against	a	genetically	diverse	

seed	 population.	 This	 form	 of	 resistance,	 that	 is	 broader	 spectrum	 and	weaker	 than	 a	 race	

specific	gene-for-gene	interaction,	supports	the	hypothesis	that	Ve1	behaves	more	like	a	PRR	

than	a	 typical	 race-specific	R	protein,	 confirming	 the	 idea	of	 a	 continuum	between	 the	 two.	

Ve1	 was	 shown	 to	 remain	 fully	 functional	 after	 interfamily	 transfer	 from	 tomato	 to	

Arabidopsis,	suggesting	direct	pathogen-receptor	recognition	(Fradin	et	al.,	2011).	If	resistance	

to	S.	hermonthica	 is	conferred	by	a	similar	RLP	gene,	this	has	important	implications	for	crop	

breeding,	as	resistance	may	be	easily	transferred	not	only	between	different	rice	cultivars,	but	

also	between	cereals.	

	

Resistance	 genes	 are	 often	 up	 regulated	 in	 response	 to	 pathogen	 infection.	 However,	 very	

little	 change	 in	 gene	 expression	 was	 observed	 in	 IR64	 between	 S.	 hermonthica	 infected	 vs.	

uninfected	 root	 tissue	 for	 any	 gene	 investigated	 here;	 only	 IR64_h_Os12g11370	 was	

significantly	up	 regulated	at	10	dai.	This	 is	 in	 contrast	 to	Ve1	 and	Ve2	 expression	 in	 tomato,	
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where	both	genes	were	up	regulated	in	response	to	infection	with	V.	dahlia,	despite	only	Ve1	

conferring	resistance.	However	up-regulation	of	Ve1	was	faster	than	that	of	Ve2	(Fradin	et	al.,	

2009).	 A	 resistance	 response	 to	 S.	 hermonthica	 infection	 in	 rice	 is	 seen	 by	 4	 dai,	 when	 the	

parasite	 fails	 to	 penetrate	 the	 endodermis	 of	 a	 resistant	 genotype,	 but	 is	 just	 beginning	 to	

make	 vascular	 connections	 on	 a	 susceptible	 genotype	 (Figure	 3.17).	 Therefore	 one	 would	

expect	 any	 up	 regulation	 of	 resistance	 gene	 expression	 to	 occur	 before	 or	 around	 this	 time	

point.	 Indeed,	Os12g11370	 is	upregulated	 in	Nipponbare	4	dai	with	S.	hermonthica	 (Scholes,	

unpublished	data).	There	are	several	explanations	why	this	was	not	observed	 in	 IR64.	Firstly,	

alterations	in	gene	expression	may	be	local	and	cell-specific,	occurring	only	in	the	cells	around	

the	 infection	 site.	 As	 whole	 root	 tissue	 was	 used	 for	 analysis	 here,	 any	 changes	 in	 gene	

expression	may	be	diluted	and	so	not	observed.	Laser	capture	microdissection	has	now	been	

used	successfully	to	examine	changes	in	gene	expression	between	host-parasite	interface	in	a	

cell	 specific	manner	 (Honaas	et	al.,	2013),	and	would	 therefore	be	 the	method	of	choice	 for	

any	further	experiments	of	this	kind.	An	alternative	explanation	is	that	the	resistance	gene	or	

genes	are	not	transcriptionally	regulated,	and	that	basal	expression	levels	may	be	sufficient	to	

confer	resistance	to	S.	hermonthica.	However,	 it	 is	also	possible	that	although	the	RLP	genes	

identified	in	IR64	appear	to	be	good	candidates	for	resistance	to	S.	hermonthica,	they	may	not	

actually	play	a	role	in	S.	hermonthica	resistance.		

	

Other	 genes	were	 identified	within	 the	 IR64	QTL	 region,	 some	of	which	 share	high	 levels	 of	

similarity	with	genes	 in	 the	Nipponbare	QTL.	The	Rapid	Alkalization	Factor	RALF46	protein	 is	

present	in	both	cultivars.	The	role	of	RALF	peptides	in	plants	is	not	fully	understood,	but	they	

are	found	throughout	plant	kingdom,	often	highly	conserved,	and	are	thought	to	be	involved	

in	 essential	 processes	 such	 as	 regulation	 of	 cell	 expansion	 during	 growth	 and	 development	

(Pearce	 et	 al.,	 2001;	 Murphy	 &	 De	 Smet,	 2014).	 They	 are	 also	 known	 to	 act	 as	 negative	

regulators	of	pollen	tube	elongation	(Covey	et	al.,	2010).	Studies	on	tomato	and	poplar	suggest	

RALFs	are	unlikely	to	be	involved	in	defence,	due	to	the	lack	of	induction	following	treatment	

with	 elicitors	 and	 failure	 to	 induce	 a	 defence	 responses	 (Pearce	et	 al.,	 2001;	Haruta,	 2003).		

However	 in	 chickpea,	 attack	 by	 Fusarium	oxysporum	 triggered	 increased	 RALF	 expression	 in	

resistant	plants	but	not	in	susceptible	plants.	 	A	model	was	proposed	whereby	the	RALF	may	

act	 as	 a	 “decoy”,	 mimicking	 the	 target	 of	 the	 pathogen	 effector,	 competing	 for	 effector-

binding	and	 thus	 lowering	effector	 load.	However,	 there	 is	 currently	no	evidence	 to	 support	

this	hypothesis	 (Gupta	et	al.,	2010).	 In	Medicago	truncatula	 roots,	 the	RALF	MtRALFL1	 is	up-

regulated	 in	 response	 to	Nod	 factors	 (Combier	et	al.,	 2008),	 signalling	molecules	 involved	 in	

the	 initial	 stages	 of	 nodule	 formation	 in	 leguminous	 plants	 (Oldroyd	 et	 al.,	 2009).	

Overexpression	of	MtRALF1	resulted	in	the	formation	of	fewer	nodules	(Combier	et	al.,	2008).	
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Plants	initially	perceive	rhizobia	as	alien	invaders	and	mount	a	defence	response	(Zamioudis	&	

Pieterse,	 2011).	 It	 is	 therefore	 tempting	 to	 speculate	 a	 role	 for	 RALF	 in	 S.	 hermonthica	

resistance	 that	may	act	 in	 a	 similar	manner	 to	 the	 repression	of	nodule	 formation	observed	

here.	Interestingly,	RALF	homologs	are	also	known	to	be	present	in	the	genomes	of	a	diverse	

range	of	plant-pathogenic	fungi	species	(Thynne	et	al.,	2016).	Synthesis	of	a	RALF	peptide	from	

Fusarium	 oxysporum	 f.	 sp.	 lycopersici,	 a	 fungal	 pathogen	 of	 tomato,	 and	 treatment	 of	 this	

peptide	 on	 tomato	 seedlings,	 arrested	 growth	 and	 development	 of	 seedlings	 in	 a	 manner	

typical	of	endogenous	RALF	peptides,	indicating	fungal	RALF	peptides	are	perceived	by	plants.	

The	RALF-encoding	gene	was	expressed	during	infection	on	tomato,	leading	to	the	suggestion	

that	 RALFs	may	 act	 as	 fungal	 effectors.	 However,	 RALF	 expression	 in	 F.	 oxysporum	 was	 not	

required	 for	 infection.	 The	 role	 of	 RALF	 peptides	 in	 plant-pathogenic	 interactions	 therefore	

remains	 to	 be	 determined	 (Thynne	 et	 al.,	 2016).	 In	 this	 chapter,	 a	 RALF	 homolog	 was	 also	

sequenced	from	Azucena,	which	was	more	similar	to	Nipponbare	than	the	IR64	homolog	was.	

Additionally,	no	significant	up	regulation	was	observed	in	IR64	infected	tissue.	Taken	together,	

this	 suggests	 that	 the	RALF	 gene	 in	 IR64	 is	 unlikely	 to	 provide	 resistance	 to	S.	 hermonthica.	

However,	it	cannot	be	ruled	out	entirely	given	the	diverse	role	that	RALFs	are	known	to	play,	

and	how	little	is	currently	known	about	their	function.		

	

Also	in	the	S.	hermonthica	resistance	QTL	were	ARGOS,	a	gene	known	to	increase	the	size	of	

organs	such	as	leaves	by	increasing	both	cell	number	and	cell	size	(Wang	et	al.,	2009),	a	DNA	

glycosylase	and	a	DNA	 repair	protein,	which	are	 involved	 in	 recognising	damaged	bases	and	

repairing	DNA	(Bruner	et	al.,	2000;	 Jacobs	&	Schär,	2012),	and	two	glutathione	S-transferase	

genes,	involved	in	the	detoxification	of	xenobiotic	chemicals	(Edwards	et	al.,	2000).	Given	their	

annotation,	 it	 is	unclear	how	these	genes	might	be	 involved	 in	 resistance	 to	S.	hermonthica.	

Additionally,	 the	putative	glutathione	S-transferases	 in	Koshihikari	each	share	100	%	 identity	

with	 either	 IR64	 or	 Nipponbare.	 Another	 potential	 gene	 of	 interest	 is	 the	 LRR	 containing	

protein	Os12g10740,	which	shares	82	%	identity	between	IR64	and	Nipponbare.	The	available	

sequence	for	this	gene	in	Koshihikari	is	incomplete,	with	90	nucleotides	missing.	However,	all	

other	nucleotides	are	an	exact	match	with	Os12g10740	of	Nipponbare,	making	this	gene	90-

100	%	identical.	Without	knowing	the	exact	sequence	of	this	gene	in	the	susceptible	cultivar	it	

cannot	 be	 ruled	 out	 as	 a	 candidate	 for	 S.	 hermonthica	 resistance,	 especially	 given	 the	

prevalence	of	LRRs	found	in	resistance	proteins	(Meyers	et	al.,	2003).	

	

The	 QTL	 region	 for	 both	 IR64	 and	 Nipponbare,	 and	 equivalent	 region	 in	 Koshihikari,	 also	

contains	large	numbers	of	expressed	proteins	of	unknown	function	(Figure	3.3).	Several	of	the	

expressed	proteins	are	 identical	between	Koshihikari	and	Nipponbare,	or	are	absent	or	have	
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poor	 identity	 between	 resistant	 cultivars,	making	 them	 unlikely	 resistance	 gene	 candidates.	

This	is	not	always	the	case	however,	and	so	they	cannot	as	yet	be	completely	discounted.		

	

Finally,	 both	 IR64	 and	Nipponbare	 possess	 large	 numbers	 of	 transposable	 elements	 (TEs)	 in	

their	QTL	regions;	31	retrotransposons	(class	 I	TEs)	and	11	DNA	transposons	(class	 II	TEs)	are	

present	in	the	IR64	QTL,	while	51	retrotransposons	and	21	DNA	transposons	are	present	in	the	

Nipponbare	QTL.	Class	I	TEs	use	reverse	transcriptase	to	transpose	through	a	‘copy-and-paste’	

mechanism,	 and	 contribute	 to	 the	 expansion	 in	 genome	 size,	 while	 class	 II	 TEs	 transpose	

through	a	 ‘cut-and-paste’	mechanism,	 and	are	often	associated	with	 genic	 regions,	meaning	

they	have	had	closer	interactions	with	plant	genes	(Dooner	&	Weil,	2007;	Song	&	Cao,	2017).	

Both	classes	of	TEs	are	known	to	have	had	a	substantial	 impact	on	plant	genomes,	and	be	a	

major	 driving	 force	 for	 gene	 and	 genome	 evolution.	 Their	mobility	 can	 induce	mutations	 in	

genes,	 as	 well	 as	 chromosomal	 rearrangements	 such	 as	 deletions,	 translocations	 and	

inversions	 (Dooner	 &	 Weil,	 2007;	 Chenais	 et	 al.,	 2012).	 Indeed,	 the	 exceptional	 genetic	

variability	 of	 the	QTL	 region	 in	 terms	 of	 structural	 rearrangements	 (Figure	 3.2),	 duplications	

and	SNPs,	observed	between	IR64,	Nipponbare	and	Koshihikari,	are	likely	to	be	a	result	of	the	

activity	of	TEs	on	the	rice	genomes.	Rice	is	known	to	harbour	large	numbers	of	TEs	scattered	

across	its	genome	(Song	&	Cao,	2017).	The	mobilisation	of	TE	can	also	disrupt	genome	stability,	

and	 insertion	 into	a	gene	or	a	gene	regulatory	element	can	disrupt	 the	 function	of	 the	gene	

(Chenais	et	al.,	2012).	This	highly	mutagenic	nature	of	TEs	means	that	their	activity	 is	usually	

repressed	 by	 the	 host	 genome	 through	 a	 variety	 of	 epigenetic	 mechanisms,	 including	 DNA	

methylation,	 histone	 modifications	 and	 regulation	 by	 small	 RNAs	 (Slotkin	 &	 Martienssen,	

2007).	However,	TEs	are	also	known	to	modulate	the	expression	of	nearby	genes	themselves,	

by	 inducing	 heritable	 epigenetic	 changes	 that	 contribute	 to	 phenotypic	 variation	 and	

adaptation	 (Lippman	et	al.,	 2004;	Huettel	et	al.,	 2006;	Kinoshita	et	al.,	 2006).	 It	 is	 therefore	

possible	 that	 the	 large	 number	 of	 TEs	 present	 in	 the	 S.	 hermonthica	 resistance	 QTL	 could	

influence	 the	 expression	 of	 the	 nearby	 genes	 through	 epigenetic	 changes.	 These	may	 differ	

between	cultivars,	adding	a	further	layer	of	complexity	to	the	resistance	phenotype.		

	

3.4.1	Conclusion	
As	 mentioned	 previously,	 the	 comparison	 of	 gene	 sequences	 between	 genotypes	 to	 help	

identify	 candidate	 resistance	 genes	must	 be	 taken	 cautiously	 as	 functional	 amino	 acids	 are	

unknown,	 and	 that	 different	 genes	 may	 be	 providing	 resistance	 in	 IR64	 and	 Nipponbare.	

However,	 the	 identification	of	a	cluster	of	highly	similar	RLP	genes	 in	both	cultivars	suggests	

otherwise.	Their	similarity	with	CuRe1,	the	C.	refexa	resistance	gene,	and	Ve1,	which	provides	

resistance	to	Verticillium	wilts,	xylum-invading	pathogens	with	a	remarkably	similar	lifestyle	to	
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Striga	 species,	means	 these	RLPs	are	 top	candidate	 for	S.	hermonthica	 resistance	genes.	The	

next	 step	 will	 be	 to	 functionally	 show	whether	 the	 RLPs	 identified	 in	 IR64	 and	 Nipponbare	

provide	 increased	resistance	 to	S.	hermonthica,	and	which	gene,	or	combination	of	genes,	 is	

necessary	for	this.	Isolation	of	the	resistance	gene	or	genes	will	then	allow	further	examination	

of	 the	 functional	 amino	 acids	 determining	 specificity,	 as	 well	 as	 a	 better	 understanding	 of	

downstream	signalling	and	metabolic	processes	that	prevent	parasite	penetration.		
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4.1	Introduction	

A	major	challenge	facing	geneticists	this	century	is	the	identification	of	genes	within	QTL	that	

underlie	the	phenotype	of	the	quantitative	trait	(Price,	2006).	The	availability	of	plant	genomes	

now	makes	the	 identification	of	genes	within	a	mapped	QTL	more	straightforward;	however,	

relating	 the	 phenotype	 to	 a	 given	 gene	 can	 prove	 challenging.	 A	 major	 QTL	 for	 post-

attachment	 resistance	 to	 S.	 hermonthica	 has	 been	 mapped	 in	 a	 rice	 IR64	 x	 Azucena	 RIL	

mapping	 population	 (Chapter	 2).	 The	 QTL	 in	 IR64	 mapped	 to	 the	 same	 position	 on	

chromosome	 12	 as	 the	 S.	 hermonthica	 resistance	 QTL	 previously	mapped	 in	 Nipponbare,	 a	

temperate	 japonica	 rice	 cultivar.	 Gene	 prediction	 software	 and	 BLAST	 analysis	 identified	 a	

cluster	 of	 RLP	 genes	 that	 are	 present	 in	 both	 the	 IR64	 and	 Nipponbare	 QTL	 regions.	 Close	

comparison	of	gene	 sequences	between	 resistant	and	 susceptible	 cultivars	 (where	available)	

confirmed	 many	 of	 these	 genes	 were	 either	 missing	 in	 susceptible	 cultivars	 or	 differed	 in	

amino	 acid	 sequence	 when	 compared	 to	 the	 resistant	 cultivars.	 These	 RLP	 genes	 are	

annotated	as	orthologs	of	Ve1,	a	RLP	gene	 in	tomato	providing	resistance	to	Verticillium	wilt	

(Fradin	 et	 al.,	 2009),	 a	 fungus	 with	 a	 remarkably	 similar	 lifestyle	 and	 infection	 strategy	 to	

Striga.	A	recent	study	has	also	shown	that	the	RLP	gene	CuRe1	in	tomato	conferred	enhanced	

resistance	to	 the	parasitic	plant	Cuscuta	reflexa	 (Hegenauer	et	al.,	2016).	All	 this	means	that	

the	cluster	of	RLP	genes	 in	both	Nipponbare	and	 IR64	are	 top	candidates	 for	S.	hermonthica	

resistance	 genes.	 It	 is	 therefore	 important	 to	 functionally	 test	 whether	 these	 RLP	 genes	

provide	increased	resistance	to	S.	hermonthica.		

	

A	common	approach	to	understanding	gene	function	is	to	knock	out	or	reduce	the	expression	

of	the	gene	of	interest	in	order	to	induce	a	mutant	phenotype	and	thus	elucidate	its	function.	

This	 has	 an	 advantage	 over	 transforming	 an	 R	 gene	 into	 susceptible	 plants,	 because	

requirements	 for	 downstream	 defence	 signalling	 may	 be	 missing	 in	 the	 different	 genetic	

background	 of	 susceptible	 plants.	 Insertional	 mutagenesis	 is	 also	 a	 useful	 tool	 in	 forward	

genetic	approaches	of	this	kind	(Page	&	Grossniklaus,	2002).	Two	different	biological	mutagens	

can	be	used	 to	create	 random	genome-wide	mutagenesis	 in	plants;	 transposons,	and	T-DNA	

(transferred	DNA)	of	Agrobacterium	tumefaciens	(Page	&	Grossniklaus,	2002).	Libraries	of	both	

types	of	 insertion	 line	have	been	created	 in	 rice.	 	Miyao	et	al.,	 (2003)	produced	over	47,000	

rice	 insertion	mutants	 from	 the	 endogenous	 copia-like	 retrotransposon	 Tos17.	 Nipponbare,	

the	cultivar	 selected	 for	mutagenesis	 studies,	 carries	2	copies	of	Tos17	 that	are	activated	by	

tissue	culture	but	inactive	in	the	regenerated	plants	under	normal	conditions.	Over	16,800	T-

DNA	 insertion	 lines	 have	 also	 been	 generated	 in	 Nipponbare	 (Lorieux	 et	 al.,	 2012).	 High-

throughput	PCR-based	 recovery	and	 sequencing	 from	 the	known	DNA	 insertion	and	 flanking	

region	allows	the	position	of	the	insertions	to	be	precisely	located	(Lorieux	et	al.,	2012).		
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Another	 approach	 to	 studying	 gene	 function	 is	 RNA	 interference	 (RNAi).	 In	 contrast	 to	

insertional	mutagenesis,	RNAi	works	by	suppressing	the	mRNA	levels	of	a	targeted	gene,	and	

has	 been	 used	 extensively	 to	 manipulate	 gene	 expression,	 becoming	 a	 powerful	 tool	 in	

functional	genomics	(Hannon,	2002;	Wilson	&	Doudna,	2013).	RNAi	was	first	discovered	in	the	

nematode	 Caenorhabditis	 elegans	 (Fire	 et	 al.,	 1998)	 and	 is	 now	 known	 to	 be	 a	 conserved	

mechanism	in	eukaryotic	organisms	(Agrawal	et	al.,	2003).	RNAi	is	induced	by	the	presence	of	

non-coding	 double-stranded	 small	 RNAs.	 There	 are	 2	 groups	 of	 small	 RNAs	 in	 plants,	 small	

interfering	RNAs	(siRNAs)	and	microRNAs	(miRNAs),	which	both	play	diverse	roles	in	regulating	

endogenous	 gene	 expression	 in	 processes	 such	 as	 growth	 and	 development,	 epigenetic	

inheritance	 and	 stress	 responses	 (Yu	 &	 Kumar,	 2003;	Weiberg	 &	 Jin,	 2015).	 They	 also	 have	

essential	 roles	 in	plant	defence,	 targeting	transposable	elements	and	viral	 infections	and	the	

activation	of	PTI	and	ETI	(Weiberg	&	Jin,	2015).	miRNAs	are	endogenous	to	the	plants	genome	

and	 transcribed	 in	 the	 nucleus,	 while	 siRNAs	 may	 derive	 from	 the	 plants	 genome	 or	 be	

introduced	by	viral	infection	or	another	exogenous	source	(Wilson	&	Doudna,	2013).		

	

The	process	of	RNA	interference	is	initiated	by	DICER,	an	endoribonuclease	protein	that	binds	

to	double-stranded	RNA	molecules	and	cleaves	them	into	21	-	24	nucleotide	pieces	(siRNAs).	

The	 siRNAs	 are	 then	 incorporated	 into	 a	 protein	 complex	 called	 the	 RNA-induced	 silencing	

complex	 (RISC),	 which	 includes	 an	 Argonaute	 protein	 (Figure	 4.1).	 RISC	 mediates	 the	

unwinding	 of	 the	 siRNA	molecule;	 the	 passenger	 strand	 is	 released,	 while	 the	 guide	 strand	

remains	bound	to	Argonaute	and	serves	to	direct	RISC	to	a	homologues	single-stranded	mRNA	

substrate.	This	mRNA	is	cleaved	by	Argonaute	and	then	degraded,	inhibiting	its	translation	into	

protein	(Figure	4.1)	(Hannon,	2002;	Agrawal	et	al.,	2003;	Baulcombe,	2004;	Wilson	&	Doudna,	

2013).	

	

Simple	RNAi	vectors	have	been	developed	for	introducing	siRNA	trigger	sequences	into	plants	

by	 Agrobacterium	 transformation	 to	 manipulate	 gene	 expression	 experimentally	 (Miki	 &	

Shimamoto,	2004).	Trigger	sequences	from	the	target	gene	are	cloned	into	a	vector	either	side	

of	a	gus-linker	region	(920bp)	in	a	sense	and	anti-sense	(Inverted	Repeat	(IR))	direction,	in	this	

case	 driven	 by	 a	 strong	 maize	 ubiquitin	 promoter	 (Figure	 4.2)	 optimised	 for	 monocot	

transformation.	Transcription	 results	 in	 the	 formation	of	a	hairpin	 loop	and	double-stranded	

RNA	of	homologous	sequence	to	the	target	gene,	resulting	in	suppression	of	gene	expression	

by	RNAi	(Miki	&	Shimamoto,	2004).	
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Figure	 4.1	 	 	 RNAi–mediated	 gene	 silencing.	 Double-stranded	 or	 hairpin	 RNA	 is	 cleaved	 into	
siRNAs	by	DICER.	siRNAs	bind	to	Argonaute	(Ago)	and	are	incorporated	into	the	RNA-induced	
silencing	 complex	 (RISC),	 directing	 RISC	 to	 complementary	 mRNA	 substrates.	 This	 mRNA	 is	
cleaved	 by	 Argonaute	 and	 then	 degraded,	 inhibiting	 its	 translation	 into	 protein.	 The	
components	 of	 RISC	 can	be	 recycled,	 or	 additional	 siRNA	duplexes	 can	be	 generated	by	 the	
enzyme	RNA-dependent	RNA-polymerase	(RdRP).	Figure	from	Majumdar	et	al.,	2017.	
	

	

	

	

	
	
	

Figure	4.2		Diagram	of	the	Gateway	pANDA	vector	developed	by	Miki	&	Shimamoto	(2004)	for	
suppression	of	gene	function	in	rice	by	RNAi,	showing	position	of	the	trigger	sequence	either	
side	of	the	gus-linker	sequence.	Boxes	and	line	downstream	of	the	promoter	are	exons	and	an	
intron	of	the	maize	ubiquitin	gene,	respectively.		Re-drawn	from	Miki	&	Shimamoto	(2004).	
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Majumdar et al. RNAi Control of Mycotoxin Contamination in Plants

FIGURE 1 | Schematic of RNAi-mediated gene silencing in eukaryotes. Double-stranded RNAs or hairpin RNAs (hpRNAs) generate small siRNA duplexes by
the action of Dicer. The guide RNA strand binds with Argonaute (Ago) and other proteins to form an RNA-induced silencing complex (RISC). The siRNA/RISC
complex then binds the complementary sequence of the target mRNA resulting in the degradation of the target transcript or inhibition of translation. The
components of siRNA/mRNA complex can be recycled to the RISC complex or generate siRNA duplexes by the action of RNA-dependent RNA-polymerase (RdRP).

by the Dcl genes (Weiberg et al., 2013). In the plant pathogenic
fungus Colletotrichum higginsianum, 1dcl1, 1dcl11dcl2 double
mutant, and1ago1 strains exhibited abnormalities in conidiation
and conidia morphology (Campo et al., 2016). Small RNA deep-
sequencing and follow up experiments revealed that reduced
expression of a dsRNA mycovirus [termed Colletotrichum
higginsianum non-segmented dsRNA virus 1 (ChNRV1)] in the
above mutants was the cause of defective conidia development.
In another study by Wang et al. (2016), using transgenic
Arabidopsis and tomato plants overexpressing hpRNAs or
exogenous application of synthetic hpRNAs to a wide variety of
plants (tomato, strawberry, grapes, lettuce, onion, and rose) to
dual silence Bc-Dcl1 and Bc-Dcl2 genes, resulted in significant
reduction of fungal pathogenicity and growth. These findings
signify the cross-kingdom movement of sRNAs from plants to
fungi and the role of Dcl genes in fungal virulence, thereby
suggesting Dcl genes as promising targets to control fungal
growth and pathogenicity through RNAi-based approaches in a
broad range of plants.

Interaction of Fungal sRNAs with the
Host RNAi Machinery and Silencing of
Host Defense Genes
Fungal sRNAs can interact with host RNAi machinery to down-
regulate host defense genes and enhance pathogenicity. It will
be important to know the origin and diversity of these sRNAs

in fungi and their corresponding host targets. Fungal sRNAs,
transported through vesicles, have been shown to down-regulate
host genes upon entering into the host cells. In fact, these sRNAs
can take advantage of the host RNAi machinery to silence host
genes primarily associated with defense pathways. In tomato and
Arabidopsis, sRNAs secreted by the fungus B. cinerea, utilize
plant Ago1 to selectively silence host defense genes, namely
mitogen-activated protein kinases (MAPKs), oxidative stress-
related gene peroxiredoxin (PRXIIF), and cell wall-associated
kinase (WAK) (Weiberg et al., 2013). An Arabidopsis ago1
mutant showed reduced susceptibility to B. cinerea, whereas a
dcl1dcl2 double mutant of B. cinerea, incapable of producing
these sRNAs, exhibited reduced pathogenicity. Retrotransposon-
derived siRNAs in B. cinerea even with 3–5 bp mismatch could
still e�ectively silence host defense genes, suggesting flexibility of
the fungi to overcome host defenses (Weiberg et al., 2013). As
more is learned about the identity and roles of fungal sRNAs in
down-regulation of host defense genes, approaches for control of
toxigenic fungal pathogens can be developed based on targeting
of the genes encoding these sRNAs by host plant-based RNAi.

In rice (Oryza sativa L.), silencing of theOsDCL1 gene showed
enhanced resistance to the rice blast pathogen, Magnaporthe
oryzae, in a non-race specific manner as well as constitutively
activating other defense genes (Zhang et al., 2015). There appears
to be a pathogen-specific interaction with the plant RNAi
components, as it is not always true that mutation of genes
associated with plant RNAi machinery will increase pathogen
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As	plants	often	contain	families	of	genes	sharing	high	similarity	in	their	sequence,	a	construct	

designed	 against	 a	 single	 gene	may	 result	 in	 the	 silencing	 of	multiple	members	 of	 the	 gene	

family.	Miki	et	al.,	 (2005)	 showed	 that	a	 single	 IR	construct,	using	a	highly	conserved	coding	

region	from	the	OsRac	rice	family	as	a	dsRNA	trigger,	successfully	reduced	the	transcript	of	the	

target	gene	to	less	than	1	%	of	the	wildtype,	while	mRNA	levels	of	4	other	genes	in	the	family	

were	reduced	to	less	than	10	%.	When	constructs	were	designed	against	gene-specific	regions	

of	the	OsRac	family,	significant	reductions	in	transcript	were	only	observed	for	the	target	gene	

corresponding	to	the	construct	used	(Miki	et	al.,	2005).	RNAi	is	therefore	a	promising	approach	

to	supressing	gene	function	in	rice	for	both	individual	genes	and	gene	clusters.	

	

As	 part	 of	 a	 BBSRC	 grant	 in	 our	 laboratory,	 an	 RNAi	 approach	was	 taken	 to	 investigate	 the	

function	 of	 the	 RLP	 genes	 in	 the	 Nipponbare	 QTL	 region	 which	 underlies	 resistance	 to	 S.	

hermonthica	 (Kibos	 isolate).	 Dr.	 Alexis	 Moschopoulos,	 a	 postdoctoral	 researcher,	 designed	

RNAi	 IR	 constructs	 targeting	 three	 key	 candidate	 resistance	 genes	 in	 the	 cluster,	 and	 these	

were	 stably	 transformed	 into	 Nipponbare	 using	 Agrobacterium-mediated	 transformation.		

Detailed	protocols	for	Agrobacterium-mediated	transformation	of	 japonica	rice	cultivars	have	

been	published	and	optimised	(Sallaud	et	al.,	2003;	Toki	et	al.,	2004),	however	transformation	

of	 indica	rice	 is	much	more	difficult	(Sahoo	et	al.,	2011).	Transformation	of	either	subspecies	

and	 regeneration	 and	 selection	 of	 transformants	 is	 a	 long	 process	 taking	 several	 months.	

Because	 of	 the	 difficulty	 in	 transforming	 IR64,	 the	 time	 required	 for	 regeneration	 of	 plants,	

selection	of	transformants	and	propagation	by	single	seed	decent	to	at	least	the	T2	generation,	

functional	 validation	 of	 the	 IR64	 target	 genes	was	 not	 possible	 within	 the	 timescale	 of	 this	

PhD.	However,	as	the	candidate	S.	hermonthica	resistance	genes	in	IR64	are	close	homologs	of	

those	in	Nipponbare,	and	the	T2	generation	of	RNAi	lines	were	just	available	at	the	time	of	my	

PhD,	they	were	used	to	test	the	hypothesis	that	reducing	the	expression	of	one	or	more	of	the	

candidate	 RLP	 genes	 in	 Nipponbare	 will	 result	 in	 increased	 susceptibility	 to	 S.	 hermonthica	

(Kibos	isolate).	As	Nipponbare	is	also	the	cultivar	used	for	creation	of	the	Tos17	and	some	T-

DNA	 insertion	 line	 libraries,	 lines	with	 an	 insertion	 in	 a	 candidate	 RLP	 gene,	where	 present,	

were	also	phenotyped	for	altered	susceptibility	to	S.	hermonthica.		

	

4.1.1	Aims	of	Chapter	4	
The	aim	of	this	chapter	is	to	test	the	hypothesis	that	the	candidate	receptor-like	protein	genes	

in	Nipponbare	underlie	resistance	to	S.	hermonthica	by:	

	

1. Phenotyping	 the	RNAi	 lines	 targeting	 candidate	RLP	genes	 in	Nipponbare	 for	 altered	

susceptibility	/	resistance	to	S.	hermonthica	(Kibos	ecotype).	
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2. Measuring	 the	 expression	 of	 the	RLP	 genes	 by	 qPCR	 for	 a	 selection	 of	 RNAi	 lines	 to	

determine	whether	down	 regulation	of	 gene	expression	 is	 correlated	with	 increased	

susceptibility	to	S.	hermonthica	(Kibos	ecotype).	

3. Phenotyping	 T-DNA	 and	 Tos17	 insertion	 lines	 targeting	 single	 candidate	 RLP	 genes	

(where	 available)	 for	 altered	 resistance	 /	 susceptibility	 to	 S.	 hermonthica	 (Kibos	

ecotype).	
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4.2	Materials	and	Methods	

4.2.1	Plant	materials	
The	RNAi	 constructs	 targeting	 three	 RLP	 genes	 (Os12g11370,	Os12g11500	 and	Os12g11680)	

were	 produced	 at	 the	 University	 of	 Sheffield.	 Trigger	 sequences	 for	 the	 constructs	 were	

designed	by	Dr.	Alexis	Moschopoulos	at	the	University	of	Sheffield,	using	psRNATarget,	a	plant	

small	 RNA	 target	 analysis	 server	 designed	 by	 Dai	 &	 Zhao	 (2011).	 Trigger	 sequences	 were	

cloned	 into	 the	 pANDA	 Gateway	 vector	 developed	 by	 Miki	 &	 Shimamoto	 (2004).	 The	

constructs,	their	target	gene	and	other	predicted	gene	targets	in	the	RLP	cluster	are	shown	in	

Table	4.1.	Trigger	 sequences	are	 shown	 in	Appendix	Table	S.1.	Constructs	were	 transformed	

into	 the	 rice	 cultivar	 Nipponbare	 at	 The	 National	 Institute	 of	 Agricultural	 Botany	 (NIAB),	

Cambridge,	and	regenerated	plantlets	returned	to	Sheffield.	Zygosity	and	copy	number	of	RNAi	

lines	were	determined	by	qPCR	quantification	of	 the	gus-linker	gene	within	 the	construct	by	

iDNA	 Genetics	 Ltd,	 Norwich,	 UK	 (Table	 4.1).	 All	 RNAi	 lines	 were	 phenotyped	 at	 the	 T2	

generation.			

	

Tos17	 insertion	lines	were	produced	in	a	Nipponbare	background	by	Miyao	et	al.,	(2003)	and	

obtained	from	the	National	Agriculture	and	Food	Research	Organization	(NARO),	Japan.	Three	

homozygous	Tos17	 lines	were	available,	with	predicted	 insertions	 in	genes	Os12g10870	 (line	

ND5288),	Os12g11680	(line	ND00064),	or	Os12g12120	(line	ND2342).	A	single	T-DNA	insertion	

line	 was	 obtained	 from	 CIRAD,	 Montpellier,	 France,	 with	 a	 homozygous	 insertion	 in	

Os12g11370.	 All	 Tos17	 insertion	 lines	 and	 the	 T-DNA	 insertion	 lines	 were	 in	 a	 Nipponbare	

background.	

	

The	presence	of	a	homozygous	insertion	in	each	line	was	confirmed	by	PCR	using	the	Thermo	

Scientific	Phire	Plant	Direct	PCR	kit	(section	2.2.4).	Primers	used	are	listed	in	Table	4.2.	

	

4.2.2	Phenotyping	RNAi	lines	for	post-attachment	resistance	to	S.	hermonthica		
RNAi	 rice	 lines	 (T2	 generation)	 were	 phenotyped	 for	 post-attachment	 resistance	 to	 S.	

hermonthica	 according	 to	 the	 protocol	 described	 in	 section	 2.2.2.	 Lines	 were	 labelled	

according	to	the	construct,	transformation	event	and	generation.	For	example,	JS6.8-7	refers	

to	the	p11370-4	construct	(see	Table	4.1),	JS6	transformation	event,	with	8	referring	to	the	T0	

individual	 and	 7	 to	 the	 T1	 individual.	 Before	 transfer	 to	 rhizotrons,	 all	 seedlings	 were	

genotyped	 for	 the	 presence	 of	 the	 transfer	 DNA	 using	 primers	 designed	 against	 the	

hygromycin	 gene	 (forward	 primer:	 ATGTCCTGCGGGTAAATAGC,	 reverse	 primer:	

CATTGTTGGAGCCGAAATCC).	 Genotyping	 was	 carried	 out	 6	 das	 using	 the	 Thermo	 Scientific	

Phire	Plant	Direct	PCR	kit	according	to	the	protocol	described	in	section	2.2.4.	Rice	seedlings		
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Table	4.1	RNAi	constructs	produced	for	down-regulation	of	suites	of	RLP	genes	in	Nipponbare.	
Construct	name	refers	to	the	target	gene	against	which	the	trigger	sequence	was	designed.	JS	
/	 AM	 number	 refers	 to	 independent	 transformation	 events	 for	 a	 particular	 construct.	
Transgene	 copy	 number	 and	 zygosity	 is	 listed	 for	 each	 line;	 Hom:	 homozygous	 line,	 Hemi:	
hemizygous	line,	Multi:	multiple	copies	due	to	multiple	insertion	sites	of	the	transgene.	Hemi	
/Hom	lines	have	2+	copies	but	these	were	predicted	to	be	at	a	single	insertion	site.	
	
	
Construct	
name	

Transformation	
identifier	

Primary	
target(s)	

Secondary	
targets	

Lines	 Transgene	
copy	number	

Zygosity	

p11370-4	 JS6	 Os12g11370	 Os12g10870	 JS6.8-7	 2	-	5	 Multi	
	 	 	 Os12g11860	 	 	 	
	 	 	 Os12g11940	 	 	 	

p11370-10	 JS7	 Os12g11370	 Os12g10870	 JS7.8-12	 3		(6)	 Hemi	*	
	 	 	 Os12g11500	 	 	 	

p11680-1	 JS4	 Os12g11680	 Os12g10870	 JS4.8-7	 3	(6)	 Hemi	*	
	 JS8	 Os12g12010	 Os12g11510	 JS4.12B-11	 5	/	10	 Hemi	/	Hom	
	 	 	 Os12g11720	 JS8.14-19	 8	 Hom	
	 	 	 Os12g11940	 JS8.16-11	 18	 Hom	
	 	 	 Os12g12120	 	 	 	
	 	 	 Os12g12130	 	 	 	

p11500-4	 JS10	 Os12g11500	 Os12g10870	 JS10.10A-8	 2	-	15	 Multi	
	 	 Os12g11930	 Os12g11370	 JS10A.1-14	 8	 Hom	
	 	 	 Os12g11940	 	 	 	
	 	 	 Os12g12120	 	 	 	
	 	 	 Os12g12130	 	 	 	

p11500-9	 AM3	 Os12g11500	 Os12g10870	 AM3.9-1	 12	-	24	 Hemi	
	 	 Os12g11930	 Os12g11720	 	 	 	

pANDA	
emtpy	 JS9	 None	 None	

JS9.8-15	 2	 	
Unknown	

*	predominant	zygosity	
	

Table	4.2	Primer	sequences	for	confirmation	of	the	presence	of	the	Tos17	/	T-DNA	insertions	

for	 4	 insertion	 lines:	 Os12g10870,	 Os11680	 and	 Os12g12120	 (Tos17	 insertion	 lines),	 and	

Os12g11370	(T-DNA	insertion	line).	

