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Abstract
Iron	 (Fe)	 deficiency	 is	 one	 of	 the	 common	 causes	 of	 anaemia	 in	 humans.	
Improving	grain	Fe	in	rice,	therefore,	could	have	a	positive	impact	for	humans	
worldwide,	especially	for	those	people	who	consume	rice	as	a	staple	food.	In	this	
study,	225–	269	accessions	of	the	Bengal	and	Assam	Aus	Panel	(BAAP)	were	in-
vestigated	for	their	accumulation	of	grain	Fe	in	two	consecutive	years	in	a	field	
experiment	under	alternative	wetting	and	drying	(AWD)	and	continuous	flooded	
(CF)	irrigation.	AWD	reduced	straw	Fe	by	40%	and	grain	Fe	by	5.5–	13%.	Genotype	
differences	accounted	for	35%	of	the	variation	in	grain	Fe,	while	genotype	by	irri-
gation	interaction	accounted	for	12%	of	the	variation	in	straw	and	grain	Fe	in	year	
1,	with	no	significant	interactions	detected	in	year	2.	Twelve	rice	accessions	were	
identified	 as	 having	 high	 grain	 Fe	 for	 both	 years	 regardless	 of	 irrigation	 treat-
ment,	half	of	which	were	from	BAAP	aus	subgroup	3	which	prominently	comes	
from	 Bangladesh.	 On	 average,	 subgroup	 3  had	 higher	 grain	 Fe	 than	 the	 other	
four	subgroups	of	aus.	Genome-	wide	association	mapping	identified	6 genomic	
loci	controlling	natural	variation	of	grain	Fe	concentration	in	plants	grown	under	
AWD.	For	one	QTL,	nicotianamine	synthase	OsNAS3	 is	proposed	as	candidate	
for	 controlling	 natural	 variation	 of	 grain	 Fe	 in	 rice.	 The	 BAAP	 contains	 three	
haplotypes	of	OsNAS3	where	one	haplotype	(detected	in	31%	of	the	individuals)	
increased	grain	Fe	up	to	11%.	Haplotype	analysis	of	this	gene	in	rice	suggests	that	
the	ability	to	detect	the	QTL	is	enhanced	in	the	BAAP	because	the	high	Fe	allele	
is	balanced	in	aus,	unlike	indica	and	japonica	subgroups.
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1 	 | 	 INTRODUCTION

Plants	require	iron	(Fe)	for	their	growth,	development	and	
to	 complete	 their	 life	 cycle	 (Tripathi	 et	 al.,	 2018).	 As	 an	
essential	element,	Fe	 is	 required	by	plants	 for	a	number	
of	cellular	processes	such	as	respiration,	hormone	biosyn-
thesis,	 chlorophyll	 biosynthesis,	 photosynthetic	 electron	
transport,	 nitrogen	 assimilation	 and	 pathogen	 defence	
(Hansch	 &	 Mendel,	 2009).	 Fe	 deficiency	 results	 in	 poor	
growth,	reduced	yields	and	chlorosis	in	plants	(Hansch	&	
Mendel,	2009).

Fe	is	an	essential	macronutrient	in	the	human	diet	re-
quired	to	maintain	several	biological	processes	including	
DNA	and	RNA	synthesis,	cell	proliferation	and	differenti-
ation	and	the	mitochondrial	respiratory	chain	(Lieu	et	al.,	
2001).	Haemoglobin,	an	Fe	containing	protein,	 is	an	im-
portant	molecule	in	oxygen	carrying	in	blood	(Chen	et	al.,	
2015).	Ferritin	is	another	Fe	containing	protein	molecule	
that	stores	and	releases	Fe	in	a	controlled	fashion	to	main-
tain	 the	 level	of	Fe	 in	 the	human	body	 (Mesquita	et	al.,	
2020).	As	a	result	of	Fe	deficiency,	humans	can	suffer	sev-
eral	diseases	(Abbaspour	et	al.,	2014;	Miller,	2013),	for	ex-
ample	anaemia	and	tissue	hypoxia	(Theurl	et	al.,	2016).

Plants	 are	 the	 main	 dietary	 source	 of	 Fe	 for	 human	
around	the	world	(Graham	et	al.,	2007).	As	a	staple	and	
gluten-	free	 food,	 rice	 (Oryza sativa	 L.)	 is	 consumed	 by	
billions	of	people	globally	(Fageria,	2007;	Hosseini	et	al.,	
2018).	Polished	rice	 is	usually	preferred	than	brown	rice	
across	the	world.	However,	polishing	rice	results	in	a	loss	
of	 Fe.	 A	 recent	 study	 observed	 the	 mean	 concentration	
of	 Fe	 was	 63%	 lower	 in	 rice	 after	 it	 had	 been	 polished	
(Maganti	et	al.,	2020).	This	indicates	that	people	across	the	
world	who	solely	depends	on	rice	for	their	staple	food	will	
consume	less	Fe	from	rice	and	therefore	boosting	rice	Fe	
would	help	these	people.	Rice	grain	has	a	narrow	genetic	
variation	for	endosperm	Fe	with	which	to	try	to	improve	
dietary	Fe	(Glahn	et	al.,	2002;	Gregorio	et	al.,	2000;	Meng	
et	al.,	2005).	To	date,	popular	polished	rice	contains	approx-
imately	2 µg/g	grain	Fe	but	the	targeted	grain	concentra-
tion	is	15 µg/g	(Bouis	et	al.,	2011).	Transgenic	approaches	
were	used	to	increase	grain	Fe	with	great	success.	For	ex-
ample,	Trijatmiko	et	al.	(2016)	achieved	15 µg/g	Fe	in	en-
dosperm	 by	 overexpressing	 rice	 nicotianamine	 synthase	
(OsNAS2)	 and	 soybean	 ferritin.	 However,	 natural	 alleles	
for	 breeding	 are	 still	 required	 for	 those	 countries	 where	
genetically	 modified	 (GM)	 and	 gene	 editing	 approaches	
are	 not	 legally	 approved.	Therefore,	 if	 a	 wider	 rice	 pop-
ulation	is	examined,	and	stable	loci	for	high	grain	Fe	and	
underlying	gene(s)	are	identified,	there	is	a	scope	that	Fe	
content	in	rice	can	be	increased	through	breeding,	GM	or	
gene	editing	approaches.

Several	 gene	 and	 enzyme	 families	 have	 been	 iden-
tified	 which	 play	 important	 roles	 for	 Fe	 uptake	 and	

accumulation	 in	rice.	For	example,	 iron	regulated	 trans-
porter	 (IRT),	 yellow	 stripe-	like	 (YSL),	 nicotianamine	
synthesis	(NAS),	vacuole	 iron	transporter	(VIT)	and	nat-
ural	resistance-	associated	macrophage	protein	(NRAMP)	
are	 the	 well-	known	 gene	 and	 enzyme	 families	 to	 be	 in-
volved	in	Fe	trafficking	in	plants	(Conte	&	Walker,	2011;	
Kobayashi	et	al.,	2014).	To	date,	two	IRTs	(IRT1	and	IRT2)	
(Eide	et	al.,	 1996;	 Ishimaru	et	al.,	 2006;	Robinson	et	al.,	
1999;	 Vert	 et	 al.,	 2001;	 Wairich	 et	 al.,	 2019),	 four	 YSLs	
(Inoue	 et	 al.,	 2009;	 Ishimaru	 et	 al.,	 2010;	 Kakei	 et	 al.,	
2012;	Koike	et	al.,	2004),	 three	NASs	 (Inoue	et	al.,	2003;	
Ishimaru	et	al.,	2006;	Johnson	et	al.,	2011;	Lee	et	al.,	2009;	
Takagi,	1976;	Trijatmiko	et	al.,	2016),	two	VITs	(Che	et	al.,	
2021;	Zhang	et	al.,	2012)	and	several	NRAMPs	(Curie	et	al.,	
2000;	Ishimaru	et	al.,	2012;	Peris-	peris	et	al.,	2017;	Swamy	
et	al.,	2021;	Takahashi	et	al.,	2011)	have	been	categorised	
which	are	involved	in	Fe	transport	in	rice.	The	IRT	 fam-
ily	is	involved	in	Fe	uptake	and	translocation	in	rice	(Eide	
et	 al.,	 1996;	 Ishimaru	et	al.,	 2006;	Robinson	et	al.,	 1999;	
Vert	et	al.,	2001).	OsYSL15	(Inoue	et	al.,	2009;	Lee	et	al.,	
2009)	and	OsYSL16	(Kakei	et	al.,	2012)	are	involved	in	the	
influx	of	metal-	NA	complex	and	efflux	of	Fe	(II)	in	rice,	
whereas	OsYSL2	(Ishimaru	et	al.,	2010;	Koike	et	al.,	2004)	
is	involved	in	Fe	translocation.	The	NAS	family	is	involved	
in	 de-	oxymugineic	 acid	 (DMA)	 biosynthesis	 required	
for	Fe	 (III)-	DMA	uptake	and	 translocation	 (Inoue	et	al.,	
2003;	Ishimaru	et	al.,	2006;	Takagi,	1976).	The	VIT	family	
is	responsible	for	Fe	subcellular	sequestration	and	trans-
location	of	Fe	between	 flag	 leaves	and	seeds	 (Che	et	al.,	
2021;	Zhang	et	al.,	2012).	The	NRAMP	family	is	responsi-
ble	for	ferrous	Fe	uptake	and	translocation	in	rice	(Curie	
et	al.,	2000;	Ishimaru	et	al.,	2012;	Peris-	Peris	et	al.,	2017;	
Swamy	et	al.,	2021;	Takahashi	et	al.,	2011).	Several	genes	
have	been	also	classified	as	Fe	transporter	in	rice	such	as	
a	mitochondrial	iron	transporter	(Os03g0296800)	(Bashir	
et	 al.,	 2011),	 a	 paralogue	 of	 a	 DNA	 glycosylase	 domain	
protein	(OsROS1)	(Liu	et	al.,	2018)	and	a	multidrug	toxic	
compound	 extrusion	 transporter	 (OsFRDL1)	 (Yokosho	
et	al.,	2009,	2016).