Primers	for	testing	presence	of	insertion	
Gene		 Primer	name	 Primer	sequence	(5’	–	3’)	 Amplicon			

length	(bp)	
Tos17	
insertion	

Tos17	
	

TACTGAGGCTGAACTTCGGGC	 ~	1000	(with	any	
of	below	primers)	

Os12g10870	 10870	Tos17	F	 TCACTGTCAGGTCCCGTATGC	 	
10870	Tos17	R	 GAGGTCAAGGAATTCTATATGAAGAGG	 	

Os12g11680	 11680	Tos17	F	 GATTTACTAGAGGTGTCTGGGTTAC	 	
	 11680	Tos17	R	 AAACTAATACTGGAGTAGGATGCTG	 	
Os12g12120	 12120	Tos17	F	 ATGTTGTCCAACTCCAAGAGAGTTC	

	
	 12120	Tos17	R	 GTTGGTGTTGCTCACAGATATACTC	
T-DNA	
insertion	

hyg8	
	

GTCTGGACCGATGGCTGTGTAGAAG	
	

~	900	(with	below	
primers)	

Os12g11370	 11370	cDNA	F	 ATGTCGTCGTCCACCAAGAGG	
	

	 11370	TDNA	R	 CTGAAGCTTAGGTGTAAACTTAGC	
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were	 inoculated	 with	 germinated	 S.	 hermonthica	 seeds	 15	 das,	 and	 S.	 hermonthica	 plants	

harvested	from	rice	roots	25	dai.	Where	possible,	5	–	8	replicates	were	phenotyped	for	each	

line.	However,	 fewer	replicates	were	phenotyped	 if	 rice	seed	germination	was	poor	and	/	or	

the	transgene	was	segregating.	The	minimum	number	of	replicates	used	was	3	(line	JS8.16-11	

only).	 Azygous	 plants	 were	 used	 as	 controls	 where	 available,	 in	 addition	 to	 wildtype	

Nipponbare	 and	 an	 empty	 vector	 control.	 Nipponbare	 and	 Koshihikari	 were	 included	 in	 all	

phenotyping	experiments	as	resistant	and	susceptible	cultivars	respectively.		

	

In	 order	 to	 examine	 the	 microscopic	 phenotype	 of	 S.	 hermonthica	 attachments	 on	 a	

susceptible	RNAi	 line	(JS8.14-1),	small	sections	of	root	plus	attached	parasite	were	harvested	

11	 dai	 together	 with	 those	 from	 Nipponbare	 and	 Koshihikari.	 Sections	 were	 embedded	 in	

Technovit	resin,	stained	and	observed	under	a	microscope	as	described	in	section	2.2.5.	

	

4.2.3	Growth	and	collection	of	RNAi	root	material	for	analysis	of	gene	expression	by	qPCR	
In	order	 to	measure	 the	expression	of	 the	RLP	genes	 in	wildtype	Nipponbare,	 the	RNAi	 lines	

and	empty	vector	control	lines,	6	replicate	plants	were	grown	per	line.	Collection	of	root	tissue	

was	 carried	out	21	das	according	 to	 the	protocol	described	 in	 section	3.2.6.	RNA	extraction,	

quantification,	 cDNA	 synthesis	 and	 qPCR	were	 carried	 out	 as	 described	 in	 section	 3.2.7.	 For	

qPCR,	4	µl	cDNA	(1	in	10	dilution)	was	used	in	each	reaction,	and	2	technical	replicates	carried	

out	 for	each	sample.	 In	order	to	determine	how	well	an	RNAi	construct	was	transcribed,	the	

expression	 of	 gus,	 derived	 from	 the	 linker	 region	 of	 the	 construct,	 was	measured	 for	 each	

sample	 (Miki	 &	 Shimamoto,	 2004).	 Ribonuclease	 regulator	 (Os01g52460)	 was	 used	 as	 a	

reference	 gene.	 Primer	 sequences	 used	 to	 amplify	 the	 12	 expressed	 RLP	 genes	 within	 the	

Nipponbare	QTL	region,	the	reference	gene	and	the	gus	linker	are	shown	in	Table	4.3.		

	

4.2.4	Confirming	the	presence	of	the	insertion	in	the	target	genes	and	phenotyping	the	
insertion	lines	for	post-attachment	resistance	to	S.	hermonthica		
Before	 phenotying	 the	 insertion	 lines	 for	 resistance	 to	 S.	 hermonthica	 it	 was	 necessary	 to	

confirm	that	they	contained	an	insertion	in	the	genes	of	interest.	To	confirm	knockout	of	the	

target	gene	transcript	 from	cDNA,	uninfected	root	 tissue	 for	each	 line	was	harvested	 from	6	

plants	 15	 das	 according	 to	 the	 protocol	 described	 in	 section	 3.2.6.	 RNA	was	 extracted	 from	

root	tissue	and	cDNA	synthesised	as	described	previously	(section	3.2.7).	A	PCR	of	the	target	

gene	 sequence	was	 carried	 out	 on	 cDNA	 from	 all	 knockout	 lines,	 as	well	 as	 both	 cDNA	 and	

gDNA	from	wildtype	Nipponbare	as	positive	controls.	Primers	used	are	 in	 listed	 in	Table	4.4.	

Each	20	µl	consisted	of	2	µl	10	x	Buffer	for	KOD	DNA	polymerase,	1.2	µl	of	1mM	MgSO4,	2	µl	
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Table	4.3.	Primer	sequences	for	qPCR	amplification	of	candidate	S.	hermonthica	RLP	resistance	
genes,	 the	 reference	 gene	 ribonuclease	 regulator	 (Os01g52460)	 in	 the	 rice	 cultivar	
Nipponbare,	and	the	gus-linker	region	of	the	construct.		

Gene		 Primer	name	 Primer	sequence	(5’	–	3’)	 Amplicon	
length	
(bp)	

Os12g10870	
10870	F	 GATCCTTCATATACAGTTGACAGG	

65	
10870	R	 GCCATGTCAGCAATTCTGAGC	

Os12g10930	
10930_2	F	 TTCTCTAACTGTGGATTGTCTGG	

107	
10930_2	R	 TTATTTTCCTTCCCTGAAAAGTTGC	

Os12g11370	
11370	F	 GGATCCTTCATATACAGTTGATGG	

79	
11370	R	 GAAGTTATTTGAGGCCATATCGG	

Os12g11500	
(JS10	construct)	

11500_3	F	 GCACGCACCGTAGTACC	
108	

11500_3	F	 GAAGGCAGTGGAGTAGTCG	
Os12g11500	
(AM3	construct)	

11500_x	F	 TTAACCTCTCCGGTAACGACTTC	
83	

11500_x	R	 AAGATAAACCAGTTCGGTGAGCT	

Os12g11680	
11680_2	F	 GTGGCTTGTCTGGACCCG	

76	
11680_2	R	 TGACAATTGTACAGTGCCAAATC	

Os12g11720	
11720	F	 CGCCTGAAGAACTCATTCG	

63	
11720	R	 GATCCATGACCGGAATGC	

Os12g11860	
11860	F	 TGCAGCATGAGAAACTAACG	

83	
11860	R	 ACTGTCAGCAGAGAAATTAGG	

Os12g11930	
11930	F	 CGTACGAGCTCCTCCATACC	

124	
11930	R	 CGACCCACGACCGAAAGG	

Os12g12010	
12010_2	 TACTAGAAGTGTCTGGGTTGG	

119	
12010_2	 GGAAGCTGGTAAGCGTCCG	

Os12g12120	
12120_2	F	 CAGATCCAAGGTGCAATACC	

117	
12120_2	R	 AAGGGGAAGTAAAGGATTGG	

Os12g12120	
12130	F	 CAGTTTTCAGGCGAGATACC	

113	
12130	R	 TCAGGACATACAGGTTTTGC	

LOC_Os01g52460	
Os01g52460-F1	 GGCAAACAAGAAGGGAATAGG	

115	
Os01g52460-R1	 AGTCCTCGAGATGAGAATGC	

gus-linker	 GUS	pANDA	F	 CGATAACGTGCTGATGGTGCA	 91	
GUS	pANDA	R	 CTC	TTC	AGC	GTA	AGG	GTA	ATG	C	

	

	

2mM	dNTPs,	3	µl	of	each	2	µM	primer,	0.4	µl	KOD	DNA	polymerase,	2	µl	cDNA	/	gDNA	and	6.4	

µl	nuclease-free	water.	The	PCR	cycling	conditions	were:	2	min	at	95	°C	(initial	denaturation);	

then	35	cycles	of	20	 s	at	95	 °C	 (denaturation),	10	 s	at	58	 °C	 (annealing),	and	1	min	at	70	 °C	

(extension);	followed	by	a	final	extension	of	1	min	at	70	°C.	Ten	µl	of	each	product	was	mixed	

with	 5	 x	 DNA	 Loading	 Buffer	 (Bioline)	 and	 run	 on	 a	 1	 %	 gel	 to	 check	 product	 sizes.	 Sanger	

sequencing	was	used	to	confirm	the	presence	of	the	insertions	in	the	target	genes	according	to	

the	protocol	described	in	section	3.2.4.	
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Table	 4.4.	 Primer	 sequences	 for	 testing	 whether	 gene	 transcripts	 were	 present	 for	 target	

genes	in	4	insertion	lines:	Os12g10870,	Os11680	and	Os12g12120	(Tos17	insertion	lines),	and	

Os12g11370	(T-DNA	insertion	line).	

Primers	for	testing	expression	of	target	gene	
Gene		 Primer	name	 Primer	sequence	(5’	–	3’)	 Amplicon	

length	(bp)	
Os12g10870	 10870	Tos17	F	 TCACTGTCAGGTCCCGTATGC	

1014	
10870	Tos17	R	 GAGGTCAAGGAATTCTATATGAAGAGG	

Os12g11680	 11680_seq1_F		 GGTCCGATTTGTCGGTCCT	
776	

	 11680	Tos17	R	 AAACTAATACTGGAGTAGGATGCTG	
Os12g12120	 12120	F2	 GATCCGATGGCCATATCACC	

1476		 Os12g12120-R1	 AAGGGGAAGTAAAGGATTGG	
	 11370genoR1	 AAGATCTGCGGAGGCACCTT	
Os12g11370	 11370genoF1	 AATTCGCTCACTAGGATTGAGCTT	 2247	

11370	cDNA	R	 TCATCGCTGTTTTTTCATATGCCTTCC	
	

Lines	 were	 phenotyped	 for	 post-attachment	 resistance	 to	 S.	 hermonthica	 according	 to	 the	

protocol	described	in	section	2.2.2.	Six	-	ten	replicates	were	infected	for	each	line,	in	addition	

to	Nipponbare	and	Koshihikari	controls.		

	

4.2.5	Statistical	analysis	
Two-sample	 t-tests	 were	 carried	 out	 to	 assess	 whether	 S.	 hermonthica	 biomass	 was	

significantly	 different	 between	 the	 RNAi	 /	 insertion	 lines	 and	 Nipponbare	 wild	 type,	 and	

between	 RNAi	 lines	 and	 azygous	 segregants	where	 present.	 Tests	were	 carried	 out	 on	 log10	

transformed	data	to	adjust	for	non-normal	distribution	where	necessary.		

	

Relative	 quantification	 of	 gene	 expression	 was	 calculated	 according	 to	 the	 comparative	 Ct	

method	 described	 in	 Pfaffl	 (2004)	 and	 in	 section	 3.2.9.	 For	 each	 gene	 of	 interest,	 gene	

expression	 values	 of	 RNAi	 lines	 were	 divided	 by	 the	 mean	 expression	 of	 that	 gene	 in	

Nipponbare	to	determine	any	difference	between	them.	Two-sample	t-tests	were	carried	out	

to	 identify	significant	differences.	A	Pearson’s	product-moment	correlation	analysis	was	used	

to	determine	the	relationship	between	gus-linker	expression	and	expression	of	RLP	genes.	The	

statistical	package	R,	version	3.3.0	(http://www.r-project.org)	was	used	for	all	analyses.	
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4.3	Results	

4.3.1	Phenotyping	RNAi	lines	for	resistance	to	S.	hermonthica	and	examination	of	RLP	gene	
expression	
RNAi	 lines	 exhibited	 varying	 degrees	 of	 susceptibility	 to	 S.	 hermonthica.	 In	 most	 cases,	

increased	 susceptibility	was	 associated	with	 suppression	 of	 transcript	 of	multiple	 RLP	 genes	

(Figures	4.3	–	4.5).	No	increase	in	susceptibility	or	significant	alteration	in	the	expression	of	the	

RLP	genes	was	observed	for	empty	vector	controls	(Figure	4.3A	and	E).		

	

RNAi	 lines	 targeting	 Os12g11500:	 A	 small	 but	 significant	 increase	 in	 susceptibility	 to	 S.	

hermonthica	was	 seen	 for	 three	out	of	 four	 independent	 lines	 targeting	Os12g11500	 (Figure	

4.3A).	 Gene	 expression	 analysis	 was	 carried	 out	 for	 two	 of	 the	 susceptible	 lines	 and	 the	

resistant	 line.	 In	all	 cases,	 transcript	 levels	of	 the	 target	gene	Os12g11500	were	 significantly	

reduced.	 No	 other	 significant	 reductions	 in	 transcript	 level	 for	 the	 other	 RLP	 genes	 was	

observed	 for	 the	 resistant	 line	AM3.9-1.	However,	 significant	 reductions	 in	 transcript	of	 two	

additional	 genes	 (Os12g10870	 and	 Os12g10930)	 and	 three	 addition	 genes	 (Os12g11680,	

Os12g11869	 and	 Os12g12010)	 were	 seen	 for	 lines	 JS10A.1-14	 and	 JS10.10A-8	 respectively	

(Figure	4.3C	and	B),	both	of	which	were	significantly	more	susceptible	to	S.	hermonthica	than	

Nipponbare.	

	

RNAi	lines	targeting	Os12g11680:	A	significant	increase	in	susceptibility	to	S.	hermonthica	was	

observed	 in	 two	 out	 of	 six	 independent	 RNAi	 lines	 targeting	 Os12g11680	 (Figure	 4.4A).	 All	

azygous	 controls	 were	 resistant.	 Gene	 expression	 analysis	 was	 carried	 out	 for	 the	 two	

susceptible	 RNAi	 lines	 (JS8.14-19	 and	 JS4.12B-11)	 and	 two	 lines	 showing	 greater	 resistance	

(JS8.16-11	 and	 JS4.8-7).	 Transcript	 of	 all	 RLP	 genes	 investigated	 was	 reduced	 in	 the	 most	

susceptible	line	JS8.14-19,	however	no	reduction	was	statistically	significant	(Figure	4.4B).	No	

reduction	in	transcript	was	observed	for	any	other	gene	or	line	investigated	(Figures	4.4C	–E).	

	

RNAi	lines	targeting	Os12g11370:	A	significant	increase	in	susceptibility	to	S.	hermonthica	was	

observed	 for	 one	 of	 the	 two	 RNAi	 lines	 targeting	 Os12g11370	 (Figure	 4.5A).	 Increased	

susceptibility	 of	 the	 line	 JS6.8-7	 was	 associated	 with	 a	 significant	 reduction	 in	 transcript	

abundance	of	the	target	gene	Os12g11370,	as	well	as	a	reduction	in	transcript	of	Os12g10870	

and	Os12g11860	 (Figure	 4.5B).	 In	 contrast,	 the	 resistant	 line	 JS7.8-12	 showed	 no	 significant	

alterations	in	gene	expression	(Figure	4.5C).	
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Figure	4.3	The	dry	biomass	of	S.	hermonthica	(A)	and	differential	expression	of	RLP	genes	(B-E)	
for	RNAi	rice	lines	targeting	the	gene	Os12g11500,	and	empty	vector	controls.	JS/AM	numbers	
represent	 independent	 transformations	 of	 the	 construct.	 Hashed	 bars	 are	 empty	 vector	
controls.	A:	S.	hermonthica	was	harvested	from	the	roots	of	rice	plants	25	dai.	Nipponbare	and	
Koshihikari	were	 included	as	a	reference	for	resistance	and	susceptibility	respectively.	Values	
for	dry	weight	are	means	±	SE	where	n	=	between	5	-	8.	B-E):		Differential	gene	expression	of	
RLP	genes	measured	by	qPCR;	numbers	 refer	 to	Os12g	gene	numbers.	Gene	expression	was	
normalised	using	 the	 reference	 gene	Os01g52460	 and	plotted	 as	 fold	 change	 in	 comparison	
with	 Nipponbare	 wt	 where	 Nipponbare	 =	 1.	 A	 value	 of	 0.5	 =	 50	 %	 reduction	 in	 expression	
relative	 to	 Nipponbare.	 Data	 represent	 mean	 expression	 values	 ±	 SE	 from	 4	 –	 6	 biological	
replicates.	 Asterisks	 indicate	 significant	 differences	 between	 an	 RNAi	 line	 and	 Nipponbare	
(two-sample	t-test	p	<	0.05).	
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Figure	4.4	The	dry	biomass	of	S.	hermonthica	(A)	and	differential	expression	of	RLP	genes	(B-E)	
for	 RNAi	 rice	 lines	 targeting	 the	 gene	 Os12g11680.	 JS	 numbers	 represent	 independent	
transformations	 of	 the	 construct.	 Hashed	 bars	 are	 azygous	 plants	 where	 the	 T-DNA	 has	
segregated	 out.	 A:	 S.	 hermonthica	 was	 harvested	 from	 the	 roots	 of	 rice	 plants	 25	 dai.	
Nipponbare	 and	 Koshihikari	 were	 included	 as	 a	 reference	 for	 resistance	 and	 susceptibility	
respectively.	Values	for	dry	weight	are	means	±	SE	where	n	=	between	5	-	8.	B-E):		Differential	
gene	 expression	 of	 RLP	 genes	 measured	 by	 qPCR;	 numbers	 refer	 to	 Os12g	 gene	 numbers.	
Gene	 expression	was	 normalised	 using	 the	 reference	 gene	Os01g52460	 and	 plotted	 as	 fold	
change	 in	 comparison	 with	 Nipponbare	 wt	 where	 Nipponbare	 =	 1.	 A	 value	 of	 0.5	 =	 50	 %	
reduction	 in	expression	 relative	 to	Nipponbare.	Data	 represent	mean	expression	values	±	SE	
from	4	–	6	biological	replicates.	Asterisks	indicate	significant	differences	between	an	RNAi	line	
and	Nipponbare	(two-sample	t-test	p	<	0.05).	
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Figure	4.5	The	dry	biomass	of	S.	hermonthica	(A)	and	differential	expression	of	RLP	genes	(B-C)	
for	 RNAi	 rice	 lines	 targeting	 the	 gene	 Os12g11370.	 JS	 numbers	 represent	 independent	
transformations	 of	 the	 construct.	 Hashed	 bars	 are	 azygous	 plants	 where	 the	 T-DNA	 has	
segregated	 out.	 A:	 S.	 hermonthica	 was	 harvested	 from	 the	 roots	 of	 rice	 plants	 25	 dai.	
Nipponbare	 and	 Koshihikari	 were	 included	 as	 a	 reference	 for	 resistance	 and	 susceptibility	
respectively.	Values	for	dry	weight	are	means	±	SE	where	n	=	between	5	-	8.	B-E):		Differential	
gene	 expression	 of	 RLP	 genes	 measured	 by	 qPCR;	 numbers	 refer	 to	 Os12g	 gene	 numbers.	
Gene	 expression	was	 normalised	 using	 the	 reference	 gene	Os01g52460	 and	 plotted	 as	 fold	
change	 in	 comparison	 with	 Nipponbare	 wt	 where	 Nipponbare	 =	 1.	 A	 value	 of	 0.5	 =	 50	 %	
reduction	 in	expression	 relative	 to	Nipponbare.	Data	 represent	mean	expression	values	±	SE	
from	4	–	6	biological	replicates.	Asterisks	indicate	significant	differences	between	an	RNAi	line	
and	Nipponbare	(two-sample	t-test	p	<	0.05).	
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The	phenotype	of	resistance	and	susceptibility	of	Nipponbare,	Koshihikari	and	a	representative	

plant	 from	 the	 susceptible	 RNAi	 line	 JS8.14-19	 is	 shown	 in	 Figure	 4.6.	Nipponbare	 exhibited	

good	 post-attachment	 resistance	 to	 S.	 hermonthica,	 and	 only	 a	 few	 small	 parasites	 were	

harvested	from	the	root	systems	(Figure	4.6A).	Transverse	sections	through	the	root	showed	a	

failure	 of	 the	 parasite	 to	 penetrate	 the	 endodermis	 and	 attach	 to	 xylem	 vessels,	 instead	

growing	 through	 the	cortex	around	 the	vascular	core.	 (Figure	4.6B).	 In	contrast,	many	 larger	

parasites	were	harvested	from	Koshihikari	root	systems	(Figure	4.6C),	and	transverse	sections	

revealed	S.	hermonthica	 had	 successfully	penetrated	 the	endodermis	and	attached	 to	 xylem	

vessels	 (Figure	 4.6D),	 allowing	 continued	 growth	 of	 the	 parasite.	 A	 similar	 phenotype	 was	

observed	 for	 the	 susceptible	 RNAi	 line	 JS8.14-19;	 large	 parasites	 were	 harvested	 from	 rice	

roots	 (Figure	 4.6E),	 and	 transverse	 sections	 confirmed	 fully	 established	 xylem-xylem	

connections	between	host	and	parasite	(Figure	4.6F).	

	

4.3.2	The	efficiency	of	gene	suppression	for	RNAi	constructs	
In	order	 to	determine	how	well	 the	RNAi	 constructs	were	 transcribed,	 transcript	of	 the	gus-

linker	region	of	 the	construct	was	measured	by	qPCR.	The	efficiency	of	gene	suppression	for	

each	RNAi	line	was	tested	by	plotting	the	expression	of	the	gus	transgene	against	expression	

of	the	target	gene	(Figure	4.7).	Expression	of	the	gus	gene	varied	considerably	between	lines.	

There	was	a	significant	negative	relationship	between	target	gene	expression	and	expression	

of	the	gus-linker	(Pearson’s	correlation	r	=	-0.303,	d.f.	=	45,	p		=	0.038,	Figure	4.7),	 indicating	

that	 where	 RNAi	 constructs	 were	 not	 well	 transcribed,	 efficiency	 of	 their	 silencing	 was	

reduced.	

	

Although	 the	 RNAi	 constructs	 were	 designed	 against	 a	 single	 gene,	 the	 high	 similarity	 in	

sequence	of	the	RLP	genes	in	the	QTL	meant	that	a	single	construct	was	expected	to	suppress	

the	 expression	 of	 more	 than	 one	 gene	 in	 the	 cluster,	 as	 many	 secondary	 targets	 were	

predicted	(see	Table	4.1).	This	makes	it	very	difficult	to	relate	any	susceptibility	to	suppression	

of	a	single	gene.	Some	lines	exhibited	only	a	small	reduction	in	transcript	 levels,	but	this	was	

seen	for	many	of	the	RLP	genes.	It	is	also	possible	that	more	than	one	gene	may	be	acting	to	

confer	 resistance	 to	 S.	 hermonthica,	 which	 might	 obscure	 any	 clear	 correlation	 between	

transcript	 level	 for	 a	 single	 gene	 and	 susceptibility.	 Therefore,	 the	 sum	 of	 gene	 expression	

values	 for	all	RLP	genes	 investigated	was	calculated	and	plotted	against	 the	dry	weight	of	S.	

hermonthica	 to	 determine	 whether	 there	 was	 a	 correlation	 with	 increased	 susceptibility		

(Figure	 4.8A).	 The	 SUM	 of	 RLP	 expression	 was	 also	 plotted	 against	 expression	 of	 the	 gus	
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transcript	to	test	for	a	correlation	between	expression	of	the	construct	and	its	ability	to	silence	

the	 RLP	 genes	 generally.	 No	 significant	 correlation	 was	 observed	 between	 the	 SUM	 of	 RLP	

expression	 and	 S.	 hermonthica	 dry	weight,	 or	 between	 the	 SUM	 of	 RLP	 expression	 and	 the	

expression	of	the	gus-linker	(Figure	4.8).	

	

4.3.3	Insertion	lines	exhibited	no	increase	in	susceptibility	to	S.	hermonthica		
Four	 rice	 lines	 with	 homozygous	 insertions	 in	 the	 genes	 Os12g10870,	 Os12g11370,	

Os12g11680	and	Os12g12120	were	phenotyped	 for	 resistance	 to	S.	 hermonthica.	 There	was	

no	 significant	 difference	 in	 S.	 hermonthica	 dry	 weight	 harvested	 from	 the	 roots	 of	 any	

insertion	line	and	that	of	the	Nipponbare	control.	Unusually	the	Os12g11370	T-DNA	insertion	

line	showed	almost	full	resistance;	only	4	of	the	16	replicates	had	any	S.	hermonthica	infection,	

and	<	0.3	mg	S.	hermonthica	 dry	weight	was	harvested	 from	each	plant	 (Two-sample	 t-test:	

Tos17	Os12g10870	line:	t	=	0.44,	d.f.	=	14,	p	=	0.66;	Tos17	Os12g11680	line:	t	=	0.19,	d.f.	=	12,	

p	=	0.84;	Tos17	Os12g12120	line:	t	=	1.32,	d.f.	=	19,	p-value	=	0.20;	T-DNA	Os12g11370	line:	t	=	

2.09,	d.f.	=	6.00,	p	=	0.08)	(Figure	4.9A-D).	

	

4.3.4	Verification	of	gene	knockouts	for	Tos17	and	T-DNA	insertion	lines		
A	PCR	was	carried	out	on	cDNA	for	the	genes	carrying	the	insertion	to	confirm	knockout	was	

successful.	 No	 expression	 was	 observed	 for	 Os12g10870,	 Os12g11680	 or	 Os12g12120	 for	

Tos17	insertion	lines,	while	expression	of	these	genes	in	wild	type	Nipponbare	was	confirmed	

(Figure	4.10A).	However,	transcript	was	observed	for	Os12g11370	in	the	T-DNA	insertion	line	

for	 this	 gene;	 the	 final	 2247	 bp	 of	 the	 gene	 was	 successfully	 amplified	 from	 cDNA	 (Figure	

4.10B).	 This	was	 of	 greater	 abundance	 in	 the	 insertion	 line	 than	 in	 Nipponbare,	 as	 seen	 by	

brighter	bands	on	the	gel.	Sequencing	using	primers	inside	the	insertion	site	and	at	the	end	of	

the	gene	revealed	the	T-DNA	insertion	ended	at	position	695bp	of	Os12g11370,	which	is	3045	

bp	in	length	(Figure	4.11).	
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Figure	 4.6	 The	 phenotype	 of	 resistance	 and	 susceptibility	 of	 rice	 cultivars	 Nipponbare,	
Koshihikari	and	the	susceptible	RNAi	 line	 JS8.14-19.	Left	column:	 Images	of	 the	root	systems	
infected	 with	 S.	 hermonthica	 (Kibos	 ecotype)	 25	 days	 after	 inoculation.	 Right	 column:	
transverse	 sections	 through	 the	 rice	 root	 and	 S.	 hermonthica	 attachment	 11	 days	 after	
inoculation.	Resistance	 in	 Nipponbare	 is	 shown	 by	 the	 failure	 of	 the	 parasite	 to	 breach	 the	
endodermis	 and	 form	 vascular	 connections	 (B).	 Susceptible	 interactions	 on	 Koshihikari	 and	
JS8.14-19	 revealed	 fully	 established	 xylem-xylem	 connections	 between	 host	 and	 parasite	 (D	
and	F).	Hx-Px,	host-parasite	xylem;	Hc,	host	cortext;		En,	parasite	endophyte;	P,	parasite.	
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Figure	4.7	The	efficiency	of	gene	silencing	for	RNAi	constructs,	determined	by	the	relationship	
between	the	expression	of	the	gus	transgene	derived	from	the	linker	region	of	the	construct,	
and	the	expression	of	the	primary	gene	target.	Target	gene	for	each	construct	 is	 indicated	in	
the	 legend	 in	 brackets.	 Gene	 expression	 was	 measured	 by	 qPCR	 and	 normalised	 using	 the	
reference	gene	Os01g52460.	Target	gene	expression	 is	plotted	as	 the	 fold	change	relative	to	
Nipponbare	wt,	where	Nipponbare	=	0.	A	value	of	-0.5	=	50	%	reduction	in	expression	relative	
to	 Nipponbare.	 Dots	 represent	 mean	 expression	 values	 and	 standard	 error	 from	 4	 –	 6	
biological	 replicates	 each	 with	 2	 technical	 replicates.	 There	 was	 a	 significant	 negative	
relationship	 between	 target	 gene	 expression	 and	 expression	 of	 the	 gus-linker	 (Pearson’s	
correlation	r	=	-0.303,	d.f.	=	45,	p		=	0.038).		
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A	

	

	

B	

	
	
Figure	4.8	The	relationship	between	the	sum	of	total	RLP	gene	expression	for	each	RNAi	 line	
and	 resistance	 (mg	 dry	 weight)	 to	 S.	 hermonthica	 (A)	 and	 expression	 of	 the	 gus-linker	
transcript	from	the	pANDA	vector	(B).	Coloured	dots	are	different	RNAi	lines.	Target	gene	for	
each	 line	 is	 indicated	 in	the	 legend	 in	brackets.	Gene	expression	was	measured	by	qPCR	and	
normalised	using	the	reference	gene	Os01g52460.	Sum	of	RLP	expression	is	plotted	as	the	fold	
change	levels	relative	to	Nipponbare	control	where	SUM	of	Nipponbare	RLP	gene	expression	=	
11	(dotted	line).	Values	are	mean	expression	±	SE	from	4	–	6	biological	replicates	each	with	2	
technical	replicates.		
	

	

0 10 20 30
5

10

15

20

Striga dry weight (mg)

S
U

M
 o

f R
LP

 e
xp

re
ss

io
n

SUM vs Biomass Nip=11
JS4.12B-11
JS4.8-7

JS8.14-19

JS8.16-11

JS6.8-7

JS7.8-12
JS10.10A-8

JS10A.1-14

AM3.9-1

JS9.8-15

0.0 0.5 1.0 1.5 2.0

-0.5

0.0

0.5

1.0

GUS-linker expression

Ta
rg

et
 g

en
e 

ex
pr

es
si

on

JS4.12B-11 (Os12g11680)

JS4.8-7 (Os12g11680)

JS8.14-19 (Os12g11680)

JS8.16-11 (Os12g11680)

JS6.8-7 (Os12g11370)

JS7.8-12 (Os12g11370)

JS10.10A-8 (Os12g11500)

JS10A.1-14 (Os12g11500)

AM3.9-1 (Os12g11500)

0.0 0.5 1.0 1.5 2.0
5

10

15

20

GUS-linker expression

S
U

M
 o

f R
LP

 e
xp

re
ss

io
n

SUM vs GUS Nip=11
JS4.12B-11
JS4.8-7

JS8.14-19

JS8.16-11

JS6.8-7

JS7.8-12
JS10.10A-8

JS10A.1-14

AM3.9-1

JS9.8-15



Chapter	4	

	 141	

	

	
	
	
Figure	 4.9	 S.	 hermonthica	 dry	 weight	 harvested	 from	 the	 roots	 of	 lines	 carrying	
insertion	 in	 the	 genes	Os12g10870,	Os12g1168,	Os12g12120	 (all	Tos17	 insertions)	 or	
Os12g11370	(T-DNA	insertion)	25	dai.	Values	are	means	±	SE	where	n	is	a	minimum	of	
7.	There	were	no	significant	differences	between	 insertion	 lines	and	Nipponbare	wild	
type.	
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Figure	4.10	Verification	of	gene	knockout	for	insertion	lines	by	PCR	amplification	of	cDNA.	For	
each	 line,	 PCR	 amplification	 of	 cDNA	 was	 carried	 out	 on	 4	 replicates,	 with	 2	 replicates	 of	
Nipponbare	cDNA	and	1	of	Nipponbare	gDNA	as	positive	controls.	No	transcript	was	observed	
for	the	Tos17	insertion	lines	containing	insertions	in	Os12g11680,	Os12g10870	or	Os12g12120	
(A).	 Transcript	 of	 Os12g11370	 was	 observed	 for	 the	 T-DNA	 insertion	 line	 containing	 an	
insertion	in	this	gene	(B).	
	
	

	
	
Figure	4.11	Sequenced	products	of	Os12g11370	T-DNA	insertion	line	from	cDNA,	using	primers	
within	 the	 insertion	 and	 at	 the	 end	 of	 the	 gene,	 aligned	 to	 Os12g11370	 sequence	 (top),	
showing	 the	 position	 of	 the	 insertion.	 Blue	 indicates	 the	 insertion	 sequence	 position;	 red	
indicates	where	the	sequenced	products	match	that	of	Os12g11370.	
	
	
	
	

AT ATGGGAATGGTGGAT ATGT CCGGCAACGGCGAACGGTGGTGTGACGACAT AGCT AAGT T T ACACCT AA

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ACGGTGGTGTGACGACAT AGCT AAGT T T ACACCT AA

GAAT T AGGGT T CCT AT AGGGT T T CGCT CATGTGT ACGGTGGTGTGACGACAT AGCT AAGT T T ACACCT AA

GAAT T AGGGT T CCT AT AGGGT T T CGCT CATGTGT ACGGTGGTGTGACGACAT AGCT AAGT T T ACACCT AA

AT ATGGGAATGGTGGAT ATGT CCGGCAACGGCGAACGGTGGTGTGACGACAT AGCT AAGT T T ACACCT AA

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ACGGTGGTGTGACGACAT AGCT AAGT T T ACACCT AA

GAAT T AGGGT T CCT AT AGGGT T T CGCT CATGTGT ACGGTGGTGTGACGACAT AGCT AAGT T T ACACCT AA

GAAT T AGGGT T CCT AT AGGGT T T CGCT CATGTGT ACGGTGGTGTGACGACAT AGCT AAGT T T ACACCT AA

T-DNA	inser,on	sequence	
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4.4	Discussion	

In	 this	 chapter	RNAi	 lines	and	 insertion	 lines	were	used	 to	 test	 the	hypothesis	 that	 reducing	

the	expression	of	one	or	more	of	the	candidate	RLP	genes	in	the	resistant	cultivar	Nipponbare	

will	 result	 in	 increased	 susceptibility	 to	 S.	 hermonthica	 (Kibos	 isolate).	 RNAi	 lines	 were	

phenotyped	for	post-attachment	resistance	to	S.	hermonthica,	and	half	the	lines	were	found	to	

be	 significantly	more	 susceptible	 than	Nipponbare.	 To	 test	 the	 role	 of	 the	 RLP	 genes	 in	 the	

increase	 in	 susceptibility,	 the	 expression	 of	 the	 RLP	 genes	 were	measured	 in	 a	 selection	 of	

RNAi	 lines	 showing	 both	 an	 increase	 in	 susceptibility	 or	 no	 change	 in	 susceptibility	 to	 S.	

hermonthica.		

	

4.4.1	The	role	of	the	RLP	genes	in	S.	hermonthica	resistance	
Transcript	 levels	of	 the	 target	 gene	 (against	which	 the	 trigger	 sequence	was	designed)	were	

significantly	reduced	for	three	out	of	the	six	susceptible	RNAi	lines,	however	in	all	these	cases	

other	RLP	genes	were	also	significantly	reduced.	This	was	expected	given	the	similarity	of	the	

gene	sequences,	but	meant	that	it	was	not	possible	to	relate	the	increase	in	susceptibility	to	S.	

hermonthica	 to	 any	 one	 gene	 in	 the	 cluster,	 as	 no	 individual	 gene	 had	 significantly	 reduced	

expression	in	all	susceptible	lines.	This	strongly	suggests	that	 if	the	RLP	genes	are	involved	in	

resistance	 to	S.	hermonthica,	more	 than	one	RLP	gene	 is	 likely	 to	be	 involved.	The	 insertion	

line	data	 is	 consistent	with	 this	hypothesis;	knocking	out	a	 single	gene	 in	 the	cluster	did	not	

lead	to	any	increase	is	susceptibility,	although	it	is	possible	that	none	of	the	genes	knocked	out	

by	the	insertion	are	involved	in	resistance.	RNAi	lines	that	did	not	show	a	significant	increase	in	

susceptibility	 compared	 to	 wild	 type	 Nipponbare	 exhibited	 less	 (if	 any)	 down	 regulation	 of	

gene	expression.		

	

Although	a	significant	increase	in	susceptibility	to	S.	hermonthica	was	observed	in	several	RNAi	

lines,	 this	 increase	 was	 only	 modest	 and	 rice	 plants	 did	 not	 support	 the	 huge	 numbers	 of	

parasites	seen	on	very	susceptible	cultivars	such	as	Azucena.	This	was	unexpected;	the	highly	

significant	LOD	score	of	the	QTL	and	the	fact	that	no	other	major	QTL	were	detected	suggests	

the	 majority	 of	 resistance	 to	 S.	 hermonthica	 derives	 from	 this	 QTL	 region.	 It	 is	 therefore	

possible	that	other	genes	in	the	region	may	also	contribute	to	the	resistance.	This	is	consistent	

with	the	findings	of	Hegenauer	et	al.,	(2016)	who	showed	that	although	the	RLP	gene	CuRe1	in	

tomato	was	 sufficient	 to	 confer	 increased	 resistance	 to	 the	 parasitic	 plant	C.	 reflexa,	 when	

transformed	 into	 a	 susceptible	 wild	 tomato,	 this	 resistance	 was	 incomplete.	 Thus	 full	

resistance	 to	 C.	 reflexa	 required	more	 than	 just	 perception	 of	 the	 parasite	 by	 CuRe1	 alone	

(Hegenauer	et	al.,	2016).	If	resistance	to	S.	hermonthica	in	Nipponbare	is	conferred	by	a	similar	
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mechanism,	it	is	possible	that	an	additional	gene	or	genes	in	the	QTL	may	be	acting	in	addition	

to	one	or	multiple	RLP	genes	to	provide	resistance.	

	

Previous	 studies	 have	 found	 that	 clusters	 of	 both	 highly	 homologous	 resistance	 genes	 and	

clusters	of	dissimilar	genes	at	a	 locus	can	provide	enhanced	resistance	to	biotic	stresses.	The	

Bph3	 locus	 in	 rice	confers	broad-spectrum	and	durable	 resistance	 to	 the	brown	planthopper	

(BPH)	Nilaparvata	lugens,	a	phloem-feeding	herbivore.	Liu	et	al.	(2015)	showed	that	the	Bhp3	

locus	 contains	 a	 cluster	 of	 three	 plasma	 membrane-localised	 lectin	 receptor	 kinase	 genes	

(OsLecRK1	–	OsLecRK3),	all	of	which	contribute	to	enhanced	resistance.	Sequence	comparisons	

between	resistant	and	susceptible	rice	cultivars	revealed	that	all	amino	acid	sequences	were	

identical	 between	 resistant	 cultivars,	 but	 several	 nucleotide	 polymorphisms	 causing	

substitutions,	 frame	 shifts	 or	 early	 stop	 codons	 were	 identified	 in	 susceptible	 varieties.	

Transformation	of	each	of	 the	 three	genes	 individually	 into	a	 susceptible	 cultivar	 resulted	 in	

significantly	higher	resistance	to	BPH,	however	transgenic	plants	co-expressing	all	three	genes	

exhibited	 higher	 resistance	 than	 single-gene	 transformants.	 Analysis	 of	 transcripts	 by	 qPCR	

revealed	 differing	 degrees	 of	 correlation	 between	 OsLecRK	 gene	 expression	 and	 resistance.	

However,	suppression	of	gene	expression	for	all	three	OsLecRK	genes	in	RNAi	NIL	lines	carrying	

the	 Bhp3	 locus	 correlated	 with	 a	 reduction	 in	 BPH	 resistance.	 All	 this	 confirmed	 that	 the	

OsLecRK	genes	act	 together	 to	confer	 resistance	 to	BPH	 (Liu	et	al.,	2015).	Overexpression	of	

individual	and	multiple	RLP	genes	from	Nipponbare	into	a	susceptible	cultivar,	or	a	susceptible	

BIL	line	from	the	mapping	population	lacking	the	QTL	sequence,	could	therefore	help	identify	

which	RLP	genes	are	involved	in	resistance,	and	whether	they	act	together	to	provide	further	

resistance.		