Mechanisms	controlling	Fe	uptake	and	accumulation	
in	rice	and	other	higher	plants	have	been	previously	elu-
cidated.	It	is	proposed	that	there	are	two	different	strate-
gies	(strategy	I	and	strategy	II)	used	by	rice	to	uptake	Fe	
from	soil.	In	strategy	I,	rice	plants	release	protons	into	the	
rhizosphere	to	increase	ferric	ions	(Fe3+)	solubility	(Fox	&	
Guerinot,	1998).	Subsequently,	Fe3+	is	reduced	to	Fe2+	by	
ferric	reductase-	oxides	(FRO)	enzyme	and	Fe2+	ions	enter	
root	plasma	membrane	by	 IRTs	 (Mukherjee	et	al.,	2006;	
Robinson	et	al.,	 1999;	Vert	 et	 al.,	 2002;	Wu	et	al.,	 2005).	
In	 strategy	 II,	 the	 biosynthesis	 of	 Fe-	chelators,	 known	
as	 mugineic	 acid	 family	 phytosiderophores	 (MAs),	 sol-
ubilises	 Fe	 in	 soil	 and	 produces	 a	 Fe-	phytosiderophores	
complex	(Fe3+-	PS)	(Bashir	et	al.,	2006;	Inoue	et	al.,	2003;	
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Nozoye	et	al.,	2011).	The	complexes	(Fe3+-	PS)	are	taken	up	
into	root	cells	by	the	transmembrane	YSL	proteins	(Inoue	
et	al.,	2009;	Ishimaru	et	al.,	2006;	Kakei	et	al.,	2012).	The	
relative	importance	of	each	of	these	strategies	is	likely	to	
vary	according	to	environmental	conditions	because	rice	
is	grown	in	diverse	soil	water	conditions	(eg.	flooded,	non-	
flooded)	which	will	impact	the	solubility	and	availability	
of	Fe	ions.	For	example,	under	non-	flooded	condition,	Fe	
is	 predominantly	 present	 in	 the	 oxidised,	 almost	 insolu-
ble,	 Fe3+	 form	 which	 may	 not	 be	 available	 to	 uptake	 by	
rice	root	(Morrissey	&	Guerinot,	2009).	On	the	other	hand,	
under	flooded	conditions,	Fe3+	is	reduced	to	Fe2+	which	is	
more	efficiently	taken	up	by	rice	roots	and	has	the	poten-
tial	to	achieve	toxic	levels	of	soil	Fe	availability	(Becker	&	
Asch,	2005).

Previous	 studies	 have	 demonstrated	 that	 several	
quantitative	 trait	 loci	 (QTL)	 are	 responsible	 for	 shoot/
straw	and	grain	Fe	accumulation	in	rice.	Several	genetic	
mapping	studies	using	biparental	crosses	have	been	con-
ducted	 to	 identify	genomic	 loci	 regulating	Fe	content	 in	
rice	(Anuradha	et	al.,	2012;	Calayugan	et	al.,	2020;	Dixit	
et	 al.,	 2019;	 Jeong	 et	 al.,	 2020;	 Jeong,	 Lee,	 et	 al.,	 2020;	
Norton	et	al.,	2010;	Swamy	et	al.,	2018;	Zhang	et	al.,	2014).	
Recently,	 a	 number	 of	 genome-	wide	 association	 (GWA)	
mapping	studies	have	been	conducted	to	identify	genomic	
loci	controlling	grain	Fe	using	different	 rice	populations	
(Bollinedi	 et	 al.,	 2020;	 Descalsota	 et	 al.,	 2018;	 Liu	 et	 al.,	
2020;	 Pradhan	 et	 al.,	 2020;	Yang	 et	 al.,	 2018;	 Zaw	 et	 al.,	
2019).	However,	no	GWA	study	has	been	conducted	yet	to	
examine	a	 larger	rice	population	for	grain	Fe	concentra-
tion	in	flooded	and	alternative	wetting	and	drying	(AWD)	
conditions	where	genotype-	environment	interactions	are	
also	considered.

AWD	 is	 a	 water	 saving	 technique	 which	 is	 currently	
used	for	rice	production	in	some	countries	(Carrijo	et	al.,	
2017,	2018).	Although	AWD	is	not	widely	adopted	by	rice	
farmers,	 it	 is	 more	 sustainable	 than	 conventional	 rice	
farming	as	AWD	reduces	both	water	inputs	and	emits	less	
greenhouse	gases	(Carrijo	et	al.,	2017;	Howell	et	al.,	2015;	
Lampayan	 et	 al.,	 2015).	 Several	 studies	 have	 been	 con-
ducted	recently	to	understand	the	impact	on	shoot/straw	
and	grain	quality	in	rice	using	AWD	system	(Carrijo	et	al.,	
2018).	A	study	conducted	by	Norton,	Travis,	et	al.,	(2017)	
on	22	rice	accessions	observed	that	 there	 is	a	significant	
reduction	in	straw	and	grain	Fe	when	plants	are	cultivated	
under	AWD	compared	to	plants	cultivated	using	continu-
ously	 flooded	(CF)	 field	management.	Since	AWD	is	be-
coming	more	popular	and	adopted	by	farmers	as	a	water	
saving	technique,	there	is	a	scientific	importance	to	evalu-
ate	the	impact	AWD	has	on	grain	traits.

In	this	study,	a	rice	population,	the	Bengal	and	Assam	
Aus	Panel	(BAAP),	was	utilised	to	appreciate	Fe	accumula-
tion	in	brown	rice	under	two	different	water	management	

systems	(AWD,	CF).	The	BAAP	is	a	rice	population	which	
is	mainly	comprised	of	accessions	 from	the	aus	 subpop-
ulation	of	rice	(Travis	et	al.,	2015).	A	study	conducted	by	
Norton	et	al.	(2018)	identified	5	different	subgroups	within	
BAAP	denoting	that	it	consists	of	a	structured	and	genet-
ically	diverse	population.	Previous	 studies	demonstrated	
that	 aus	 subpopulation	 has	 agriculturally	 important	 al-
leles	for	disease	resistance	(Garris	et	al.,	2003),	deep	water	
and	submergence	tolerance	(Hattori	et	al.,	2009;	Xu	et	al.,	
2006),	drought	tolerance	and	drought	resistance	(Bernier	
et	 al.,	 2009)	 and	 low	 phosphorous	 tolerance	 (Gamuyao	
et	al.,	2012).	Therefore,	the	aus	is	recognised	as	an	import-
ant	 source	 of	 genetic	 material	 for	 plant	 breeders	 to	 de-
velop	 stress-	tolerance	 and	 climate-	resilient	 rice	 varieties	
(Kim	 et	 al.,	 2016).	 Recent	 studies	 on	 aus	 subpopulation	
in	rice	have	also	identified	genes	controlling	variation	of	
grain	arsenic	and	cadmium	accumulation	and	salt	 toler-
ance	in	rice	(Chen	et	al.,	2020;	Norton	et	al.,	2019,	2021).

To	understand	Fe	accumulation	trait	in	rice,	this	study	
focussed	 on	 the	 BAAP	 population	 which	 is	 mainly	 con-
sisted	 of	 aus	 subpopulation	 of	 rice.	The	 population	 was	
cultivated	 in	 a	 field	 experiment	 in	 Bangladesh	 for	 two	
consecutive	 years	 (Norton	 et	 al.,	 2018).	 The	 population	
has	been	genotyped	with	2 million	single-	nucleotide	poly-
morphisms	(SNPs)	and	consisted	of	5	different	subgroups	
which	 are	 utilised	 to	 perform	 genome-	wide	 association	
(GWA)	mapping	of	straw	and	grain	Fe	traits.	The	goal	of	
this	 study	 is	 to	 understand	 how	 AWD	 impacts	 on	 straw	
and	 grain	 Fe	 accumulation	 in	 rice	 compared	 to	 CF	 and	
identify	genomic	loci	and	underlying	gene(s)	controlling	
Fe	variation	in	rice.