	

Different	 types	 of	 R	 genes	 are	 also	 known	 to	 act	 together.	 A	 study	 on	 resistance	 to	 the	

soybean	 cycst	 nematode	 (SCN:	Heterodera	 glycines)	 showed	 a	 set	 of	 dissimilar	 genes	 to	 be	

involved.	Interestingly,	copy	number	of	these	genes,	rather	than	their	presence,	was	important	

in	conferring	the	resistance	(Cook	et	al.,	2012).	Three	genes	within	the	Rhg1	locus,	encoding	an	

amino	 acid	 transporter,	 an	 α-SNAP	 protein	 and	 a	 wound-inducible	 domain	 protein,	 were	

shown	 to	 be	 involved	 in	 SCN	 resistance.	 RNAi	 silencing	 of	 any	 one	 of	 three	 genes	 in	 the	

resistant	 soybean	 variety	 significantly	 reduced	 SCN	 resistance,	 which	 was	 dependent	 on	

reduction	 of	 the	 target	 transcript.	 Fluorescence	 in	 situ	 hybridisation	 was	 used	 to	 show	 the	

arrangement	of	the	31	kb	region	containing	these	genes	in	both	resistant	and	susceptible	lines.	

One	 copy	 of	 this	 region	 was	 detected	 in	 susceptible	 varieties,	 but	 10	 tandem	 copies	 were	

present	 in	 resistant	 varieties.	 The	greater	 copy	number	of	 these	 three	genes,	 and	 thus	 their	

increased	level	of	expression,	was	responsible	for	the	resistance	observed	(Cook	et	al.,	2012).	
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This	suggests	resistance	in	this	system	is	conferred	in	a	dose-dependent	manner.	Resistance	in	

Nipponbare	to	S.	hermonthica	is	also	thought	to	be	dose-dependent,	as	the	F1	plants	exhibited	

intermediate	resistance	between	the	parents	(Chapter	2).	If	this	dose-dependent	resistance	to	

S.	hermonthica	 is	conferred	by	many	RLP	genes,	some	of	which	have	undergone	duplication,	

suppression	of	multiple	RLP	genes	would	be	required	 in	order	to	see	a	significant	 increase	 in	

susceptibility.	

	

The	resistance	 to	S.	hermonthica	observed	 in	 the	Tos17	 insertion	 lines	 is	consistent	with	 the	

hypothesis	that	multiple	RLP	genes	provide	resistance	to	S.	hermonthica	in	Nipponbare,	as	no	

increase	 in	susceptibility	was	observed,	and	 is	consistent	with	 the	 findings	of	RNAi	 lines.	 If	a	

single	 gene	 confers	 resistance	 however,	 none	 of	 the	 genes	 knocked	 out	 are	 involved.	

Unusually,	 mRNA	 transcript	 of	 the	 target	 gene	 was	 detected	 in	 the	 Os12g11370	 T-DNA	

insertion	line.	The	presence	of	the	insertion	was	confirmed	by	sequencing,	and	the	final	2247	

bp	of	Os12g11370	(from	the	insertion	site	to	the	end	of	the	gene)	was	transcribed.	Although	

rare,	 the	 presence	 of	 an	 insertion	within	 a	 gene	 does	 not	 always	 result	 in	 gene	 knock	 out.	

Wang	 (2008)	 investigated	 the	 effectiveness	 of	 T-DNA	 insertion	 mutagenesis	 in	 Arabidopsis,	

and	 found	 that	 over	 90	%	 of	 insertions	 present	 within	 the	 protein	 coding	 region	 of	 a	 gene	

generated	a	knockout.	 In	most	cases,	even	if	transcript	was	observed,	the	presence	of	the	T-

DNA	 sequence	 resulted	 in	 early	 stop	 codons	 and	 the	 termination	of	 translation.	 Insertion	 in	

the	 5’	 end	 of	 a	 gene	 can	 sometimes	 fail	 to	 knock	 it	 out,	 and	 instead	 lead	 to	 an	 overall	

reduction	in	protein	levels	and	a	less	pronounced	phenotype	(Pruzinská	et	al.,	2007).	However,	

this	is	the	exception	not	the	rule	(Wang,	2008).	Like	the	insertion	line	used	here,	most	T-DNA	

insertions	 contain	 a	 promoter	 sequence	 such	 as	 the	 Cauliflower	Mosaic	 Virus	 35S.	 In	 some	

cases,	 this	 promoter	 has	 been	 shown	 to	 drive	 the	 expression	 of	 the	 downstream	 gene,	

producing	a	chimeric	transcript,	which	can	result	in	increased	transcript	abundance.	This	may	

or	may	not	result	in	a	protein	synthesis,	or	the	protein	may	be	translated	with	poor	efficiency	

or	 in	 the	 incorrect	 frame	 (Delatte	 et	 al.,	 2005;	 Wilmoth	 et	 al.,	 2005).	 Increased	 transcript	

abundance	was	observed	for	Os12g11370	in	the	T-DNA	line	tested	here	when	compared	to	the	

expression	level	seen	in	Nipponbare	(Figure	4.10).	Interestingly,	these	rice	plants	also	showed	

almost	full	resistance	to	S.	hermonthica,	which	is	not	usually	seen	even	on	the	most	resistant	

rice	 cultivars.	 However,	without	 further	 investigation,	 it	 is	 unclear	whether	 this	 transcript	 is	

translated	into	a	protein,	or	whether	or	not	it	could	be	functional.		

	

4.4.2	The	suppression	of	RLP	transcript	in	RNAi	lines	
The	efficiency	of	RLP	gene	silencing	observed	in	RNAi	 lines	varied	between	different	 lines	for	

the	same	construct,	but	in	most	cases	lines	showing	increased	susceptibility	to	S.	hermonthica	
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also	showed	down	regulation	in	RLP	gene	expression.	One	exception	was	RNAi	line	JS4.12B-11,	

which	 was	 significantly	 more	 susceptible	 to	 S.	 hermonthica	 than	 Nipponbare,	 despite	 no	

significant	 RLP	 down	 regulation.	 It	 is	 possible	 that	 some	other	 genetic	 alterations	may	 have	

taken	place	during	 the	 transformation	process	 that	may	have	affected	susceptibility.	 Indeed,	

the	 genetic	 instability	 of	 plants	 that	 have	 been	 regenerated	 from	 tissue	 culture	 is	 well	

documented;	 base	 pair	mutations,	 deletions,	 chromosomal	 rearrangements	 or	 altered	DNA-

methylation	 patterns	 may	 all	 be	 imposed	 on	 cells	 undergoing	 tissue	 culture	 (Phillips	 et	 al.,	

1994;	Li	et	al.,	2007;	Neelakandan	&	Wang,	2012).	The	activity	of	transposable	elements	may	

also	be	affected;	for	example	the	Tos17	retrotransposon	is	known	to	be	induced	as	a	result	of	

stress	 from	 tissue	 culture,	 with	 copy	 number	 increasing	 with	 the	 duration	 of	 tissue	 culture	

(Piffanelli	et	al.,	2007).	

	

However,	with	the	exception	of	 JS4.12B-11,	 lines	showing	poor	suppression	 in	RLP	transcript	

also	 failed	 to	 show	 an	 increase	 in	 susceptibility	 to	 S.	 hermonthica.	 There	 are	 multiple	

explanations	that	could	account	for	the	 lack	of	significant	gene	suppression	 in	these	 lines,	as	

effectiveness	 of	 RNAi	 is	 determined	 by	 many	 factors.	 For	 example	 the	 presence	 of	 a	 large	

number	 of	 targets	 in	 a	 cell	 is	 known	 to	 reduce	 the	 efficacy	 of	 siRNAs.	 Arvey	 et	 al.	 (2010)	

showed	that	when	faced	with	a	larger	number	of	predicted	target	transcripts,	down-regulation	

of	each	individual	target	gene	by	siRNAs	or	miRNAs	was	achieved	to	a	lesser	extent.	This	was	

termed	the	dilution	effect,	as	presence	of	many	target	molecules	dilutes	the	effect	of	the	small	

RNAs	(Arvey	et	al.,	2010).		As	many	RLP	genes	were	predicted	to	be	secondary	targets	for	the	

constructs	used	in	this	study,	the	silencing	efficiency	of	the	constructs	for	individual	genes	may	

have	been	reduced.	

	

The	 low	 levels	of	 expression	of	 the	RLP	 genes	 in	Nipponbare	 generally	may	also	explain	 the	

lack	of	 silencing	 in	 some	 lines,	 as	 the	abundance	of	 the	 target	mRNA	 itself	 is	 also	 known	 to	

effect	 silencing;	 highly	 expressed	 genes	 are	 generally	 more	 susceptible	 to	 siRNA-	 mediated	

silencing	(Hong	et	al.,	2014).	In	C.	elegans,	a	stronger	RNAi	phenotype	was	observed	for	target	

genes	 of	 higher	 expression	 (Cutter	 et	 al.,	 2003).	 This	 has	 also	 been	 observed	 in	 rice.	

Simultaneous	 suppression	 of	 multiple	 related	 genes	 with	 a	 single	 trigger	 sequence	 showed	

that	genes	of	low	expression	levels	were	silenced	to	a	lesser	extent,	despite	greater	sequence	

homology	with	the	trigger	compared	to	more	abundantly	expressed	genes	(Miki	et	al.,	2005).	

In	Arabidopsis,	 genes	expressed	at	moderate	 to	high	 levels	 in	wild-type	plants	were	strongly	

reduced	 in	RNAi	 lines,	while	 those	whose	 transcript	was	not	detectably	 reduced	 in	 the	RNAi	

lines	were	expressed	at	low	level	in	the	wild-type	(Kerschen	et	al.,	2004).	This	is	 likely	due	to	

easier	 access	 of	 the	 more	 abundant	 mRNA	 target	 to	 siRNAs	 and	 RISC.	 However	 transcript	
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abundance	is	not	the	only	factor	determining	the	effectiveness	of	RNAi	in	Arabidopsis.	The	rate	

of	 RNA	 turnover,	 sequence	 composition	 and	 spatial	 and	 temporal	 expression	 patterns	 are	

other	possible	factors	that	may	be	important	(Kerschen	et	al.,	2004).		

	

Finally,	 the	 presence	 of	 multiple	 copies	 of	 the	 transgene	 can	 also	 affect	 gene	 silencing	 by	

siRNAs.	 Analysis	 of	 RNAi	 lines	 targeting	 25	 endogenous	 genes	 in	 Arabidopsis	 showed	 that	

independent	 single	 copy,	 homozygous	 lines	 targeting	 the	 same	 gene	 generally	 reduced	

expression	 levels	 to	 the	 same	 extent.	 Target	 mRNA	 suppression	 in	 multi-copy	 lines	 never	

exceeded	the	reduction	seen	in	single	copy	lines,	and	mRNA	levels	were	frequently	reduced	to	

a	lesser	extent	in	multi-copy	lines	(Kerschen	et	al.,	2004).	This	is	consistent	with	the	possibility	

that	 the	 transgenes	 in	multi-copy	 lines	 are	 subject	 to	 some	 degree	 of	 silencing	 themselves,	

reducing	 their	 effectiveness.	As	 single-copy	homozygous	 lines	were	unavailable	 for	 the	RNAi	

lines	examined	here,	 it	 is	possible	that	poor	silencing	 in	some	lines	was	due	to	differences	 in	

both	copy	number	and	zygosity.	

	

Nevertheless,	 despite	 only	 half	 the	 RNAi	 lines	 showing	 reductions	 in	 RLP	 gene	 expression	

relative	to	Nipponbare	wild	type,	expression	of	the	gus-linker	sequence	indicated	that	where	

constructs	were	well	transcribed,	expression	of	the	target	gene	was	generally	reduced	(Figure	

4.7).	 With	 the	 exception	 of	 JS4.12B-11,	 all	 lines	 showing	 an	 increase	 in	 S.	 hermonthica	

susceptibility	 also	 showed	 some	 level	 of	 RLP	 gene	 suppression,	 consistent	 with	 a	 role	 in	 S.	

hermonthica	resistance.	

	

4.4.3	Conclusions	and	future	directions	
Although	this	chapter	has	provided	some	evidence	for	the	involvement	of	the	RLP	gene	cluster	

in	providing	resistance	to	S.	hermonthica,	further	functional	evidence	is	required	to	relate	this	

to	 individual	 genes	or	gene	combinations.	 It	 is	 likely	 that	 the	 low	abundance	of	 these	genes	

and	 large	numbers	of	potential	 targets,	as	well	as	variations	 in	copy	number	and	zygosity	of	

the	RNAi	 lines,	has	obscured	any	clear	 trends.	A	complete	gene	knockout	of	each	of	 the	RLP	

genes	 individually	and	 in	combinations	 is	 required	to	test	 the	extent	 to	which	the	RLP	genes	

may	 provide	 enhanced	 resistance	 to	 S.	 hermonthica.	 CRISPR/Cas9	 technology	 offers	 a	

promising	 new	 approach	 to	 achieve	 this.	 As	 CRISPR/Cas9	 edits	 gene	 sequences	 at	 the	 DNA	

level	(Belhaj	et	al.,	2015;	Shalem	et	al.,	2015),	problems	due	to	poor	silencing	of	mRNA	would	

be	avoided.	Work	on	this	has	already	begun.	RLP	genes	are	known	to	associate	with	the	LRR-

receptor-like	 kinase	 SOBIR1	 which	 is	 essential	 for	 the	 triggering	 of	 downstream	 defence	

responses	 (Liebrand	 et	 al.,	 2013),	 and	 SOBIR1	 orthologs	 are	 found	 throughout	 the	 Plant	

kingdom	(Liebrand	et	al.,	2014).	 	Therefore	targeting	the	SOBIR1	rice	homolog	would	also	be	
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advantageous,	as	it	should	result	 in	loss-of	function	of	all	the	RLPs	in	the	cluster.	 	This	would	

address	 the	 extent	 of	 the	 RLP	 genes	 involvement	 in	 resistance.	 Full	 susceptibility	 in	 plants	

lacking	 SOBIR1	would	 suggests	 the	RLP	genes	are	 very	 important,	while	 a	partial	 increase	 in	

susceptibility	could	 indicate	other	genes	are	 involved.	Overexpression	of	 the	RLP	genes	 from	

IR64	and	/	or	Nipponbare	 into	a	susceptible	cultivar	such	as	Azucena	will	also	help	elucidate	

the	 role	 of	 the	 RLP	 genes	 in	 providing	 S.	 hermonthica	 resistance.	 Finally,	 knowledge	 of	 the	

presence	and	allelic	diversity	of	the	genes	within	the	S.	hermonthica	resistance	QTL	in	diverse	

rice	 cultivars,	 and	 how	 this	 correlates	with	 resistance,	will	 not	 only	 be	 important	 in	marker	

assisted	 breeding	 but	 could	 also	 help	 narrow	 down	 top	 candidate	 resistance	 genes	 or	 help	

identify	new	alleles	for	breeding	of	more	durable	resistance.		
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5.1	Introduction	

In	chapter	4	an	analysis	of	 the	 involvement	of	 the	RLP	genes	 in	 resistance	to	S.	hermonthica	

was	carried	out	by	down-regulating	the	expression	of	suites	of	these	genes	in	Nipponbare	by	

RNAi.		Although	this	study	provided	the	first	evidence	that	these	genes	are	likely	to	be	involved	

in	resistance	to	S.	hermonthica,	as	some	transformants	showed	an	increase	in	susceptibility,	it	

did	not	reveal	which	gene	or	combinations	of	genes	underlie	the	resistance.	The	identification	

of	 the	 S.	 hermonthica	 resistance	 QTL	 on	 chromosome	 12	 in	 both	 IR64	 and	 Nipponbare	

suggests	 that	 this	 region	 may	 be	 important	 in	 S.	 hermonthica	 resistance	 in	 diverse	 rice	

germplasm.		The	aim	of	this	chapter	is	to	examine	the	diversity	of	candidate	resistance	genes	

in	 the	S.	 hermonthica	 resistance	QTL	 in	 a	 range	 of	 rice	 genotypes	with	 known	 resistance	 to	

S.	hermonthica	 to	 test	 the	 hypothesis	 that	 their	 diversity	 can	 help	 identify	 genes	 or	

combinations	of	genes	underlying	resistance	to	S.	hermonthica.	

	

5.1.1	Diversity	of	the	genus	Oryza	
Rice	 is	 the	world’s	most	 important	 food	 crop,	 and	 the	 staple	 cereal	 for	more	 than	 half	 the	

world’s	 population.	 Rice	 is	 grown	 in	 a	 wide	 range	 of	 climates	 worldwide,	 in	 tropical,	 sub-

tropical	and	 temperate	 regions	at	both	high	and	 low	altitudes,	 including	 irrigated,	 rainfed	or	

deep	water	environments	(Balasubramanian	et	al.,	2007;	Seck	et	al.,	2012).	 In	order	to	meet	

the	growing	demands	of	an	increasing	population,	rice	production	will	need	to	increase	by	at	

least	25	%	by	2035.	In	Africa,	where	demand	for	rice	is	growing	faster	than	any	food	source,	an	

increase	 of	 130	%	will	 be	 required	 compared	 to	 2010	production	 levels,	 posing	 a	 significant	

challenge	to	rice	research	and	the	development	of	improved	genotypes	(Zhang,	2007;	Seck	et	

al.,	2012).		

	

The	 rice	 genus	 (Oryza)	 comprises	22	wild	 species	 and	2	 cultivated	 species.	 These	have	been	

classified	 into	 10	 genome	 groups,	 six	 diploid	 (AA,	 BB,	 CC,	 EE,	 FF,	 GG)	 and	 4	 allotetraploid		

(BBCC,	CCDD,	HHJJ	and	KKLL)	(Ge	et	al.,	2001;	Vaughan	et	al.,	2003;	Ammiraju	et	al.,	2010).	The	

AA	 genome	 includes	 6	 wild	 rice	 species	 and	 the	 2	 cultivated	 species	 O.	 glaberrima	 and	

O.	sativa.	The	O.	 glaberrima	 species	 is	 indigenous	 to	 Africa,	 having	 originated	 around	 3,500	

years	ago	 in	 the	 swampy	basins	of	Niger	 in	West	Africa	 (Sarla	&	Swamy,	2005).	 It	possesses	

many	unique	traits	 including	good	resistance	to	pests	and	diseases,	drought	tolerance,	weed	

competitiveness	and	ability	to	grow	in	low	nutrient	conditions,	but	has	low	grain	numbers	and	

high	 seed	dormancy	and	 shattering	 (Sarla	&	Swamy,	2005).	 In	 contrast,	O.	 sativa	 has	higher	

yields	and	reduced	seed	shattering,	but	more	limited	resistance	to	the	stresses	of	the	African	

climate.	Although	O.	sativa	originated	in	Asia,	it	was	introduced	into	East	Africa	around	2,000	
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years	 ago,	 and	 subsequently	 into	 West	 Africa	 around	 500	 years	 ago,	 and	 is	 now	 grown	

worldwide	(Sarla	&	Swamy,	2005;	Sweeney	&	McCouch,	2007;	Seck	et	al.,	2012).	

	

During	the	course	of	domestication,	much	of	the	genetic	diversity	has	been	lost	 in	cultivated	

rice.	 The	 selection	of	 desirable	 agronomic	 traits	 has	 resulted	 in	 lower	heterozygosity	 and	 as	

much	as	a	60	%	reduction	in	allele	number	(Sun	et	al.,	2001),	 leaving	it	more	prone	to	pests,	

diseases	 and	 abiotic	 stresses.	 Nevertheless,	 considerable	 within-species	 diversity	 still	 exists,	

reflecting	 the	 complex	 course	 of	 domestication	 and	 divergence	 of	 the	 different	 subspecies.	

Two	major	subspecies	exist	within	the	O.	sativa	lineage:	indica,	which	is	predominantly	found	

in	the	 lowlands	throughout	tropical	Asia;	and	 japonica,	of	which	the	tropical	 japonica	variety	

are	 mostly	 upland	 and	 temperate	 japonica	 variety	 are	 irrigated.	 The	 divergence	 of	 these	 2	

subspecies	 occurred	 around	 0.44	 millions	 years	 ago,	 which	 predates	 domestication,	 and	

suggests	 indica	and	 japonica	were	domesticated	 independently	 from	differentiated	ancestral	

pools	(Sang	&	Ge,	2013).	Indeed,	the	source	of	the	japonica	gene	pool	is	now	thought	to	derive	

from	 south	 China	 and	 the	 Yangtze	 valley,	 while	 the	 indica	 gene	 pool	 is	 thought	 to	 have	

originated	 from	Indochina	and	the	Brahmaputra	valley	(Civán	et	al.,	2016).	Although	there	 is	

considerable	 debate	 over	 whether	 these	 species	 were	 derived	 from	 a	 single	 domesticated	

ancestor	or	domesticated	independently	in	different	locations,	most	recent	evidence	suggests	

three	independent	domestications	of	rice	(Civán	et	al.,	2016).	However	multiple	introgressions	

have	taken	place	between	them	during	their	evolution	which	have	played	an	important	role	in	

shaping	 their	 current	 genetic	 structure	 (Sang	 &	 Ge,	 2013).	 Gene	 flow	 has	 largely	 been	

unidirectional	 from	 japonica	 to	 indica	 (Yang	et	 al.,	 2012b).	Hybridisation	of	 indica	with	 local	

wild	rice	is	also	thought	to	have	taken	place	(Yang	et	al.,	2012b;	Gross	&	Zhao,	2014).		

	

Indica	and	japonica	cultivars	can	be	further	divided	into	five	genetically	distinct	groups:	indica,	

aus,	 tropical	 japonica,	 temperate	 japonica	 and	 aromatic.	 Tropical	 japonica,	 temperate	

japonica	and	aromatic	cultivars	share	a	closer	evolutionary	relationship,	while	 indica	and	aus	

cultivars	are	more	closely	related	to	each	other	(Garris	et	al.,	2005).	These	varietal	groups	have	

now	been	confirmed	using	SNP	data	for	3000	rice	genomes	(The	3000	Rice	Genomes	Project,	

2014),	shown	in	Figure	5.1.	
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Figure	5.1	Classification	of	3000	rice	genomes	into	5	varietal	groups	using	5	x	200,000	random	
sets	of	SNPs	from	a	total	of	18.9	million	SNP	variants.	The	aromatic	group	here	is	 labelled	as	
basmati/sadri.	Figure	taken	from	The	3000	Rice	Genomes	Project,	2014.	
	

	

Indica	cultivars	are	the	most	diverse	of	these	groups	(Garris	et	al.,	2005;	Huang	et	al.,	2010),	

and	provide	the	greatest	rice	production	globally.	Tropical	and	temperate	japonicas	are	closely	

related	to	each	other,	and	have	 lower	genetic	diversity	and	 larger	allele	size,	particularly	the	

temperate	japonicas.	The	lower	diversity	of	tropical	japonicas	may	reflect	their	cultivation	on	

Indonesian	 islands,	 with	 fewer	 opportunities	 for	 cross	 pollination,	 leading	 to	 genetic	

bottlenecks	 (Garris	 et	 al.,	 2005).	 Temperate	 japonica	 cultivars	 are	 thought	 to	 have	 derived	

from	tropical	 japonicas,	and	show	environmental	adaptations	to	temperate	 latitudes	such	as	

day	length	and	temperature.		Aromatic	cultivars	are	closely	related	to	 japonicas	and	are	now	

believed	 to	 have	 arisen	 as	 a	 result	 of	 hybridization	 between	 japonica	 and	 aus	 (Figure	 5.2)	

(Civán	et	al.,	2016).	They	posses	a	similar	 level	of	genetic	diversity	to	the	 japonicas	(Garris	et	

al.,	 2005)	 with	 a	 high	 proportion	 of	 monomorphic	 markers	 suggesting	 a	 recent	 or	 severe	

Table 1 Characteristics of the single nucleotide polymorphisms (SNPs) identified in the 3,000 rice genomes when aligned
to the reference japonica Nipponbare genome IRGSP-1.0
Chrom. Gene mRNA 5’-UTR CDS Intron 3’-UTR Intergenic Total Syn Non-syn Total Non-syn/Syn

Chr1 634,912 630,396 25,880 291,817 286,601 26,098 1,252,989 1,887,901 118,095 173,722 291,817 1.471

Chr2 528,417 524,172 20,087 243,967 238,738 21,380 1,013,475 1,541,892 97,306 146,661 243,967 1.507

Chr3 490,402 487,611 19,899 223,196 224,129 20,387 962,304 1,452,706 88,477 134,719 223,196 1.523

Chr4 730,310 727,473 19,018 388,220 301,071 19,164 1,176,274 1,906,584 160,101 228,115 388,220 1.425

Chr5 489,370 485,848 13,623 257,327 200,307 14,591 867,799 1,357,169 103,723 153,604 257,327 1.481

Chr6 560,506 557,361 16,943 280,933 242,635 16,850 1,023,473 1,583,979 114,625 166,308 280,933 1.451

Chr7 548,266 546,569 16,210 280,994 231,797 17,568 973,670 1,521,936 115,332 165,662 280,994 1.436

Chr8 582,068 580,181 16,396 302,785 244,991 16,009 998,651 1,580,719 124,025 178,759 302,785 1.441

Chr9 436,037 434,440 10,692 222,916 190,025 10,807 763,771 1,199,808 90,299 132,617 222,916 1.469

Chr10 476,710 473,603 11,735 258,013 192,214 11,641 806,940 1,283,650 109,451 148,561 258,013 1.357

Chr11 684,803 681,891 16,642 354,874 291,049 19,326 1,148,735 1,833,538 140,772 214,101 354,874 1.521

Chr12 607,336 603,783 16,549 319,401 251,103 16,730 1,055,044 1,662,380 129,296 190,105 319,401 1.470

ChrUn 19,706 19,706 0 12,615 7,091 0 26,669 46,375 5,819 6,796 12,615 1.168

ChrSy 11,463 11,463 0 7,913 3,550 0 15,043 26,506 3,846 4,067 7,913 1.057

Total 6,800,306 6,764,497 203,674 3,444,971 2,905,301 210,551 12,084,837 18,885,143 1,401,167 2,043,797 3,444,971 1.459

The MSU V7.0 rice gene annotation for 55,986 genes and 66,338 mRNA [13] as a raw gff3 file type was downloaded from the Rice Genome Project Annotation ftp
site [19]. Prior to categorization of SNP types, the raw gff3 file was processed 1) to remove all but the primary mRNA transcript and 2) to select the gene models
with the highest support in cases where there are overlapping gene models. Hence, SNP characteristics are reported here for 55,107 of the 55,986 gene models.
Characteristics of SNPs in pseudogenes or where the reference base is N (unknown or missing) are not reported. Syn = synonymous; Non-syn = non-synonymous.

Figure 2 Classification of 3,000 rice accessions into five distinct varietal groups based on 5 sets of 200,000 random sets from the 18.9
million discovered SNP variants.

3K RGP GigaScience 2014, 3:7 Page 4 of 6
http://www.gigasciencejournal.com/content/3/1/7
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bottleneck	 (Nagaraju	 et	 al.,	 2002)	 and	 are	 valued	 for	 their	 aroma	 and	 quality,	 including	

basmati	 from	Nepal,	 India	 and	 Pakistan,	 and	 sadri	 from	 Iran.	 In	 contrast,	aus	 varieties	 from	

Bangladesh	are	more	diverse	and	harbour	important	alleles	for	tolerance	of	drought	(Bernier	

et	al.,	2009),	 submergence	 (Xu	et	al.,	2015),	phosphorous	deficiency	 (Gamuyao	et	al.,	2012),	

disease	resistance	(Garris	et	al.,	2003)	and	early	maturity	(Yano	et	al.,	2000),	meaning	they	are	

of	particular	interest	for	the	development	of	genetically	improved	rice.		

	

	

Figure	 5.2	 Proposed	origins	 for	 domesticated	 rice	 derived	 from	phylogenetic	 analysis.	 Three	
independent	domestications	are	thought	to	have	taken	place	in	southern	and	southeast	Asia,	
with	aus	and	japonica	hybridising	to	form	aromatic,	and	later	the	divergence	of	japonica	 into	
temperate	and	tropical	versions.	Figure	taken	from	Civán	et	al.,	2016.	
	

	

Rapid	 advances	 in	 next-generation	 sequencing	 technologies	 over	 the	 last	 decade	 have	 been	

used	to	generate	whole	genome	sequences	of	a	wide	variety	of	plant	species	and	subspecies,	

including	 rice.	 Hundreds	 of	 rice	 varieties	 have	 now	 been	 genotyped	 from	 both	 wild	 and	

cultivated	varieties	(Huang	et	al.,	2010;	Xu	et	al.,	2011;	The	3000	Rice	Genomes	Project,	2014;	

Duitama	et	al.,	2015),	which	have	lead	to	a	much	greater	understanding	of	the	diversity	within	

this	 species.	 In	 a	diversity	panel	developed	by	Duitama	et	al.,	 (2015)	104	elite	O.	 sativa	 rice	

varieties	 were	 sequenced	 to	 identify	 high	 quality	 SNPs,	 indels,	 repeats	 and	 copy	 number	

variants.	Genetic	distances	between	accessions	were	estimated	 from	SNPs,	which	 separated	

indica,	aromatic,	aus,	temperate	japonica	and	tropical	japonica	populations.		
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5.1.2	Aims	of	Chapter	5	
In	 this	 chapter	SNP	data	of	 these	diverse	 rice	 cultivars	was	used	 to	examine	 the	diversity	of	

candidate	 resistance	genes	 in	 the	S.	hermonthica	 resistance	QTL,	 to	 test	 the	hypothesis	 that	

their	 diversity	 can	 help	 identify	 genes	 or	 combinations	 of	 genes	 underlying	 resistance	 to	

S.	hermonthica.	The	specific	objectives	of	this	chapter	are:	

	

1) To	compare	the	allelic	diversity	of	112	rice	genotypes	with	that	of	Nipponbare	across	

the	S.	hermonthica	resistance	QTL	region.	

2) To	compare	SNP	similarity	 to	Nipponbare	of	 individual	genes	 in	 the	QTL	 region	 for	a	

selection	of	diverse	rice	cultivars.	

3) To	phenotype	rice	cultivars	for	post-attachment	resistance	to	S.	hermonthica.	

4) For	 each	 gene,	 to	 carry	 out	 a	 correlation	 analysis	 between	 SNP	 similarity	 to	

Nipponbare	and	resistance	to	S.	hermonthica.	

	

However,	there	are	also	many	assumptions	and	caveats	that	must	be	taken	into	account	when	

performing	this	kind	of	analysis,	which	means	that	care	must	be	taken	when	interpreting	the	

data.	The	assumptions	are:	 (1)	 resistance	 is	due	to	 large	differences	 in	gene	structure	rather	

than	 a	 single	 SNP;	 (2)	 homologs	 of	 any	 candidate	 resistance	 genes	 in	 susceptible	 cultivars	

share	 low	 similarity	 to	 those	of	Nipponbare;	 (3)	 resistant	 cultivars	may	be	 resistant	because	

they	 contain	 resistance	 genes	 in	 other	 parts	 of	 the	 genome	 and	 (4)	 resistance	 in	 IR64	 and	

Nipponbare	 is	 due	 to	 the	 same	 gene	 cluster.	 It	 must	 also	 be	 mentioned	 that	 only	 26	 rice	

accessions	were	 available	 for	 phenotyping	 in	 this	 study,	which	 is	 not	 sufficient	 for	 a	 robust	

association	analysis.	Therefore	the	work	in	this	chapter	must	be	regarded	as	additional	data	to	

support	 or	 refine	 our	 understanding	 of	 the	 genetic	 basis	 of	 resistance	 provided	 in	 previous	

chapters.	
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5.2	Materials	and	Methods	

5.2.1	Plant	materials	
Seeds	 of	 the	 rice	 diversity	 panel	 were	 supplied	 by	 French	 Agricultural	 Research	 Centre	 for	

International	Development	(CIRAD),	Montpellier,	France.	 Illumina	sequencing	was	carried	out	

to	identify	SNP	markers.	Sequencing	of	18	of	these	cultivars	was	carried	out	at	>	8	x	coverage	

as	 described	 in	 Duitama	 et	 al.,	 (2015).	 The	 remaining	 cultivars	 were	 sequenced	 at	 >	 15	 x	

coverage	 as	 described	 in	 Xu	 et	 al.,	 (2011).	S.	 hermonthica	 seeds	were	 collected	 from	plants	

parasitising	maize	in	Kibos,	Western	Kenya,	in	2013.	

	

5.2.2	Comparison	of	SNPs	between	cultivars	and	predictions	of	resistance	and	susceptibility	
to	S.	hermonthica	
SNP	 data	 covering	 the	 S.	 hermonthica	 resistance	 QTL	 for	 112	 diverse	 rice	 cultivars	 was	

provided	by	Dr.	Mathias	Lorieux	(CIAT/IRD),	and	used	to	make	broad	predictions	of	resistance	

or	susceptibility	to	S.	hermonthica	 for	a	selection	of	the	cultivars.	Cultivars	with	greatest	SNP	

similarity	to	Nipponbare	across	the	QTL	were	predicted	to	be	more	resistant,	while	those	with	

least	similarity	were	predicted	to	be	more	susceptible.		Twenty-six	rice	cultivars	were	selected	

for	 detailed	 analysis	 (Table	 5.1)	 to	 including	 examples	of	 the	 five	 rice	 genetic	 groups	 indica,	

aus,	 temperate	 japonica,	 tropical	 japonica	 and	 aromatic.	 These	 cultivars	 were	 selected	 to	

show	 similarity	 and	 differences	 in	 genotype	 with	 respect	 to	 Nipponbare	 across	 the	

S.	hermonthica	resistance	QTL	region.		

	

SNP	data	for	 individual	genes	within	the	QTL	region	was	provided	in	an	Excel	spreadsheet	by	

Dr.	Mathias	 Lorieux	 (CIAT/IRD)	 (Table	 5.2).	 Rice	 cultivars	were	 sorted	 and	 compared	by	 SNP	

similarity	 to	 Nipponbare	 across	 19	 genes	 covering	 the	 S.	 hermonthica	 resistance	 QTL.	 SNP	

similarity	 to	Nipponbare	was	calculated	 for	each	cultivar	and	gene;	 the	sum	of	 the	matching	

SNPs	was	 divided	 by	 the	 total	 number	 of	 SNPs,	 to	 give	 a	 value	 of	 similarity	 ranging	 from	 1	

(identical)	to	0	(no	SNP	similarity	/	gene	absent).	
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Table	5.1	The	26	rice	cultivars	selected	for	phenotyping	for	post	attachment	resistance	to	

S.	hermonthica	(Kibos	isolate)	and	their	genetic	grouping.	All	cultivars	are	Oryza	sativa	species.	

	

Subspecies	 Cultivar	name	
Aromatic	 Firooz	a	
Aromatic	 Kitrana508	a	
Aromatic	 Darmali	a	

Aus	 Kalamkati	a	
Aus	 Mehr	a	
Aus	 Miriti	a	
Aus	 Jhona349	a	
Indica	 IR8	b	
Indica	 IR36	a	
Indica	 JC91	a	
Indica	 IR64	b	
Indica	 Gie57	a	
Indica	 Guan-Yin-Tsan	a	
Indica	 Ai-Chiao-Hong	a	
Indica	 Jasmine85	b	

Temperate	japonica	 Nipponbare	a	
Temperate	japonica	 Bengal	b	
Temperate	japonica	 Fanny	b	
Temperate	japonica	 Mansaku	a	
Temperate	japonica	 Chodongji	a	
Tropical	japonica	 Dixiebelle	b	
Tropical	japonica	 Davaoa	
Tropical	japonica	 Trembesea	
Tropical	japonica	 Curinga	b	
Tropical	japonica	 Azucena	a	
Tropical	japonica	 Binulawan	a	

a)	Sequenced	by	Xu	et	al	2011	
b)	Sequenced	by	Duitama	et	al	2015	
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Table	5.2	The	19	genes	across	the	Nipponbare	S.	hermonthica	resistance	QTL	examined	in	this	
study,	and	their	annotation.		
	

Genes	in	
Nipponbare	

Annotation	

LOC_Os12g10670	 AAA-type	ATPase	family	protein,	putative,	expressed	

LOC_Os12g10820	 Expressed	protein	

LOC_Os12g10850	 hhH-GPD	superfamily	base	excision	DNA	repair	protein,	putative,	expressed	

LOC_Os12g10870	 Verticillium	wilt	disease	resistance	protein,	putative,	expressed	

LOC_Os12g10930	 NL0E,	putative,	expressed	

LOC_Os12g11370	 Verticillium	wilt	disease	resistance	protein,	putative,	expressed	

LOC_Os12g11500	 resistance	protein	SlVe1	precursor,	putative,	expressed	

LOC_Os12g11510	 hcr2-0B,	putative,	expressed	

LOC_Os12g11660	 RALFL45	-	Rapid	ALkalinization	Factor	RALF	family	protein	precursor,	expressed	

LOC_Os12g11680	 Verticillium	wilt	disease	resistance	protein	precursor,	putative,	expressed	

LOC_Os12g11720	 Verticillium	wilt	disease	resistance	protein	precursor,	putative,	expressed	

LOC_Os12g11860	 Verticillium	wilt	disease	resistance	protein	precursor,	putative,	expressed	

LOC_Os12g11930	 Disease	resistance	protein	SlVe2	precursor,	putative,	expressed	

LOC_Os12g11940	 Disease	resistance	family	protein,	putative,	expressed	

LOC_Os12g12000		 RALFL46	-	Rapid	ALkalinization	Factor	RALF	family	protein	precursor,	expressed	

LOC_Os12g12010	 Verticillium	wilt	disease	resistance	protein	precursor,	putative,	expressed	

LOC_Os12g12120	 Verticillium	wilt	disease	resistance	protein	precursor,	putative,	expressed	

LOC_Os12g12130	 Verticillium	wilt	disease	resistance	protein,	putative,	expressed	

LOC_Os12g12514	 NADP-dependent	oxidoreductase,	putative,	expressed	

	

	

5.2.3	Phenotyping	rice	cultivars	for	post-attachment	resistance	to	S.	hermonthica	
Rice	cultivars	 (Table	5.1)	were	phenotyped	 for	 resistance	 to	S.	hermonthica	 according	 to	 the	

protocol	 described	 in	 section	 2.2.2.	 Five	 rice	 plants	 of	 each	 cultivar	 were	 infected	 with	

S.	hermonthica	(Kibos	ecotype),	making	a	total	of	145	plants.	Plants	were	split	into	3	batches	of	

approximately	 49	 plants	 each.	 The	 5	 replicates	 were	 distributed	 randomly	 between	 the	 3	

batches	 to	 help	 calibrate	 for	 any	 variation	 that	may	 occur	 between	 them.	 Batches	 1	 and	 2	

were	 separated	 by	 2	 days,	 and	 batches	 2	 and	 3	 were	 separated	 by	 5	 days.	 Dry	 biomass,	

number	and	length	of	parasites	harvested	from	the	roots	of	each	plant	were	recorded	21	days	

after	inoculation.	
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5.2.4	DNA	extraction	and	quantification,	and	genotyping	of	cultivars	by	PCR	amplification	
In	order	to	verify	the	SNP	sequencing	for	our	own	rice	material,	 rice	cultivars	(listed	 in	Table	

5.1)	were	genotyped	using	PCR	markers	for	5	genes	(Os12g11370,	Os12g11500,	Os12g11680,	

Os12g11860	 and	 Os12g12010)	 across	 the	 S.	 hermonthica	 resistance	 QTL.	 The	 susceptible	

cultivar	 Koshihikari	 is	 known	 to	 contain	 a	 homolog	 of	 both	 Os12g11370	 and	 Os12g11500,	

therefore	primers	for	these	genes	were	designed	against	both	the	Nipponbare	and	Koshihikari	

gene	 sequences.	 For	 Os12g11370	 it	 was	 possible	 to	 design	 primers	 that	 amplified	 PCR	

products	 of	 different	 lengths	 for	 these	 cultivars.	 However	 this	 was	 not	 possible	 for	

Os12g11500,	 therefore	 two	 different	 sets	 of	 primers	 were	 used,	 one	 specific	 to	 the	

Nipponbare	 sequence,	 and	 one	 specific	 to	 the	 Koshihikari	 sequence.	 All	 other	 primers	were	

designed	 against	 the	 Nipponbare	 gene	 sequences.	 Primers	 and	 product	 sizes	 are	 shown	 in	

Table	 5.3.	 For	DNA	 extraction,	 approximately	 80	 –	 100	mg	 leaf	material	was	 collected	 from	

each	 rice	 cultivar	 for	 genotyping.	 DNA	 extraction	 was	 carried	 out	 according	 to	 the	 Qiagen	

DNeasy	Plant	Mini	Kit	as	described	 in	section	3.2.4.1.	The	quality	and	quantity	of	DNA	in	the	

samples	was	checked	using	a	Nanodrop	spectrophotometer	(ND-8000,	Thermo	Scientific).	DNA	

samples	were	diluted	 to	a	working	 concentration	of	10	ng	 /	µl,	 and	5	µl	of	 this	was	used	 in	

each	50	µl	PCR	reaction.	This	consisted	of	25	µl	Taq	Master	Mix,	5	µl	DNA,	1	µl	of	each	primer	

(10	µM	each,	to	give	a	final	concentration	of	0.2	µM)	and	18	µl	nuclease-free	water.	The	PCR	

program	 was:	 3	 min	 at	 94	 °C	 (initial	 denaturation);	 then	 32	 cycles	 of	 30	 s	 at	 94	 °C		

(denaturation),	15	 s	at	58	 °C	 (annealing),	and	1	min	30	 s	at	72	 °C	 (extension);	 followed	by	a	

final	extension	of	10	min	at	72	°C.	Where	product	sizes	were	less	than	500bp,	extension	was	

reduced	to	1	min.	Eight	µl	PCR	product	and	2	µl	DNA	Loading	Buffer	(Bioline)	was	loaded	onto	

a	1.5	%	agarose	gel.		

	

5.2.5	PCR	amplification	and	sequencing	of	full-length	genes	from	rice	cultivars	
Following	examination	of	 the	genotyping	results	 for	 the	5	genes,	 the	genes	Os12g11370	and	

Os12g11500	were	 selected	 for	 amplification	 of	 the	 full-length	 gene	 by	 PCR	 from	 4	 cultivars	

(Jhona349,	 Jasmine85,	 Fanny	 and	 Darmali)	 as	 described	 in	 section	 3.2.5.	 Primers	 were	

designed	against	 the	Nipponbare	 sequence	a	 short	 distance	outside	 the	 start	 /	 stop	 sites	 to	

ensure	 amplification	 of	 the	 entire	 gene	 sequence.	 Where	 successful	 amplification	 was	

achieved,	the	PCR	purified	genes	were	sent	for	Sanger	sequencing	(described	in	section	3.2.5)	

and	their	sequences	compared	to	the	Nipponbare	reference	sequences.	The	primers	used	for	

gene	amplification	are	shown	in	Tables	5.4.	Internal	sequencing	primers	are	in	Table	3.2.	
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Table	 5.3	 Primer	 sequences	 used	 for	 genotyping	 rice	 cultivars	 for	 five	 candidate	 resistance	
genes	 in	 the	S.	hermonthica	 resistance	QTL	 region.	Primer	 sequences	were	designed	against	
Nipponbare	gene	sequences,	with	the	exception	of	Os12g11500	where	a	second	set	of	primers	
was	designed	against	the	Koshihikari	sequence.	

Gene	 Primer	name	 Primer	sequence	(5’	–	3’)	 Amplicon	 length	 in	
Nipponbare	(bp)	

Os12g11370	 11370_genotype_F1	 AATTCGCTCACTAGGATTGAGCTT	 569		
	 11370_genotype_R1	 AAGATCTGCGGAGGCACCTT	 (852	in	Koshihikari)	

	
Os12g11500	 11500	Nipp-IR64	F2	 CTACAGTTACATACAAAGGGAATGA	 240	
	 11500	Nipp-IR64	R1	 TCT	CTC	CAG	AAA	GCT	CAT	TGA	AA	 	

	
Os12g11500	 11500	Kosh	F1	 TTCATCACTGGTATCACTCCAC	 1229	
	 11500	Kosh	R1	 TCT	TCC	CAG	AAA	GCT	TAT	TTG	AG	 	

	
Os12g11680	 11680	specific	F1	 TGTCTGGACCCGTACCATCT	 267	
	 11680	specific	R1	 TGGAGTAGGATGCTGCCGAA	 	

	
Os12g11860	 11860	specific	F1	 ATCCCACAGGAGCTACCAT	 207		
	 11860	specific	R1	 CTTCTCGGAAGCATGTGTCA	 	

	
Os12g12010	 12010	specific	F2	 GGAGTTGGCACTTGGAGCTA	 446	
	 12010	specific	R2	 AACTAATACTGGGGTAGGTCGC	 	

	

	

	
	
Table	 5.4	 Primer	 sequences	 used	 for	 amplification	 of	 full-length	 genes	 across	 the	 S.	
hermonthica	 resistance	QTL	for	a	selection	of	rice	cultivars.	Primer	sequences	were	designed	
against	Nipponbare	sequences.	Gene	refers	to	the	Nipponbare	homolog.	

Gene	 Primer	name	 Primer	sequence	(5’	–	3’)	 Amplicon	 length	 in	
Nipponbare	(bp)	

Os12g11370	 11370	locus	SEQ	F2	 GAACTGGGAAGAACTCAATGTGC	 3624	
	 11370	locus	SEQ	R2	 GTAGAGATCACATTTAGATGTGGG	 	
Os12g11500	 11500	locus	seq	F1	 ATTCATAAGAGCACACGCTTTCC	 3421		
	 11500	locus	seq	R2	 GCAATTCGTCCATATATCAGCTATG	 	

	

	

5.2.6	Statistical	analysis		
The	statistical	package	R,	version	3.3.0	(http://www.r-project.org)	was	used	for	all	analyses.	A	

one-way	ANOVA	was	carried	out	to	assess	significant	differences	in	S.	hermonthica	dry	weight,	

and	the	number	and	length	of	S.	hermonthica	plants	harvested	from	the	roots	of	rice	cultivars.	

A	 Tukey	 Multiple	 Comparison	 test	 was	 used	 to	 identify	 significant	 differences	 between	

cultivars.	 A	 Linear	Mixed	Model	was	 also	 carried	 out	 to	 determine	how	much	 variation	was	

due	to	differences	between	experimental	batches	compared	to	differences	between	cultivars,	

with	batch	and	cultivar	fitted	as	random	effects.	Tests	were	carried	out	on	log10	transformed	

data,	to	adjust	for	non-normal	distribution.		
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For	each	gene	in	the	S.	hermonthica	resistance	QTL,	a	Pearson’s	product-moment	correlation	

analysis	was	 carried	 out	 between	 S.	 hermonthica	 dry	 biomass	 and	 the	 SNP	 similarity	 to	 the	

Nipponbare	 allele,	 using	 SNP	data	 for	 the	26	 rice	 cultivars.	 The	%	variance	explained	by	 the	

linear	model	was	determined	by	calculating	the	R2	value.		
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5.3	Results	

5.3.1	The	genomic	structure	of	the	S.	hermonthica	resistance	QTL	in	diverse	rice	cultivars,	
and	predictions	of	resistance	and	susceptibility	
Comparison	of	the	SNP	data	for	112	rice	cultivars	revealed	broad	trends	in	genomic	structure	

across	 the	 S.	 hermonthica	 resistance	 QTL	 (Figure	 5.3).	 	 Of	 the	 thirteen	 temperate	 japonica	

cultivars,	 only	 four	 appeared	 to	 be	 similar	 to	Nipponbare	 across	 the	QTL	 region.	All	 tropical	

japonica	cultivars	were	very	different	to	Nipponbare	and	appeared	to	be	missing	much	of	the	

region	(Figure	5.3).	 In	contrast,	aromatic	cultivars	appeared	to	contain	the	region	from	6.2	–	

6.45	 Mb,	 although	 differences	 with	 Nipponbare	 were	 observed,	 and	 poor	 similarity	 to	

Nipponbare	 was	 seen	 between	 6.45	 –	 6.56	Mb	 (Figure	 5.3).	 Indica	 cultivars	 varied	 in	 their	

similarity	to	Nipponbare;	for	most	 indica	cultivars	SNP	data	was	alternate	to	Nipponbare	and	

missing	 in	 many	 places,	 however	 four	 cultivars	 showed	 a	 greater	 similarity	 to	 Nipponbare	

across	most	of	the	region.	Only	five	aus	cultivars	were	included	in	the	analysis	and	these	varied	

in	 similarity	 to	 Nipponbare;	 in	 most	 cases	 SNP	 data	 was	 missing	 or	 very	 different	 to	

Nipponbare,	although	one	cultivar	did	show	greater	similarity	over	much	of	the	region	(Figure	

5.3).	 The	 two	 Oryza	 glaberrima	 cultivars	 showed	 poor	 similarity	 to	 Nipponbare.	 Oryza	

rufipogon	 and	 Oryza	 nivara	 accessions	 varied	 in	 their	 similarity	 to	 Nipponbare;	 where	 the	

region	was	present	in	these	genotypes,	differences	to	Nipponbare	were	often	observed	(Figure	

5.3).	 Thus,	extensive	differences	were	 seen	not	only	between	but	also	within	 subspecies	 for	

this	region.	For	example	some	indica	cultivars	were	more	similar	to	some	temperate	japonica	

cultivars	than	other	indica	cultivars	(Figure	5.3),	which	is	in	contrast	to	the	diversity	seen	at	the	

genome-wide	level	(Figure	5.2).	

	

Twenty-six	 cultivars	 (Table	 5.1)	 were	 selected	 for	 detailed	 analysis	 of	 the	 candidate	

S.	hermonthica	 resistance	 genes	 from	 the	 five	 O.	 sativa	 subgroups	 (indica,	 aus,	 temperate	

japonica,	tropical	japonica	and	aromatic)	to	include	the	broad	range	of	the	diversity	observed.	

Ideally	more	genotypes	would	have	been	examined	but	access	to	the	seed	was	not	available.	

For	 each	 cultivar,	 the	 SNP	 similarity	 to	 Nipponbare	 was	 calculated	 for	 19	 individual	 genes	

spanning	the	S.	hermonthica	resistance	QTL	(Table	5.5).	This	revealed	different	trends	in	gene	

similarity	between	the	26	rice	cultivars	and	Nipponbare.	For	example,	the	temperate	japonica	

cultivars	 Fanny	 and	 Bengal	 and	 the	 aus	 cultivar	 Mehr	 shared	 greatest	 similarity	 with	

Nipponbare	alleles	for	most	genes	across	the	S.	hermonthica	resistance	QTL	(Table	5.5).	With	

the	exception	of	Os12g10930	where	SNP	data	was	missing	or	alternate	to	Nipponbare	for	most	

cultivars,	 cultivars	 fell	 broadly	 into	 2	 groups	 for	 the	 region	 between	 genes	Os12g10820	 and	

Os12g11510	(Table	5.5).	All	indica	cultivars	shared	good	similarity	(75	–	98	%)	with	Nipponbare	

for	these	genes,	along	with	Firooz	and	Kitrana508	(aromatic),	and	Kalamkati	and	Mehr	(aus).	
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However,	SNP	data	was	missing	or	alternate	for	these	genes	 in	tropical	 japonica	cultivars,	as	

well	as	Darmali	(aromatic),	Miriti	and	Jhona349	(aus),	and	Mansaku	and	Chodongji	(temperate	

japonica)	(Table	5.5).		

	

Homologs	of	 the	Nipponbare	RLP	genes	Os12g11680,	Os12g11720	and	Os12g11860	and	 the	

RALF	 gene,	Os12g11660,	were	 clearly	 present	 in	 7	 cultivars	 Firooz,	 Kitrana508,	Mehr,	Guan-

Yin-Tsan,	Ai-Chiao-Hong,	Bengal	and	Fanny,	and	SNP	similarity	varied	from	63	-	100	%.	Only	3	

of	these	cultivars	 (Mehr,	Bengal	and	Fanny)	had	any	close	similarity	with	Nipponbare	for	the	

RLP	genes	Os12g11930	and	Os12g11940	(Table	5.5).		

	

All	 cultivars,	 with	 the	 exception	 of	 Firooz,	 Kitrana508,	 Guan-Yin-Tsan	 and	 Ai-Chiao-Hong,	

possessed	 a	 homolog	 of	 the	 RALF	 gene	Os12g12000.	 The	 cultivars	missing	Os12g12000	 also	

appeared	 to	be	missing	much	of	 the	neighbouring	 gene	Os12g12010	 that	was	present	 in	 all	

other	cultivars	(Table	5.5),	although	many	SNPs	were	observed	for	some	indica	cultivars.		

	

The	7	cultivars	that	contained	a	homolog	of	RLP	gene	Os12g11720	also	contained	a	homolog	

of	 Os12g12120	 (Table	 5.5).	 SNP	 data	 was	 missing	 or	 alternate	 to	 Nipponbare	 in	 all	 other	

cultivars	for	both	these	genes.	Os12g12130	appeared	to	be	absent	from	indica	cultivars	along	

with	Firooz	(aromatic),	Kitrana508	(aromatic)	and	Kalamkati	 (aus),	however	 it	was	present	 in	

all	tropical	and	temperate	japonica	cultivars	and	the	3	aus	cultivars.		

	

Two	 genes	 outside	 the	QTL	were	 included	 in	 the	 analysis	 (Os12g10670	 and	Os12g12514)	 to	

determine	whether	any	correlation	between	S.	hermonthica	resistance	and	gene	similarity	to	

Nipponbare	extended	beyond	the	QTL.	Homologs	of	these	genes	were	present	in	all	cultivars.	

Indica	cultivars	possessed	several	SNPs	 in	Os12g10670	compared	to	Nipponbare,	while	many	

SNPs	and	gaps	were	seen	in	all	cultivars	for	Os12g12514	(Table	5.5).		

	

Predictions	 of	 resistance	 or	 susceptibility	 to	 S.	 hermonthica	 were	made	 for	 the	 26	 selected	

cultivars	 based	 on	 broad	 trends	 of	 gene	 similarity	 to	 Nipponbare	 across	 the	 QTL.	 These	

predictions	are	shown	in	Table	5.6.	
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Figure	5.	3	Genomic	
structure	of	112	rice	
accessions	in	the	S.	
hermonthica	resistance	
QTL	(6.212	–	6.561	Mb)	
obtained	from	SNP	
sequencing	data.	Allele	
colour	scheme	is	set	to	
‘Similarity	of	SNPs	to	
Nipponbare’.		
red:	Nipponbare	SNP;	
green:	alternate	SNP;	
white:	missing	/	no	data.	
Species	and	subspecies	
of	accessions	are	
indicated	by	colour	on	
the	right.	Figure	
provided	by	Mathias	
Lorieux,	CIAT.	

(B)	Biallelic	data	(8k	SNPs),	heterozygous	data	removed,	accessions	classified	according	to	whole	genome	data	(650k	SNPs)		
6.212	Mb	 6.561	Mb	

Accessions	
MSU	7	annota0on	

:	predicted	resistance	genes	

(A)	Biallelic	data	(8k	SNPs),	accessions	classified	according	to	whole	genome	data	(650k	SNPs)		
6.212	Mb	 6.561	Mb	

Accessions	
MSU	7	annota0on	

:	predicted	resistance	genes	 Temperate	japonica	

Tropical	japonica	

Indica	

Aus	

Aroma0c	

Oryza	rufipogon	

Oryza	nivara	

Oryza	glabberima	

Oryza	
sa0va	
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Table	5.5	Similarity	of	SNPs	to	the	Nipponbare	allele	for	19	genes	across	the	S.	hermonthica	resistance	QTL,	in	26	diverse	rice	cultivars.	SNP	similarity	to	Nipponbare	for	each	gene	
is	the	sum	of	the	matching	SNPs	divided	by	the	total	number	of	SNPs,	to	give	a	value	of	similarity	between	1	(identical	allele)	to	0	(no	SNP	similarity	/	gene	absent).	Colours	are	on	
a	blue	–	yellow	–white	scale;	blue:	100	%	similarity,	white:	0	%	similarity.	The	QTL	region	 is	 indicated	above	 in	green.	Cultivars	are	grouped	according	to	subspecies	 (all	Oryza	
sativa).	
	

	
	

	

	

Subspecies Cultivar Os12g10670 Os12g10820 Os12g10850 Os12g10870 Os12g10930 Os12g11370 Os12g11500 Os12g11510 Os12g11660 Os12g11680 Os12g11720 Os12g11860 Os12g11930 Os12g11940 Os12g12000 Os12g12010 Os12g12120 Os12g12130 Os12g12514

Aromatic Firooz 1.000 0.778 0.724 0.856 0.229 0.942 0.039 0.762 0.636 0.880 0.784 0.791 0.143 0.247 0.000 0.329 0.825 0.000 0.800
Aromatic Kitrana508 1.000 0.775 0.687 0.896 0.219 0.946 0.039 0.829 0.636 0.880 0.836 0.785 0.154 0.242 0.000 0.368 0.772 0.000 0.825
Aromatic Darmali 0.985 0.451 0.233 0.072 0.267 0.507 0.432 0.410 0.000 0.152 0.172 0.029 0.367 0.209 0.727 0.961 0.105 0.654 0.759

Aus Kalamkati 0.697 0.806 0.782 0.852 0.251 0.968 0.952 0.883 0.000 0.261 0.000 0.035 0.432 0.115 0.803 0.855 0.000 0.065 0.749
Aus Mehr 1.000 0.768 0.695 0.728 0.749 0.604 0.541 0.816 0.818 0.935 0.733 0.890 0.672 0.753 0.848 0.961 0.868 0.774 0.803
Aus Miriti 1.000 0.425 0.218 0.092 0.200 0.432 0.397 0.454 0.000 0.109 0.147 0.058 0.332 0.220 0.606 0.961 0.114 0.668 0.800
Aus Jhona349 1.000 0.444 0.215 0.096 0.184 0.540 0.380 0.435 0.000 0.163 0.129 0.006 0.328 0.187 0.697 0.961 0.114 0.687 0.765
Indica IR8 0.758 0.778 0.575 0.884 0.241 0.964 0.904 0.857 0.318 0.391 0.000 0.267 0.560 0.440 0.530 0.566 0.026 0.000 0.635
Indica IR36 0.803 0.803 0.924 0.964 0.203 0.993 0.974 0.883 0.000 0.217 0.000 0.058 0.452 0.121 0.803 0.855 0.000 0.000 0.794
Indica JC91 0.742 0.765 0.727 0.928 0.210 0.960 0.825 0.784 0.000 0.348 0.000 0.227 0.417 0.269 0.500 0.566 0.000 0.000 0.603
Indica IR64 0.742 0.778 0.582 0.880 0.184 0.942 0.878 0.813 0.000 0.391 0.000 0.203 0.517 0.379 0.530 0.566 0.000 0.028 0.594
Indica Gie57 0.788 0.806 0.891 0.988 0.225 0.993 0.974 0.886 0.273 0.217 0.138 0.041 0.498 0.165 0.788 0.921 0.009 0.346 0.829
Indica Guan-Yin-Tsan 0.742 0.749 0.782 0.848 0.213 0.993 0.961 0.810 0.682 0.902 0.793 0.791 0.367 0.341 0.000 0.276 0.789 0.000 0.778
Indica Ai-Chiao-Hong 0.727 0.781 0.913 0.952 0.000 0.964 0.965 0.816 0.636 0.891 0.802 0.773 0.405 0.313 0.000 0.368 0.746 0.000 0.581
Indica Jasmine85 0.727 0.679 0.709 0.896 0.102 0.946 0.751 0.768 0.000 0.337 0.000 0.209 0.394 0.253 0.470 0.539 0.000 0.041 0.422

Temperate	japonica Nipponbare 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Temperate	japonica Bengal 0.879 0.727 0.829 0.960 0.889 0.838 0.908 0.844 0.955 0.935 0.940 0.901 0.907 0.802 0.788 0.895 0.877 0.912 0.495
Temperate	japonica Fanny 1.000 0.997 0.960 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.994 1.000 1.000 1.000 1.000 0.991 1.000 0.914
Temperate	japonica Mansaku 1.000 0.416 0.298 0.072 0.254 0.392 0.371 0.305 0.000 0.196 0.164 0.064 0.317 0.225 0.636 0.961 0.088 0.834 0.762
Temperate	japonica Chodongji 1.000 0.359 0.236 0.152 0.263 0.529 0.389 0.406 0.000 0.141 0.155 0.064 0.382 0.187 0.697 0.961 0.105 0.608 0.806
Tropical	japonica Dixiebelle 1.000 0.470 0.309 0.172 0.308 0.482 0.406 0.495 0.000 0.337 0.129 0.221 0.398 0.269 0.682 0.947 0.096 0.724 0.822
Tropical	japonica Davao 1.000 0.425 0.247 0.096 0.200 0.468 0.410 0.416 0.000 0.152 0.129 0.006 0.336 0.225 0.652 0.947 0.088 0.687 0.810
Tropical	japonica Trembese 1.000 0.473 0.276 0.084 0.219 0.435 0.428 0.422 0.000 0.065 0.164 0.041 0.351 0.275 0.545 0.961 0.114 0.714 0.810
Tropical	japonica Curinga 0.985 0.546 0.269 0.092 0.241 0.468 0.476 0.438 0.000 0.141 0.147 0.064 0.390 0.236 0.712 0.961 0.105 0.811 0.806
Tropical	japonica AZUCENA 0.985 0.486 0.236 0.120 0.222 0.417 0.410 0.419 0.000 0.098 0.172 0.105 0.359 0.203 0.667 0.961 0.088 0.719 0.797
Tropical	japonica Binulawan 1.000 0.505 0.240 0.056 0.248 0.432 0.345 0.410 0.000 0.163 0.138 0.029 0.324 0.242 0.652 0.934 0.079 0.691 0.756

QTL	region
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Table	 5.6	 Predictions	 of	 resistance	 or	 susceptibility	 to	 S.	 hermonthica	 for	 26	
genetically	diverse	rice	cultivars,	based	on	SNP	similarity	to	Nipponbare	for	17	genes	
across	 the	 S.	 hermonthica	 resistance	QTL	 on	 chromosome	 12	 assuming	 that	 there	
are	 no	 other	major	 genes	 contributing	 to	 resistance	 in	 the	 cultivars.	 Cultivars	 are	
grouped	by	subspecies	(all	Oryza	sativa).	
	

Subspecies	 Cultivar	 Prediction		

Aromatic	 Firooz	 ?	
Aromatic	 Kitrana508	 ?	

Aromatic	 Darmali	 Susceptible	

Aus	 Kalamkati	 Resistant	
Aus	 Mehr	 ?	
Aus	 Miriti	 Susceptible	

Aus	 Jhona349	 Susceptible	

Indica	 IR8	 Resistant	
Indica	 IR36	 Resistant	
Indica	 JC91	 Resistant	
Indica	 IR64	 Resistant	
Indica	 Gie57	 Resistant	
Indica	 Guan-Yin-Tsan	 Resistant	
Indica	 Ai-Chiao-Hong	 Resistant	

Indica	 Jasmine85	 Resistant	

Temperate	japonica	 Nipponbare	 Resistant	
Temperate	japonica	 Bengal	 Resistant	
Temperate	japonica	 Fanny	 Resistant	
Temperate	japonica	 Mansaku	 Susceptible	

Temperate	japonica	 Chodongji	 Susceptible	

Tropical	japonica	 Dixiebelle	 Susceptible	
Tropical	japonica	 Davao	 Susceptible	
Tropical	japonica	 Trembese	 Susceptible	
Tropical	japonica	 Curinga	 Susceptible	
Tropical	japonica	 Azucena	 Susceptible	

Tropical	japonica	 Binulawan	 Susceptible	
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5.3.2	Evaluation	of	post-attachment	resistance	of	rice	cultivars	to	Striga	hermonthica	
Figure	5.4	shows	the	resistance	of	26	cultivars	to	S.	hermonthica	(Kibos	ecotype).	There	was	a	

highly	significant	difference	 in	post-attachment	resistance	between	rice	cultivars	 for	all	 traits	

measured	 (S.	 hermonthica	 dry	weight:	ANOVA	F	 =	 13.9,	 d.f.	 =	 28,122,	 p	 <	 0.001;	 number	of	

S.	hermonthica	 seedlings:	 ANOVA:	 F	 =	 11.95,	 d.f.	 =	 28,	 122,	 p	 <	 0.001;	 cumulative	 length	 of	

S.	hermonthica	seedlings:	ANOVA:	F	=	10.2,	d.f.	=	28,	122,	p	<	0.001).	Genotype	explained	69.2	

%	variation	in	S.	hermonthica	dry	weight,	66.2	%	variation	in	number	and	62.3	%	variation	in	

cumulative	length	of	S.	hermonthica	seedlings.	There	was	no	significant	variation	due	to	batch	

(<	0.66	%)	for	all	traits	measured	(Linear	Mixed	Model).		

	

There	was	no	significant	difference	in	S.	hermonthica	dry	weight,	number,	or	cumulative	length	

of	S.	hermonthica	seedlings	for	the	5	most	susceptible	cultivars	Binulawan,	Azucena,	Curinga,	

Trembese	and	Davao	(all	tropical	japonica	cultivars	that	were	predicted	to	be	susceptible).	The	

5	most	 resistant	 cultivars	were	 IR8,	 JC91,	 IR36,	 IR64	 (all	 indica)	 and	Nipponbare	 (temperate	

japonica)	 and	 all	 were	 predicted	 to	 be	 resistant	 (Figure	 5.4	 A,	 B	 and	 C	 and	 Figure	 5.5D).	

However,	there	was	no	significant	difference	in	the	dry	weight	of	S.	hermonthica	between	the	

16	most	resistant	cultivars	(from	Fanny	to	IR8)	(Figure	5.4A),	Tukey	Multiple	Comparison	test	p	

>	0.05).	 	Twelve	of	the	16	resistant	cultivars	were	predicted	to	be	resistant.	For	3	genotypes,	

Mehr,	 Firooz	 and	 Kitrana	 it	 was	 not	 possible	 to	 make	 a	 prediction	 and	 for	 1,	 Damali,	 the	

prediction	was	wrong.	S.	 hermonthica	 dry	weight	 did	 not	 differ	 significantly	 between	Davao	

and	 Darmali,	 or	 any	 cultivar	 with	 S.	 hermonthica	 dry	 weight	 intermediate	 between	 these	 2	

cultivars	 (Tukey	Multiple	 Comparison	 test	 p	 <	 0.05)	 (Figure	 5.4	 and	 Figure	 5.5C).	 In	 general,	

indica	and	aromatic	cultivars	showed	good	resistance	to	S.	hermonthica.	Temperate	 japonica	

and	aus	cultivars	were	either	intermediate	or	resistant	(Figure	5.4).	The	root	systems	of	4	rice	

cultivars,	 Curinga,	 (susceptible),	 Jhona349	 (less	 susceptible)	 and	 Firooz	 (resistant)	 and	

Nipponbare	(resistant)	infected	with	S.	hermonthica	are	shown	in	Figure	5.5.	
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Figure	5.4	The	phenotype	of	resistance	to	S.	hermonthica	 for	26	genetically	diverse	rice	cultivars,	plus	
Koshihikari	 (not	 included	 in	 SNP	 analysis).	 A)	 Mean	 dry	 biomass,	 B)	 mean	 number,	 and	 C)	 mean	
cumulative	 length	of	S.	hermonthica	seedlings	harvested	from	the	roots	of	rice	plants	21	dai.	Data	are	
means	±	SE	where	n	=	5.	
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Figure	5.5	The	root	systems	of	4	rice	cultivars,	Curinga	(tropical	japonica,	susceptible),	
Jhona349	(aus,	intermediate),	Firooz	(aromatic,	resistant)	and	Nipponbare	(temperate	
japonica,	resistant)	21	dai	with	S.	hermonthica.	
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5.3.3	The	relationship	between	S.	hermonthica	resistance	and	SNP	similarity	to	Nipponbare	
To	determine	 if	 resistance	to	S.	hermonthica	was	correlated	with	 the	similarity	of	any	of	 the	

candidate	 resistance	 genes	 in	 Nipponbare,	 a	 Pearson’s	 correlation	 analysis	 was	 carried	 out	

between	the	dry	biomass	of	S.	hermonthica	harvested	from	the	roots	of	each	cultivar	and	the	

SNP	 similarity	 of	 each	 gene	 to	 the	Nipponbare	 allele.	Genes	were	 grouped	 according	 to	 the	

relationship	 observed;	 Group	 1)	 genes	 showing	 a	 significant	 correlation	 between	

S.	hermonthica	resistance	and	similarity	to	the	Nipponbare	allele	(Figure	5.6),	Group	2)	genes	

showing	 no	 significant	 correlation	 (Figure	 5.7),	 or	 Group	 3)	 genes	 where	 a	 few	 resistant	

cultivars	 shared	 high	 similarity	 to	 Nipponbare	 but	 where	many	 outliers	 were	 also	 observed	

(Figure	5.8).	The	summary	statistics	are	shown	in	Table	5.7.	

	

Group	 1:	 A	 significant	 correlation	 was	 observed	 between	 resistance	 to	 S.	 hermonthica	 and	

similarity	 to	 the	Nipponbare	allele	 for	 six	 genes.	 The	gene	with	 the	highest	R2	 value,	 and	 so	

explaining	the	greatest	variation,	was	Os12g10870	(R2	=	70.7	%),	followed	by	Os12g11370	(R2	=	

67.2	%),	Os12g11510	(R2	=	66.3	%),	Os12g10850	(R2	=	63.3	%),	Os12g10820	(R2	=	55.4	%),	and	

Os12g11500	 (R2	 =	 28.5	 %)	 (Figure	 5.6).	 The	 allelic	 diversity	 of	 three	 of	 these	 genes	

(Os12g10870,	Os12g11370	and	Os12g11500)	is	shown	in	Figure	5.	9	A-C.	All	six	of	these	genes	

separated	cultivars	broadly	 into	 two	groups,	 those	with	 the	Nipponbare-like	allele	and	those	

where	large	differences	in	SNPs	were	observed	(Figures	5.6	and		5.9	A-C).	In	most	cases	those	

cultivars	with	good	similarity	 to	Nipponbare	were	 resistant,	although	 there	were	exceptions.	

For	example,	the	resistant	cultivar	Darmali	showed	very	little	SNP	similarity	to	Nipponbare	for	

any	of	these	genes.	The	resistant	cultivar	Mehr	also	showed	poor	SNP	similarity	to	Nipponbare	

for	 some	 regions	 of	 these	 genes	 (Figure	 5.9	 A-C),	 and	 Os12g11500	 appeared	 to	 be	missing	

entirely	 from	 two	aromatic	 cultivars	 Firooz	 and	 Kitrana508	 (Figure	 5.6E	 and	 5.9C).	 Resistant	

cultivars	varied	in	their	similarity	to	Nipponbare	for	the	different	genes.	For	example	a	cluster	

of	 very	 resistant	 cultivars	 that	 were	 >	 80	 %	 similar	 to	 Nipponbare	 was	 observed	 for	

Os12g10870,	 while	 similarity	 to	 Os12g10850	 was	 as	 little	 as	 57	 %.	 In	 order	 to	 distinguish	

between	 these	 different	 distributions,	 cultivars	 were	 sorted	 by	 resistance,	 and	 genes	

highlighted	 that	 had	 >	 80	 %	 similarity	 to	 Nipponbare	 (Table	 5.8).	 The	 four	 RLP	 genes	

Os12g10870,	 Os12g11370,	 Os12g11500	 and	 Os12g11510	 were	 highlighted	 as	 having	 the	

greatest	 similarity	 to	 Nipponbare	 in	 resistant	 cultivars,	 despite	 the	 lower	 R2	 value	 obtained	

from	 Os12g11500	 correlation	 analysis,	 indicating	 the	 similarity	 of	 resistant	 cultivars	 to	

Nipponbare,	not	simply	the	correlation,	is	important	in	determining	the	importance	of	a	gene	

in	S.	hermonthica	resistance.		
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Figure	 5.6	 The	 relationship	 between	S.	 hermonthica	 dry	 biomass	 of	 26	 diverse	 rice	 cultivars	
and	SNP	similarity	to	the	Nipponbare	allele	for	6	genes	in	the	S.	hermonthica	resistance	QTL,	
showing	 a	 significant	 negative	 correlation	 between	 SNP	 similarity	 and	 resistance.	 Red	 lines	
indicate	a	significant	relationship	between	variables	(p	<	0.05).	R2	values	indicate	the	variance	
explained	by	 the	 linear	model.	SNP	similarity	 to	Nipponbare	was	calculated	 for	each	cultivar	
and	gene;	the	sum	of	the	matching	SNPs	was	divided	by	the	total	number	of	SNPs,	 to	give	a	
value	of	 similarity	 ranging	 from	1	 (identical)	 to	0	 (no	SNP	similarity	 /	gene	absent).	Cultivars	
with	<	5	mg	Striga	dry	weight	were	considered	very	resistant.	
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Group	 2:	 No	 significant	 correlation	 between	 S.	 hermonthica	 resistance	 and	 similarity	 to	

Nipponbare	 was	 observed	 for	 seven	 genes	 within	 the	 QTL	 (Os12g10930,	 Os12g11660,	

Os12g11930,	Os12g11940,	Os12g12000,	Os12g12010	and	Os12g12130),	or	for	the	two	genes	

investigated	 outside	 the	 QTL	 (Os12g10670	 and	 Os12g12514)	 (Figure	 5.7).	 IR64	 had	 poor	

similarity	to	Nipponbare	in	all	cases.	SNP	similarity	to	Nipponbare	for	Os12g12010	was	>	93	%	

for	all	susceptible	cultivars,	while	resistant	cultivars	showed	both	good	and	poor	similarity	for	

this	 gene	 (Figures	 5.7G	 and	 5.9E,	 Table	 5.8).	 Only	 three	 resistant	 cultivars	 had	 homologs	 of	

Os12g10930,	Os12g11930	and	Os12g11940	with	>	80	%	similarity	to	Nipponbare	(Table	5.8).	

	

Group	3:	The	four	genes	Os12g11680,	Os12g11720,	Os12g11860	and	Os12g12120	had	>	80	%	

SNP	similarity	to	Nipponbare	in	a	small	number	of	resistant	cultivars	but	very	poor	similarity	in	

all	susceptible	cultivars	(Figure	5.8	and	Table	5.8).	The	allelic	diversity	of	Os12g11860	is	shown	

in	 Figure	 5.9D	 as	 an	 example.	 As	 seen	 here,	many	 of	 the	most	 resistant	 cultivars,	 including	

IR64,	are	missing	or	have	poor	similarity	to	Nipponbare	for	these	genes	(Table	5.8).	
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Figure	 5.7	 The	 relationship	 between	 S.	 hermonthica	dry	 biomass	 of	 26	 diverse	 rice	 cultivars	
and	SNP	similarity	 to	 the	Nipponbare	allele	 for	9	genes	across	 the	 S.	hermonthica	 resistance	
QTL,	 showing	 no	 significant	 correlation	 between	 S.	 hermonthica	 resistance	 and	 similarity	 to	
Nipponbare.	Red	lines	indicate	a	significant	relationship	between	variables	(p	<	0.05).	R2	values	
indicate	 the	 variance	 explained	 by	 the	 linear	 model.	 SNP	 similarity	 to	 Nipponbare	 was	
calculated	for	each	cultivar	and	gene;	the	sum	of	the	matching	SNPs	was	divided	by	the	total	
number	of	SNPs,	to	give	a	value	of	similarity	ranging	from	1	(identical)	to	0	(no	SNP	similarity	/	
gene	absent).	Cultivars	with	<	5	mg	Striga	dry	weight	were	considered	very	resistant.	
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Figure	 5.8	 The	 relationship	 between	S.	 hermonthica	 dry	 biomass	 of	 26	 diverse	 rice	 cultivars	
and	SNP	similarity	 to	 the	Nipponbare	allele	 for	4	genes	 in	 the	S.	hermonthica	 resistance	QTL	
where	IR64,	and	many	other	resistant	cultivars,	show	poor	SNP	similarity	to	Nipponbare.	Red	
lines	 indicate	 a	 significant	 relationship	 between	 variables	 (p	 <	 0.05).	 R2	 values	 indicate	 the	
variance	explained	by	the	linear	model.	SNP	similarity	to	Nipponbare	was	calculated	for	each	
cultivar	and	gene;	the	sum	of	the	matching	SNPs	was	divided	by	the	total	number	of	SNPs,	to	
give	a	value	of	similarity	ranging	from	1	(identical)	to	0	(no	SNP	similarity	/	gene	absent).		
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Table	 5.7	 Summary	 statistics	 for	 Pearson’s	 product-moment	 correlation	 analysis	 carried	 out	
between	S.	hermonthica	dry	weight	and	SNP	similarity	to	Nipponbare	for	19	genes	across	the	
S.	hermonthica	resistance	QTL	gene	in	26	diverse	rice	cultivars.	
		