2 	 | 	 METHODS

2.1	 |	 Experimental materials

The	rice	population	used	was	the	Bengal	and	Assam	Aus	
Panel	 (BAAP)	 which	 has	 been	 previously	 used	 to	 study	
natural	variation	of	multiple	phenotypes	(Chen	et	al.,	2020;	
Norton	et	al.,	2018,	2019,	2021).	The	BAAP	consists	of	266	
aus	 rice	accessions	 including	a	number	of	high	yielding	
accessions	originating	 from	Bangladesh	and	India	and	a	
number	of	other	rice	accessions	including	the	OryzaSNP	
panel	(McNally	et	al.,	2009;	Norton	et	al.,	2018).

2.2	 |	 Experimental sites and procedures

The	 field	 experiments	 were	 conducted	 in	 Mymensingh,	
Bangladesh,	 for	 two	consecutive	years	 in	 the	dry	season	
of	2013	 (Year	1)	and	2014	 (Year	2)	under	AWD	and	CF	
conditions.	 The	 detail	 information	 about	 the	 physical	
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and	 chemical	 properties	 of	 soil	 in	 the	 experimental	 site	
(Hossain	 et	 al.,	 2009;	 Norton,	 Shafaei,	 et	 al.,	 2017),	 re-
sources	(eg	fertiliser	and	water)	used	for	the	study	and	the	
method	applied	in	field	experiment	have	been	previously	
reported	(Norton	et	al.,	2018).	Briefly,	rice	seedlings	were	
grown	in	the	field	and	transplanted	by	hand.	A	total	of	8	
experimental	plots	(5 m	×	11.4 m)	were	used	(4	replicates	
of	AWD	and	4	replicates	of	CF)	to	grow	plants,	with	two	
plants	per	hill	with	a	distance	of	20 cm	between	each	hill	
in	a	row	and	a	20 cm	distance	between	each	row	of	2 m	
length.	Rice	accessions	were	planted	in	single	rows,	and	
BRRI	 Dhan	 28	 was	 used	 as	 a	 check	 variety	 in	 every	 al-
ternative	row.	The	water	level	in	the	CF	plots	was	main-
tained	at	a	depth	between	2 cm	and	5 cm	above	the	soil	
surface	during	the	experiment.	For	AWD	plots,	a	plastic	
pipe	was	used	to	monitor	the	water	level.	When	the	water	
level	in	the	AWD	plots	reached	15 cm	below	the	soil	sur-
face,	the	AWD	plots	were	re-	irrigated	between	2 cm	and	
5 cm	above	the	soil	surface.	AWD	irrigation	was	used	from	
14 days	after	transplanting	until	 the	initiation	of	flower-
ing,	 at	 which	 points	 the	 AWD	 plots	 were	 managed	 the	
same	as	the	CF	plots.	Straw	and	grain	samples	were	hand	
harvested	 from	 the	 central	 six	 plants	 of	 each	 row	 when	
the	grains	had	matured.	The	straw	was	hand	harvested	ap-
proximately	5 cm	above	the	soil	surface.

2.3	 |	 Analysis of Fe content in rice

Rice	 grains	 were	 oven-	dried	 at	 80˚C	 for	 3  days	 and	 de-	
husked	prior	to	analysis.	To	determine	Fe	concentration	
in	 rice	 gain,	 0.2  g	 samples	 were	 weighed	 accurately	 out	
into	50 mL	polyethylene	centrifuge	tubes	followed	by	mi-
crowave	digestion	using	nitric	acid	and	hydrogen	peroxide	
as	 described	 in	 Norton,	 Shafaei,	 et	 al.,	 (2017).	 Similarly,	
straw	 samples	 were	 oven-	dried	 at	 80˚C	 for	 3  days	 and	
ball-	milled	 to	a	 powder	prior	 to	 analysis.	The	 powdered	
samples	(0.2g)	were	accurately	weighed	into	a	50 ml	poly-
ethylene	centrifuge	tube	and	digested	using	nitric	acid	and	
hydrogen	peroxide	as	described	in	Norton,	Shafaei,	et	al.	
(2017).	For	each	accession,	there	were	8 samples,	four	rep-
licates	of	each	rice	accessions	gown	on	the	AWD	plots	and	
four	grown	on	the	CF	plots.	Analysis	of	Fe	was	done	by	
inductively	coupled	plasma-	mass	spectroscopy	(ICP-	MS).	
Trace	elements	grade	reagents	were	used	for	all	digestions	
and	certified	reference	materials	(Oriental	basma	tobacco	
leaves	[INCT-	OBTL-	5])	and	rice	flour	[NIST1568b]),	and	
blanks	were	used	throughout	the	experiment	as	described	
in	Norton,	Shafaei,	et	al.	(2017).

Analysis	of	Fe	according	to	BAAP	subgroups	(Norton	
et	al.,	2018)	was	also	conducted	to	examine	whether	the	
grain	 and	 straw	 Fe	 significantly	 differ	 within	 the	 BAAP	
subgroups.

2.4	 |	 GWA mapping of Fe content in rice

GWA	mapping	was	performed	using	2,053,863	SNPs	de-
rived	from	BAAP	accessions	(Norton	et	al.,	2018).	As	de-
scribed	in	Kang	et	al.	(2010),	the	Parallel	Identification	of	
QTL’s	 using	 EMMAX	 (PIQUE)	 pipeline	 (https://github.
com/tony-	travi	s/PIQUE)	was	used	to	perform	GWA	map-
ping	of	 straw	and	grain	Fe	content	using	 the	previously	
curated	BAAP	SNP	database	(Norton	et	al.,	2018).	If	any	
SNP	has	a	minor	allele	frequency	(MAF)	<0.05,	the	SNP	
was	 excluded	 from	 the	 analysis	 and	 maximum	 per-	SNP	
missing	was	set	at	a	5%	threshold.	For	SNP-	trait	associa-
tion,	a	mixed	model	was	used	across	all	accessions.	In	ad-
dition,	a	principal	component	analysis	(PCA)	was	used	to	
examine	population	structure	which	was	used	as	covari-
ates	 based	 on	 the	 first	 five	 principal	 components	 of	 the	
population.	Using	a	kinship	matrix,	a	random	effect	was	
estimated	 that	 allowed	 for	 the	 identification	 the	 genetic	
similarity	in	GWA	analysis.	To	identify	the	false	discovery	
rate	(FDR)	of	SNP-	trait	association,	Benjamini-	Hochberg	
adjusted	 probabilities	 were	 estimated	 as	 described	 in	
Benjamini-	Hochberg	 (1995).	 A	 significant	 threshold	 of	
10%	FDR	and	p < 0.0001	were	used	to	identify	significant	
SNP	(Norton	et	al.,	2018).

Following	GWA	mapping	of	all	traits,	clump	was	used	
to	bin	together	SNPs	with	p < 0.0001,	MAF < 0.05	for	all	
traits	separately	based	on	the	linkage	disequilibrium	(LD)	
decay	(Norton	et	al.,	2019;	Purcell	et	al.,	2007).	The	global	
LD	decay	value	of	243kb	was	used	for	CLUMP	analysis	as	
this	is	the	average	LD	decay	of	the	BAAP	(Norton	et	al.,	
2018).	Following	the	clump	analysis,	a	QTL	was	defined	
on	the	basis	of	the	criteria	p < 0.0001	and	a	FDR<10%.	If	
any	SNP	was	identified	p < 0.0001	but	it	does	not	meet	the	
FDR	criteria,	it	was	defined	as	a	putative	QTL.

2.5	 |	 Downstream analysis of 
GWA mapping

Local	LD	decay	was	calculated	based	on	r2	using	PLINK	
within	 1  Mbp	 region	 from	 the	 centre	 of	 a	 QTL	 (Norton	
et	 al.,	 2019;	 Purcell	 et	 al.,	 2007;	 VanLiere	 &	 Rosenberg,	
2008).	 To	 identify	 potential	 candidate	 gene	 underneath	
the	QTL,	local	LD	decay	was	also	used	to	confirm	that	the	
gene	is	within	local	LD	decay	of	QTL	region.	To	produce	
the	LD	heat	map,	R	package	LDheatmap	was	used,	and	
QTL	was	visualised	as	local	Manhattan	plot	on	top	of	the	
LD	heatmap.	Mobile	elements	within	LD	were	not	consid-
ered	as	candidate	genes.	For	all	other	genes	underneath	
the	QTL,	the	Rice	Genome	Annotation	Project	(RGAP)	V7	
annotation	 (Kawahara	 et	 al.,	 2013)	 and	 ARAMEMNON	
database	(Schwacke	et	al.,	2003)	were	examined	for	initial	
evidence	of	a	functional	link	to	the	trait.

https://github.com/tony-travis/PIQUE
https://github.com/tony-travis/PIQUE
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To	 identify	 synonymous	 and	 non-	synonymous	 SNPs	
within	the	interested	genomic	location,	the	3,000	rice	ge-
nome	data	(Mansueto	et	al.,	2017)	were	obtained	from	the	
SNP-	Seek	website.	For	the	analysis	of	haplotype	within	a	
candidate	gene	for	the	BAAP,	PLINK	was	used	to	extract	
SNPs	data	from	‘map’	and	‘ped’	files	(Purcell	et	al.,	2007).	
Subsequently,	SNPs	data	and	traits	were	aligned	according	
to	BAAP	ID	for	the	analysis.	To	identify	whether	any	SNP	
or	haplotype	have	an	impact	on	trait,	 the	effect	size	was	
determined	 by	 calculating	 mean	 and	 median,	 and	 data	
were	visualised	using	box	plots.	The	Haplotype	Analysis	
tool	in	RiceVarMap2	was	also	used	to	investigate	the	hap-
lotype	of	any	gene	in	a	larger	population	containing	4726	
rice	accessions	(Zhao	et	al.,	2015).