Gene	 t	 d.f.	 p	 R	 R2	
Os12g10670	 3.177	 24	 0.004065	 0.544	 0.296	
Os12g10820	 -5.464	 24	 1.29E-05	 -0.745	 0.554	
Os12g10850	 -6.429	 24	 1.20E-06	 -0.795	 0.633	
Os12g10870	 -7.603	 24	 7.68E-08	 -0.841	 0.707	
Os12g10930	 -1.274	 24	 0.215	 -0.252	 0.063	
Os12g11370	 -7.020	 24	 2.94E-07	 -0.820	 0.672	
Os12g11500	 -3.092	 24	 0.004984	 -0.534	 0.285	
Os12g11510	 -6.875	 24	 4.14E-07	 -0.814	 0.663	
Os12g11660	 -2.930	 24	 0.007323	 -0.513	 0.263	
Os12g11680	 -3.781	 24	 0.0009146	 -0.611	 0.373	
Os12g11720	 -1.846	 24	 0.07728	 -0.353	 0.124	
Os12g11860	 -3.071	 24	 0.005237	 -0.531	 0.282	
Os12g11930	 -1.852	 24	 0.07636	 -0.354	 0.125	
Os12g11940	 -1.742	 24	 0.09424	 -0.335	 0.112	
Os12g12000	 0.715	 24	 0.4816	 0.144	 0.021	
Os12g12010	 2.633	 24	 0.01456	 0.473	 0.224	
Os12g12120	 -2.084	 24	 0.04798	 -0.391	 0.153	
Os12g12130	 2.783	 24	 0.01034	 0.494	 0.244	
Os12g12514	 0.987	 24	 0.3336	 0.197	 0.039	
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Figure	5.9	A	Allelic	diversity	of	Os12g10870	in	26	diverse	O.	sativa	cultivars,	based	on	SNP	similarity	to	Nipponbare.	SNP	similarity	to	Nipponbare	was	calculated	
for	 each	 cultivar	 by	 dividing	 the	 sum	of	 the	matching	 SNPs	 by	 the	 total	 number	 of	 SNPs,	 to	 give	 a	 value	 of	 similarity	 ranging	 from	1	 (identical)	 to	 0	 (no	 SNP	
similarity	/	gene	absent).	Cultivars	are	ordered	by	S.	hermonthica	dry	biomass	harvested	from	roots,	from	most	resistant	(top)	to	most	susceptible	(bottom).	Blue	
indicates	Nipponbare	genotype,	red	 indicates	alternate	SNPs,	yellow	indicates	heterozygote	and	white	 indicates	missing	data.	Total	number	of	SNPs	across	this	
gene	is	250.	

ssp. Biomass	
(mg)

Similarity	to	
Nipponbare

Cultivar

Ind 0 0.88 IR8
Ind 0.1 0.96 IR36
Ind 0.1 0.93 JC91
Ind 0.46 0.88 IR64
Tej 0.74 1.00 Nipponbare
Aus 0.8 0.85 Kalamkati
Aus 0.9 0.73 Mehr
Ind 0.92 0.99 Gie57
Aro 1.3 0.86 Firooz
Ind 1.74 0.85 Guan-Yin-Tsan
Ind 1.94 0.95 Ai-Chiao-Hong
Tej 2.02 0.96 Bengal
Aro 2.24 0.90 Kitrana508
Tej 2.725 1.00 Fanny
Aro 3.46 0.07 Darmali
Ind 6.26 0.90 Jasmine85
Trj 8.875 0.17 Dixiebelle
Tej 11.5 0.07 Mansaku
Aus 16.22 0.09 Miriti
Tej 16.967 0.15 Chodongji
Aus 17.2 0.10 Jhona349
Trj 18.3 0.10 Davao
Trj 23.76 0.08 Trembese
Trj 25.7 0.09 Curinga
Trj 26.954 0.12 AZUCENA
Trj 30.88 0.06 Binulawan

Legend
Nipponbare
Alternate

Heterozygote
Missing

Os12g10870
verticillium	wilt	disease	resistance	protein,		putative,		expressed
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Figure	5.9	B	Allelic	diversity	of	Os12g11370	in	26	diverse	O.	sativa	cultivars,	based	on	SNP	similarity	to	Nipponbare.	SNP	similarity	to	Nipponbare	was	calculated	
for	 each	 cultivar	 by	 dividing	 the	 sum	of	 the	matching	 SNPs	 by	 the	 total	 number	 of	 SNPs,	 to	 give	 a	 value	 of	 similarity	 ranging	 from	1	 (identical)	 to	 0	 (no	 SNP	
similarity	/	gene	absent).	Cultivars	are	ordered	by	S.	hermonthica	dry	biomass	harvested	from	roots,	from	most	resistant	(top)	to	most	susceptible	(bottom).	Blue	
indicates	Nipponbare	genotype,	red	 indicates	alternate	SNPs,	yellow	indicates	heterozygote	and	white	 indicates	missing	data.	Total	number	of	SNPs	across	this	
gene	is	250.	

ssp. Biomass	
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Similarity	to	
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Ind 0.00 0.96 IR8
Ind 0.10 0.99 IR36
Ind 0.10 0.96 JC91
Ind 0.46 0.94 IR64
Tej 0.74 1.00 Nipponbare
Aus 0.80 0.97 Kalamkati
Aus 0.90 0.60 Mehr
Ind 0.92 0.99 Gie57
Aro 1.30 0.94 Firooz
Ind 1.74 0.99 Guan-Yin-Tsan
Ind 1.94 0.96 Ai-Chiao-Hong
Tej 2.02 0.84 Bengal
Aro 2.24 0.95 Kitrana508
Tej 2.73 1.00 Fanny
Aro 3.46 0.51 Darmali
Ind 6.26 0.95 Jasmine85
Trj 8.88 0.48 Dixiebelle
Tej 11.50 0.39 Mansaku
Aus 16.22 0.43 Miriti
Tej 16.97 0.53 Chodongji
Aus 17.20 0.54 Jhona349
Trj 18.30 0.47 Davao
Trj 23.76 0.44 Trembese
Trj 25.70 0.47 Curinga
Trj 26.95 0.42 AZUCENA
Trj 30.88 0.43 Binulawan

Legend

Os12g11370
verticillium	wilt	disease	resistance	protein,		putative,		expressed
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Alternate
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Figure	5.9	C	Allelic	diversity	of	Os12g11500	in	26	diverse	O.	sativa	cultivars,	based	on	SNP	similarity	to	Nipponbare.	SNP	similarity	to	Nipponbare	was	calculated	
for	 each	 cultivar	 by	 dividing	 the	 sum	of	 the	matching	 SNPs	 by	 the	 total	 number	 of	 SNPs,	 to	 give	 a	 value	 of	 similarity	 ranging	 from	1	 (identical)	 to	 0	 (no	 SNP	
similarity	/	gene	absent).	Cultivars	are	ordered	by	S.	hermonthica	dry	biomass	harvested	from	roots,	from	most	resistant	(top)	to	most	susceptible	(bottom).	Blue	
indicates	Nipponbare	genotype,	red	 indicates	alternate	SNPs,	yellow	indicates	heterozygote	and	white	 indicates	missing	data.	Total	number	of	SNPs	across	this	
gene	is	229.	

ssp. Biomass	
(mg)

Similarity	to	
Nipponbare

Cultivar

Ind 0.00 0.90 IR8
Ind 0.10 0.97 IR36
Ind 0.10 0.83 JC91
Ind 0.46 0.88 IR64
Tej 0.74 1.00 Nipponbare
Aus 0.80 0.95 Kalamkati
Aus 0.90 0.54 Mehr
Ind 0.92 0.97 Gie57
Aro 1.30 0.04 Firooz
Ind 1.74 0.96 Guan-Yin-Tsan
Ind 1.94 0.97 Ai-Chiao-Hong
Tej 2.02 0.91 Bengal
Aro 2.24 0.04 Kitrana508
Tej 2.73 1.00 Fanny
Aro 3.46 0.43 Darmali
Ind 6.26 0.75 Jasmine85
Trj 8.88 0.41 Dixiebelle
Tej 11.50 0.37 Mansaku
Aus 16.22 0.40 Miriti
Tej 16.97 0.39 Chodongji
Aus 17.20 0.38 Jhona349
Trj 18.30 0.41 Davao
Trj 23.76 0.43 Trembese
Trj 25.70 0.48 Curinga
Trj 26.95 0.41 AZUCENA
Trj 30.88 0.34 Binulawan

Legend

Missing

Os12g11500
resistance	protein	SlVe1	precursor,		putative,		expressed

Nipponbare
Alternate
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Figure	5.9	D	Allelic	diversity	of	Os12g11860	in	26	diverse	O.	sativa	cultivars,	based	on	SNP	similarity	to	Nipponbare.	SNP	similarity	to	Nipponbare	was	calculated	
for	 each	 cultivar	 by	 dividing	 the	 sum	of	 the	matching	 SNPs	 by	 the	 total	 number	 of	 SNPs,	 to	 give	 a	 value	 of	 similarity	 ranging	 from	1	 (identical)	 to	 0	 (no	 SNP	
similarity	/	gene	absent).	Cultivars	are	ordered	by	S.	hermonthica	dry	biomass	harvested	from	roots,	from	most	resistant	(top)	to	most	susceptible	(bottom).	Blue	
indicates	Nipponbare	genotype,	red	 indicates	alternate	SNPs,	yellow	indicates	heterozygote	and	white	 indicates	missing	data.	Total	number	of	SNPs	across	this	
gene	is	172.	
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(mg)
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Nipponbare

Cultivar

Ind 0 0.27 IR8
Ind 0.1 0.06 IR36
Ind 0.1 0.23 JC91
Ind 0.46 0.20 IR64
Tej 0.74 1.00 Nipponbare
Aus 0.8 0.03 Kalamkati
Aus 0.9 0.89 Mehr
Ind 0.92 0.04 Gie57
Aro 1.3 0.79 Firooz
Ind 1.74 0.79 Guan-Yin-Tsan
Ind 1.94 0.77 Ai-Chiao-Hong
Tej 2.02 0.90 Bengal
Aro 2.24 0.78 Kitrana508
Tej 2.725 0.99 Fanny
Aro 3.46 0.03 Darmali
Ind 6.26 0.21 Jasmine85
Trj 8.875 0.22 Dixiebelle
Tej 11.5 0.06 Mansaku
Aus 16.22 0.06 Miriti
Tej 16.967 0.06 Chodongji
Aus 17.2 0.01 Jhona349
Trj 18.3 0.01 Davao
Trj 23.76 0.04 Trembese
Trj 25.7 0.06 Curinga
Trj 26.954 0.10 AZUCENA
Trj 30.88 0.03 Binulawan

Legend

Missing

verticillium	wilt	disease	resistance	protein	precursor,		putative,		expressed
Os12g11860

Nipponbare
Alternate
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Figure	5.9	E	Allelic	diversity	of	Os12g12010	in	26	diverse	O.	sativa	cultivars,	based	on	SNP	similarity	to	Nipponbare.	SNP	similarity	to	Nipponbare	was	calculated	
for	 each	 cultivar	 by	 dividing	 the	 sum	of	 the	matching	 SNPs	 by	 the	 total	 number	 of	 SNPs,	 to	 give	 a	 value	 of	 similarity	 ranging	 from	1	 (identical)	 to	 0	 (no	 SNP	
similarity	/	gene	absent).	Cultivars	are	ordered	by	S.	hermonthica	dry	biomass	harvested	from	roots,	from	most	resistant	(top)	to	most	susceptible	(bottom).	Blue	
indicates	Nipponbare	genotype,	red	 indicates	alternate	SNPs,	yellow	indicates	heterozygote	and	white	 indicates	missing	data.	Total	number	of	SNPs	across	this	
gene	is	76.	

ssp. Biomass	
(mg)

Similarity	to	
Nipponbare

Cultivar

Ind 0.00 0.57 IR8
Ind 0.10 0.86 IR36
Ind 0.10 0.57 JC91
Ind 0.46 0.57 IR64
Tej 0.74 1.00 Nipponbare
Aus 0.80 0.86 Kalamkati
Aus 0.90 0.96 Mehr
Ind 0.92 0.92 Gie57
Aro 1.30 0.33 Firooz
Ind 1.74 0.28 Guan-Yin-Tsan
Ind 1.94 0.37 Ai-Chiao-Hong
Tej 2.02 0.89 Bengal
Aro 2.24 0.37 Kitrana508
Tej 2.73 1.00 Fanny
Aro 3.46 0.96 Darmali
Ind 6.26 0.54 Jasmine85
Trj 8.88 0.95 Dixiebelle
Tej 11.50 0.96 Mansaku
Aus 16.22 0.96 Miriti
Tej 16.97 0.96 Chodongji
Aus 17.20 0.96 Jhona349
Trj 18.30 0.95 Davao
Trj 23.76 0.96 Trembese
Trj 25.70 0.96 Curinga
Trj 26.95 0.96 AZUCENA
Trj 30.88 0.93 Binulawan

Legend
Nipponbare
Alternate

Heterozygote
Missing

Os12g12010
verticillium	wilt	disease	resistance	protein	precursor,		putative,		expressed
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Table	5.8	Similarity	of	SNPs	to	the	Nipponbare	allele	for	19	genes	across	the	S.	hermonthica	resistance	QTL,	in	26	diverse	rice	cultivars.	Genes	highlighted	in	red	have	>	80	%	SNP	
similarity	to	Nipponbare	are	sorted	from	most	resistant	to	most	susceptible.	Cultivars	annotated	as	resistant	have	<	5	mg	S.	hermonthica	dry	weight.	SNP	similarity	to	Nipponbare	
for	each	gene	is	the	sum	of	the	matching	SNPs	divided	by	the	total	number	of	SNPs,	to	give	a	value	of	similarity	between	1	(identical	allele)	to	0	(no	SNP	similarity	/	gene	absent).	
Where	two	gene	identifiers	have	the	same	colour	the	genes	have	arisen	by	gene	duplication.	The	QTL	region	is	indicated	above	in	green.	All	cultivars	are	Oryza	sativa.		
	

	

expressed	
protein

DNA	repair	
protein

RLP RLP RLP RLP RLP RALF RLP RLP RLP RLP RLP RALF RLP RLP RLP

Subspecies Cultivar Os12g10670 Os12g10820 Os12g10850 Os12g10870 Os12g10930 Os12g11370 Os12g11500 Os12g11510 Os12g11660 Os12g11680 Os12g11720 Os12g11860 Os12g11930 Os12g11940 Os12g12000 Os12g12010 Os12g12120 Os12g12130 Os12g12514
Indica IR8 0.758 0.778 0.575 0.884 0.241 0.964 0.904 0.857 0.318 0.391 0.000 0.267 0.560 0.440 0.530 0.566 0.026 0.000 0.635
Indica IR36 0.803 0.803 0.924 0.964 0.203 0.993 0.974 0.883 0.000 0.217 0.000 0.058 0.452 0.121 0.803 0.855 0.000 0.000 0.794
Indica JC91 0.742 0.765 0.727 0.928 0.210 0.960 0.825 0.784 0.000 0.348 0.000 0.227 0.417 0.269 0.500 0.566 0.000 0.000 0.603
Indica IR64 0.742 0.778 0.582 0.880 0.184 0.942 0.878 0.813 0.000 0.391 0.000 0.203 0.517 0.379 0.530 0.566 0.000 0.028 0.594

Temperate	japonica Nipponbare 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Aus Kalamkati 0.697 0.806 0.782 0.852 0.251 0.968 0.952 0.883 0.000 0.261 0.000 0.035 0.432 0.115 0.803 0.855 0.000 0.065 0.749
Aus Mehr 1.000 0.768 0.695 0.728 0.749 0.604 0.541 0.816 0.818 0.935 0.733 0.890 0.672 0.753 0.848 0.961 0.868 0.774 0.803
Indica Gie57 0.788 0.806 0.891 0.988 0.225 0.993 0.974 0.886 0.273 0.217 0.138 0.041 0.498 0.165 0.788 0.921 0.009 0.346 0.829

Aromatic Firooz 1.000 0.778 0.724 0.856 0.229 0.942 0.039 0.762 0.636 0.880 0.784 0.791 0.143 0.247 0.000 0.329 0.825 0.000 0.800
Indica Guan-Yin-Tsan 0.742 0.749 0.782 0.848 0.213 0.993 0.961 0.810 0.682 0.902 0.793 0.791 0.367 0.341 0.000 0.276 0.789 0.000 0.778
Indica Ai-Chiao-Hong 0.727 0.781 0.913 0.952 0.000 0.964 0.965 0.816 0.636 0.891 0.802 0.773 0.405 0.313 0.000 0.368 0.746 0.000 0.581

Temperate	japonica Bengal 0.879 0.727 0.829 0.960 0.889 0.838 0.908 0.844 0.955 0.935 0.940 0.901 0.907 0.802 0.788 0.895 0.877 0.912 0.495
Aromatic Kitrana508 1.000 0.775 0.687 0.896 0.219 0.946 0.039 0.829 0.636 0.880 0.836 0.785 0.154 0.242 0.000 0.368 0.772 0.000 0.825

Temperate	japonica Fanny 1.000 0.997 0.960 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.994 1.000 1.000 1.000 1.000 0.991 1.000 0.914
Aromatic Darmali 0.985 0.451 0.233 0.072 0.267 0.507 0.432 0.410 0.000 0.152 0.172 0.029 0.367 0.209 0.727 0.961 0.105 0.654 0.759
Indica Jasmine85 0.727 0.679 0.709 0.896 0.102 0.946 0.751 0.768 0.000 0.337 0.000 0.209 0.394 0.253 0.470 0.539 0.000 0.041 0.422

Tropical	japonica Dixiebelle 1.000 0.470 0.309 0.172 0.308 0.482 0.406 0.495 0.000 0.337 0.129 0.221 0.398 0.269 0.682 0.947 0.096 0.724 0.822
Temperate	japonica Mansaku 1.000 0.416 0.298 0.072 0.254 0.392 0.371 0.305 0.000 0.196 0.164 0.064 0.317 0.225 0.636 0.961 0.088 0.834 0.762

Aus Miriti 1.000 0.425 0.218 0.092 0.200 0.432 0.397 0.454 0.000 0.109 0.147 0.058 0.332 0.220 0.606 0.961 0.114 0.668 0.800
Temperate	japonica Chodongji 1.000 0.359 0.236 0.152 0.263 0.529 0.389 0.406 0.000 0.141 0.155 0.064 0.382 0.187 0.697 0.961 0.105 0.608 0.806

Aus Jhona349 1.000 0.444 0.215 0.096 0.184 0.540 0.380 0.435 0.000 0.163 0.129 0.006 0.328 0.187 0.697 0.961 0.114 0.687 0.765
Tropical	japonica Davao 1.000 0.425 0.247 0.096 0.200 0.468 0.410 0.416 0.000 0.152 0.129 0.006 0.336 0.225 0.652 0.947 0.088 0.687 0.810
Tropical	japonica Trembese 1.000 0.473 0.276 0.084 0.219 0.435 0.428 0.422 0.000 0.065 0.164 0.041 0.351 0.275 0.545 0.961 0.114 0.714 0.810
Tropical	japonica Curinga 0.985 0.546 0.269 0.092 0.241 0.468 0.476 0.438 0.000 0.141 0.147 0.064 0.390 0.236 0.712 0.961 0.105 0.811 0.806
Tropical	japonica AZUCENA 0.985 0.486 0.236 0.120 0.222 0.417 0.410 0.419 0.000 0.098 0.172 0.105 0.359 0.203 0.667 0.961 0.088 0.719 0.797
Tropical	japonica Binulawan 1.000 0.505 0.240 0.056 0.248 0.432 0.345 0.410 0.000 0.163 0.138 0.029 0.324 0.242 0.652 0.934 0.079 0.691 0.756

Re
si
st
an

t

QTL	region
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5.3.4	Verification	of	SNP	data:	genotyping	by	PCR	amplification	of	marker	genes	in	different	
rice	cultivars	
Genotyping	using	PCR	markers	was	carried	out	for	five	genes	in	the	S.	hermonthica	resistance	

QTL	 in	 order	 to	 verify	 the	 SNP	 similarity	 data	 for	 the	 rice	material	 phenotyped	 in	 this	 study	

(Figure	5.10	A-F).	The	results	are	summarised	in	Table	5.9.	Koshihikari	was	the	only	susceptible	

cultivar	 where	 genome	 sequence	 was	 available.	 Therefore	 where	 genes	 were	 known	 to	 be	

present	 in	 Koshihikari,	 primers	 were	 designed	 to	 distinguish	 between	 the	 Nipponbare	 and	

Koshihikari	alleles.	

	

Os12g11370	

PCR	amplification	of	Os12g11370	from	Nipponbare	and	IR64	produced	an	amplicon	of	569	bp	

while	 a	 product	 of	 852bp	 was	 amplified	 from	 Koshihikari,	 and	 a	 larger	 product	 of	

approximately	 1500	 bp	was	 amplified	 from	Azucena.	 All	 other	 cultivars	 displayed	 either	 the	

Nipponbare	 genotype	 (560	 bp	 amplicon)	 or	 the	 Koshihikari	 genotype	 (1500	 bp	 amplicon)	

(Figure	5.10	A).	With	the	exception	of	Darmali,	Jasmine85	and	all	cultivars	more	resistant	than	

Jasmine85	had	 the	Nipponbare	 genotype	 for	 this	 gene.	 The	more	 susceptible	 Jhona349	 also	

displayed	 the	Nipponbare	 genotype.	 All	 other	 susceptible	 cultivars	 displayed	 the	 Koshihikari	

genotype.	 This	 separation	 of	 cultivars	 into	 two	 genotypes	 matched	 the	 SNP	 data,	 with	 the	

exception	 of	 Jhona349	 (susceptible)	 that	 had	 only	 54	%	 SNP	 similarity	with	Nipponbare	 but	

appeared	to	have	the	Nipponbare	genotype	here.	However,	 the	fainter	band	on	the	gel	may	

suggest	poor	primer	binding	and	sequence	differences	between	these	cultivars.	

	

Os12g11500	

Two	different	primer	combinations	were	used	for	genotyping	of	Os2g11500	to	distinguish	the	

known	differences	between	the	Nipponbare	and	Koshihikari	alleles	for	this	gene	(Figure	5.10	B	

and	C).	A	 very	 similar	pattern	was	observed	 to	 that	 seen	 for	Os12g11370.	A	PCR	product	of	

1229bp	 (Koshihikari	 genotype)	 was	 amplified	 from	 Koshihikari	 and	 all	 cultivars	 more	

susceptible	than	Koshihikari,	with	the	exception	of	Jhona349	(Figure	5.10	B).	The	Koshihikari-

like	allele	was	also	amplified	from	Darmali.	A	PCR	product	of	240bp	was	amplified	with	primers	

specific	 to	 the	 Nipponbare	 allele	 for	 Jhona349	 and	 all	 other	 cultivars	 more	 resistant	 than	

Koshihikari,	with	the	exception	of	Firooz	and	Mehr	where	there	was	no	product	(Figure	5.10C).	

This	 matched	 the	 SNP	 data,	 with	 the	 exception	 of	 Jhona349,	 which	 had	 the	 Nipponbare	

genotype	 here,	 but	 shared	 only	 38	 %	 SNP	 similarity	 with	 Nipponbare.	 This	 could	 reflect	 a	

problem	in	SNP	data	due	to	poor	alignment,	possibly	due	to	gene	duplication.	

	

	



Chapter	5	

	 183	

Os12g11680	and	Os12g11860	

The	Nipponbare	genotype	was	observed	for	Nipponbare,	Fanny,	Bengal,	Ai-Chiao-Hong,	Guan-

Yin-Tsan,	Firooz	and	Mehr.	Fainter	bands	and	non-specific	amplification	was	observed	 for	all	

other	cultivars,	suggesting	these	genes	were	absent	or	very	different	in	sequence	(Figure	5.10	

D	and	E).	These	results	agreed	with	the	SNP	data;	Nipponbare,	Fanny,	Bengal,	Ai-Chiao-Hong,	

Guan-Yin-Tsan,	 Firooz	 and	 Mehr	 all	 possessed	 a	 homolog	 of	 each	 of	 Os12g11680	 and	

Os12g11860	that	were	missing	in	the	other	cultivars.		

	

Os12g12010	

A	single	PCR	product	of	446bp	was	amplified	from	all	cultivars	(Figure	5.10	F).	This	agrees	with	

the	high	SNP	similarity	observed	for	most	cultivars	for	this	gene.	
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																											Os12g11500	Koshihikari	specific	primers	
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																												Os12g11680	Nipponbare	specific	primers	
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																												Os12g12010	Nipponbare	specific	primers	

F1	

	

F2	

	

	

	

	

Figure	 5.10	 A-F	 Genotyping	 27	 rice	 cultivars	 using	 PCR	 markers	 for	 5	 candidate	 resistance	

genes	 across	 the	 S.	 hermonthica	 resistance	 QTL.	 Letters	 above	 cultivar	 names	 relate	 to	 the	

phenotype	 of	 resistance	 to	 S.	 hermonthica;	 R:	 resistant;	 I:	 intermediate	 resistance;	 S:	

susceptible.	A:	 Primers	 used	 to	 amplify	Os12g11370	were	 designed	 to	 amplify	 different	 size	

products	for	Nipponbare	and	Koshihikari	alleles.	B	and	C:	Primers	used	were	either	specific	to	

the	Koshihikari	allele	(B)	or	the	Nipponbare	allele	(C).	D	–	F:	Primers	were	designed	against	the	

Nipponbare	gene	sequences.	
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Table	5.9	Summary	table	of	genotyping	results	for	five	genes	in	the	Nipponbare	S.	hermonthica	
resistance	 QTL	 for	 the	 26	 rice	 cultivars	 genotyped	 by	 SNP	 markers,	 plus	 Koshihikari.	

N:	Nipponbare	allele,	K:	Koshihikari	allele,	A:	Azucena	allele,	‘-‘:	no	PCR	amplification.	Primers	

used	for	Os12g11370	and	Os12g11500	were	designed	to	distinguish	between	Nipponbare	and	

Koshihikari	alleles.	All	other	primers	were	designed	against	the	Nipponbare	genes	sequences.	

R:	 resistant;	 I:	 intermediate	 resistance;	 S:	 susceptible	 to	 S.	 hermonthica.	 Cultivars	 are	 listed	
from	most	resistant	to	most	susceptible.	

	

Cultivar	 ssp.	 R/S	 Os12g11370	 Os12g11500	 Os12g11680	 Os12g11860	 Os12g12010	

IR8	 Ind	 R	 N	 N	 -	 -	 N	

IR36	 Ind	 R	 N	 N	 -	 -	 N	

JC91	 Ind	 R	 N	 N	 -	 -	 N	

IR64	 Ind	 R	 N	 N	 -	 -	 N	

Nipponbare	 TeJ	 R	 N	 N	 N	 N	 N	

Kalamkati	 Aus	 R	 N	 N	 -	 -	 N	

Mehr	 Aus	 R	 N	 -	 N	 N	 N	

Gie57	 Ind	 R	 N	 N	 -	 -	 N	

Firooz	 Aro	 R	 N	 -	 N	 N	 N	

Guan-Yin-Tsan	 Ind	 R	 N	 N	 N	 N	 N	

Ai-Chiao-Hong	 Ind	 R	 N	 N	 N	 N	 N	

Bengal	 TeJ	 R	 N	 N	 N	 N	 N	

Kitrana508	 Aro	 R	 N	 N	 -	 -	 N	

Darmali	 Aro	 R	 K	 K	 -	 -	 N	

Fanny	 TeJ	 I	 N	 N	 N	 N	 N	

Jasmine85	 Ind	 I	 N	 N	 -	 -	 N	

Dixiebelle	 TrJ	 I	 K	 K	 -	 -	 N	

Koshihikari	 TeJ	 I	 K	 K	 -	 -	 N	

Mansaku	 TeJ	 I	 K	 K	 -	 -	 N	

Miriti	 Aus	 S	 K	 K	 -	 -	 N	

Chodongji	 TeJ	 S	 K	 K	 -	 -	 N	

Jhona349	 Aus	 S	 (N)	 N	 -	 -	 N	

Davao	 TrJ	 S	 K	 K	 -	 -	 N	

Trembese	 TrJ	 S	 K	 K	 -	 -	 N	

Curinga	 TrJ	 S	 K	 K	 -	 -	 N	

Azucena	 TrJ	 S	 A	 K	 -	 -	 N	

Binulawan	 TrJ	 S	 K	 K	 -	 -	 N	

	

	

5.3.5	Amplification	and	sequencing	of	candidate	S.	hermonthica	resistance	genes	from	rice	

cultivars	

Genotyping	 rice	 cultivars	 using	 PCR	 markers	 with	 primers	 designed	 against	 Os12g11370	 or	

Os21g11500	separated	cultivars	into	two	distinct	groups:	those	with	the	Nipponbare	allele	and	

those	 with	 the	 Koshihikari	 allele	 (Figure	 5.10	 A-C).	 In	 most	 cases	 this	 correlated	 well	 with	

S.	hermonthica	 resistance	 or	 susceptibility;	 most	 cultivars	 with	 the	 Nipponbare	 alleles	 were	

resistant	while	those	with	the	Koshihikari	alleles	were	susceptible	(Table	5.9).	However	there	

were	exceptions	to	this.	Jhona349	(susceptible)	and	Jasmine85	(intermediate)	both	possessed	

the	 Nipponbare	 allele	 for	 these	 genes.	 Replicates	 of	 Fanny	 varied	 considerably	 in	

S.	hermonthica	 resistance,	 but	 all	 possessed	 the	 Nipponbare	 allele.	 In	 contrast,	 Darmali	

possessed	 the	 Koshihikari	 allele	 but	 was	 very	 resistant	 (Table	 5.9	 and	 Figure	 5.4).	 It	 was	

therefore	 important	 to	 know	 if	 the	Os12g11370	 and	Os12g11500	 gene	 sequences	 for	 these	
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cultivars	 differed	 to	 those	 of	 Nipponbare.	 PCR	 was	 used	 to	 amplify	 the	 full-length	 gene	

sequences	of	Os12g11370	and	Os12g11500	from	Darmali,	Fanny,	Jasmine85	and	Jhona349,	as	

well	as	Nipponbare,	Koshihikari,	IR64	and	Azucena	(Figure	5.11).	For	Os12g11370,	a	clear	band	

was	observed	 for	Nipponbare,	 IR64,	Fanny	and	 Jasmine85.	These	products	were	 successfully	

sequenced	and	assembled	for	Fanny	and	Jasmine85.	A	faint	band	was	observed	for	Koshihikari	

and	Darmali,	and	a	very	faint	and	larger	band	was	observed	for	Azucena.	Sequencing	of	these	

products	was	not	possible.	No	product	was	seen	for	Jhona349	for	this	gene	(Figure	5.11A).	For	

Os12g11500,	a	bright	band	was	observed	for	Nipponbare,	Koshihikari,	Azucena,	Darmali,	Fanny	

and	 Jhona349	 (Figure	5.11B).	These	products	were	sequenced.	No	product	was	observed	 for	

IR64	or	Jasmine85	using	these	primers.	

	

	 																										Os12g11370	locus	

A	

	

	 																									Os12g11500	locus	

B	

	

Figure	5.11	Amplification	of	full-length	candidate	S.	hermonthica	resistance	genes	Os12g11370	
(A)	and	Os12g11500	(B)	 from	8	rice	cultivars.	Primers	were	designed	against	the	Nipponbare	

sequence	a	short	distance	outside	 the	start	 /	 stop	sites	 to	ensure	amplification	of	 the	entire	

gene	 sequence.	Where	 successful	 amplification	 was	 achieved,	 the	 PCR	 purified	 genes	 were	

sent	 for	 Sanger	 sequencing.	 Asterisks	 indicate	 gene	 products	 that	 were	 successfully	

sequenced.	 Letters	 above	 cultivar	 names	 relate	 to	 the	 phenotype	 of	 resistance	 to	 S.	
hermonthica;	R:	resistant;	I:	intermediate	resistance;	S:	susceptible.		
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All	sequences	obtained	were	translated	into	amino	acids	for	comparison	between	cultivars.	At	

the	 nucleotide	 level,	 the	 Fanny	 Os12g11370	 allele	 was	 identical	 to	 Nipponbare	 while	 the	

Jasmine85	Os12g11370	 allele	was	 identical	 to	 the	 IR64	 sequence.	However	 all	 four	 cultivars	

were	 identical	 at	 the	 amino	 acid	 level	 (Figure	 5.12).	 In	 comparison,	 the	 Koshihikari	 allele	

shared	only	86.6	%	identity	to	Nipponbare	(Chapter	3).		

	

For	Os12g11500,	 the	 cultivars	 appeared	 to	 have	 1	 of	 2	 alleles,	 falling	 into	 2	 distinct	 groups:	

Nipponbare,	 Fanny	 and	 Jhona349	 containing	 one	 version,	 and	 Koshihikari,	 Darmali	 and	

Azucena	 containing	 the	 other.	 Single	 differences	 in	 amino	 acids	 between	 these	 two	 groups	

were	 observed	 at	 multiple	 places	 across	 the	 sequence	 (Figure	 5.13).	 The	 Fanny	 allele	 was	

identical	 to	 that	 of	 Nipponbare,	 while	 Jhone349	 had	 only	 6	 amino	 acid	 differences	 to	

Nipponbare.	 Koshihikari,	 Darmali	 and	 Azucena	 all	 had	 over	 100	 amino	 acid	 differences	 to	

Nipponbare,	 and	 lacked	 a	 transmembrane	 domain	 (Figure	 5.13).	 The	 high	 similarity	 of	

Jhona349	 with	 Nipponbare	 is	 in	 contrast	 to	 the	 SNP	 data	 where	 Jhona349	 had	 only	 38	 %	

identity	 with	 Nipponbare	 (Figure	 5.9C),	 suggesting	 the	material	 sequenced	 to	 identify	 SNPs	

was	not	 the	 same	as	used	 in	 this	 study,	 and	 should	 thus	be	excluded	when	 interpreting	 the	

SNP	data.	
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1

MSSST KR L VR PHH LAK P L L - TMLH I L LQVQ A I AA L TDDAT A PV I QC L PDQ A SA L LR L KN S
MSSST KR L VR PHH LAK P L L - TMLH I L LQVQ A I AA L TDDAT A PV I QC L PDQ A SA L LR L KN S
MSSST KR L VR PHH LAK P L L - TMLH I L LQVQ A I AA L TDDAT A PV I QC L PDQ A SA L LR L KN S
MSSST KRPVR PHH LAK P L L L TMLH I L LQL K A I T A L TDDAT A PV I QC L PDQ A SA L LR L KH S

FNKT AGGY ST A FRSW I TGTD CCHWDGVDCG GGEDGRVT SL V LGGHN LQAG S I SPA L FR L T
FNKT AGGY ST A FRSW I TGTD CCHWDGVDCG GGEDGRVT SL V LGGHN LQAG S I SPA L FR L T
FNKT AGGY ST A FRSW I TGTD CCHWDGVDCG GGEDGRVT SL V LGGHN LQAG S I SPA L FR L T
FNT T AGGY ST T FRSW I TGTD CCHWEG I HCS G- EDGRVT SL V LGGHN LQT T I VDPA L FR LN

SLRY LD I SGN N F SMSQL PVT GFEN L T E L TH LD L SDTN I AG EV PAG I GSL V N L V Y LD L ST S
SLRY LD I SGN N F SMSQL PVT GFEN L T E L TH LD L SDTN I AG EV PAG I GSL V N L V Y LD L ST S
SLRY LD I SGN N F SMSQL PVT GFEN L T E L TH LD L SDTN I AG EV PAG I GSL V N L V Y LD L ST S
SLRY LD L SGN N F SMSQL PVT - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

F Y I I YYDDEN KMMP FA SDN F WQL SV PNMET L L AN L TN L EE LHMGMVDMSG NGERWCDD I A
FY I I YYDDEN KMMP FA SDN F WQL SV PNMET L L AN L TN L EE LHMGMVDMSG NGERWCDD I A
FY I I YYDDEN KMMP FA SDN F WQL SV PNMET L L AN L TN L EE LHMGMVDMSG NGERWCDD I A
- - - - - - - - - - - - - - - - - D Y F WQL SL P SMET L L AN L TN L EE LHMGMVDMSG NGERWCDDVA

K FT PK LQV L S L PYCSL SGP I CT SL SSMN SL T R I E LHYNH L SGSV PE F L AG F SN L T V LQL S
K FT PK LQV L S L PYCSL SGP I CT SL SSMN SL T R I E LHYNH L SGSV PE F L AG F SN L T V LQL S
K FT PK LQV L S L PYCSL SGP I CT SL SSMN SL T R I E LHYNH L SGSV PE F L AG F SN L T V LQL S
K FA PK LQV L S L PYCSL SGP I CT SL SSMN SL T R I E LHYNH L SGPV PE F L AG F SN L T V LQL S

KNK FEGL FPP I I FQHKK L VT I N I TNNPGL S GSL PN F SQD S K L - - - EN L L I SSTN FTG I I P
KNK FEGL FPP I I FQHKK L VT I N I TNNPGL S GSL PN F SQD S K L - - - EN L L I SSTN FTG I I P
KNK FEGL FPP I I FQHKK L VT I N I TNNPGL S GSL PN F SQD S K L - - - EN L L I SSTN FTG I I P
KNK FEGL FPP I I FQHKK L VT I N I TNNPGL S GSL PN F SQE S SL K Y LD SL EV SGLQLAGSMA

SS I SN L K SL T - - - - - - - - - - - - - - - - - - - K LD LGA SGF SG ML P SSLGSL K Y LD L L EV SG I
SS I SN L K SL T - - - - - - - - - - - - - - - - - - - K LD LGA SGF SG ML P SSLGSL K Y LD L L EV SG I
SS I SN L K SL T - - - - - - - - - - - - - - - - - - - K LD LGA SGF SG ML P SSLGSL K Y LD L L EV SG I
PW I SN L T SL T V L K F SDCGL S GE I P SS I GKK LD LGA SGF SG ML P SSLGSL K Y LD SL EV SGL

QL TGSMA PW I SN L T SL T V L K F SDCGL SGE I P SS I GN L KK L SMLA L YNCK F SGKV PPQ I FN
QL TGSMA PW I SN L T SL T V L K F SDCGL SGE I P SS I GN L KK L SMLA L YNCK F SGKV PPQ I FN
QL TGSMA PW I SN L T SL T V L K F SDCGL SGE I P SS I GN L KK L SMLA L YNCK F SGKV PPQ I FN
QLAGSMA PW I SN L T SL T V L K F SDCGL SGE I P SS I GN L KK L SMLA L YNCK F SGKV PPQ I FN

L TQLQSLQLH SNN LAGT V E L T SFT K L KN L S V LN L SNNK L L V LHGEN SSSL V P FPK I K L L R
L TQLQSLQLH SNN LAGT V E L T SFT K L KN L S V LN L SNNK L L V LHGEN SSSL V P FPK I K L L R
L TQLQSLQLH SNN LAGT V E L T SFT K L KN L S V LN L SNNK L L V LHGEN SSSL V P FPK I K L L R
L TQLQSLQLH SNN LAGT V E L T SFT K L KN L S V LN L SNNK L L V LRGEN SSSL V P FPK I K L L R

L A SCS I ST FP N I L KH LHE I T T LD L SHNK I Q GA I PQWAWET WRGMY F L L LN I SHNN I T SLG
L A SCS I ST FP N I L KH LHE I T T LD L SHNK I Q GA I PQWAWET WRGMY F L L LN I SHNN I T SLG
L A SCS I ST FP N I L KH LHE I T T LD L SHNK I Q GA I PQWAWET WRGMY F L L LN I SHNN I T SLG
L A SCS I ST FP N I L RH LHE I T T LD L SHNK I Q GA I PQWAWET WRGMY F L L LN MSHNN I T SLG

SDP L L P L E I D F FD L SFN S I E GP I PV PQEGS TMLDY SSNQF SSMP LHY ST Y LGET FT FKA S
SDP L L P L E I D F FD L SFN S I E GP I PV PQEGS TMLDY SSNQF SSMP LHY ST Y LGET FT FKA S
SDP L L P L E I D F FD L SFN S I E GP I PV PQEGS TMLDY SSNQF SSMP LHY ST Y LGET FT FKA S
SDP L L P L E I D F FD L SFN S I E GP I PV PQEGS TMLDY SSNQF SSMP LHY SA Y LGQT FT FKA S

KNK L SGN I P S I C SA PR LQL I D L SYNN L SGS I P SC LMEDVT A LQ I LN L K EN K L VGT I PDN I
KNK L SGN I P S I C SA PR LQL I D L SYNN L SGS I P SC LMEDVT A LQ I LN L K EN K L VGT I PDN I
KNK L SGN I P S I C SA PR LQL I D L SYNN L SGS I P SC LMEDVT A LQ I LN L K EN K L VGT I PDN I
KNK L SGN I P S I CT A PR LQL I D L SYNN L SGS I P SC LMEDVT A LQ I LN L K EN K L VGT I PDN I

K EGCA L EA I D L SGN L FEGR I PRSL VACRN L E I LD I GNNE I SD SFPCWMSK L PK LQV L A L K
K EGCA L EA I D L SGN L FEGR I PRSL VACRN L E I LD I GNNE I SD SFPCWMSK L PK LQV L A L K
K EGCA L EA I D L SGN L FEGR I PRSL VACRN L E I LD I GNNE I SD SFPCWMSK L PK LQV L A L K
K EGCA L EA I D L SGN L FEGK I PRSL VACRN L E I LD I GNNE I SD SFPCWMSK L PK LQV L V L K

SNK FTGQ I MD P SYT VDGN SC E FT E LR I ADM A SNN FNGT L P EAWFTMLK SM NA I SDNDT L V
SNK FTGQ I MD P SYT VDGN SC E FT E LR I ADM A SNN FNGT L P EAWFTMLK SM NA I SDNDT L V
SNK FTGQ I MD P SYT VDGN SC E FT E LR I ADM A SNN FNGT L P EAWFTMLK SM NA I SDNDT L V
SNK FTGQ I MD P SYT VDGN SC E FT E LR I ADM A SNN FNGT L P EAWFTMLK SM NA I SENDT L V

MENQYYHGQT YQFT AAVT YK GNY I T I SK I L RT L V L I D F SN NA FHGT I PET I GE L V L LHGL
MENQYYHGQT YQFT AAVT YK GNY I T I SK I L RT L V L I D F SN NA FHGT I PET I GE L V L LHGL
MENQYYHGQT YQFT AAVT YK GNY I T I SK I L RT L V L I D F SN NA FHGT I PET I GE L V L LHGL
MENQYYHGQT YQFT AAVT YK GNY I T I SK I L RT L V L I D F SN NA FHGT I PET I GE L V L LHGL

NMSHN SL TGP I PTQFGR LNQ L E SLD L SSNE L FGE I PK E L A SLN F L S I LN L SYNT L VGR I P
NMSHN SL TGP I PTQFGR LNQ L E SLD L SSNE L FGE I PK E L A SLN F L S I LN L SYNT L VGR I P
NMSHN SL TGP I PTQFGR LNQ L E SLD L SSNE L FGE I PK E L A SLN F L S I LN L SYNT L VGR I P
NMSHNE L TGP I PTQFGR LNQ L E SLD L SSNE L FGE I PK E L A SLN F L S I LN L SYNA L VGRV P

Signal	pep*de	
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Figure	 5.12	 Amino	 acid	 alignment	 of	 the	 candidate	 S.	 hermonthica	 resistance	 RLP	 gene	
Os12g11370	 from	 4	 rice	 cultivars,	 Nipponbare	 (top),	 Fanny,	 Jasmine85	 and	 Koshihikari.	

Polymorphic	 residues	 are	 highlighted	 in	 red.	 Structural	 domains	 of	 the	 protein	 predicted	 by	

NCBI	 protein	 BLAST	 and	 SMART	 protein	 (http://smart.embl-heidelberg.de)	 are	 shown	 above	

alignments.	 Yellow	 boxes	 indicate	 amino	 acids	 that	 correspond	 to	 putative	 solvent-exposed	

residues	xxLxLxx	of	the	concave	(inner)	surface	of	the	extracellular	 leucine-rich	repeat	(eLRR)	

domain	 thought	 to	 be	 involved	 in	 ligand	 binding	 (Zhang	 et	 al.,	 2014).	 Koshihikari	 sequence	
used	is	the	FgenesH	predicted	sequence	from	Chapter	3.	

	

2

NSYQF ST F SN N SF LGNTGLC GPP L SKQCDN PQE ST VMPYV SEK S I DV L L V L FT A LGFGV S
N SYQF ST F SN N SF LGNTGLC GPP L SKQCDN PQE ST VMPYV SEK S I DV L L V L FT A LGFGV S
N SYQF ST F SN N SF LGNTGLC GPP L SKQCDN PQE ST VMPYV SEK S I DV L L V L FT A LGFGV S
N SYQF ST F SN N SF LGNTGLC GPP L SKQCDN PQE ST VMPYV SEK S I DVV L V L FT A LGFGV S

FA I T I L I VWG RHMKKQR *
FA I T I L I VWG RHMKKQR *
FA I T I L I VWG RHMKKQR *
FA I T I L I VWG RHMKKKR *

Transmembrane	region	

Cytoplasmic	tail	
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1

MSSST KRVAH H L P SL L L T AM Y I L LQVQAT T NT ART VV PPV RCHPDQA SA L LR L KH SFNAT
MSSST KRVAH H L P SL L L T AM Y I L LQVQAT T NT ART VV PPV RCHPDQA SA L LR L KH SFNAT
MSSST KRVAH H L P SL L L T AM Y I L LQVQAT T NT ART VV PPV RCHPDQA SA L LR L KH SFNAT
MSSSAKRVAH H L P SL L L T AM Y I L LQVQAT T NT ART VV PPV PCHPDQA SA L LR L KH SFNAT
M- - - - - - - - - - - - - - - - - - - Y I L LQVQAT T NT ART VV PPV PCHPDQA SA L LR L KH SFNAT
MSSSAKRVAH H L P SL L L T AM Y I L LQVQAT T NT ART VV PPV PCHPDQA SA L LR L KH SFNAT

AGDY ST A FQS WVAGTDCCRW DGVGCGG- AD GRVT SLD LGG HQLQAGSVDP A L FR L T SL KH
AGDY ST A FQS WVAGTDCCRW DGVGCGG- AD GRVT SLD LGG HQLQAGSVDP A L FR L T SL KH
AGDY ST A FQS WVAGTDCCRW DGVGCGG- AD GRVT SLD LGG HQLQAGSVDP A L FR L T SL KH
AGDY ST A FRS WVAGTDCCRW DGVGCGGGAD GRVT SLD LGG HN LQAGSVDP A L FR L T SL KH
AGDY ST A FRS WVAGTDCCRW DGVGCGGGAD GRVT SLD LGG HN LQAGSVDP A L FR L T SL KH
AGDY ST A FRS WVAGTDCCRW DGVGCGGGAD GRVT SLD LGG HN LQAGSVDP A L FR L T SL KH

LN L SGND F SM SQL PV I TGFE QL T E L V Y LD L SDTN I AGEV P GS I GR L TN L V Y LD L ST SFY I
LN L SGND F SM SQL PV I TGFE QL T E L V Y LD L SDTN I AGEV P GS I GR L TN L V Y LD L ST SFY I
LN L SGND F SM SQL PV I TGFE QL T E L V Y LD L SDTN I AGEV P GS I GR L TN L V Y LD L ST SFY I
LN L SGND F SM SQL PV I TGFE QL T E L VH LH L SDTN I TGEV P GS I GR L TN L V Y LD L ST SFY I
LN L SGND F SM SQL PV I TGFE QL T E L VH LH L SDTN I TGEV P GS I GR L TN L V Y LD L ST SFY I
LN L SGND F SM SQL PV I TGFE QL T E L VH LH L SDTN I TGEV P GS I GR L TN L V Y LD L ST SFY I

V EYNDDEQVT FD SD SVWQL S A PNMET L I EN H SN L EE LHMG MVD L SGNGER WCDN I AK YT P
V EYNDDEQVT FD SD SVWQL S A PNMET L I EN H SN L EE LHMG MVD L SGNGER WCDN I AK YT P
V EYNDDEQVT FD SD SGWQL S A PNMET L I EN L SN L EE LHMG MVD L SGNGER WCDN I AK YT P
V EYNDDEQVT FN SD SVWQL S A PNMET L L EN L TN L EK LHMG MVD L SGNGER WCYN I AK YT P
V EYNDDEQVT FN SD SVWQL S A PNMET L L EN L TN L EK LHMG MVD L SGNGER WCYN I AK YT P
V EYNDDEQVT FN SD SVWQL S A PNMET L L EN L TN L EK LHMG MVD L SGNGER WCYN I AK YT P

K LQV L SL PYC SL SGP I CA SF SA LQA L TM I E LHYNH L SGSV PE F L AGF SN L T V LQL SKNK F
K LQV L SL PYC SL SGP I CA SF SA LQA L TM I E LHYNH L SGSV PE F L AGF SN L T V LQL SKNK F
K LQV L SL PYC SL SGP I CA SF SA LQA L TM I E LHYNH L SGSV PE F L AGF SN I T V LQL SKNK F
K LQV L SL PYC SL SGP I CA SF SA LQA L TM I E LHYNH L SGSV PE F L AGF SN L T V LQL SKNK F
K LQV L SL PYC SL SGP I CA SF SA LQA L TM I E LHYNH L SGSV PE F L AGF SN L T V LQL SKNK F
K LQV L SL PYC SL SGP I CA SF SA LQA L TM I E LHYNH L SGSV PE F L AGF SN L T V LQL SKNK F

QGSFPP I I FQ HKK LRT I N L S KNPG I SGN L P N F SQDT SL EN L F LNNTN FTG T I PGS I I N L I
QGSFPP I I FQ HKK LRT I N L S KNPG I SGN L P N F SQDT SL EN L F LNNTN FTG T I PGS I I N L I
QGSFPP I I FQ HKK LRT I N L S KNPG I SGN L P N F SQDT SL EN L F L SNTN FTG T I PGS I I N L I
QGSFPP I I FQ HKK LRT I N L S KNPG I SGN L P N F SQDT SL EN L F L SNTN FTG T I P SS I I N L I
QGSFPP I I FQ HKK LRT I N L S KNPG I SGN L P N F SQDT SL EN L F L SNTN FTG T I P SS I I N L I
QGSFPP I I FQ HKK LRT I N L S KNPG I SGN L P N F SQDT SL EN L F L SNTN FTG T I P SS I I N L I

SVKK LD LGA S GF SGSL P SSL GSL K Y LDMLQ L SGLQLVGT I P SW I SN L T SL T V LR I SNCGL
SVKK LD LGA S GF SGSL P SSL GSL K Y LDMLQ L SGLQLVGT I P SW I SN L T SL T V LR I SNCGL
SVKK LD LGA S GF SGSL P SSL GSL K Y LDMLQ L SGLQLVGT I P SW I SN L T SL T V LR I SNCGL
SVKK LD LGA S GF SGSL P SSL GSL K Y LDMLQ L SGLQLVGT I P SW I SN L SSL T V LR F SNCGL
SVKK LD LGA S GF SGSL P SSL GSL K Y LDMLQ L SGLQLVGT I P SW I SN L SSL T V LR F SNCGL
SVKK LD LGA S GF SGSL P SSL GSL K Y LDMLQ L SGLQLVGT I P SW I SN L SSL T V LR F SNCGL

SGPV P SS I GN LRE L T T L A L Y NCN F SGT VHP Q I LN L T R LQT L L LH SNN FAG T VD L T SF SK L
SGPV P SS I GN LRE L T T L A L Y NCN F SGT VHP Q I LN L T R LQT L L LH SNN FAG T VD L T SF SK L
SGPV P SS I GN LRE L T T L A L Y NCN F SGT VHP Q I LN L T R LQT L L LH SNN FAG T VD L T SF SK L
SGQV P SS I GN LRE L T T L A L Y NCN F SGT V PP Q I LN L T R LQT L L LH SNN FAG T V E L T SF SK L
SGQV P SS I GN LRE L T T L A L Y NCN F SGT V PP Q I LN L T R LQT L L LH SNN FAG T V E L T SF SK L
SGQV P SS I GN LRE L T T L A L Y NCN F SGT V PP Q I LN L T R LQT L L LH SNN FAG T V E L T SF SK L

KN L T F LN L SN NK L L VV EGKN SSSL V L FPK L QL L SL A SCSM T T FPN I L RD L PD I T SLD L SN
KN L T F LN L SN NK L L VV EGKN SSSL V L FPK L QL L SL A SCSM T T FPN I L RD L PD I T SLD L SN
KN L T F LN L SN NK L L VV EGKN SSSL V L FPK L QL L SL A SCSM T T FPN I L RD L PD I T SLD L SN
KN L T F LN L SN NK L L VV EGKN SSSL V SLHK L QL L SL A SCSM T T FPN I L RH L PE I T SLD L SN
KN L T F LN L SN NK L L VV EGKN SSSL V SLHK L QL L SL A SCSM T T FPN I L RH L PE I T SLD L SN
KN L T F LN L SN NK L L VV EGKN SSSL V SLHK L QL L SL A SCSM T T FPN I L RH L PE I T SLD L SN

NQ I QGA I PQW AWKTWKGLQF I V LN I SHNN F T SLGSDP F L P L YV EY FD L SF N S I EGP I P I P
NQ I QGA I PQW AWKTWKGLQF I V LN I SHNN F T SLGSDP F L P L YV EY FD L SF N S I EGP I P I P
NQ I QGA I PQW AWKTWKGLQF I V LN I SHNN F T SLGSDP F L P L YV EY FD L SF N S I EGP I P I P
NQ I QGA I PQW AWKTWKGLQF I V LN I SHNN F T SLGSDP F L P L SV EY FD L SF N S I GGP I P I P
NQ I QGA I PQW AWKTWKGLQF I V LN I SHNN F T SLGSDP F L P L SV EY FD L SF N S I GGP I P I P
NQ I QGA I PQW AWKTWKGLQF I V LN I SHNN F T SLGSDP F L P L SV EY FD L SF N S I GGP I P I P

QEGSST LDY S SNQF SSMP LR Y ST Y LGET VT FKA SKNK L SG NV PP L I CT T A RK LQL I D L SY
QEGSST LDY S SNQF SSMP LR Y ST Y LGET VT FKA SKNK L SG NV PP L I CT T A RK LQL I D L SY
QEGSST LDY S SNQF SSMP LR Y ST Y LGET VT FKA SKNK L SG NV PP L I CT T A RK LQL I D L SY
QEGSST LDY S SNQF SSMP LR Y ST Y LGET L T FKA SKNK L SG NV PP L I CT T A RK LQL I D L SY
QEGSST LDY S SNQF SSMP LR Y ST Y LGET L T FKA SKNK L SG NV PP L I CT T A RK LQL I D L SY
QEGSST LDY S SNQF SSMP LR Y ST Y LGET L T FKA SKNKT SG NV PP L I CT T A RK LQL I D L SY

NN L SGS I P SC L L E SF SE LQV L SL KANK FVG K L PD I I K EGC A L EA LD L SDN S I EGK I PRSL
NN L SGS I P SC L L E SF SE LQV L SL KANK FVG K L PD I I K EGC A L EA LD L SDN S I EGK I PRSL
NN L SGS I P SC L L E SF SE LQV L SL KANK FVG K L PD I I K EGC A L EA LD L SDN S I EGK I PRSL
NN L SGS I P SC L L E SF SE LQV L SL KANK FVG K L PD I I K EGC A L EA LD L SDN S I EGK I PRSL
NN L SGS I P SC L L E SF SE LQV L SL KANK FVG K L PD I I K EGC A L EA LD L SDN S I EGK I PRSL
NN L SGS I P SC L L E SF SE LQV L SL KANK FVG K L PD I I K EGC A L EA LD L SDN S I EGK I PRSL

Signal	pep*de	
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Figure	 5.13	 Amino	 acid	 alignment	 of	 the	 candidate	 S.	 hermonthica	 resistance	 RLP	 gene	
Os12g11500	from	6	rice	cultivars,	Nipponbare	(top),	Darmali,	Fanny,	Koshihikari,	Jhona349	and	

Azucena.	 Polymorphic	 residues	 are	 highlighted	 in	 red.	 Structural	 domains	 of	 the	 protein	

predicted	 by	 NCBI	 protein	 BLAST	 and	 SMART	 protein	 (http://smart.embl-heidelberg.de)	 are	

shown	 above	 alignments.	 Yellow	 boxes	 indicate	 amino	 acids	 that	 correspond	 to	 putative	

solvent-exposed	 residues	 xxLxLxx	 of	 the	 concave	 (inner)	 surface	 of	 the	 extracellular	 leucine-

rich	 repeat	 (eLRR)	 domain	 thought	 to	 be	 involved	 in	 ligand	 binding	 (Zhang	 et	 al.,	 2014).	
Koshihikari	sequence	used	is	the	FgenesH	predicted	sequence	from	Chapter	3.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	 2

V SCRN L E I LD I GSNQ I SD SF PCWL SQL PK L QV L V L K SNK L TGQVMDP SYT GRQ I SCE FPA
V SCRN L E I LD I GSNQ I SD SF PCWL SQL PK L QV L V L K SNK L TGQVMDP SYT GRQ I SCE FPA
V SCRN L E I LD I GSNQ I SD SF PCWL SQL PK L QV L V L K SNK L TGQVMDP SYT GRQ I SCE FPA
V SCRN L E I LD I GSNQ I SD SF PCWL SQL PK L QV L V L K SNK L TGQVMDP SYT GRQN SCE FP S
V SCRN L E I LD I GSNQ I SD SF PCWL SQL PK L QV L V L K SNK L TGQVMDP SYT GRQN SCE FP S
V SCRN L E I LD I GSNQ I SD SF PCWL SQL PK L QV L V L K SNK L TGQVMDP SYT GRQN SCE FP S

LR I ADMA SNN LNGMLMEGWF KMLK SMMARS DNDT L VMENQ YYHGQT YQFT AT VT YKGNDR
LR I ADMA SNN LNGMLMEGWF KMLK SMMARS DNDT L VMENQ YYHGQT YQFT AT VT YKGNDR
LR I ADMA SNN LNGMLMEGWF KMLK SMMARS DNDT L VMENQ YYHGQT YQFT AT VT YKGNDR
LR I ADMA SNN LNGMLMEGWF KK L K SMMARS DNDT L VMENQ YYHGQT YQFT AT VT YKGK SM
LR I ADMA SNN LNGMLMEGWF KK L K SMMARS DNDT L VMENQ YYHGQT YQFT AT VT YKGK SM
LR I ADMA SNN LNGMLMEGWF KK L K SMMARS DNDT L VMENQ YYHGQT YQFT AT VT YKGK SM

T I SK I L R SL V L I DV SGNA FH GA I PDT I GE L V L LRGLN L SH NA L TGP I P SQ FCR LDQL E SL
T I SK I L R SL V L I DV SGNA FH GA I PDT I GE L V L LRGLN L SH NA L TGP I P SQ FCR LDQL E SL
T I SK I L R SL V L I DV SGNA FH GA I PDT I GE L V L LRGLN L SH NA L TGP I P SQ FGR LDQL E SL
T F SKV LRT L V L I D F SNNA FH GT I PET I GE L I L LHGLN I SH NA L TGP I PPQ LGR LNQL E SL
T F SKV LRT L V L I D F SNNA FH GT I PET I GE L I L LHGLN I SH NA L TGP I PPQ LGR LNQL E SL
T F SKV LRT L V L I D F SNNA FH GT I PET I GE L I L LHGLN I SH NA L TGP I PPQ LGR LNQL E SL

D L SFNE L SGE I PK E L A SLN F L ST LN L SNNT L VGR I PD SYQ F ST F SN SSF L GNTGLCGL P L
D L SFNE L SGE I PK E L A SLN F L ST LN L SNNT L VGR I PD SYQ F ST F SN SSF L GNTGLCGL P L
D L SFNE L SGE I SK E L A SLN F L ST LN L SNNT L VGR I PD SYQ F ST F SN SSF L GNTGLCGL P L
D L SSNK L SGK I PNE L E SLN F L ST LN L SYNV L VGR I PD SYQ F ST F SN SSF L GNTGLCGPP F
D L SSNK L SGK I PNE L E SLN F L ST LN L SYNV L VGR I PD SYQ F ST F SN SSF L GNTGLCGPP F
D L SSNK L SGK I PNE L E SLN F L ST LN L SYNV L VGR I PD SYQ F ST F SN SSF L GNTGLCGPP F

SRQCDNPEEP SA I PYT SEK S I DAV L L L FT A LGFG I SFAMT I L I VWGSHMR KRH *
SRQCDNPEEP SA I PYT SEK S I DAV L L L FT A LGFG I SFAMT I L I VWGSHMR KRH *
SRQCDNPEEP SA I PYT SEK S I DAV L L L FT A LGFG I SFAMT I L I VWGSHMR KRH *
V * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
V * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
V * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Transmembrane	region	 Cytoplasmic	tail	
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5.4	Discussion	

This	 chapter	 investigated	 the	 hypothesis	 that	 the	 diversity	 of	 the	 candidate	 S.	 hermonthica	

resistance	 genes	 in	 rice	 can	 help	 identify	 genes	 or	 combinations	 of	 genes	 underlying	 the	

resistance	to	S.	hermonthica.	The	genomic	structure	of	the	QTL	was	first	examined	at	a	broad	

level,	which	 revealed	considerable	differences	both	within	and	also	between	 rice	 subspecies	

for	 this	 region.	 This	 is	 commonly	 observed	 in	 resistance	 gene	 clusters,	 where	 extensive	

duplications	and	reshuffling	of	genes	often	occurs.	The	duplicated	genes	then	diverge	through	

accumulating	 mutations	 in	 their	 sequence,	 thus	 increasing	 the	 complexity	 of	 the	 R	 gene	

sequence	 (Meyers	et	al.,	 2005).	 Predictions	of	 resistance	 and	 susceptibility	of	 cultivars	were	

made	based	on	the	similarity	of	the	RLP	genes	to	Nipponbare	and	cultivars	were	phenotyped	

for	 resistance	 to	 S.	 hermonthica.	 Interestingly,	 a	 good	 correlation	was	 observed	 between	 S.	

hermonthica	resistance	and	the	similarity	of	a	number	of	candidate	resistance	genes.		

	

5.4.1	Can	any	of	the	candidate	resistance	genes	be	discounted	as	being	involved	in	resistance	

to	S.	hermonthica?		
Examination	 of	 SNP	 data	 does	 not	 reveal	 the	 biological	 function	 of	 a	 gene.	 In	 addition,	 a	

number	 of	 assumptions	 were	 made	 that	 must	 be	 taken	 into	 account.	 These	 were:	 (1)	

resistance	is	due	to	large	differences	in	gene	structure	rather	than	a	single	SNP;	(2)	homologs	

of	 any	 candidate	 resistance	 genes	 in	 susceptible	 cultivars	 share	 low	 similarity	 to	 those	 of	

Nipponbare;	 (3)	resistant	cultivars	may	be	resistant	because	they	contain	resistance	genes	 in	

other	parts	of	the	genome	and	(4)	resistance	in	IR64	and	Nipponbare	is	due	to	the	same	gene	

cluster.	The	importance	of	the	QTL	region	in	providing	resistance	can	also	be	also	considered	

under	different	scenarios:	1)	that	resistance	is	provided	by	a	single	gene;	or	2)	that	resistance	

is	provided	by	two	or	more	genes,	possibly	in	an	additive	manner.	Nevertheless,	the	presence	

of	 a	 highly	 conserved	 gene	 in	 several	 resistant	 cultivars,	 and	 its	 absence	 or	 lack	 of	 close	

similarity	in	susceptible	cultivars,	could	indicate	a	possible	role	for	the	gene	in	S.	hermonthica	

resistance.	

	

A	 correlation	analysis	was	performed	 for	 individual	 candidate	 resistance	 genes	 to	 search	 for	

associations	between	SNP	similarity	to	the	Nipponbare	allele	and	resistance	to	S.	hermonthica.	

The	genes	that	explained	the	most	variation,	and	are	therefore	top	candidates	for	resistance	

genes,	 occurred	 in	 the	 proximal	 region	 of	 the	 QTL	 between	 the	 genes	 Os12g10820	 –	

Os12g11510	(5.8	–	6.2	Mb)	on	the	chromosome.	The	high	similarity	to	Nipponbare	for	several	

genes	in	this	region	in	most	resistant	cultivars,	and	their	poor	similarity	in	susceptible	cultivars,	

is	 consistent	 with	 the	 hypothesis	 that	 more	 than	 one	 gene	 provides	 resistance	 to	 S.	

hermonthica,	 either	 showing	 functionally	 redundancy,	 or	 possibly	 acting	 independently	 to	
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detect	different	genetic	variants	of	the	highly	diverse	parasite.	However,	as	all	these	genes	are	

present	in	the	same	region	of	the	QTL,	the	high	R
2
	values	could	be	a	result	of	genetic	linkage	

rather	 than	 all	 these	 genes	 conferring	 resistance.	 This	 meant	 it	 was	 difficult	 to	 distinguish	

between	each	of	 these	 genes	 and	 their	 importance	 in	S.	 hermonthica	 resistance.	 It	must	 be	

noted	that	the	correlation	between	SNP	similarity	to	Nipponbare	and	resistance	is	not	always	

informative	however,	and	the	distribution	of	the	cultivars	can	be	more	useful	 in	determining	

their	 importance	 as	 candidate	 resistance	 genes.	 By	 imposing	 a	 very	 stringent	 measure	 of	

resistance	 (<	 5	 mg	 Striga	 dry	 weight)	 and	 SNP	 similarity	 (>	 80	 %),	 four	 RLP	 genes	 were	

identified	 as	 the	 best	 candidates	 for	 resistance:	Os12g10870,	Os12g11370,	Os12g11500	 and	

Os12g11510.	 Previous	 work	 in	 Chapter	 4	 found	 homozygous	 Tos17	 insertion	 lines	 in	

Os12g10870	 to	 be	 resistant	 to	 S.	 hermonthica.	 In	 addition,	 Os12g11510	 is	 not	 expressed	 in	

Nipponbare.	 Therefore	 if	 a	 single	 gene	 acts	 on	 its	 own	 to	 provide	 resistance,	 the	 best	

candidate	 genes	 can	 be	 further	 limited	 to	Os12g11370	 and	Os12g11500.	 	 It	 is	 possible	 that	

other	genes	may	also	be	involved,	however.	

	

Although	 these	 four	 genes	 appeared	 to	be	 good	 candidates	 for	S.	 hermonthica	 resistance	 in	

many	of	the	resistant	cultivars	investigated,	this	was	not	the	case	for	all	cultivars.	This	was	not	

unexpected	given	that	resistant	cultivars	were	not	assumed	to	contain	the	resistance	gene(s)	

in	the	QTL,	as	alternative	forms	of	resistance	may	exist	elsewhere	in	their	genome.	This	meant	

that	 susceptible	 cultivars	 were	more	 useful	 in	 determining	 the	 importance	 of	 each	 gene	 in	

conferring	 resistance.	 The	 resistant	 aromatic	 cultivar	 Darmali	 was	 a	 clear	 example	 of	 this.	

Darmali	 lacked	 close	 similarity	 to	 Nipponbare	 or	 IR64	 over	 much	 of	 the	 QTL	 region.	 The	

resistant	 aus	 cultivar	 Mehr	 also	 differed	 to	 Nipponbare	 over	 much	 of	 the	 region.	 	 These	

cultivars	could	therefore	provide	valuable	genetic	resources	for	the	discovery	of	new	sources	

of	S.	hermonthica	resistance.	

	

Under	 the	 assumption	 that	 the	 genes	 providing	 resistance	 in	 Nipponbare	 and	 IR64	 are	 the	

same,	 the	sub-region	between	the	genes	Os12g11660	and	Os12g11940,	as	well	as	 the	genes	

Os12g12120	and	Os12g12130,	are	less	likely	to	be	involved	in	resistance	to	S.	hermonthica,	as	

these	genes	are	missing	 from	the	 IR64	genome	 (Chapter	3).	All	 these	genes	 showed	a	much	

poorer	 correlation	 between	 SNP	 similarity	 to	 Nipponbare	 and	 resistance	 generally,	 and	

appeared	 to	 be	 missing	 in	 most	 cultivars	 investigated,	 including	 most	 indica	 and	 tropical	

japonica	cultivars.	This	suggests	the	sub-region	is	not	essential	for	S.	hermonthica	resistance	in	

IR64.	 However,	 SNP	 data	 indicates	 that	 eight	 cultivars	 do	 contain	 this	 region,	 all	 of	 which	

exhibited	 strong	 resistance	 to	 S.	 hermonthica.	 Many	 of	 the	 genes	 in	 this	 region	 have	

undergone	duplication	(Chapter	3)	and	the	similarity	of	these	genes	with	their	duplicated	pair	
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could	result	in	possible	functional	redundancy.	Therefore	although	these	duplicated	genes	may	

not	be	required,	they	may	contribute	to	S.	hermonthica	resistance	in	some	cultivars,	as	it	is	not	

known	whether	one,	both	or	neither	of	the	duplicated	genes	is	important.	This	is	similar	to	the	

Cf-2	 locus	 in	 tomato,	containing	 two	very	similar,	 functionally	 redundant	genes	 (Dixon	et	al.,	

1996).		If	both	copies	of	the	duplicated	genes	provide	resistance	to	S.	hermonthica,	they	may	

both	need	to	be	deactivated	to	induce	susceptibility.	

	

Although	 no	 significant	 correlation	was	 observed	 between	 SNP	 similarity	 for	 the	 RALF	 gene	

Os12g12000	 and	 resistance	 /	 susceptibility	 to	 S.	 hermonthica,	 it	 is	 interesting	 to	 note	 that	

every	cultivar	possessed	a	copy	of	this	gene	or	its	duplicated	pair	Os12g11660.	This	is	perhaps	

not	surprising	given	the	widespread	nature	of	the	RALF	family	in	the	plant	kingdom	(Murphy	&	

De	Smet,	2014),	and	may	argue	against	 its	 role	 in	S.	hermonthica	 resistance.	 In	addition,	 the	

most	resistant	indica	cultivars	showed	the	greatest	SNP	difference	to	Nipponbare	for	this	gene,	

which	does	not	agree	with	the	assumption	that	resistance	in	IR64	and	Nipponbare	is	the	same	

if	this	gene	is	involved	in	resistance.		

	

All	 cultivars	 investigated	possessed	a	homolog	of	Os12g12010,	with	 the	exception	of	 Firooz,	

Kitrana508,	 Guan-Yin-Tsan	 and	 Ai-Chiao-Hong,	 which	 contained	 a	 homolog	 more	 similar	 to	

Os12g11680.	 SNP	 similarity	 to	 Nipponbare	 for	 Os12g12010	 was	 over	 96%	 for	 most	 of	 the	

susceptible	 cultivars	 (Figure	 5.9E),	 which	 strongly	 argues	 against	 a	 role	 for	 this	 gene	 in	

resistance.	 This	 agrees	 with	 the	 findings	 in	 Chapter	 3,	 where	 Os12010	 in	 the	 susceptible	

cultivar	 Azucena	 differed	 from	Nipponbare	 by	 only	 2	 amino	 acids,	 compared	 to	 43	 in	 IR64,	

suggesting	this	gene	is	very	unlikely	to	be	involved	in	resistance	if	conferred	by	a	single	gene.	

	

Thus	the	work	carried	out	in	this	chapter	has	allowed	regions	of	the	QTL	to	be	identified	that	

are	 more	 likely	 to	 be	 involved	 in	 resistance.	 However,	 the	 possible	 interaction	 between	

multiple	 genes	 and	 the	 genetic	 linkage	 observed	 between	 5.8	 –	 6.2	Mb	means	 that	 several	

genes	remain	good	candidates	for	S.	hermonthica	resistance.		

	

A	very	similar	study	was	carried	out	by	Garris	et	al.,	(2003)	on	the	xa5	locus	in	rice	conferring	

race-specific	 resistance	 to	 bacterial	 blight.	 They	 used	 SSR	 markers	 to	 characterise	 linkage	

disequilibrium	 in	 the	 70-kb	 candidate	 region	 for	 114	 rice	 accessions	 to	 analyse	 haplotype	

diversity	and	determine	 if	 it	was	possible	to	reduce	the	number	of	candidate	genes.	Like	the	

present	study,	extensive	linkage	disequilibrium	(LD)	was	observed.	A	45-kb	region	in	resistant	

aus-boro	 accessions	 showed	significant	LD,	a	pattern	not	observed	 in	 susceptible	accessions,	

potentially	reducing	the	size	of	the	candidate	region.	Different	haplotypes	that	associated	with	
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resistance	 were	 also	 observed	 between	 aus-boro	 and	 indica	 accessions,	 suggesting	 genetic	

heterogeneity	of	resistance	exists	for	this	pathogen	in	rice.	Despite	the	much	larger	number	of	

accessions	 investigated,	 the	 location	 of	 the	 candidate	 gene	 within	 the	 region	 remained	

unresolved	due	to	significant	LD	(Garris	et	al.,	2003).	This	kind	of	association	study	is	likely	to	

prove	 more	 successful	 in	 outcrossing	 species	 such	 as	 maize	 where	 linkage	 disequilibrium	

declines	more	rapidly	(Flint-Garcia	et	al.,	2003).		

	

5.4.2	Interpretation	of	the	data	in	the	light	of	the	assumptions	

As	stated	in	section	5.1	(Introduction),	many	assumptions	were	made	that	must	be	taken	into	

account	when	performing	this	kind	of	investigation,	meaning	interpretation	of	results	must	be	

taken	with	great	caution.	The	first	assumption	is	that	resistance	is	due	to	large	differences	in	

gene	 structure	 rather	 than	 a	 single	 SNP;	 a	 significant	 negative	 correlation	 between	 SNP	

similarity	 to	Nipponbare	and	S.	hermonthica	 resistance	would	not	be	observed	 if	 susceptible	

cultivars	possessed	near	identical	alleles	to	resistant	cultivars.	The	similarity	of	genes	between	

cultivars	 can	 be	 considered	 at	 different	 levels	 of	 hierarchy:	 presence/absence;	 large	

differences	in	sequence	or	insertions	/	deletions;	or	single	differences	in	nucleotides.	While	the	

absence	of	a	gene	is	easier	to	interpret,	it	is	very	difficult	to	determine	how	small	differences	

in	 sequence	affect	 the	biological	 function	of	 the	protein	 simply	by	 comparing	SNPs	between	

cultivars,	as	very	few	changes	in	amino	acid	sequence	may	affect	the	function	of	a	protein.	For	

example,	 the	 strength	 of	 a	 resistance	 response	 can	 be	 determined	 by	 differences	 in	 amino	

acids	 in	other	parts	of	a	protein;	the	severity	of	necrosis	conferred	by	the	RLP	gene	Cf-9	was	

found	to	be	enhanced	by	the	presence	of	LRRs	10	to	12	 (Chakrabarti	et	al.,	2009).	However,	

small	changes	in	amino	acid	sequence	do	not	always	affect	the	function	of	a	protein.	Dixon	et	

al.,	(1996)	identified	two	Cf-2	genes	at	the	Cf-2	 locus	in	tomato	whose	sequences	differed	by	

three	amino	acids.	These	two	genes	were	functionally	equivalent,	each	conferring	resistance	to	

C.	 fulvum	 strains	 expressing	 the	Avr2	 avirulence	 gene	 (Dixon	et	 al.,	 1996).	 It	 should	 also	 be	

noted	that	while	resistance	in	both	Nipponbare	and	IR64	is	assumed	to	be	the	same,	only	one	

gene	 (Os12g11370)	 is	100%	 identical	between	 these	 two	cultivars	at	 the	amino	acid	 level.	 If	

other	 genes	 in	 the	 QTL	 are	 providing	 resistance,	 it	 is	 assumed	 that	 they	 are	 functionally	

equivalent	between	these	two	cultivars.		

	

Wulff	et	al.,	(2009)	showed	that	recognition	specificity	of	the	resistance	gene	Cf-9	to	C.	fulvum	

was	 determined	 by	 only	 five	 amino	 acids	 in	 the	 central	 LRR	 region.	 Therefore	 the	 second	

assumption,	 that	 homologs	 of	 resistance	 gene(s)	 in	 susceptible	 cultivars	 are	 absent	 or	 very	

different,	 may	 not	 be	 the	 case,	 as	 resistance	 may	 be	 determined	 by	 a	 single	 nucleotide	

polymorphism.	However,	only	one	gene	(Os12g12010)	investigated	in	this	study	showed	high	
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similarity	 to	 Nipponbare	 in	 susceptible	 cultivars;	 Os12g12010	 had	 over	 93	 %	 similarity	 to	

Nipponbare	 in	 all	 susceptible	 cultivars.	 In	 contrast,	 the	 similarity	 of	 this	 gene	 in	 resistant	

cultivars	was	much	less	(0	–	84	%).	This	suggests	that	small	differences	in	gene	sequence	here	

are	unlikely	to	have	affected	the	interpretation	of	results	in	this	study.		

	

In	 order	 to	 see	 a	 correlation	 between	 SNP	 similarity	 for	 a	 given	 gene	 and	 S.	 hermonthica	

resistance	it	not	only	requires	that	resistance	is	due	to	large	differences	in	gene	structure,	but	

also	that	resistant	cultivars	do	not	posses	resistance	in	other	parts	of	their	genome,	and	thus	

obscure	 the	 association.	 Significant	 associations	 were	 observed	 for	 a	 number	 of	 genes,	

indicating	other	sources	of	resistance	were	not	a	serious	problem	in	this	study.	This	suggests	

very	few	novel	sources	of	resistance	are	present	in	the	cultivars	investigated	for	this	ecotype	of	

S.	 hermonthica,	 reinforcing	 the	 importance	 of	 the	 QTL	 on	 chromosome	 12	 in	 providing	

resistance	to	this	ecotype	of	S.	hermonthica.		

	

In	 addition	 to	 the	 assumptions	 above,	 interpretations	 of	 the	 SNP	 data	 itself	 must	 also	 be	

considered	due	to	potential	errors	 in	sequencing	and	assembly.	Like	the	vast	majority	of	rice	

genomes,	 sequenced	 reads	 of	 the	 cultivars	 analysed	 were	 aligned	 onto	 the	 Nipponbare	

reference	 genome	 to	 identify	 the	 generated	 SNPs	 (Duitama	 et	 al.,	 2015),	 rather	 than	 being	

assembled	de	novo.	This	can	cause	potential	misalignments	or	elimination	of	critical	sequences	

that	 could	 not	 be	 aligned	 with	 confidence,	 a	 particular	 problem	with	 indica,	 aus	 and	 other	

divergent	genomes	(Schatz	et	al.,	2014).	These	cultivars	may	contain	regions	or	insertions	not	

present	 in	 the	 Nipponbare	 reference	 genome,	 and	 would	 therefore	 be	 absent	 in	 any	

subsequent	analysis	(Sakai	et	al.,	2014).		This	was	observed	in	a	number	of	cultivars	when	SNP	

data	was	verified	by	PCR	amplification.	PCR	products	of	Os12g11370	were	 larger	 in	Azucena,	

Koshihikari	 and	 nine	 other	 cultivars	 when	 compared	 to	 products	 amplified	 from	 IR64	 or	

Nipponbare,	which	was	not	detectable	from	SNP	data.	Duplications	in	the	genomes	of	cultivars	

being	 sequenced	 can	 also	 introduce	 errors	 such	 as	 false	 heterozygotes.	 For	 example,	 both	

copies	 of	 a	 duplicated	 gene	 in	 a	 diverged	 cultivar	 would	 map	 the	 same	 position	 on	 the	

Nipponbare	 reference,	 and	 appear	 as	 heterozygous.	 Although	 copy	 number	 variant	 (CVN)	

analysis	 can	 detect	 duplicated	 genes,	 this	 analysis	 was	 not	 performed	 here.	 Conversely,	

mapping	 a	 single	 gene	onto	 a	 reference	 genome	 that	 has	 undergone	 recent	 duplication	will	

result	in	it	mapping	to	two	positions.	(Dr.	Mathias	Lorieux,	personal	communication).	IR64	is	a	

good	 example	 of	 this.	 Previous	 work	 in	 Chapter	 3	 showed	 that	 IR64	 contains	 only	 6	 RLP	

homologs	in	the	QTL,	compared	to	13	in	Nipponbare,	which	is	not	clear	from	the	SNP	analysis	

in	this	study.	For	example,	one	gene	in	IR64	(IR64_h_Os12g12010)	shares	high	similarity	to	two	

duplicated	 genes	 Os12g12010	 and	 Os12g11680	 in	 Nipponbare,	 being	 a	 hybrid	 of	 the	 two	
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Nipponbare	sequences.	SNP	data	is	this	study	showed	that	IR64	contained	sequence	that	was	

65	%	and	39	%	similar	in	SNPs	to	Os12g12010	and	Os12g11680	respectively,	but	does	not	show	

that	these	sequences	are	from	the	same	gene.	

	

Finally,	the	lack	of	SNPs	in	a	gene	does	not	mean	it	is	absent,	as	the	detection	of	SNPs	is	reliant	

on	there	being	differences	between	those	genes.	Therefore	if	most	of	a	gene	is	identical	to	the	

reference	genome	but	the	rest	is	not,	only	SNPs	in	a	small	part	of	that	gene	will	be	detectable	

if	 all	 accessions	 investigated	 have	 the	 same	 sequence.	 The	 use	 of	 an	 additional	 reference	

sequence	 during	 genome	 assembly	 could	 greatly	 improve	 the	 detection	 of	 sequence	

polymorphisms	that	cannot	be	detected	using	the	Nipponbare	sequence	alone	(Schatz	et	al.,	

2014;	Sakai	et	al.,	2014).		