2.6	 |	 Statistical analysis

Statistical	analyses	were	performed	using	R	(version	3.6.1),	
Python	 (version	 3.7.4),	 Minitab	 v.17	 (State	 College,	 PA)	
and	 SigmaPlot	 v.14	 (Systat	 Software	 Inc.,	 CA).	 The	 nor-
mal	distribution	of	residual	assumption	was	checked	be-
fore	performing	analysis	of	variance	(ANOVA).	Statistical	
significance	was	set	at	p < 0.05.

3 	 | 	 RESULTS

3.1	 |	 Straw and grain Fe content in rice

The	mean	and	raw	values	for	all	straw	and	grain	Fe	traits	
obtained	in	this	study	are	presented	in	Table	S1.	The	AWD	
treatment	significantly	reduced	the	straw	and	grain	Fe	ac-
cumulation	in	the	plants	compared	to	the	CF	treatment,	
but	the	magnitude	was	much	greater	for	straw	(40%)	com-
pared	 to	 the	 grain	 (5.5–	13%)	 (Figure	 1,	 Tables	 1	 and	 2).	
For	grain	Fe	 trait,	 the	difference	between	 the	genotypes	
explained	 35.4%	 and	 34.8%	 of	 the	 observed	 variation	 in	
year	1	and	year	2	respectively	(Table	1).	In	year	1,	 there	
was	a	1.9	(AWD)-		and	1.8	(CF)-	fold	difference	in	grain	Fe	
between	the	accessions,	while	in	year	2	a	2.1	(AWD)-		and	
1.8	(CF)-	fold	variation	in	grain	Fe	was	observed	between	
the	accessions	(Table	2).	For	straw	Fe	trait,	difference	be-
tween	genotype	explained	16.1%	of	the	observed	variation	
(Table	1).	A	significant	genotype	by	treatment	interaction	
was	observed	for	grain	and	straw	Fe	in	year	1	but	not	in	
year	2	(Table	1).

In	each	 treatment,	 rice	accessions	were	noted	 if	 they	
were	 in	 the	 top	 10%	 of	 grain	 Fe	 concentration.	 There	
were	twelve	rice	accessions	identified	which	consistently	
showed	high	grain	Fe	across	the	experiments	in	both	treat-
ments	 (AWD	 and	 CF)	 (Table	 3).	 Five	 accessions	 (Deshi	
boro,	Jamir,	Lakhai,	Lahaya	and	Deshi	boro)	were	in	the	

top	10%	grain	Fe	in	both	conditions	for	both	years	(Table	
3),	 having	 on	 average	 grain	 Fe	 concentrations	 22–	34%	
higher	than	the	population	mean.

Comparing	 traits	 between	 treatments	 revealed	 signif-
icant	positive	correlations	which	were	much	stronger	for	
grain	Fe	than	straw	Fe	(Figure	1).	There	was	no	significant	
correlation	observed	between	shoot	and	grain	Fe	concen-
tration	under	the	two	conditions	(Figure	S1).	Examining	
the	ratio	of	AWD/CF	does	not	reveal	any	correlation	be-
tween	years	 for	grain	Fe	or	between	grain	and	shoots	 in	
year	1.

3.2	 |	 Analysis of Fe in BAAP subgroups

A	 significant	 difference	 (p  <  0.05)	 between	 BAAP	 sub-
groups	was	observed	for	all	grain	traits	 in	AWD	and	CF	
conditions.	 For	 AWD	 grain	 Fe	 traits	 in	 year	 1	 and	 year	
2,	 subgroups	 explained	 30.0%	 and	 33.4%	 of	 the	 varia-
tions	respectively	(Figure	2).	For	CF	grain	Fe	year	1	and	
year	2	traits,	subgroups	explained	37.6%	and	37.5%	varia-
tions	respectively	(Figure	2).	It	was	noticeable	that	group	
3 had	the	highest	mean	and	median	grain	Fe	for	all	traits.	
The	order	(3>4>5>1>2)	of	mean	grain	Fe	was	found	to	
be	similar	in	all	grain	traits	except	CF	grain	Fe	in	year	1	
which	 was	 3>5>4>1>2.	 There	 was	 no	 significant	 effect	
observed	for	AWD	straw	Fe	trait	(Figure	S2);	however,	a	
significant	 difference	 between	 subgroups	 was	 observed	
in	 the	CF	straw	Fe	 trait	 (p < 0.01)	where	subgroups	ex-
plained	14.8%	variation	(Figure	S2).	There	was	no	differ-
ence	between	subgroup	for	the	ratio	of	AWD/CF	for	grain	
Fe	in	either	year	or	shoot	Fe	in	year	1.

3.3	 |	 GWA mapping of straw and grain 
Fe content

Additional	 information	 about	 all	 BAAP	 accessions	 and	
value	of	all	 traits	have	been	provided	in	the	supplemen-
tary	information	(Table	S1).	The	frequency	distribution	of	
the	six	traits	used	for	GWA	mapping	is	provided	in	Figure	
S3.	GWA	mapping	was	conducted	on	straw	and	grain	Fe	
traits	 to	 identify	 genomic	 loci	 controlling	 natural	 vari-
ation	of	Fe	accumulation	in	rice	(Figure	3).	Using	GWA	
mapping,	a	 total	of	1388	SNPs	(p < 0.0001)	were	 identi-
fied	as	 significantly	associated	 for	at	 least	one	of	 the	 six	
different	straw	and	grain	 traits	evaluated	across	 the	 two	
years.	 Subsequently,	 CLUMP	 was	 used	 to	 identify	 sin-
gle	QTLs	from	multiple	SNPs	(p < 0.0001),	and	a	total	of	
46 loci	were	identified	considering	the	six	traits	(Table	S2).	
Several	 clump	 groups	 overlapped	 (are	 within	 the	 global	
LD	 (243  kbp)	 of	 the	 BAAP);	 therefore,	 these	 were	 con-
sidered	 to	 be	 same	 putative	 QTLs	 (Table	 S2).	 A	 total	 of	
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F I G U R E  1  Box	plots	and	scatter	plots	of	Fe	traits.	Grain	Fe	(mg/kg)	in	AWD	and	CF	in	year	1	(a)	and	correlation	between	two	traits	
(b).	Grain	Fe	(mg/kg)	in	AWD	and	CF	in	year	2	(c)	and	the	correlation	between	two	traits	(d).	Straw	Fe	(mg/kg)	in	AWD	and	CF	in	year	
1	(E)	and	correlation	between	two	traits	(f).	In	the	box	plot,	the	lower	box	boundaries	(Q1)	and	upper	box	boundaries	(Q3)	represent	25	
percentile	and	75	percentile	of	data	respectively.	The	height	of	the	box	is	the	interquartile	range	(IQR),	and	solid	line	inside	the	box	indicates	
the	median	value.	The	length	of	whiskers	below	and	above	the	box	represents	lower	and	upper	values,	respectively,	outside	the	interquartile	
range	but	within	1.5	×	IQR.	The	dots	outside	the	whiskers	represent	lower	and	upper	outliers	(above	1.5	×	IQR)
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40	 QTLs	 were	 identified,	 which	 included	 two	 QTLs	 de-
tected	in	two	traits	being	at	29.3 Mb	on	chromosome	7	(for	
grain	Fe	in	AWD	both	years)	and	at	18.7 Mbp	on	chromo-
some	10	(for	grain	Fe	 in	CF	both	years).	To	reduce	type	
one	 error,	 a	 Benjamini-	Hochberg	 false	 discovery	 rate	 of	
10%	FDR	was	applied.	Of	the	40	identified	putative	QTLs	
(Table	S2),	only	5	QTLs	were	found	with	at	least	one	SNP	

above	10%	FDR	(Table	4).	These	5	QTLs	are	discussed	in	
detail	below.	Note,	all	of	 these	QTLs	were	detected	only	
in	AWD	conditions;	however,	a	number	of	putative	QTLs	
were	detected	under	the	CF	conditions	(Table	S2).

For	AWD	grain	Fe	year	1	trait,	3	different	QTLs	were	
identified	on	chromosome	3,	5	and	7.	For	AWD	grain	Fe	
year	2	trait,	3	QTLs	were	identified	on	chromosome	1,	3	

T A B L E  1 	 Descriptive	statistics	for	grain	and	straw	Fe	concentration	measured	in	2013	and	2014	for	the	accessions	grown	under	AWD	
and	CF

Trait Year

Descriptive statistics

Min Max Median Mean SD

Grain	Fe	(	mg/kg	) 2013 AWD	(n = 269) 8.7 16.2 11.7 11.8 1.4

CF	(n = 242) 9.5 17.1 12.4 12.5 1.4

Straw	Fe	(	mg/kg	) AWD	(n = 260) 66.5 344.0 145.5 153.7 41.9

CF	(n = 218) 125.9 521.5 244.4 255.7 75.5

Grain	Fe	(	mg/kg	) 2014 AWD	(n = 244) 7.4 15.2 11.0 10.9 1.5

CF	(n = 225) 9.6 17.2 12.5 12.6 1.4

Trait Year

2- way ANOVA

Treatment Genotype
Treatment x 
genotype interaction

Grain	Fe 2013 77.1	***	(3.0%) 3.8	***	
(35.4%)

1.3	**	(11.7%)

Straw	Fe 424.2***	(19.6%) 1.7	***	
(16.1%)

1.3	**	(12.3%)

Grain	Fe 2014 368.3	***	(13.3%) 4.4	***	
(34.8%)

1.1 NS	(8.8%)

*p	<	0.05,	**	p	<	0.01,	***	p	<	0.001,	NS	=not	significant.

T A B L E  2 	 Two-	way	ANOVA	results	
(F-	values)	for	treatment,	genotype	and	the	
treatment	x	genotype	interaction	for	the	
grain	and	straw	Fe	concentrations	in	2013	
and	2014.	Numbers	in	brackets	are	the	
percentage	contribution	for	that	factor	to	
the	overall	observed	variation

BAAP ID Cultivar name
BAAP subgroup/rice 
subpopulation

Year 1 Year 2

AWD CF AWD CF

1 ASSAM	4	
(BORO)

aus	(Group	3) X X X

100 ARC	14915 aus admix X X X

110 Bir	Cona aus	(Group	5) X X X

143 Jagal−1640	A aus	(Group	3) X X X

165 Deshi	Boro aus	(Group	3) X X X X

174 DA	2 aus	(Group	3) X X X

222 Jamir aus	(Group	3) X X X X

231 Lakhai japonica X X X X

234 Lahaya japonica X X X X

235 Deshi	boro indica X X X X

238 Chhola	boro	(2) aus	(Group	3) X X X

246 Gachi japonica X X X

T A B L E  3 	 Name	and	BAAP	ID	of	rice	
accessions	with	consistently	high	grain	
Fe	concentration	in	three	or	four	of	the	
experiments.	An	X	indicates	that	the	
cultivar	was	in	the	highest	≈	10%	for	grain	
Fe	concentration	in	that	experiment
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and	7.	There	were	no	QTL	(which	made	the	FDR	require-
ments)	 identified	 for	 the	CF	grain	Fe	trait,	 the	CF	straw	
Fe	trait	or	the	AWD	straw	Fe	trait.	Three	of	the	five	QTLs	
co-	localised	 with	 previous	 identified	 straw	 and	 grain	 Fe	
QTLs	(Table	4).

3.4	 |	 QTL on chromosome 1 ~2.15 Mbp

A	QTL	(qFe1)	was	identified	on	top	of	chromosome	1	at	
2.15 Mbp	for	AWD	grain	Fe	year	2	trait	(Figure	3,	Table	
4).	The	local	LD	decay	of	this	region	was	found	to	be	ap-
proximately	70 kbp	(Figure	S4).	Only	one	significant	SNP	
above	10%	FDR	threshold	was	identified	within	this	QTL.	
There	are	15 genes	located	within	the	local	LD	region	of	
this	QTL	excluding	‘retrotransposon	protein’	(Table	S3).

3.5	 |	 QTLs on chromosome 3 
~4.21 Mbp and 23.15 Mbp

On	 chromosome	 3,	 2	 QTLs	 were	 identified	 for	 AWD	
grain	Fe	trait.	One	of	the	QTLs	(qFe3.4)	was	identified	at	
4.21 Mbp	for	AWD	grain	Fe	in	year	2	(Figure	3,	Table	4).	
The	local	LD	decay	of	this	QTL	region	at	4.21 Mbp	is	ap-
proximately	120 kbp	(Figure	S4).	A	total	of	13	SNPs	sig-
nificantly	associated	with	the	AWD	grain	Fe	year	2	trait	
(p  <  0.0001	 and	 FDR	 <10%)	 in	 the	 QTL	 region.	 Within	
the	local	LD	of	this	QTL	(120 kbp),	41 genes	are	located	
excluding	‘retrotransposon	protein’	(Table	S4).

A	QTL	(qFe3.6)	was	also	identified	for	AWD	grain	Fe	
trait	in	year	1	at	23.15 Mbp	(Figure	3,	Table	4).	Only	one	
significant	SNP	above	10%	FDR	threshold	was	identified	
within	 1  Mbp	 genomic	 region	 of	 this	 QTL.	 In	 this	 QTL	
region,	 the	 local	 LD	 decay	 was	 approximately	 590  kbp	
(Figure	S4).	Within	 the	 local	LD	of	 this,	QTL	120 genes	
are	located	excluding	‘retrotransposon	protein’	(Table	S5).

3.6	 |	 QTL on chromosome 5 ~16.58 Mbp

A	 QTL	 (qFe5.2)	 was	 identified	 on	 chromosome	 5	 at	
16.58 Mbp	for	AWD	grain	Fe	year	1	trait	(Figure	3,	Table	
4).	Two	significant	SNPs	above	10%	FDR	threshold	were	
identified	within	1 Mbp	genomic	region	of	this	QTL.	Local	
LD	 decay	 of	 this	 QTL	 is	 approximately	 340  kbp	 (Figure	
S4).	There	are	69 genes	and	are	located	within	this	QTL	
region	excluding	‘retrotransposon	protein’	(Table	S6).

3.7	 |	 QTL on chromosome 7 ~29.28 Mbp

On	chromosome	7,	a	QTL	(qFe7.7)	was	 identified	at	ap-
proximately	29.28 Mbp	for	grain	Fe	for	the	plants	grown	
under	AWD	year	1	and	year	2	(Figure	3,	Table	4).	A	total	
of	134	and	357	SNPs	within	1 Mbp	region	from	the	centre	
of	the	QTL	(29.28 Mbp)	were	significantly	associated	with	
the	traits	(p < 0.0001	and	FDR	<10%)	for	year	1	and	year	2	
respectively.	The	local	LD	decay	of	this	region	was	calcu-
lated	to	be	190 kbp	(Figure	S4).	Within	the	local	LD	of	this	
QTL,	there	are	54 genes	excluding	those	genes	annotated	
as	‘retrotransposon	protein’	(Table	S7).	One	of	the	genes	is	
LOC_Os07g48980,	annotated	as	‘nicotianamine	synthase,	
putative,	 expressed’.	 LOC_Os07g48980	 is	 located	 from	
29,323,094	to	29,324,723 bp	(distance	from	the	top	of	the	
chromosome)	and	was	previously	characterised	as	an	en-
zyme	OsNAS3	(Figure	4).	OsNAS3	is	responsible	for	DMA	
biosynthesis	 to	 solubilise	 Fe	 in	 soil	 and	 produce	 a	 Fe-	
phytosiderophores	 complex	 which	 is	 taken	 up	 into	 root	
cells	by	YSL	protein.	To	understand	the	natural	variation	
of	OsNAS3,	SNPs	within	this	enzyme	of	BAAP	population	
were	extracted	using	PLINK.	It	revealed	the	existence	of	
four	SNPs	within	OsNAS3	(Table	S8).	Analysis	of	SNPs	in	
3,000	rice	genomes	also	revealed	that	there	are	4	common	
synonymous	SNPs	within	OsNAS3	in	the	aus	subpopula-
tion	of	rice	which	are	also	found	in	BAAP.