	

5.4.3		Other	levels	of	complexity:	post	transcriptional	and	post-translational	modifications	

While	 the	 presence	 and	 sequence	 of	 a	 gene	 is	 clearly	 very	 important	 for	 specificity,	 post	

transcriptional	and	post-translational	modifications	add	a	further	layer	of	complexity	with	the	

potential	to	alter	the	functioning	of	a	protein,	and	would	go	undetected	in	direct	comparisons	

of	gene	sequences.	For	example,	alternative	splicing	of	R	genes	has	been	shown	to	be	involved	

in	 defence	 against	 some	 pathogens.	 The	 TIR-NBS-LRR-type	 resistance	 gene	RCT1	 undergoes	

alternative	 splicing	 in	Medicargo	 truncatula.	 The	 alternative	 transcript	 encodes	 a	 truncated	

protein	 lacking	 the	 C-terminal	 domain.	 Both	 the	 regular	 and	 the	 alternatively	 spliced	

transcripts	 are	 required	 for	 resistance	 to	 the	 fungal	 pathogen	Colletotrichum	 trifolii	 (Tang	et	

al.,	 2013).	 Similarly,	 both	 full	 length	 and	 truncated	 forms	 of	 the	 RPS4	 gene	 transcript	 in	

Arabidopsis	were	required	for	resistance	to	Pseudomonas	syringae	pv	tomato	strain	DC3000,	

as	plants	which	could	not	produce	the	alternatively	spliced	variant	were	susceptible	(Zhang	&	

Grassmann,	 2003).	 Epigenetic	 changes,	 such	 as	 DNA	methylation	 and	 histone	modifications,	

can	also	influence	gene	expression,	and	thus	the	phenotype	of	a	species	or	population,	in	the	

absence	of	sequence	variation,	and	are	known	to	be	heritable	across	generations	(Latzel	et	al.,	

2013;	 Zhang	 et	 al.,	 2013).	 Latzel	 et	 al.,	 (2012)	 used	 epiRILSs	 of	 Arabidopsis,	 lines	 nearly	

identical	 in	 DNA	 sequence	 but	 highly	 variable	 in	 levels	 of	 DNA	 methylation,	 to	 show	 that	

variation	in	response	to	plant	defence	hormones	may	be	due	to	epigenetic,	rather	than	purely	

genetic,	variation	(Latzel	et	al.,	2012).		

	

Transposable	elements	known	 to	be	a	major	player	 in	 the	epigenetic	 control	of	endogenous	

gene	expression	through	alterations	in	DNA	methylation,	histone	modifications	and	production	

of	 non-coding	 RNAs	 (Song	 &	 Cao,	 2017).	 For	 example,	 siRNAs	 derived	 from	 TEs	 have	 been	

shown	 to	 regulate	 endogenous	 gene	 expression	 through	 RNA-directed	 DNA	 methylation	
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(RdDM),	 whereby	 siRNAs	 direct	 the	 methylation	 of	 cytosines	 for	 DNA	 sequences	 that	 are	

complementary	to	the	siRNA	sequence	(Chinnusamy	&	Zhu,	2009;	Wei	et	al.,	2014).	Kinoshita	

et	al.,	 (2006)	 showed	 that	 small	RNA	 thought	 to	originate	 from	a	 short	 interspersed	nuclear	

element	 (SINE)	 retrotransposon	was	 responsible	 for	 directing	 DNA	methylation	 of	 cytosines	

around	 the	 transcriptional	 start	 site	 of	 FWA,	 the	 gene	 responsible	 for	 flowering	 time	 in	

Arabidopsis	 thaliana.	 Variation	 in	 expression	 of	 FWA	 between	 isolates	 with	 identical	 gene	

sequences	 were	 associated	 with	 changes	 in	 DNA	 methylation	 (Fujimoto	 et	 al.,	 2011).	 It	 is	

therefore	 possible	 that	 some	 of	 the	 variation	 in	 resistance	 to	 S.	 hermonthica	 observed	

between	different	 rice	 cultivars	with	apparently	very	 similar	gene	 sequences	across	much	of	

the	 QTL	 might	 be	 due	 to	 different	 levels	 of	 expression	 as	 a	 result	 of	 differences	 in	 RNA-

directed	DNA	methylation.	Interestingly,	the	methylation	of	cytosines	can	in	turn	be	a	source	

of	 higher	 rates	 of	 genetic	 mutation.	 	 In	 A.	 thaliana,	 G:C	 sites	 showing	 at	 least	 partial	

methylation	had	a	higher	probability	of	mutation	 to	A:T	when	 compared	 to	non-methylated	

C:G	sites	(Ossowski	et	al.,	2010).	Thus,	it	is	tempting	to	speculate	that	TEs	may	be	responsible	

for	some	of	the	variation	in	SNPs	in	addition	to	larger	genome	rearrangements.	

	

Finally,	altered	 levels	of	glycosylation	of	cell	 surface	pattern	recognition	receptors	 (PRRs)	are	

known	to	affect	downstream	signalling	responses	in	plant	immunity.	The	Arabidopsis	receptor	

kinase	EFR	lacking	normal	 levels	of	glycosylation	 in	the	extracellular	domain	showed	reduced	

levels	of	expression	and	lost	the	ability	to	bind	its	ligand	and	thus	transmit	a	defence	response	

(Häweker	et	al.,	2010).	The	RLP	Cf-9	in	tomato	contains	22	putative	N-linked	glycosylation	sites	

in	the	extracellular	domain,	19	of	which	occur	 in	the	LRR	domain	and	nearly	all	of	which	are	

glycosylated	 (van	 der	 Hoorn	 et	 al.,	 2005).	 	 Mutant	 experiments	 revealed	 that	 most	 of	 the	

glycosylation	 sites	 contributed	 to	 Cf-9	 activity,	 and	 those	 on	 the	 outer	 helices	 of	 the	 LRR	

regions	were	essential	(van	der	Hoorn	et	al.,	2005).	As	many	of	the	candidate	S.	hermonthica	

resistance	 genes	 are	 annotated	 as	 cell	 surface	 RLP	 genes,	 it	 is	 possible	 that	 different	

glycosylation	 patterns	 between	 cultivars	 could	 result	 in	 different	 levels	 of	 resistance	 to	 the	

parasite.		

	

5.4.4	Conclusions	and	future	directions	

In	 this	 study	 diverse	 rice	 cultivars	 were	 used	 to	 further	 dissect	 the	 importance	 of	 the	

S.	hermonthica	 candidate	 resistance	 genes	 on	 chromosome	 12.	 	 The	 region	 of	 the	 QTL	

between	positions	5.8	–	6.2	Mb	was	identified	as	the	most	likely	to	be	important	in	providing	

resistance	to	S.	hermonthica.	Within	 this	 region,	 four	RLP	genes	were	 identified	as	being	the	

best	 candidates,	 showing	 high	 similarity	 to	 Nipponbare	 in	 resistant	 cultivars	 and	 being	 very	

different	in	susceptible	cultivars.	Of	these,	Os12g11370	and	Os12g11500	were	identified	as	top	
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candidates	 for	 single	 gene	 resistance.	 These	 genes	were	 highly	 similar	 in	 genetically	 diverse	

cultivars,	suggesting	resistance	from	this	region	may	be	very	important	in	providing	resistance	

to	 this	 ecotype	 of	 S.	 hermonthica	 in	 rice	 generally,	 and	 be	 easily	 transferable	 into	 diverse	

genetic	backgrounds.	However,	genetic	linkage	in	this	region	meant	that	it	was	not	possible	to	

determine	whether	more	than	one	gene	is	involved,	and	it	is	possible	that	two	or	more	genes	

may	 be	 conferring	 resistance,	 possibly	 in	 an	 additive	 manner.	 A	 much	 larger	 association	

analysis	 using	 cultivars	 selected	 from	 The	 3000	 Rice	 Genomes	 Project,	 (2014)	 may	 provide	

further	insight	if	cultivars	could	be	selected	showing	historical	recombination	events	that	break	

apart	the	linked	genes	in	the	region.	Once	the	resistance	gene	or	genes	have	been	functionally	

validated,	 comparing	 small	 differences	 in	 SNPs	 between	 a	wide	 range	 of	 cultivars	may	 help	

determine	 the	 functional	 amino	 acids	 and	 identify	 novel	 alleles	 that	 may	 provide	 new	 and	

alternative	sources	of	S.	hermonthica	resistance.		
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6.1	Introduction	

Striga	 species	are	among	 the	most	destructive	parasites	on	crop	plants	 (Parker,	2009).	Their	

impacts	are	particularly	devastating	in	sub-Saharan	Africa,	where	they	are	estimated	to	infest	

over	40	%	of	cereal	producing	areas	(Scholes	&	Press,	2008).	Rice	 is	one	of	the	major	cereals	

affected	by	Striga	 species	 in	Africa,	and	crop	 losses	of	 rice	as	a	 result	of	Striga	 infection	are	

expected	 to	 increase	 in	 the	 future	 due	 to	 rapid	 expansion	 of	 its	 cultivation,	 population	

increases	 and	 changing	 consumer	 preferences	 (Rodenburg	 et	 al.,	 2010;	 Seck	 et	 al.,	 2012).	

Control	 strategies	must	 not	 only	 be	 affordable	 for	 resource	poor	 farmers,	 but	must	 also	 act	

early	 on,	 thus	 preventing	 the	 damaging	 effects	 on	 the	 host	 that	 occur	within	 a	 few	 days	 of	

attachment.	 The	 use	 of	 resistant	 cultivars	 is	 thought	 to	 be	 a	 cost	 effective	 control	 strategy,	

especially	when	used	as	part	of	 an	 integrated	approach	aimed	at	 improving	 soil	 fertility	 and	

reducing	the	Striga	seed	bank	(Rodenburg	et	al.,	2010;	Yoder	&	Scholes,	2010).	However,	the	

enormous	 genetic	 diversity	 of	 S.	 hermonthica	 and	 large	 production	 of	 seeds	 with	 high	

longevity	 means	 that	 a	 single	 resistance	 gene	 is	 unlikely	 to	 be	 effective	 in	 the	 field.	 Broad	

spectrum	 and	 durable	 resistance	 will	 require	 pyramiding	 multiple	 resistance	 genes	 with	

different	modes	of	 action	 into	a	 single	 cultivar	 (Scholes	&	Press,	 2008).	 In	 addition,	 a	better	

understanding	 of	 host	 resistance	 with	 respect	 to	 parasite	 virulence	 is	 required	 to	 allow	

predictive	breeding	to	be	targeted	appropriately	for	different	regions.	Despite	many	years	of	

research,	no	resistance	genes	to	S.	hermonthica	have	yet	been	identified.		

	

The	aims	of	this	thesis	were	therefore	to	identify	novel	QTL	and	candidate	resistance	genes	in	

rice,	and	to	functionally	validate	their	role	in	providing	resistance	to	S.	hermonthica.	Figure	6.1	

provides	an	overview	of	the	work	carried	out,	the	findings,	and	the	future	research	directions	

following	on	from	this	PhD.	

	

6.2	Were	novel	QTL	identified	in	rice	for	S.	hermonthica	resistance?	

This	PhD	utilised	a	rice	RIL	mapping	population	derived	from	a	cross	between	IR64,	an	 indica	

cultivar,	 and	 Azucena,	 a	 tropical	 japonica	 cultivar,	 to	 search	 for	 novel	 QTL	 and	 genes	 for	 S.	

hermonthica	resistance.	Phenotyping	and	QTL	analysis	of	this	population	led	to	the	discovery	

of	a	major	QTL	 for	post-attachment	 resistance	 to	S.	hermonthica	on	chromosome	12,	with	a	

LOD	 score	 of	 14	 (Chapter	 2).	 The	 very	 high	 LOD	 score	 indicated	 the	 presence	 of	 a	 major	

resistance	gene,	or	a	few	genes	of	major	effect.	Previous	work	in	our	laboratory	had	used	the	

same	 S.	 hermonthica	 Kibos	 isolate	 that	was	 used	 in	 this	 study	 to	map	 a	major	QTL	 in	 a	 BIL	

population	derived	from	the	resistant	Nipponbare	and	the	more	susceptible	Koshihikari		
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Figure	 6.1.	 An	
overview	 of	 the	 work	
carried	out	in	this	PhD,	
the	 findings,	 and	 the	
future	 directions	 for	
further	 research	 into	
resistance	 to	 Striga	 in	
rice.	 Blue	 rectangles	
indicate	 questions	
addressed,	green	ovals	
are	results	determined	
by	 the	 experimental	
work	 carried	 out.	
Conclusions	 are	
highlighted	 in	 the	
yellow	 box.	 Future	
questions	are	shown	in	
orange	rectangles,	and	
future	 experimental	
work	 to	 address	 these	
are	shown	pink	circles.	
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cultivars,	both	of	which	belong	to	the	temperate	japonica	subspecies.	Therefore,	a	population	

derived	from	a	resistant	indica	cultivar	was	predicted	to	identify	novel	QTL	for	S.	hermonthica	

resistance.	 Indica	 and	 japonica	 cultivars	 are	estimated	 to	have	diverged	0.4	mya	 (Zhu	&	Ge,	

2005)	which	 far	 predates	 domestication	 10,000	 years	 ago	 (Sang	&	Ge,	 2013),	 therefore	 the	

discovery	of	a	major	QTL	on	chromosome	12	in	IR64	that	mapped	to	the	same	position	as	the	

QTL	previously	identified	in	Nipponbare	was	very	surprising,	as	resistance	was	expected	to	be	

different	between	 the	different	 rice	 subspecies.	This	 led	 to	a	number	of	questions	 regarding	

the	genetic	basis	of	resistance	in	IR64,	and	how	this	compared	to	that	of	Nipponbare	(Figure	

6.1	A).	 For	example,	were	 the	phenotype	and	mode	of	 inheritance	 the	 same	between	 these	

two	 cultivars,	 and	 were	 the	 same	 or	 similar	 genes	 present	 in	 the	 two	 QTL	 regions?	 Cross	

sections	 of	 the	 rice	 root	 at	 the	 site	 of	 parasite	 attachment	 revealed	 the	 phenotype	 of	

resistance	was	similar	to	that	seen	in	Nipponbare.	The	resistance	response	was	characterised	

by	necrosis	of	the	rice	root	tissue	at	the	site	of	attachment	after	a	few	days,	and	by	an	inability	

of	 the	parasite	 to	penetrate	 the	endodermis	and	 fuse	 its	xylem	vessels	 to	 those	of	 the	host.		

This	 phenotype	 is	 characteristic	 of	 a	 number	 of	 different	 rice	 cultivars	 (Yoshida	 &	 Shirasu,	

2009;	Cissoko	et	al.,	2011).	The	mode	of	inheritance	of	this	resistance	was	tested	by	crossing	

both	IR64	and	Nipponbare	to	two	different	susceptible	cultivars	(Azucena	and	Koshihikari)	to	

produce	 F1	 plants,	 and	 phenotyping	 them	 for	 resistance	 to	 S.	 hermonthica.	 In	 all	 cases,	 F1	

plants	 showed	 intermediate	 resistance	 between	 the	 parents,	 indicating	 co-dominance.	 In	

addition,	gene	prediction	software	was	used	to	identify	a	cluster	of	RLP	genes	in	the	IR64	QTL	

that	 showed	 very	 high	 similarity	 to	 a	 gene	 cluster	 in	 the	 Nipponbare	QTL.	 All	 this	 provided	

further	evidence	to	support	the	hypothesis	that	resistance	in	Nipponbare	and	IR64	was	likely	

to	 be	 derived	 from	 the	 same	 or	 similar	 RLP	 genes.	 Differences	 do	 exist	 between	 them	

however;	whereas	Nipponbare	possesses	thirteen	tightly	linked	RLP	genes	in	the	QTL,	the	IR64	

cluster	 contains	 only	 six,	 and	 only	 Os12g11370	 is	 100	 %	 identical	 at	 the	 amino	 acid	 level	

(Figure	 6.1	 B).	 Phylogenetic	 analysis	 revealed	 this	 region	 in	 Nipponbare	 underwent	 a	

duplication	event,	which	clearly	took	place	after	its	divergence	from	indica	subspecies.		

	

The	 discovery	 of	 the	 same	 S.	 hermonthica	 resistance	 QTL	 in	 both	 indica	 and	 temperate	

japonica	 cultivars	 poses	 many	 intriguing	 questions	 as	 to	 the	 evolution	 of	 the	 region.	

Interestingly,	 this	 region	 in	 Nipponbare	 is	 more	 similar	 to	 IR64	 than	 it	 is	 to	 Koshihikari,	 a	

temperate	 japonica	 cultivar	 and	 so	 more	 closely	 related	 to	 Nipponbare	 than	 IR64	 (for	

phylogenetic	tree	of	rice	see	Figure	5.2).	The	most	likely	explanation	for	this	is	that	an	ancient	

introgression	of	 this	 region	occurred	between	them	at	some	point	during	 their	evolution.	As	

Koshihikari	is	missing	much	of	the	region,	it	is	possible	an	introgression	occurred	from	indica	to	

Nipponbare	after	 its	divergence	 from	Koshihikari.	Multiple	 introgressions	are	known	 to	have	
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taken	 place	 between	 indica	 and	 japonica	 during	 the	 course	 of	 their	 evolution,	 as	 well	 as	

hybridisation	events	with	wild	rice	species	(Yang	et	al.,	2012b;	Gross	&	Zhao,	2014).	 It	 is	also	

possible	that	Koshihikari	 lost	most	of	the	region,	or	that	 IR64	and	Nipponbare	each	obtained	

the	 region	 from	 an	 alternative	 source	 independently,	 followed	 by	 a	 duplication	 event	 in	

Nipponbare.	 Although	 unlikely,	 the	 final	 explanation	 is	 the	 independent	 evolution	 of	 similar	

genes	by	convergent	evolution	under	similar	environmental	pressures.	

	

It	 should	be	noted	 that	while	good	resistance	 to	S.	hermonthica	was	observed	 for	both	 IR64	

and	 Nipponbare,	 neither	 of	 these	 cultivars	 evolved	 in	 the	 presence	 of	 the	 parasite.	 IR64	

originates	 from	 the	Phillipines,	while	Nipponbare	 is	 a	 lowland	variety	originating	 from	 Japan	

where	Striga	 is	absent.	This	 is	appears	to	be	common	in	rice,	as	resistance	to	S.	hermonthica	

has	been	observed	in	many	cultivars	that	have	not	co-evolved	with	the	parasite.	For	example,	

Harahap	et	al.,	(1993)	found	S.	hermonthica	resistant	genotypes	from	both	indica	and	japonica	

groups	 that	 were	 indigenous	 to	 the	 humid	 tropics	 and	 sub-tropics	 of	 Asia	 where	 S.	

hermonthica	is	not	found	(Harahap	et	al.,	1993).	This	begs	the	question	as	to	what	other	biotic	

or	abiotic	factors	drove	the	evolution	in	this	region,	and	what	other	roles	any	S.	hermonthica	

resistance	genes	may	have.	Interestingly,	the	work	carried	out	in	Chapter	5	suggests	that	genes	

present	 within	 the	 QTL	 region	 could	 be	 very	 important	 in	 providing	 resistance	 to	 S.	

hermonthica	in	diverse	rice	cultivars.	Further	work	is	required	to	identify	individual	genes	that	

underlie	 resistance	 in	 this	 region,	 however	 the	 presence	 of	 highly	 similar	 genes	 not	 only	 in	

indica	 and	 temperate	 japonica	 cultivars	 but	 also	 in	 several	aromatic	 and	aus	 cultivars	 could	

mean	that	this	form	of	resistance	may	be	easily	transferable	into	diverse	genetic	backgrounds	

for	crop	improvement.	Importantly,	a	number	of	resistant	cultivars	were	identified	that	lacked	

close	 similarity	 to	 the	 Nipponbare	 alleles	 across	 the	 entire	 QTL	 region.	 This	 confirmed	 the	

presence	 of	 additional	 sources	 of	 S.	 hermonthica	 resistance	 in	 rice	 germplasm	 that	 remain	

unidentified,	 but	which,	 if	 identified,	 could	 contribute	 to	 providing	 the	much-needed	multi-

gene	resistance	required	for	more	durable	and	broader	spectrum	resistance	to	this	parasite.	

	

6.3	What	is	the	evidence	that	the	candidate	RLP	genes	underlie	resistance	to	S.	
hermonthica?		

The	 role	of	 the	 candidate	RLP	genes	 in	providing	 resistance	 to	S.	hermonthica	was	 tested	 in	

Nipponbare	using	RNAi	lines	targeting	suits	of	the	RLP	genes,	and	insertion	lines	targeting	four	

RLP	genes	 individually	 (Figure	6.1	C).	 Increased	 susceptibility	was	observed	 in	 six	RNAi	 lines.	

For	three	of	these	lines,	susceptibility	was	associated	with	significant	down-regulation	of	two	

or	three	RLP	genes,	however	the	genes	suppressed	were	not	always	the	same	between	these	
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lines.	One	susceptible	line	showed	no	down-regulation	of	any	RLP	gene	(JS4.12B-11),	while	all	

RLP	 genes	 were	 down-regulated	 to	 some	 extent	 in	 another	 susceptible	 line	 (JS8.14-19).	 No	

significant	 down-regulation	 of	 gene	 expression	 was	 observed	 for	 any	 of	 the	 resistant	 lines,	

with	the	exception	of	AM3.9-1	where	only	the	expression	of	the	target	gene	Os12g11500	was	

reduced.	Thus,	there	is	some	evidence	to	suggest	that	suppression	of	more	than	one	RLP	gene	

is	associated	with	 increased	susceptibility	to	S.	hermonthica,	 rather	than	a	single	gene	acting	

alone	or	that	other	genes	in	addition	to	the	RLP	genes	may	be	required	for	full	susceptibility,	

as	 has	 been	 suggested	 for	 the	 resistance	 to	C.	 reflexa	 in	 tomato	 provided	 by	 the	 RLP	 gene	

CuRe1	 (Hegenauer	et	al.,	 2016).	The	data	 from	the	 insertion	 lines	agrees	with	 this;	 knocking	

out	four	of	the	RLP	genes	individually	did	not	result	in	increased	resistance.	However	it	is	also	

possible	 that	 none	 of	 the	 genes	 knocked	 out	 by	 the	 insertion	 are	 involved	 in	 providing	 S.	

hermonthica	resistance.		

	

Further	 evidence	 to	 support	 the	 role	 of	 the	 RLP	 genes	 in	 resistance	 was	 their	 presence	 in	

diverse	but	very	resistant	cultivars	(Chapter	5).	A	comparison	of	the	similarity	of	genes	across	

the	 QTL	 region	 to	 Nipponbare	 for	 diverse	 cultivars	 allowed	 a	 region	 of	 the	 QTL	 between	

positions	5.8	-	6.2	Mb	to	be	identified	that	is	more	likely	to	contain	a	resistance	gene	or	genes.	

Four	 RLP	 genes	 Os12g10870,	 Os12g11370,	 Os12g11500	 and	 Os12g11510	were	 identified	 as	

top	candidates	for	resistance	genes,	with	Os12g11370	sharing	the	greatest	similarity	between	

resistance	cultivars	(>	94	%	similar	in	most	cases).	A	Tos17	 insertion	line	for	Os12g10870	was	

infected	with	S.	hermonthica	and	found	to	be	resistant	(Chapter	4),	suggesting	this	gene	is	not	

involved	in	resistance.	Interestingly,	a	transcript	of	a	large	part	of	the	Os12g11370	was	present	

in	 the	 T-DNA	 insertion	 line	 for	 this	 gene,	 probably	 driven	 by	 the	 promoter	 in	 the	 T-DNA	

insertion	itself.	The	abundance	of	the	transcript	was	higher	than	in	the	wildtype	Nipponbare,	

consistent	with	the	idea	that	transcription	is	due	to	the	promoter	in	the	insertion	region.	It	is	

not	clear	whether	this	transcript	will	produce	a	functional	protein	but	it	is	interesting	to	note	

that	 the	 insertion	 line	was	 even	more	 resistant	 than	Nipponbare.	 The	 lack	 of	 expression	 of	

Os12g11510	 in	 Nipponbare	 indicates	 this	 gene	 is	 also	 unlikely	 to	 be	 important.	 Two	 other	

genes	 in	 this	 region,	 the	 expressed	 protein	 Os12g10820	 and	 the	 DNA	 repair	 protein	

Os12g10850,	were	also	identified	in	resistant	cultivars	that	had	a	poor	similarity	to	Nipponbare	

in	susceptible	cultivars.	However,	the	similarity	of	the	DNA	repair	protein	in	many	cultivars	was	

lower	than	that	observed	for	the	RLP	genes.	

	

The	 co-dominance	 of	 resistance	 in	 both	 IR64	 and	 Nipponbare,	 demonstrated	 by	 the	

intermediate	 resistance	 of	 the	 F1	plants	 when	 crossed	 with	 a	 susceptible	 cultivar,	 suggests	

resistance	 to	 S.	 hermonthica	 acts	 in	 a	 dose-dependent	 manner.	 This	 implies	 that	 lower	
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concentrations	of	the	resistance	protein	limit	the	plants	ability	to	activate	a	defence	response,	

and	is	consistent	with	their	naturally	low	levels	of	expression.	This	additive	form	of	resistance	

agrees	with	the	hypothesis	that	more	than	one	gene	may	be	conferring	resistance,	especially	if	

they	are	acting	in	a	similar	manner.	It	is	also	consistent	with	their	possible	role	as	a	receptor,	

as	 increased	 perception	 of	 the	 parasite	 could	 be	 achieved	 by	 greater	 concentrations	 of	 the	

receptor	(Hammond-Kosack,	1994).	Similar	co-dominance	was	observed	for	the	Cf	RLP	genes	in	

tomato	that	provide	resistance	to	the	fungal	pathogen	C.	fulvum.	Cf-9	and	Cf-4	were	found	to	

confer	 only	 moderate	 to	 weak	 resistance	 to	 the	 pathogen	 compared	 to	 Cf-2	 and	 Cf-5.	 The	

apparent	 differences	 in	 the	 relative	 strengths	 of	 the	 resistance	 were	 thought	 to	 be	 due	 to	

different	concentrations	of	the	gene	products	rather	than	differences	in	their	modes	of	action	

(Hammond-Kosack,	 1994).	 If	 more	 than	 one	 RLP	 gene	 in	 rice	 is	 acting	 in	 the	 same	 way	 to	

confer	S.	hermonthica	 resistance,	 it	may	be	necessary	to	 inactivate	all	copies	of	the	genes	to	

bring	about	 loss	of	function.	This	 is	the	case	for	the	Cf-2	 locus	 in	tomato	which	contains	two	

functionally	redundant	copies	of	the	Cf-2	gene	that	differ	from	each	other	by	only	three	amino	

acids	(Dixon	et	al.,	1996).	As	the	level	of	host	resistance	is	also	determined	by	the	virulence	of	

the	parasite,	it	is	possible	that	if	more	than	one	resistance	gene	is	involved,	the	different	genes	

could	be	detecting	 genetically	different	parasites	 from	 the	 very	diverse	 S.	 hermonthica	 seed	

bank.		

	

Other	evidence	in	support	the	role	of	the	candidate	RLP	genes	in	S.	hermonthica	resistance	is	

their	structural	similarity	to	other	resistance	genes.	Their	annotation	as	orthologs	of	Ve1,	the	

gene	conferring	resistance	to	Verticillium	wilt	in	tomato,	cannot	be	ignored,	as	the	lifestyle	and	

infection	process	of	this	pathogen	is	strikingly	similar	to	that	of	Striga	species.	Like	Striga	they	

also	have	a	very	broad	host	range,	 infecting	over	two	hundred	dicotyledonous	plant	species,	

with	 different	 isolates	 exhibiting	 some	 host	 specificity	 (Fradin	 &	 Thomma,	 2006).	

Microsclerotia	 of	 Verticillium	 wilts	 are	 triggered	 to	 germinate	 in	 the	 soil	 in	 response	 root	

exudates	from	host	plants,	and	hyphae	penetrate	host	roots,	crossing	the	endodermis	to	reach	

the	 xylem	 (Fradin	 &	 Thomma,	 2006).	 It	 therefore	 seems	 highly	 likely	 that	 a	 resistance	

mechanism	that	prevents	 infection	by	Verticillium	wilt	could	also	provide	resistance	to	Striga	

species,	making	 the	 RLP	 orthologs	 in	 rice	 excellent	 candidates	 for	 S.	 hermonthica	 resistance	

genes.	 Recently,	 the	 RLP	 gene	 CuRe1	 was	 identified	 in	 tomato	 which	 provides	 increased	

resistance	 to	 the	 parasitic	 plant	C.	 reflexa	 (Hegenauer	et	 al.,	 2016),	 demonstrating	 that	 RLP	

genes	can	act	against	parasitic	plants,	and	providing	further	support	 for	the	potential	 role	of	

the	RLP	cluster	in	rice	in	resistance	to	S.	hermonthica.		
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The	resistance	conferred	by	Ve1	and	CuRe1	 is	not	complete	and	low	levels	of	proliferation	of	

the	 fungus	or	parasite	 is	 still	observed	 in	plants	expressing	 these	genes	 respectively.	 Indeed,	

full	 immunity	 to	 C.	 reflexa	 in	 tomato	 is	 thought	 to	 involve	 additional	 layers	 to	 CuRe1	

(Hegenauer	et	al.,	2016),	much	like	the	idea	of	PTI	and	ETI	acting	as	different	layers	to	perceive	

microbial	pathogens.	The	lack	of	complete	resistance	conferred	by	Ve1	and	CuRe1	is	analogous	

to	 resistance	 to	 Striga;	 even	 highly	 resistant	 plants	 can	 support	 one	 or	 two	 parasites.	 	 This	

suggests	 these	 RLP	 genes	 act	 like	 PRRs,	 detecting	 conserved	 fungal	 or	 parasite	 molecular	

patterns.	 Indeed,	 Ve1	 not	 only	 confers	 resistance	 against	 Verticillium	 wilts	 but	 also	 to	 the	

fungal	pathogen	Fusarium	oxysporum	 f.	 sp.	 lycopersici	 (de	 Jonge	et	al.,	2012).	PRR-mediated	

resistance	 is	 generally	 thought	 to	be	a	broader	 spectrum,	more	durable	but	weaker	 form	of	

resistance	than	R	protein-mediated	resistance	(Tsuda	&	Katagiri,	2010),	and	is	consistent	with	

resistance	against	the	genetically	diverse	S.	hermonthica.	The	broad	spectrum	and	durability	of	

PRR-mediated	resistance	would	be	valuable	source	of	 resistance	 for	plant	breeding	and	crop	

protection	against	this	parasite.	

	

On-going	 work	 in	 our	 laboratory	 has	 investigated	 if	 the	 QTL	 on	 chromosome	 12	 provides	

broad-spectrum	 resistance	 against	 other	 isolates	 and	 species	 of	 Striga.	 A	 selection	 of	 lines	

from	the	BIL	mapping	population	derived	 from	crosses	between	Nipponbare	and	Koshihikari	

have	been	phenotyped	 for	post-attachment	 resistance	 to	a	 selection	of	both	S.	hermonthica	

and	 S.	 asiatica	 ecotypes.	 Lines	 possessing	 the	 Nipponbare	 QTL	 region	 exhibited	 good	

resistance	against	a	range	of	different	S.	hermonthica	ecotypes	originating	from	both	East	and	

West	 Africa,	 and	 also	 against	 the	USA	 isolate	 of	 S.	 asiatica,	 although	 they	were	 susceptible	

against	 other	 S.	 asiatica	 ecotypes	 (Prof.	 Scholes,	 personal	 communication).	 Thus,	 this	 QTL	

region	on	the	chromosome	12	and	the	resistance	genes	will	be	important	in	crop	breeding	by	

providing	resistance	to	several	ecotypes	of	Striga	across	Africa.	A	similar	experiment	using	RILs	

from	the	IR64	x	Azucena	mapping	population	would	confirm	if	this	is	the	same	for	IR64.		

	

6.4	The	chromosome	12	QTL:	a	complex	locus	

It	 is	 clear	 from	 the	work	 carried	out	 for	 this	 PhD	 that	 the	S.	 hermonthica	 resistance	QTL	on	

chromosome	12	in	rice	 is	a	complex	 locus,	and	that	the	resistance	governed	by	this	region	is	

unlikely	to	be	a	simple	story	of	a	single,	dominant	resistance	gene.	Although	a	cluster	of	RLP	

genes	are	excellent	candidates	for	resistance	genes,	it	is	unclear	how	many,	or	which,	of	these	

is	 the	 most	 important.	 Extensive	 genome	 rearrangements	 and	 genetic	 mutations	 are	 also	

observed	between	different	rice	cultivars,	both	resistant	and	susceptible	to	the	parasite.	The	
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high	 numbers	 of	 TEs	 present	 in	 the	 QTL	 region	may	 explain	 some	 of	 this	 variation	 both	 in	

terms	of	 structural	 variants,	 gene	duplications	and	SNPs.	 For	example,	 a	 second	 cluster	of	9	

relatively	 similar	 genes,	 also	 annotated	 as	 encoding	 homologs	 of	 Verticillium	 wilt	 disease	

resistance	proteins,	 is	present	on	Nipponbare	 chromosome	1	between	positions	1.76	–	3.27	

Mbp	 (http://rice.plantbiology.msu.edu/).	 Five	of	 these	also	appear	 to	be	present	 in	 the	 IR64	

genome,	although	the	chromosome	number	is	not	known	for	IR64	due	to	the	current	 lack	of	

genome	 assembly.	 Given	 that	 TEs	 are	 known	 to	 cause	 chromosomal	 breakage	 and	 large	

chromosomal	rearrangements	(Dooner	&	Weil,	2007;	Slotkin	&	Martienssen,	2007;	Bennetzen	

&	 Wang,	 2014),	 it	 is	 possible	 that	 the	 activity	 of	 transposable	 elements	 resulted	 in	 a	

translocation	of	these	genes	between	chromosome	1	and	12.	However,	no	QTL	was	detected	

on	chromosome	1	 in	 this	 study,	 indicating	no	 involvement	of	 these	genes	 in	 resistance	 to	S.	

hermonthica.		

In	addition	to	genetic	alterations,	 it	 is	possible	that	TEs	may	be	 influencing	the	expression	of	

genes	by	inducing	epigenetic	polymorphisms	that	affect	the	transcriptional	responsiveness	of	

neighbouring	genes.	For	example	TE-derived	siRNAs	are	known	to	be	involved	in	the	regulation	

of	endogenous	plant	genes	through	the	process	of	RNA-directed	DNA	methylation	(Matzke	et	

al.,	 2007;	 Chinnusamy	 &	 Zhu,	 2009;	 Law	 &	 Jacobsen,	 2010;	 Wei	 et	 al.,	 2014)	 which	 may	

contribute	to	natural	variation	in	plant	disease	resistance	(Zhang	et	al.,	2016).	Additionally,	TE	

may	 influence	 flanking	genes	by	acting	as	promoters	or	enhancers	 (Girard	&	Freeling,	1999).	

These	regulatory	and	epigenetic	polymorphisms,	that	go	undetected	in	direct	comparisons	of	

gene	sequences,	could	affect	the	transcriptional	responsiveness	and	thus	relative	importance	

of	 a	 resistance	 gene	 between	 different	 rice	 cultivars,	 leading	 to	 variation	 in	 phenotype.	 In	

Chapter	2,	 resistance	 to	S.	hermonthica	 in	 the	RIL	population	 showed	a	 continuum	between	

resistance	and	susceptibility,	rather	than	separating	into	two	distinct	phenotypes	(Figure	2.6).	

The	most	likely	explanation	for	this	is	the	presence	of	many	minor	genes	which	contribute	the	

phenotype,	 but	 which	 went	 undetected	 in	 the	 QTL	 analysis.	 However,	 an	 alternative	

hypothesis	 is	 that	 the	presence	of	many	 TEs	 in	 the	QTL	 could	 also	 affect	 the	 transcriptional	

responsiveness	of	neighbouring	resistance	genes.	Mutuku	et	al.,	(2015),	showed	that	levels	of	

JA	 are	 induced	 to	 a	 much	 higher	 extent	 in	 resistant	 Nipponbare	 compared	 to	 susceptible	

Koshihikari	following	S.	hermonthica	 infection.	JA	 is	essential	for	S.	hermonthica	resistance	in	

rice	 (Mutuku	et	al.,	2015).	Therefore	any	variation	 in	 transcriptional	 responsiveness	of	 these	

RILs	 could	 be	 investigated	 by	 determining	 whether	 enhanced	 resistance	 is	 associated	 with	

increased	 sensitivity	 to	 exogenously	 applied	 JA,	 by	measuring	 levels	 of	 JA-inducible	marker-

gene	expression.	
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6.5	Conclusions	and	future	perspectives		

There	 is	 good	 evidence	 to	 support	 the	 role	 of	 the	 RLP	 genes	 in	 conferring	 resistance	 to	 S.	

hermonthica	in	rice,	but	there	are	many	questions	that	remain	to	be	answered	(Figure	6.1	D).		

Further	 functional	 evidence	 is	 required	 to	 relate	 resistance	 to	 an	 individual	 gene	 or	 gene	

combination.	Work	has	 already	begun	 to	 knock	out	 the	RLP	 genes	 in	 IR64,	 both	 individually	

and	 in	 combinations,	 using	 CRIPSR/Cas9	 technology.	 This	 has	 the	 advantage	 over	 an	 RNAi	

approach,	as	the	gene	knockout	is	targeted	at	the	DNA	level	(Belhaj	et	al.,	2015;	Shalem	et	al.,	

2015),	thus	avoiding	problems	with	poor	silencing	of	mRNA.	Further	work	will	also	be	carried	

out	to	over-express	these	genes	in	the	susceptible	cultivar	Azucena,	or	a	RIL	from	the	mapping	

population	containing	the	Azucena	haplotype	for	the	QTL	region.	Isolation	of	a	resistance	gene	

or	 genes	 will	 pave	 the	 way	 for	 further	 examination	 of	 the	 mode	 of	 action,	 downstream	

signalling	processes	and	dissection	of	the	functional	amino	acids	determining	specificity.	It	may	

also	help	identify	a	parasite-derived	effector	using	a	yeast	two-hybrid	system	or	3D	modelling	

of	receptor-ligand	interactions.	Work	to	identify	a	Striga	effector	is	ongoing	in	our	laboratory.	

Once	identified,	the	role	of	resistance	genes	can	then	be	tested	in	other	cereals	such	as	maize,	

where	sources	of	resistance	to	Striga	are	scarce.	Orthologs	of	the	RLP	genes	identified	in	this	

PhD	do	not	exist	in	the	maize	genome,	therefore	if	shown	to	be	functional	in	maize,	these	RLP	

genes	could	have	enormous	benefit	for	crop	improvement	in	this	species.	Future	work	should	

make	 use	 of	 the	 enormous	 genetic	 resources	 now	 available	 for	 rice	 by	 using	 the	 3000	

sequenced	 rice	 genomes	 to	 search	 for	 new	 sources	 of	 resistance	 with	 different	 modes	 of	

action	 that	 will	 contribute	 to	 the	 long-term	 durability	 of	 resistance	 and	 control	 of	 this	

devastating	parasite.	
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Chapter	3.	Supplementary	Figures	

	
	
	
Figure	 S.1	 Amino	 acid	 alignment	 of	 Os12g10930	 from	 Nipponbare	 and	 the	 IR64	 homolog	
predicted	by	Fgenesh	gene-finder	(Softberry,	Inc).	Sequence	differences	are	highlighted	in	red.	
Structural	 domains	 of	 the	 protein	 predicted	 by	 NCBI	 protein	 BLAST	 and	 SMART	 protein	
(http://smart.embl-heidelberg.de)	are	shown	above	alignments.	Yellow	boxes	 indicate	amino	
acids	 that	 correspond	 to	 putative	 solvent-exposed	 residues	 xxLxLxx	 of	 the	 concave	 (inner)	
surface	of	the	extracellular	leucine-rich	repeat	(eLRR)	domain	thought	to	be	involved	in	ligand	
binding.	
	