F I G U R E  2  Variation	of	grain	Fe	
(mg/kg)	in	BAAP	subgroups	at	AWD	and	
CF	conditions.	The	frequency	of	BAAP	
subgroups	is	group	1	=	20,	group	2	=	12,	
group	3	=	28,	group	4	=	19	and	group	5	=	
29	accessions
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3.8	 |	 Haplotype analysis of OsNAS3

Analysis	 of	 SNPs	 in	 the	 BAAP	 revealed	 three	 different	
haplotypes	of	OsNAS3.	The	plants	with	these	haplotypes	
vary	 in	 Fe	 accumulation	 for	 plants	 grown	 under	 AWD	
and	 CF	 conditions	 in	 both	 years	 (Figure	 5;	 Table	 S9).	
Analysis	 revealed	 that	 haplotype	 2	 of	 OsNAS3  had	 the	
highest	 mean	 Fe	 across	 all	 grain	 traits	 in	 AWD	 and	 CF	
conditions.	For	straw	Fe	trait,	haplotype	1 had	the	high-
est	mean	straw	Fe	in	both	conditions	(Figure	5;	Table	S9).	
Haplotypes	analyses	of	SNPs	data	using	RiceVarMap2	de-
rived	 from	 4726	 rice	 accessions	 indicated	 that	 there	 are	
8  haplotypes	 of	 this	 gene	 across	 all	 rice	 subpopulations	

of	 which	 three	 have	 several	 aus	 accessions	 (I,	 II	 and	 V;	
Table	 S10).	 RiceVarMap2  haplotype	 I	 and	 VI	 share	 the	
same	 SNPs	 as	 BAAP	 haplotype	 2,	 the	 high	 grain	 Fe	 al-
lele,	 contributing	 to	 increase	 grain	 Fe	 up	 to	 11%.	 Since	
RiceVarMap2	 indicates	 no	 aus	 cultivars	 are	 haplotype	
VI,	it	suggests	BAAP	haplotype	2	is	RiceVarMap2 haplo-
type	 I	which	 is	 a	 japonica-	dominated	haplotype	 (89%	of	
japonicas	have	this	haplotype	cf.	4.8%	of	indicas).	This	al-
lele	therefore	is	rare	in	indicas,	dominates	japonicas,	but	
it	is	well	represented	in	aus	(37%	of	aus	have	this	allele).	
BAAP	haplotype	1	is	RiceVarMap2 haplotype	V	which	is	
present	in	16%	of	aus	but	is	rare	in	indicas	and	japonicas	
(0.5%	and	4.3%	respectively).	BAAP	haplotype	3 matches	

F I G U R E  3  Manhattan	plots	for	
straw	and	grain	Fe	concentration	when	
plants	were	grown	under	AWD	or	CF	
conditions.	SNPs	are	positioned	for	12	rice	
chromosomes	along	the	x-	axis	and	y-	axis	
is	the	negative	value	of	log	of	all	SNPs	
associated	with	the	p-	value.	SNPs	in	red	
have	a	FDR	<10%.	For	chromosome	1,	3,	
5	and	7,	the	names	and	locations	of	QTLs	
are	shown	in	the	figure
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RiceVarMap2	 haplotype	 II,	 III	 and	 IV	 but	 is	 likely	 to	
be	 haplotype	 II	 since	 haplotype	 III	 and	 IV	 produced	 by	
RiceVarMap2	does	not	have	any	aus	cultivars	(Table	S10).	

RiceVarMap2 haplotype	II	is	an	indica-	dominated	haplo-
type	with	88%	of	indicas	having	this	allele,	but	only	7%	of	
japonicas	and	47%	of	aus.	The	distribution	of	haplotypes	
between	 indicas	 and	 japonicas	 described	 above	 clearly	
show	that	it	is	only	in	aus	where	allele	frequency	is	rea-
sonably	balanced,	enhancing	the	chances	to	detect	effects	
in	GWA	mapping.	When	the	BAAP	subgroups	and	BAAP	
haplotypes	 of	 OsNAS3	 are	 analysed	 together,	 it	 was	 ob-
served	that	all	of	the	28	accessions	from	BAAP	subgroup	
3	are	in	BAAP	haplotype	2	(Table	S8).	This	demonstrates	
that	BAAP	subgroups	3	contains	 important	allele	 to	 im-
prove	grain	Fe	in	rice.

For	 straw	 Fe	 trait,	 BAAP	 haplotype	 1	 contributed	 to	
higher	 mean	 straw	 Fe	 regardless	 of	 AWD	 or	 CF	 condi-
tion	(Figure	5;	Table	S9).	RiceVarMap2	data	revealed	that	
BAAP	haplotype	1	is	not	common	in	the	two	major	sub-	
species	(Indica,	Japonica)	as	well	as	in	aus	subpopulation	
of	rice.	However,	it	was	found	that	aus	has	the	highest	fre-
quency	of	BAAP	haplotype	1	among	three	subpopulations	
of	 rice	 (indica—	0.5%,	 japonica—	4.4%,	 aus—	16%)	 (Table	
S10).

4 	 | 	 DISCUSSION

4.1	 |	 Fe content in AWD and CF 
condition

This	study	investigated	Fe	accumulation	in	a	rice	popula-
tion	(BAAP)	grown	under	two	different	irrigation	systems.	
Analysis	of	straw	and	grain	Fe	of	the	BAAP	accessions	in-
dicated	that	AWD	reduced	straw	and	grain	Fe	accumula-
tion	 in	 rice.	A	 study	conducted	by	Norton,	Travis,	 et	 al.	
(2017)	on	22	rice	accessions	reported	that	AWD	reduced	
grain	and	straw	Fe	by	5.8%	and	12.9%	respectively.	This	
study	was	conducted	on	a	larger	population	for	multiple	

Traits
QTL 
name Chromo- some

Location 
(Mbp)

Co- localisation with 
reported QTLs

AWD	grain	FeY2 qFe1 1 2.15 Yang	et	al.	(2018)

AWD	grain	Fe	Y2 qFe3.4 3 4.21 Norton	et	al.	(2010)	
straw	Fe;	Swamy	
et	al.	(2018) grain	
Fe;	Zhang	et	al.	
(2014) grain	Fe.

AWD	grain	FeY1 qFe3.6 3 23.15 -	

AWD	grain	FeY1 qFe5.2 5 16.58 -	

AWD	grain	FeY1,	
Y2

qFe7.7 7 29.28 Anuradha	et	al.	
(2012);	Descalsota	
et	al.	(2018);	Zhang	
et	al.	(2014);	Liu	
et	al.	(2020)

T A B L E  4 	 QTLs	identified	in	
this	study	(p < 0.0001,	MAF < 0.05,	
FDR<10%)	and	their	co-	localisation	with	
previously	identified	QTLs	for	Fe	content	
in	rice

F I G U R E  4  Local	Manhattan	plot	(top)	and	LD	heat	map	
(bottom)	produced	within	1 Mbp	region	(28.80 Mbp	to	29.80 Mbp)	
from	the	centre	of	the	QTL	(29.29 Mbp)	on	chromosome	7.	The	
blue	dots	on	the	heat	map	shows	the	start	of	the	QTL	at	29.17 Mbp	
and	the	end	of	the	QTL	at	29.41 Mbp	corresponding	in	the	local	
Manhattan	plot	with	red-	dotted	vertical	lines	respectively.	The	blue	
arrow	on	the	local	Manhattan	plot	shows	the	location	of	OsNAS3
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F I G U R E  5  Box	plots	showing	haplotypes-	traits	association	of	OsNAS3.	The	allele	frequency	of	haplotypes	is	haplotype	1	(n = 21),	
haplotype	2	(n = 74)	and	haplotype	3	(n = 143).	Solid	line	within	the	box	represents	the	median	value,	and	the	dotted	line	shows	the	mean	
value
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years	 where	 it	 was	 observed	 that	 AWD	 reduced	 mean	
grain	Fe	5.5%	and	12.9%	in	year	1	and	year	2	respectively.	
It	was	also	observed	that	AWD	reduced	straw	Fe	39.9%.	
The	previous	study	mentioned	that	in	aerobic	and	anaero-
bic	 conditions,	 soil	 chemistry	 play	 an	 important	 role	 to	
oxidise	and	reduce	soil	 respectively	 (Zhang	et	al.,	2014).	
It	 was	 assumed	 that	 soil	 chemistry	 had	 an	 impact	 on	
straw	and	grain	Fe	accumulation	in	rice	in	AWD	and	CF	
condition.

It	was	noted	 that	 there	was	a	significant	genotype	by	
treatment	 interaction	 in	 year	 1	 which	 explained	 11.1%	
variation	 for	 grain	 Fe.	 There	 was	 no	 significant	 interac-
tion	observed	for	grain	Fe	trait	in	year	2.	This	suggests	that	
while	genotypes	might	differ	slightly	in	relative	grain	Fe	
depending	 on	 irrigation	 management,	 breeding	 for	 high	
grain	Fe	need	not	be	done	specifically	for	AWD.	This	study	
has	 identified	 12	 rice	 accessions	 which	 consistently	 had	
high	 grain	 Fe	 in	 AWD	 and	 CF	 conditions	 over	 two-	year	
period	 (Table	 3)	 with	 approximately	 30%	 more	 grain	 Fe	
than	the	population	mean.	It	implies	that	breeding	could	
be	useful	strategy	to	develop	high	grain	Fe	accumulating	
rice	regardless	of	AWD	or	CF	condition.