1

M- - - - - RVAR H L P L L L T V LQ I V LQAQAAT I L TDRT SSS- V PPP I PC L PDQ A SA L LQL KRS
MSSF SKRVAH H L T SL L T VMH I L LQVQAT PT L ADRT T T S I V T T PV LC L PEQ A SA L LQL KGS

FNPKAGDYT T A FRSW I TG I D CCHWDG I ACG GADGRVT SLD LGGHH LQA S I VDPA L FR L T S
FNVT AGDY ST V FRSWVAGAD CCHWEGVHCD GADGRVT SLD LGGHH LQAD S VHPA L FR L T S

LRY LD L SGNN F SMS I L - I NG L EQL T E L TH L D L SDTN I AGE V P SA I GR L T S L V Y LD L ST SF
L KH LD L SGNN F SMSK L P FTG FQE L T E LMH L D L SNTN I AGE V PAG I GS I MN L V Y LD L ST K F

Y I V E FDNENG KMT YN SD L FR QL SA PN L ET L LGN L TN L EE L HMGMVNMSGN GDQWCDH I AK
YA L V YDDENN I MK FT LD SFW QLKA PNMET F L TN L TN L EQL HMGMMDMSRE GERWCDH I AK

ST PK LQV L SL PWCL L SGP I C T SL SAMQSLN T I E LHYNH L S GSV PE F L AT F SN L T V LQL SR
ST PK LQV L SL PWCSL SGP I C A SL SAMQSLN T I E LHRNH L S GS I PE F FA SF SN L SV LQL SK

NK FEGWFPPT I FQHKK L I T I N I I NN PGL SG H L PN F SQA SS L ENV F I SL TN FT AT L K Y LD L
ND FQGWFPP I I FQHKK LRM I D L SKNPG I SG N L PN F SQE SS L EN L FV SSTN FTGSL K Y LD L

L EV SGLQLVG S I P SW I SN L T SL T V LQF SNC GL SGQV P SS I GN LRE LRK L A L YNCK F SGKM
L EV SGLQLVG S I P SW I SN L T SL T A LQF SNC GL SGQV P SS I GN LRK L T K L A L YNCN F SGK -

PPQ I LN L T R L QT L L LH SNN F TGT V E I T SF S K L EN L SV LN L SNNE L L VVDG EN ST KV L SFP
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

K I K F L R L A SC S I ST FPN I L K SLNE I T SLD L SCNQ I QGA I P QWAWGTWKGL QFY L LN I SHN
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

N FT SLGPD SL L P LH I D Y FDV SFN S I EGP I P I PRDGSST LD Y SSNQF SAMP LHY ST Y LGET
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

L V FKA SKNK L SGN I P SS I CT AVRR LQL I D L SYNN F SGP I P SC LMED L T A L QV L SL K ENK L
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ENK L

VGK L PD S I K E GCV L EA LD L S GN L I EGK I PR SL VACKN L E F LD I GSNQ I SD T FPCWMSE L P
I GT L PDN I K E GCA L EA I D I S GN L FEGK I PR SL I ACRN L E I LD I GGNH F SD SFPCWMSQL P

K LQV L V L K SN K FTGQVMDP S YMAGGDT CE F T E LR I ADMA S NN FNGT L PEA WFKMLK SMMS
K LQV L V L K SN K FTGQLMDP S YMVGGNT CE F T E LR I ADMA S ND FNGT L PEA WFKMLK SMMT

RSDNET L VME NQYYHGQT YQ FT AT VT YKGS SMT I SK I L RT L V L I D L SNNA FHGT I PGT I G
RSDNET L VME NQYYHGQT YQ FT AT VT YKGN YMT I SK I L RT L V L I D F SNNA FHGA I PET I G

E L I L LHGLNM SHNA L TGPV P PQLGR LNQL E T LD L SSNK L S GE I PDE L A SL N F L ST LN L SY
E L I L LHGLNM SHNA L TGS I P TQFGR LNQL E SLD L SSNE F S GE I PEE L A SL N F L ST LN L SY

NV L VGR I PD S YQF ST F SN SS F LGNTGLCGP P L SRQCDNPK GPT EMPYT SE K S I DVV L L L F
NMLVGR I PN S YQF ST F SNN S F LGNTGLCGP P L SRQCNNPK EP I AMPYT L E K S I DVV L L L F

T A LGFGL SFA MT I L I VWGSH MRK EH *
T A SGF F I SFA MM I L I VWGSQ MRKQH *

Transmembrane	region	 Cytoplasmic	tail	

Signal	pep4de	
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Figure	 S.2	 Amino	 acid	 alignment	 of	 Os12g11510	 from	 Nipponbare	 and	 the	 IR64	 homolog	
predicted	by	Fgenesh	gene-finder	(Softberry,	Inc).	Sequence	differences	are	highlighted	in	red.	
Structural	 domains	 of	 the	 protein	 predicted	 by	 NCBI	 protein	 BLAST	 and	 SMART	 protein	
(http://smart.embl-heidelberg.de)	are	shown	above	alignments.	Yellow	boxes	 indicate	amino	
acids	 that	 correspond	 to	 putative	 solvent-exposed	 residues	 xxLxLxx	 of	 the	 concave	 (inner)	
surface	of	the	extracellular	leucine-rich	repeat	(eLRR)	domain	thought	to	be	involved	in	ligand	
binding.	No	transmembrane	domain	was	predicted	for	either	of	the	sequences.	
	

	

1

MRSA YH LMPP L AML L I LG L A DHA SST EA PA AC L PDQA SA L LQL KRSFNAT I GDYPAA FRS
MRSA YH LMPP L AML L I HGL A DHA SST EA PA AC L PDQA SA L LQL KRSFNAT I GDYPAA FRS

WVAGADCCHW DGVRCGGAGG RVT SLD L SHR D LQA SSGLDD A L F SL T SL EY LD L SSND F SK
WVAGADCCHW DGVRCGGAGG RVT SLD L SHR D LQA SSGLDD A L F SL T SL EY LD L SSND F SK

SK L PATGFEK L TGL TH LD L S NTN FAGLV PA G I GR L T SLNY LD L ST T F FV E GLDDK Y S I T Y
SK L PATGFEM L TGL TH LD L S NTN FAGLV PA G I GR L T SLNY LD L ST T F FV E E LDDEY S I T Y

YY SDTMAQL S EP SL ET L L AN L TN L EE LR LG MVMVNMSSNY GT ARWCDAMA RSSPK LRV I S
YY SDTMAQL S EP SL ET L L AN L TN L EE LR LG MVMVNMSSNY GT ARWCDAMA RSSPK LRV I S

MPYCSL SGP I CH SL SA LRSL SV I E LHYNH L SGPV PE F L AA L P SL SV LQL S NNMFEGV FPP
MPYCSL SGP I CH SL SA LRSL SV I E LHYNH L SGPV PE F L AA L P SL SV LQL S NNMFEGV FPP

I I FQHEK L T T I N L T KN LG I S GN L PT SF SGD SSLQSL SV SN TN F SGT I PGS I SN LRSL K E L
I I FQHEK L T T I N L T KN LG I S GN L PT SF SGD SSLQSL SV SN TN F SGT I PGS I SN LRSL K E L

A LGA SGF SGV L P SS I GK L K S L SL L EV SGL E L VGS I P SW I S N L T SL T V L K F F SCGL SGP I P
A LGA SGF SGV L P SS I GQLK S L SL L EV SGL E L VGS I P SW I S N L T SL T V L K F F SCGL SGP I -

A S I GN L KK L T K L A L YNCH F S GV I A PQ I LN L TH LQY L L LH S NN LVGT V E L S SY SKMQN L SA
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

LN L SNNK L VV MDGEN SSSVV SYPN I I L L R L A SCS I SSFPN I L RH LHE I T F LD L SYNQ I QG
- - - T T PDQV I SDGPK P SP L T G- - - - - - - - - - - - - - - - - - - L V LH LHE I T F LD L SYNQ I QG

A I PQWAWKT L N LGFA L FN L S HNK FT S I GS- H P L L PV Y I E F FD L SFNN I EG V I P I PK EGSV
A I P LWAWKT L N LGFA L FN L S HNK FT S I GSD HP L L PV Y I E F FD L SFNN I EG V I P I PK EGSV

T LDY SNNRF S SL P LN F ST Y L TNT V L FKA SN N S I SRN I PP S I CDG I K SLQL I D L SNNN L TG
T LDY SNNRF S SL P LN F ST Y L SNT V L FKA SN N S I SGN I PP S I CDR I K SLQL I D L SNNN L TG

L I P SC LMEDA DA LQV L SL KD NH L TGE L PDN I K EGCA L SA L D F SGN S I QGQ L PRSL VACRN
L I P SC LMEDA DA LQV L SL KD NH L TGE L PDN I K EGCA L SA L D F SGN S I QGQ L PRSL VACRN

L E I LD I GNNK I SD SFPCWMS K L PQLQV L V L K SNK F I GQ I L D P SYTGGGNN CQFT K LQFAD
L E I LD I GNNK I SD SFPCWMS K L PQLQV L V L K SNK F I GQ I L D P SYTGGGNN CQFT K LQFAD

MSSNN L SGT L PEEWFKMLK S M I MDT CDNDM LMREQH L YYR GKMQSYQFT A G I SYKGSGL T
MSSNN L SGT L PEEWFKMLK S M I MDT CDNDM LMREQH L YYR GKMQSYQFT A G I SYKGSGL T

I SKT LRT L V L I DV SNNA FHG R I PRS I GE L V L LRA LNMSHN A L TGP I PVQF AN L KQL E L LD
I SKT LRT L V L I DV SNNA FHG R I PRS I GE L V L LRA LNMSHN A L TGP I PVQF AN L KQL E L LD

L SSNE L SGE I L *
L SSNE L SGE I L *

Signal	pep*de	
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Figure	S.3	Amino	acid	alignment	of	Os12g12010	from	Nipponbare	and	the	Azucena	homolog.	
Sequence	 differences	 are	 highlighted	 in	 red.	 Structural	 domains	 of	 the	 protein	 predicted	 by	
NCBI	 protein	 BLAST	 and	 SMART	 protein	 (http://smart.embl-heidelberg.de)	 are	 shown	 above	
alignments.	 Yellow	 boxes	 indicate	 amino	 acids	 that	 correspond	 to	 putative	 solvent-exposed	
residues	xxLxLxx	of	the	concave	(inner)	surface	of	the	extracellular	 leucine-rich	repeat	(eLRR)	
domain	 thought	 to	be	 involved	 in	 ligand	binding.	Only	2	differences	 in	amino	acid	 sequence	
were	observed.	
	

	

1

MSSSMRVA L L AML P I L L VDT QSMAA P I QC L PDQAAA L LQL KRSFDAT VGG Y FAA FRSWVA
MSSSMRVA L L AML P I L L VDT QSMAA P I QC L PDQAAA L LQL KRSFDAT VGG Y FAA FRSWVA

GADCCHWDGV RCGGDDGRA I T F LD LRGHQL QA EV LDT A L F SL T SL EY LD I SSND F SA SML
GADCCHWDGV RCGGDDGRA I T F LD LRGHQL QA EV LDT A L F SL T SL EY LD I SSND F SA SML

PATGFE L L A E L TH LD L SDDN FAGRV PAG I G H L TN L I Y LD L ST SF LDEE LD EEN SV L YYT S
PATGFE L L A E L TH LD L SDDN FAGRV PAG I G H L TN L I Y LD L ST SF LDEE LD EEN SV L YYT S

Y SL SQL SEP S LDT L L AN L TN LQE LR LGMVD MSSNGARWCD A I AR F SPK LQ I I SMPYCSL S
Y SL SQL SEP S LDT L L AN L TN LQE LR LGMVD MSSNGARWCD A I AR F SPK LQ I I SMPYCSL S

GP I CRSF SA L K SL VV I E LHY NY L SGP I PE F L AD L SN L SV L QL SNNN FEGW FPP I I FQHKK
GP I CRSF SA L K SL VV I E LHY NY L SGP I PE F L AD L SN L SV L QL SNNN FEGW FPP I I FQHKK

LRG I D L SKN F G I SGN L PN F S AD SN I QS I SV SNTN F SGT I P SS I SN L K SL K E L A LGA SGF S
LRG I D L SKN F G I SGN L PN F S AD SN I QS I SV SNTN F SGT I P SS I SN L K SL K E L A LGA SGF S

GE L P SS I GK L K SLD L L EV SG L E L VGSMP SW I SN L T SL T V L N F FHCGL SGR L PA S I V Y L T K
GE L P SS I GK L K SLD L L EV SG L E L VGSMP SW I SN L T SL T V L N F FHCGL SGR L PA S I V Y L T K

L T K L A L YNCH F SGEVAN LV L N L TQL ET L L L H SNN FVGT A E L A SL AK LQN L SV LN L SNNK L
L T K L A L YNCH F SGEVAN LV L N L TQL ET L L L H SNN FVGT A E L A SL AK LQN L SV LN L SNNK L

VV I DGEN SSS EAT YP S I SF L H L SSCS I SSF PN I L RH L PE I T SLD L SYNQ I RGA I PQWVWK
VV I DGEN SSS EAT YP S I SF L R L SSCS I SSF PN I L RH L PE I T SLD L SYNQ I RGA I PQWVWK

T SGY F SL LN L SHNK FT SPGS DP L L P LN I E F FD L SFNK I EG V I P I PQKGS I T LDY SNNQF S
T SGY F SL LN L SHNK FT STGS DP L L P LN I E F FD L SFNK I EG V I P I PQKGS I T LDY SNNQF S

SMP LN F ST Y L KKT I I FKA SK NN L SGN I PP S I CDG I K SLQL I D L SNNY L TG I I P SC LMEDA
SMP LN F ST Y L KKT I I FKA SK NN L SGN I PP S I CDG I K SLQL I D L SNNY L TG I I P SC LMEDA

SA LQV L SL K E NN L TGK L PDN I K EGCE L SA L D F SGN L I QGK L PRSL VACRN L E I LD I GNNQ
SA LQV L SL K E NN L TGK L PDN I K EGCE L SA L D F SGN L I QGK L PRSL VACRN L E I LD I GNNQ

I SD SFPCWMS K L PQLQV L V L K SNRF I GQMD I SYTGDANNC QFT K LR I AD I A SNN F SGML P
I SD SFPCWMS K L PQLQV L V L K SNRF I GQMD I SYTGDANNC QFT K LR I AD I A SNN F SGML P

EEWFKMLK SM MT SSDNGT SV ME SRYYHGQT YQFT AA L T YK GND I T I SK I L T SL V L I DV SN
EEWFKMLK SM MT SSDNGT SV ME SRYYHGQT YQFT AA L T YK GND I T I SK I L T SL V L I DV SN

ND FHGS I P SS I GE L A L LHGL NMSRNML TGP I PTQFGN LNN L E SLD L SSNK L SNE I PEK L A
ND FHGS I P SS I GE L A L LHGL NMSRNML TGP I PTQFGN LNN L E SLD L SSNK L SNE I PEK L A

SLN F L AT LN L SYNMLAGR I P QSSH F ST F SN A SFEGN I G LC GA P L SKQCSY RSEPN I MPHA
SLN F L AT LN L SYNMLAGR I P QSSH F ST F SN A SFEGN I G LC GA P L SKQCSY RSEPN I MPHA

SKKDP I DV L L F L FTGLGFGV CFG I T I L V I W GSNKRKQQA *
SKKDP I DV L L F L FTGLGFGV CFG I T I L V I W GSNKRKQQA *

Transmembrane	region	 Cytoplasmic	tail	

Signal	pep4de	
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Figure	 S.4	Amino	acid	 alignment	of	Os12g12010	and	Os12g11680	 from	Nipponbare	 and	 the	
IR64	 homolog	 (IR64_h_Os12g12010).	 Sequence	 differences	 are	 highlighted	 in	 red.	 Structural	
domains	 of	 the	 protein	 predicted	 by	 NCBI	 protein	 BLAST	 and	 SMART	 protein	
(http://smart.embl-heidelberg.de)	are	shown	above	alignments.	Yellow	boxes	 indicate	amino	
acids	 that	 correspond	 to	 putative	 solvent-exposed	 residues	 xxLxLxx	 of	 the	 concave	 (inner)	
surface	of	the	extracellular	leucine-rich	repeat	(eLRR)	domain	thought	to	be	involved	in	ligand	
binding.		
	

1

M- - - - - - - - - - - - - - - - - - - - - - AA P I QC L PGQAAA L LQL KRSFDAT VGD Y FAA FRSWVA
MSSSMRVA L L AML P I L L VDT QSMAA P I QC L PDQAAA L LQL KRSFDAT VGG Y FAA FRSWVA
MSSSMRVA L L AML P I L L VDA QSMAA P I QC L PGQAAA L LQL KRSFDAT V SD Y FAA FRSWVA

GADCCHWDGV RCGGNDGRA I T F LD LRGHQL QA EV LDAA L F SL T SL EY LD I SSND F SA SK L
GADCCHWDGV RCGGDDGRA I T F LD LRGHQL QA EV LDT A L F SL T SL EY LD I SSND F SA SML
GTDCCHWDGV RCGGDDGRA I T F LD LRGHQL QADV LDT A L F SL T SL EY LD I SSND F SA SK L

PATGFE L L A E L TH LD L SDDN FAGEV PAG I G H L TN L V Y LD L ST SF LDEE LD EEN SV L YYT S
PATGFE L L A E L TH LD L SDDN FAGRV PAG I G H L TN L I Y LD L ST SF LDEE LD EEN SV L YYT S
PATGFE L L A E L TH LD I SDDN FAGQV PAG I G H L TN L V Y LD L ST SF LDEE LD EEN SV L YYT S

Y SL SQL SEP S LD SL L AN L TN LQE LR LGMVD MSSNGARWCD A I AR F SPK LQ I I SMPYCSL S
Y SL SQL SEP S LDT L L AN L TN LQE LR LGMVD MSSNGARWCD A I AR F SPK LQ I I SMPYCSL S
Y SL SQL SEP S LDT L L AN L TN LQD LR LGMVD MSSNGARWCD A I AR F SPK LQ I I SMPYCSL S

GP I CQSF SA L K SL VV I E LHY NY L SGP I PE F L AD L SN L SV L QL SNNN FEGW FPP I I FQHKK
GP I CRSF SA L K SL VV I E LHY NY L SGP I PE F L AD L SN L SV L QL SNNN FEGW FPP I I FQHKK
GP I CRSF SA L K SL VV I E LHY NY L SGP I PE F L AH L SN L SGL QL SNNN FEGW FPP I V FQHKK

LRG I D L SKN F G I SGN L PN F S AD SN LQS I SV SNTN F SGT I P SS I SN L K SL K E L A LGA SGF S
LRG I D L SKN F G I SGN L PN F S AD SN I QS I SV SNTN F SGT I P SS I SN L K SL K E L A LGA SGF S
LRG I D L SKN F G I SGN L PN F S AD SN LQS I SV SNTN F SGT I P SS I I N L K SL K E L A LGA SGF S

GE L P SS I GK L K SLD L L EV SG L E L VGSMP SW I SN L T SL T V L N F FHCGL SGR L PA S I V Y L T K
GE L P SS I GK L K SLD L L EV SG L E L VGSMP SW I SN L T SL T V L N F FHCGL SGR L PA S I V Y L T K
GV L P SS I GK L K SLD L L EV SG LQL LGS I P SW I SN L T SLNV L K F FHCGL SGP V P SS I V Y L T K

L T K L A L YDCH F SGEVVN L I L N L TQL ET L L L H SNN FVGT A E L T SL SK LQN L SV LN L SNNK L
L T K L A L YNCH F SGEVAN LV L N L TQL ET L L L H SNN FVGT A E L A SL AK LQN L SV LN L SNNK L
L TD L A L YNCH F SGE I AT L V S N L TQL ET L L L H SNN FVGT V E L A SF SK LQNM SV LN L SNNK L

VV I DGEN SSS EAT YP S I SF L R L SSCS I SSF PN I L RH L PE I T SLD L SYNQ I RGA I PQWVWK
VV I DGEN SSS EAT YP S I SF L R L SSCS I SSF PN I L RH L PE I T SLD L SYNQ I RGA I PQWVWK
VV I DGEN SSS AA SY SS I SF L R L SSCS I SSF PT I L RH L PE I T SLD L SYNQ I RGA I PQWVWK

T SGY F SL LN L SHNK FT STGS DP L L P LN I E F FD L SFNK I EG V I P I PQKGS I T LDY SNNQF S
T SGY F SL LN L SHNK FT STGS DP L L P LN I E F FD L SFNK I EG V I P I PQKGS I T LDY SNNQF S
T SGY F SL LN L SHNK FT STGS DP L L P LN I E F FD L SFNK I EG V I P I PQKGS I T LDY SNNQF S

SMP LN F ST Y L KKT I I FKV SK NN L SGN I PP S I CDR I K SLQL I D L SNNY L TG I I P SC LMEDA
SMP LN F ST Y L KKT I I FKA SK NN L SGN I PP S I CDG I K SLQL I D L SNNY L TG I I P SC LMEDA
SMP LN F ST Y L KKT I I FKA SK NN L SGN I PP L I CDG I K SLQL I D L SNNY L TG I I P SC LMEDA

SA LQV L SL K E NN L TGE L PDN I K EGCA L SA L D F SGN L I QGK L PRSL VACRN L E I LD I GNNQ
SA LQV L SL K E NN L TGK L PDN I K EGCE L SA L D F SGN L I QGK L PRSL VACRN L E I LD I GNNQ
SA LQV L SL K E NN L TGE L PDN I K EGCA L SA L D F SGN L I QGK L PRSL VACRN L E I LD I GNNQ

I SD SFPCWMS K L PQLQV L V L K SNRF I GQMD I SYTGDANNC QFT K LR I AD I A SNN F SGML P
I SD SFPCWMS K L PQLQV L V L K SNRF I GQMD I SYTGDANNC QFT K LR I AD I A SNN F SGML P
I SD SFPCWMS K L PQLQV L V L K SNRF I GQMD I SYTGDANNC QFT K LR I AD I A SNN F SGML P

EEWFKMLK SM MT SSDNGT SV ME SQYYHGQT YQFT AA L T YK GND I T I SK I L T SL V L I DV SN
EEWFKMLK SM MT SSDNGT SV ME SRYYHGQT YQFT AA L T YK GND I T I SK I L T SL V L I DV SN
EEWFKMLK SM MT SSDNGT SV ME SRYYHGQT YQFT AA L T YK GND I T I SK I L T SL V L I DV SN

ND FHGS I P SS I GE L A L LHGL NMSRNML TGP I PTQFGN LNN L E SLD L SSNK L SNE I PEK L A
ND FHGS I P SS I GE L A L LHGL NMSRNML TGP I PTQFGN LNN L E SLD L SSNK L SNE I PEK L A
ND FHGS I P SS I GE L A L LHGL NMSRNML TGP I PTQFGN LNN L E SLD L SSNK L SNE I PEK L A

SLN F L AT LN L SYNMLAGR I P QSSH F ST F SN A SFEGN I G LC GA P L SKQCSY RSEPN I MPHA
SLN F L AT LN L SYNMLAGR I P QSSH F ST F SN A SFEGN I G LC GA P L SKQCSY RSEPN I MPHA
SLN F L AT LN L SYNMLAGR I P QSSH F ST F SN A SFEGN I G LC GA P L SKQCSY RSEPN I MPHA

SKKDP I DV L L F L FTGLGFGV CFG I T I L V I W GSNKRNQQA *
SKKDP I DV L L F L FTGLGFGV CFG I T I L V I W GSNKRKQQA *
SKKDP I DV L L F L FTGLGFGV CFG I T I L V I W GSNKRNQQA *

Transmembrane	region	 Cytoplasmic	tail	

Signal	pep4de	
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Figure	 S.5	 Amino	 acid	 alignment	 of	 the	 Os12g12000	 from	 Nipponbare	 and	 the	 IR64	 and	
Azucena	homologs.		Sequence	differences	are	highlighted	in	red.	IR64	sequence	was	predicted	
by	 Fgenesh	 gene-finder	 (Softberry,	 Inc),	 Azucena	 sequence	 was	 amplified	 by	 PCR	 and	
sequenced	by	Sanger	sequencing.	Signal	peptide	predicted	SMART	protein	(http://smart.embl-
heidelberg.de)	is	shown	in	red	above	the	sequence.	
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Table	S.1	Trigger	sequences	for	the	5	constructs	used	for	RNAi.	Identifier	refers	to	the	
transformation	event	for	a	particular	construct.	The	construct	p	number	refers	to	the	target	
gene	in	the	S.	hermonthica	resistance	QTL.	
	

	
	
	

	
1

MARRA SARGA GL PA P F I VVV SV L L L - - GSL P LHEVAVA ED EDQ I GGGGGL EHGARGL PWR
MARRAT ARGA GL PA P FVVVV SV L L L L LGSL P LHEVAAA ED EDQ I GGGGGL EHGARGPTWR
MARRAT ARGA GL PA P FVVVV SV L L L L LGSL P LHEVAAA ED EDE I GGGGG- - - GARGPPWR

GCCNQYK ERG EPGGSYTGRG RFGPC I PTQP CPT P I P *
GCCNQYK ERG EPGGSYTGRG RFGPC I PTQP CHK P I P *
GCCNQYK ERG EPGGSYTGRG RFGPC I PTQP CHK P I P *

Signal	pep*de	

Construct Identifier Trigger	sequence

JS4
JS8

p11500-4 JS10 CCACTGCCTTCCAGTCATGGGTCGCCGGCACAGACTGCTGCCGCTGGGATGGCG
TCGGCTGCGGTGGCGCAGATGGCCGTGTCACCTCACTCGACCTGGGCGGCCACC
AATTGCAAGCCGGCAGCGTCGACCCTGCATTGTTCAGGTTAACCTCACTCAAGCA
CCTTAACCTCTCCGGTAACGACTTCAGCATGTCCCAGCTCCCGGTGATCACCGGAT
TCGAGCAGCTCACCGAACTGGTTTATCTTGATCTCTCCGACACCAACATAGCGGG
CGAGGTGCCAGGTAGCATCGGCCGCCTTACGAACCTGGTCTACCTCGACCTCTCC
ACCAGTTTCTATATC

p11500-9 AM3	 ATGTCATCGTCCACCAAGAGAGTTGCTCACCATCTTCCGTCATTGCTGCTAACCGC
GATGTACATTCTCCTCCAAGTCCAGGCCACCACCAATACGGCACGCACCGTAGTA
CCACCGGTTCGGTGTCATCCGGATCAAGCCTCAGCGCTGCTCCGGCTGAAGCACT
CCTTCAACGCGACCGCCGGCGACTACTCCACTGCCTTCCAGTCATGGGTCGCCGG
CACAGACTGCTGCCGCTGGGATGGCGTCGGCTGCGGTGGCGCAGATGGCCGTGT
CACCTCACTCGACCTGGGCGGCCACCAATTGCAAGCCGGCAGCGTCGACCCTGCA
TTGTTCAGGTTAACC

AGAATCTTCTTATCAGTAGCACGAACTTCACAGGTATAATACCGAGTTCCATAAG
CAATCTCAAATCTCTTACGAAGCTGGACCTTGGTGCCAGTGGCTTCTCTGGAATG
CTGCCCTCTTCACTAGGTAGCCTCAAATACCTGGATTTGCTAGAAGTGTCTGGGA
TACAGCTAACAGGATCCATGGCACCGTGGATATCAAACCTAACTTCTCTTACTGTT
CTCAAGTTCTCTGACTGTGGATTGTCTGGAGAGAT
GATATGTCCGGCAACGGCGAACGGTGGTGTGACGACATAGCTAAGTTTACACCT
AAGCTTCAGGTTCTAAGTTTACCTTACTGCTCATTGTCAGGTCCCATCTGCACATC
CTTGTCTTCCATGAATTCGCTCACTAGGATTGAGCTTCATTACAACCACTTGTCAG
GTTCAGTGCCAGAGTTCTTGGCTGGCTTTTCCAACCTCACTGTTCTTCAACTGTCC
AAAAACAAGTTTGAAGGATTGTTTCCTCCCATCATCTTCC
CCAACGATTTCAGTGCATCCAAGCTCCCAGCCACCGGCTTCGAGCTGCTCGCCGA
GCTCACCCACCTTGACATCTCCGACGACAATTTCGCCGGCCAGGTACCCGCCGGT
ATCGGCCACCTCACGAATCTGGTTTACCTTGATCTTTCTACCAGCTTCCTTGATGA
AGAGCTAGATGAAGAGAACAGTGTATTGTACTACACCTCATACTCACTTTCGCAG
CTCTCAGAGCCAAG

p11370-4 JS6

p11370-10 JS7

p11680-1
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Table	S.2	Similarity	of	SNPs	to	the	IR64	allele	for	11	genes	across	the	S.	hermonthica	resistance	QTL,	in	26	diverse	rice	cultivars.	SNP	similarity	to	IR64	for	each	gene	
is	the	sum	of	the	matching	SNPs	divided	by	the	total	number	of	SNPs,	to	give	a	value	of	similarity	between	1	(identical	allele)	to	0	(no	SNP	similarity	/	gene	absent).	
Colours	are	on	a	blue	–	yellow	–white	scale;	blue:	100	%	similarity,	white:	0	%	similarity.	The	QTL	region	is	indicated	above	in	green.	Genes	not	present	in	IR64	are	
coloured	grey.	The	‘Nipponbare	specific’	region	(absent	in	IR64)	is	indicated	in	purple.	Cultivars	are	grouped	according	to	subspecies	(all	Oryza	sativa).	
	

	
	

	

	

	

Subspecies Cultivar Os12g10670 Os12g10820 Os12g10850 Os12g10870 Os12g10930 Os12g11370 Os12g11500 Os12g11510 Os12g11660 Os12g11680 Os12g11720 Os12g11860 Os12g11930 Os12g11940 Os12g12000 Os12g12010 Os12g12120 Os12g12130 Os12g12514
Aromatic Firooz 0.742 0.883 0.665 0.832 0.825 0.910 0.061 0.730 0.000 0.402 0.181 0.186 0.436 0.665 0.121 0.263 0.132 0.972 0.616
Aromatic Kitrana508 0.742 0.879 0.709 0.832 0.860 0.914 0.061 0.797 0.000 0.402 0.129 0.192 0.432 0.698 0.121 0.276 0.202 0.972 0.575
Aromatic Darmali 0.727 0.260 0.153 0.056 0.511 0.482 0.393 0.381 1.000 0.457 0.664 0.622 0.371 0.341 0.318 0.526 0.614 0.101 0.641

Aus Kalamkati 0.864 0.908 0.622 0.788 0.737 0.910 0.895 0.756 1.000 0.402 1.000 0.727 0.699 0.544 0.455 0.526 0.991 0.908 0.638
Aus Mehr 0.742 0.568 0.444 0.640 0.203 0.554 0.459 0.651 0.136 0.424 0.017 0.273 0.324 0.352 0.409 0.526 0.026 0.028 0.689
Aus Miriti 0.742 0.238 0.135 0.088 0.530 0.424 0.380 0.460 1.000 0.446 0.647 0.640 0.409 0.302 0.364 0.526 0.482 0.060 0.698
Aus Jhona349 0.742 0.257 0.153 0.076 0.648 0.496 0.402 0.403 1.000 0.457 0.698 0.709 0.355 0.269 0.348 0.526 0.614 0.069 0.663
Indica IR8 0.985 0.987 0.873 0.956 0.756 0.971 0.891 0.898 0.682 0.793 1.000 0.855 0.807 0.786 0.909 0.974 0.939 0.972 0.816
Indica IR36 0.818 0.898 0.589 0.844 0.841 0.935 0.882 0.784 1.000 0.391 1.000 0.721 0.714 0.588 0.455 0.526 1.000 0.972 0.651
Indica JC91 0.985 0.921 0.709 0.952 0.867 0.968 0.808 0.787 1.000 0.565 1.000 0.767 0.695 0.670 0.955 0.974 1.000 0.972 0.854
Indica IR64 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Indica Gie57 0.803 0.914 0.596 0.868 0.819 0.935 0.882 0.768 0.727 0.380 0.767 0.674 0.699 0.533 0.439 0.513 0.982 0.571 0.648
Indica Guan-Yin-Tsan 0.985 0.857 0.651 0.824 0.746 0.935 0.860 0.819 0.000 0.413 0.172 0.186 0.699 0.824 0.121 0.211 0.184 0.972 0.610
Indica Ai-Chiao-Hong 0.939 0.854 0.633 0.872 0.537 0.975 0.865 0.829 0.000 0.413 0.155 0.186 0.726 0.841 0.121 0.263 0.237 0.972 0.790
Indica Jasmine85 0.970 0.771 0.655 0.928 0.651 0.964 0.764 0.794 1.000 0.783 1.000 0.779 0.676 0.747 0.818 0.895 1.000 0.912 0.543

Temperate	japonica Nipponbare 0.742 0.778 0.582 0.880 0.184 0.942 0.878 0.813 0.000 0.391 0.000 0.203 0.517 0.379 0.530 0.566 0.000 0.028 0.594
Temperate	japonica Bengal 0.652 0.537 0.505 0.848 0.187 0.788 0.803 0.686 0.045 0.413 0.060 0.203 0.494 0.390 0.409 0.513 0.123 0.115 0.365
Temperate	japonica Fanny 0.742 0.775 0.596 0.880 0.184 0.942 0.878 0.813 0.000 0.391 0.000 0.198 0.517 0.379 0.530 0.566 0.009 0.028 0.651
Temperate	japonica Mansaku 0.742 0.238 0.185 0.048 0.476 0.385 0.384 0.327 1.000 0.380 0.638 0.570 0.351 0.280 0.364 0.526 0.500 0.060 0.632
Temperate	japonica Chodongji 0.742 0.178 0.124 0.112 0.549 0.493 0.376 0.432 1.000 0.467 0.586 0.581 0.355 0.220 0.333 0.526 0.754 0.115 0.635
Tropical	japonica Dixiebelle 0.742 0.295 0.196 0.152 0.502 0.464 0.424 0.438 1.000 0.413 0.457 0.424 0.282 0.247 0.333 0.513 0.535 0.065 0.670
Tropical	japonica Davao 0.742 0.238 0.131 0.084 0.562 0.446 0.424 0.390 1.000 0.326 0.716 0.709 0.402 0.264 0.318 0.526 0.561 0.124 0.673
Tropical	japonica Trembese 0.742 0.286 0.156 0.072 0.521 0.428 0.410 0.406 1.000 0.370 0.638 0.663 0.413 0.286 0.303 0.526 0.395 0.065 0.657
Tropical	japonica Curinga 0.727 0.359 0.164 0.080 0.556 0.460 0.472 0.416 1.000 0.402 0.655 0.669 0.359 0.231 0.348 0.526 0.605 0.074 0.676
Tropical	japonica AZUCENA 0.727 0.298 0.131 0.096 0.486 0.406 0.406 0.397 1.000 0.435 0.509 0.634 0.375 0.297 0.303 0.526 0.404 0.055 0.660
Tropical	japonica Binulawan 0.742 0.314 0.175 0.048 0.476 0.428 0.328 0.387 1.000 0.424 0.724 0.587 0.390 0.264 0.364 0.526 0.518 0.074 0.657
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Table	S.3	Similarity	of	SNPs	to	the	IR64	allele	for	11	genes	across	the	S.	hermonthica	resistance	QTL,	in	26	diverse	rice	cultivars.	Genes	highlighted	in	red	have	>	80	
%	SNP	similarity	to	IR64.	Genes	blocked	out	in	grey	are	not	present	in	IR64	(Chapter	3).	Cultivars	are	sorted	from	most	resistant	to	most	susceptible.	SNP	similarity	
to	IR64	for	each	gene	is	the	sum	of	the	matching	SNPs	divided	by	the	total	number	of	SNPs,	to	give	a	value	of	similarity	between	1	(identical	allele)	to	0	(no	SNP	
similarity	/	gene	absent).	The	QTL	region	is	indicated	above	in	green.	All	cultivars	are	Oryza	sativa.	
	

	

	

Subspecies Cultivar Os12g10670 Os12g10820 Os12g10850 Os12g10870 Os12g10930 Os12g11370 Os12g11500 Os12g11510 Os12g11660 Os12g11680 Os12g11720 Os12g11860 Os12g11930 Os12g11940 Os12g12000 Os12g12010 Os12g12120 Os12g12130 Os12g12514
Indica IR8 0.985 0.987 0.873 0.956 0.756 0.971 0.891 0.898 0.909 0.974 0.816
Indica IR36 0.818 0.898 0.589 0.844 0.841 0.935 0.882 0.784 0.455 0.526 0.651
Indica JC91 0.985 0.921 0.709 0.952 0.867 0.968 0.808 0.787 0.955 0.974 0.854
Indica IR64 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Temperate	japonica Nipponbare 0.742 0.778 0.582 0.880 0.184 0.942 0.878 0.813 0.530 0.566 0.594
Aus Kalamkati 0.864 0.908 0.622 0.788 0.737 0.910 0.895 0.756 0.455 0.526 0.638
Aus Mehr 0.742 0.568 0.444 0.640 0.203 0.554 0.459 0.651 0.409 0.526 0.689
Indica Gie57 0.803 0.914 0.596 0.868 0.819 0.935 0.882 0.768 0.439 0.513 0.648

Aromatic Firooz 0.742 0.883 0.665 0.832 0.825 0.910 0.061 0.730 0.121 0.263 0.616
Indica Guan-Yin-Tsan 0.985 0.857 0.651 0.824 0.746 0.935 0.860 0.819 0.121 0.211 0.610
Indica Ai-Chiao-Hong 0.939 0.854 0.633 0.872 0.537 0.975 0.865 0.829 0.121 0.263 0.790

Temperate	japonica Bengal 0.652 0.537 0.505 0.848 0.187 0.788 0.803 0.686 0.409 0.513 0.365
Aromatic Kitrana508 0.742 0.879 0.709 0.832 0.860 0.914 0.061 0.797 0.121 0.276 0.575

Temperate	japonica Fanny 0.742 0.775 0.596 0.880 0.184 0.942 0.878 0.813 0.530 0.566 0.651
Aromatic Darmali 0.727 0.260 0.153 0.056 0.511 0.482 0.393 0.381 0.318 0.526 0.641
Indica Jasmine85 0.970 0.771 0.655 0.928 0.651 0.964 0.764 0.794 0.818 0.895 0.543

Tropical	japonica Dixiebelle 0.742 0.295 0.196 0.152 0.502 0.464 0.424 0.438 0.333 0.513 0.670
Temperate	japonica Mansaku 0.742 0.238 0.185 0.048 0.476 0.385 0.384 0.327 0.364 0.526 0.632

Aus Miriti 0.742 0.238 0.135 0.088 0.530 0.424 0.380 0.460 0.364 0.526 0.698
Temperate	japonica Chodongji 0.742 0.178 0.124 0.112 0.549 0.493 0.376 0.432 0.333 0.526 0.635

Aus Jhona349 0.742 0.257 0.153 0.076 0.648 0.496 0.402 0.403 0.348 0.526 0.663
Tropical	japonica Davao 0.742 0.238 0.131 0.084 0.562 0.446 0.424 0.390 0.318 0.526 0.673
Tropical	japonica Trembese 0.742 0.286 0.156 0.072 0.521 0.428 0.410 0.406 0.303 0.526 0.657
Tropical	japonica Curinga 0.727 0.359 0.164 0.080 0.556 0.460 0.472 0.416 0.348 0.526 0.676
Tropical	japonica AZUCENA 0.727 0.298 0.131 0.096 0.486 0.406 0.406 0.397 0.303 0.526 0.660
Tropical	japonica Binulawan 0.742 0.314 0.175 0.048 0.476 0.428 0.328 0.387 0.364 0.526 0.657
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