4.2	 |	 Identification of co- localised Fe 
regulatory QTLs

QTL	 mapping	 to	 identify	 natural	 variation	 of	 genomic	
location	 controlling	 grain	 Fe	 using	 biparental	 mapping	
populations	 has	 been	 conducted	 in	 a	 number	 of	 stud-
ies	 (Anuradha	 et	 al.,	 2012;	 Calayugan	 et	 al.,	 2020;	 Dixit	
et	al.,	2019;	Jeong,	Bombay,	et	al.,	2020;	Jeong,	Lee,	et	al.,	
2020;	Norton	et	al.,	2010;	Swamy	et	al.,	2018;	Zhang	et	al.,	
2014),	and	to	date,	six	GWA	studies	have	been	conducted	
to	identify	natural	variation	of	grain	Fe	in	rice	(Bollinedi	
et	al.,	2020;	Descalsota	et	al.,	2018;	Liu	et	al.,	2020;	Pradhan	
et	al.,	2020;	Yang	et	al.,	2018;	Zaw	et	al.,	2019).	This	study	
has	 been	 conducted	 for	 multiple	 years	 in	 two	 different	
conditions	 (eg	 AWD,	 CF)	 with	 a	 subpopulation	 of	 rice,	
aus,	which	is	known	to	contain	several	good	traits	in	rice	
including	disease	resistance	(Garris	et	al.,	2003),	drought	
tolerance	(Bernier	et	al.,	2009),	low	phosphorous	tolerance	
(Gamuyao	 et	 al.,	 2012),	 submergence	 tolerance	 (Hattori	
et	 al.,	 2009;	 Xu	 et	 al.,	 2006)	 and	 is	 known	 as	 an	 unique	
resource	 of	 plant	 breeders	 to	 develop	 climate-	resilient	
rice	varieties	(Kim	et	al.,	2016).	In	this	study,	40	putative	
QTLs	were	detected	using	BAAP,	mainly	consisted	of	aus	
subpopulation	of	rice,	of	which	five	passed	the	10%	FDR	
threshold.	 It	 is	 noteworthy	 that	 only	 a	 small	 number	 of	
significant	QTLs	identified	in	this	study	and	there	was	no	
significant	QTL	identified	for	CF	grain	Fe	in	both	year	1	
and	year	2	as	well	as	in	both	AWD	and	CF	straw	Fe	trait.	
It	could	be	due	to	the	approach	used	for	the	identification	

of	QTL	(eg	10%	FDR	value	and	p < 0.0001).	This	stringent	
approach	has	been	also	used	in	similar	studies	before	to	
avoid	false	discovery	of	SNPs	in	GWA	studies	(Chen	et	al.,	
2020;	McCouch	et	al.,	2016),	but	the	35	putative	QTLs	de-
tected	 in	 the	current	study	may	yet	prove	 to	be	real	 loci	
regulating	rice	Fe.	Three	of	the	five	significant	QTLs	iden-
tified	in	this	study,	co-	localised	with	previously	identified	
studies,	are	discussed	below	as	these	QTLs	considered	to	
be	more	reliable	(Table	4).

The	 QTL	 (qFe1)	 identified	 on	 chromosome	 1	 at	
2.15 Mbp	for	AWD	grain	Fe	in	year	2	was	previously	iden-
tified	by	Yang	et	al.	(2018).	The	LD	decay	of	this	QTL	in	
BAAP	 was	 found	 to	 be	 70  kbp	 which	 is	 comparatively	
lower	 than	 global	 LD	 decay	 (243  kbp)	 and	 LD	 decay	
(245  kbp)	 of	 chromosome	 1	 of	 this	 population	 (Norton	
et	al.,	 2018).	 It	demonstrates	 that	 the	 local	LD	of	BAAP	
population	 differs	 across	 the	 chromosomes.	 It	 could	 be	
due	to	the	fact	that	this	QTL	region	is	a	hotspot	for	high	
recombination	which	breaks	down	the	haplotype	blocks	
and	 results	 in	 lower	 LD	 of	 this	 genomic	 region.	 Due	 to	
lower	LD	decay,	only	15 genes	were	identified	within	this	
QTL	region	(Table	S3).	However,	there	is	no	gene	identi-
fied	within	this	QTL	region	associated	with	iron	transport	
in	rice.	As	this	QTL	has	been	identified	for	multiple	stud-
ies	using	different	population,	it	might	be	a	potential	QTL	
to	consider	for	grain	Fe	in	rice.

One	of	the	QTLs	identified	in	this	study	is	on	chromo-
some	3	at	4.21 Mbp	(qFe3.4).	A	study	conducted	by	Norton	
et	 al.	 (2010)	 identified	 a	 leaf	 Fe	 QTL	 around	 4  Mbp	 on	
chromosome	 3	 using	 a	 biparental	 mapping	 population.	
A	different	study	conducted	by	Swamy	et	al.	 (2018)	also	
identified	QTL	for	grain	Fe	trait	near	to	the	same	genomic	
region	 using	 two	 O.	 nivara	 derived	 back-	cross	 popula-
tions.	In	addition,	Zhang	et	al.	(2014)	also	reported	a	QTL	
for	grain	Fe	trait	near	to	the	same	genomic	region	where	a	
biparental	back-	cross	population	was	used	for	QTL	map-
ping.	There	were	41 genes	identified	within	this	QTL	re-
gion	and	one	of	the	genes,	LOC_Os03g08070,	is	annotated	
as	 a	 heavy	 metal-	associated	 protein	 (HMP)	 (Kawahara	
et	 al.,	 2013).	 LOC_Os03g08070	 is	 categorised	 as	 a	 P1B-	
ATPase	(Schwacke	et	al.,	2003).	P1B-	ATPase	has	been	re-
ported	to	act	as	a	Fe	efflux	pump	in	bacteria	(Turner	et	al.,	
2017).	Although	speculative,	it	is	an	interesting	possibility	
that	LOC_Os03g08070 might	transport	Fe	and	should	be	
tested	using	gene	editing.

In	 addition	 to	 the	 QTLs	 on	 chromosome	 3,	 a	 QTL	
(q7Fe)	 on	 the	 bottom	 of	 chromosome	 7	 was	 also	 identi-
fied	for	AWD	grain	Fe	trait	in	year	1	and	year	2.	This	QTL	
has	 been	 also	 previously	 identified	 for	 grain	 Fe	 traits	 in	
different	 populations	 (Anuradha	 et	 al.,	 2012;	 Descalsota	
et	al.,	2018;	Liu	et	al.,	2020;	Zhang	et	al.,	2014).	The	iden-
tification	of	 this	QTL	in	multiple	years	 for	plants	grown	
under	AWD	condition	using	BAAP	and	co-	localisation	of	
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this	QTL	with	several	previous	studies	suggests	that	this	
is	a	stable	QTL	which	could	be	used	to	improve	grain	Fe	
in	rice.

4.3	 |	 Natural variation of 
q7Fe and OsNAS3

One	of	the	enzymes	located	within	q7Fe	QTL	is	OsNAS3	
characterised	 as	 nicotianamine	 synthase	 enzymes.	
Previous	 studies	 have	 demonstrated	 the	 important	 role	
of	nicotianamine	synthase	enzymes	to	 improve	grain	Fe	
accumulation	in	rice	(Aung	et	al.,	2019;	Descalsota	et	al.,	
2018;	Inoue	et	al.,	2003;	Kobayashi	et	al.,	2014;	Moreno-	
Moyano	et	al.,	2016;	Trijatmiko	et	al.,	2016).	Three	nicotia-
namine	synthase	(NAS)	enzymes	(OsNAS1,	OsNAS2	and	
OsNAS3)	have	been	identified	in	rice	(Inoue	et	al.,	2003).	A	
previous	study	demonstrated	the	constitutive	overexpres-
sion	of	OsNAS1,	OsNAS2	and	OsNAS3	increases	2.4-	,	3.5-	,	
and	2.7-	fold	grain	Fe	in	rice	respectively	(Johnson	et	al.,	
2011).	OsNAS2 has	been	used	to	produce	high	grain	Fe	in	
transgenic	plants	for	future	release	to	farmers	(Trijatmiko	
et	al.,	2016),	but	OsNAS3 has	not	been	targeted.	A	recent	
study	 has	 identified	 a	 twofold	 difference	 of	 OsNAS3	 ex-
pression	in	rice	grain	within	3	rice	genotypes	(Descalsota	
et	al.,	2018)	indicating	that	genotypic	differences	in	gene	
expression	exist	for	OsNAS3	and	therefore	might	be	asso-
ciated	with	increased	grain	Fe	phenotype	in	rice.

Three	haplotypes	of	OsNAS3	with	the	3K	rice	database	
were	described	where	a	rare	allele	with	only	30	accessions	
(1.3%)	was	high	in	Fe	and	Zn	(Abbai	et	al.,	2019).	The	use	
of	 BAAP	 also	 identified	 three	 haplotypes	 of	 OsNAS3	 in	
this	study	(Table	S8).	One	of	the	important	findings	of	this	
study	is	that	the	frequency	of	high	grain	Fe	allele	identified	
in	BAAP	is	31%.	Obviously,	the	frequency	of	this	high	Fe	
allele	in	aus	suggests	that	it	would	be	easier	to	detect	the	
QTL	and	its	impact	in	an	aus	panel	than	in	an	indica	panel	
where	it	is	rare,	or	a	japonica	panel	where	the	high	grain	
Fe	allele	is	dominant,	or	in	a	mixture	of	the	any	two	panels	
where	population	structure	will	hinder	its	detection.	This	
information	will	help	breeders	to	choose	new	parent	cul-
tivars	to	develop	new	varieties.	For	plant	breeders,	aus	is	
an	important	resource	to	develop	new	rice	varieties	(Kim	
et	al.,	2016).	The	identification	of	high	allele	frequency	of	
OsNAS3	in	BAAP	further	indicates	the	importance	of	aus	
in	rice	breeding.

4.4	 |	 Linked between BAAP 
subgroups and haplotypes

The	 analysis	 of	 all	 grain	 Fe	 traits	 in	 AWD	 and	 CF	 con-
ditions	 revealed	 that	 BAAP	 subgroup	 3	 contributed	 for	

the	 highest	 mean	 grain	 Fe	 in	 AWD	 and	 CF	 conditions.	
It	 was	 also	 notable	 that	 BAAP	 subgroup	 3	 contributed	
high	mean	grain	Fe	for	haplotype	2	of	OsNAS3	discussed	
in	this	study.	For	example,	all	of	the	accessions	in	BAAP	
subgroup	3	have	BAAP	haplotype	2	of	OsNAS3	(Table	S8,	
Figure	5).	Of	the	12	cultivars	identified	as	high	in	grain	Fe	
presented	in	Table	3,	six	are	in	subgroup	3,	one	is	in	sub-
group	5,	one	is	an	aus-	admix	of	subgroup	1	and	5,	while	
two	are	japonicas,	one	is	an	indica	and	one	is	unknown.	
Subgroup	3	can	be	used	to	improve	grain	Fe	in	rice	using	
conventional	 plant	 breeding.	 Further	 phylo-	geographic	
information	 that	 explains	 the	 origin	 of	 subgroup	 3,	
which	 predominantly	 come	 from	 Bangladesh,	 would	 be	
interesting.

5 	 | 	 CONCLUSION

This	study	has	improved	the	current	knowledge	on	Fe	ac-
cumulation	in	rice	in	AWD	and	CF	conditions.	Although	
AWD	has	reduced	overall	grain	Fe	accumulation,	a	num-
ber	of	rice	accessions	have	been	identified	in	BAAP	which	
consistently	 had	 high	 grain	 Fe	 in	 both	 AWD	 and	 CF.	
The	finding	of	these	high	grain	Fe	accumulating	rice	ac-
cessions	in	different	conditions	as	well	as	knowledge	on	
BAAP	 subgroup	 3	 (which	 has	 high	 grain	 Fe)	 will	 allow	
breeders	 to	 add	 these	 accessions	 in	 the	 breeding	 pro-
gramme	to	develop	varieties	with	 improved	grain	Fe.	 In	
addition,	 this	 study	 has	 reported	 five	 QTLs	 controlling	
grain	Fe	in	AWD	condition	for	the	first	time.	From	these,	
a	candidate	gene,	OsNAS3,	has	been	identified	within	the	
QTL	controlling	natural	variation	of	grain	Fe	accumula-
tion.	The	findings	of	the	SNPs	markers	and	haplotypes	in	
OsNAS3	 will	 provide	 useful	 information	 for	 breeders	 to	
increase	grain	Fe	in	rice.

ACKNOWLEDGEMENTS
Plant	 material	 was	 imported	 into	 the	 UK	 under	 import	
licence	 IMP/SOIL/19/2014.	 The	 authors	 would	 like	 to	
thank	 reviewers	 of	 the	 manuscript	 who	 helped	 improve	
the	presentation	of	this	manuscript.

AUTHOR CONTRIBUTIONS
GJN	 and	 AHP	 involved	 in	 conception	 and	 funding	 ac-
quisition.	MHS	and	MRI	 involved	 in	managing	 field	ex-
periments.	 PT,	 GJN,	 AJT	 and	 AHP	 analysed	 the	 data	
and	 conducted	 bioinformatics.	 PT,	 GJN	 and	 AHP	 wrote	
the	manuscript.	All	authors	have	read	and	approved	the	
manuscript.

ORCID
Partha Talukdar  	https://orcid.
org/0000-0001-8825-589X	

https://orcid.org/0000-0001-8825-589X
https://orcid.org/0000-0001-8825-589X
https://orcid.org/0000-0001-8825-589X


14 of 18 |   TALUKDAR et al.

Gareth J. Norton  	https://orcid.
org/0000-0003-4560-170X	
Adam H. Price  	https://orcid.org/0000-0003-3094-0485	

REFERENCES
Abbai,	 R.,	 Singh,	V.	 K.,	 Nachimuthu,	V.	V.,	 Sinha,	 P.,	 Selvaraj,	 R.,	

Vipparla,	A.	K.,	Singh,	A.	K.,	Singh,	U.	M.,	Varshney,	R.	K.,	&	
Kumar,	A.	 (2019).	Haplotype	analysis	of	key	genes	governing	
grain	yield	and	quality	traits	across	3K	RG	panel	reveals	scope	
for	the	development	of	tailor-	made	rice	with	enhanced	genetic	
gains.	Plant Biotechnology Journal,	17,	1612–	1622.	https://doi.
org/10.1111/pbi.13087

Abbaspour,	N.,	Hurrell,	R.,	&	Kelishadi,	R.	(2014).	Review	on	iron	
and	 its	 importance	 for	 human	 health.	 Journal of Research in 
Medical Sciences,	19,	164–	174.

Anuradha,	 K.,	 Agarwal,	 S.,	 Rao,	 Y.	 V.,	 Rao,	 K.	 V.,	 Viraktamath,	
B.	 C.,	 &	 Sarla,	 N.	 (2012).	 Mapping	 QTLs	 and	 candidate	
genes	 for	 iron	 and	 zinc	 concentrations	 in	 unpolished	 rice	 of	
Madhukar×Swarna	 RILs.	 Gene,	 508,	 233–	240.	 https://doi.
org/10.1016/j.gene.2012.07.054

Aung,	 M.	 S.,	 Masuda,	 H.,	 Nozoye,	 T.,	 Kobayashi,	 T.,	 Jeon,	 J.-	S.,	
An,	 G.,	 &	 Nishizawa,	 N.	 K.	 (2019).	 Nicotianamine	 synthesis	
by  OsNAS3  is	 important	 for	 mitigating	 iron	 excess	 stress	 in	
rice.	Frontiers in Plant Science,	10,	660.	https://doi.org/10.3389/
fpls.2019.00660

Bashir,	 K.,	 Inoue,	 H.,	 Nagasaka,	 S.,	Takahashi,	 M.,	 Nakanishi,	 H.,	
Mori,	S.,	&	Nishizawa,	N.	K.	(2006).	Cloning	and	characteriza-
tion	of	deoxymugineic	acid	synthase	genes	from	graminaceous	
plants.	Journal of Biological Chemistry,	281(43),	32395–	32402.	
https://doi.org/10.1074/jbc.M6041	33200

Bashir,	 K.,	 Ishimaru,	 Y.,	 Shimo,	 H.,	 Nagasaka,	 S.,	 Fujimoto,	
M.,	 Takanashi,	 H.,	 Tsutsumi,	 N.,	 An,	 G.,	 Nakanishi,	 H.,	 &	
Nishizawa,	 N.	 K.	 (2011).	 The	 rice	 mitochondrial	 iron	 trans-
porter	is	essential	for	plant	growth.	Nature Communications,	2,	
322.	https://doi.org/10.1038/ncomm	s1326

Becker,	M.,	&	Asch,	F.	(2005).	Iron	toxicity	in	rice	–		conditions	and	
management	 concepts.	 Journal of Plant Nutrition and Soil 
Science,	168,	558–	573.	https://doi.org/10.1002/jpln.20052	0504

Benjamini,	Y.,	&	Hochberg,	Y.	(1995).	Controlling	the	false	discov-
ery	rate:	a	practical	and	powerful	approach	to	multiple	testing.	
Journal of the Royal Statistical Society Series B,	 57,	 289–	300.	
https://doi.org/10.1111/j.2517-	6161.1995.tb020	31.x

Bernier,	 J.,	 Kumar,	 A.,	 Venuprasad,	 R.,	 Spaner,	 D.,	 Verulkar,	 S.,	
Mandal,	N.	P.,	Sinha,	P.	K.,	Peeraju,	P.,	Dongre,	P.	R.,	Mahto,	R.	
N.,	&	Atlin,	G.	(2009).	Characterization	of	the	effect	of	a	QTL	
for	drought	resistance	in	rice,	qtl12.1,	over	a	range	of	environ-
ments	 in	 the	 Philippines	 and	 eastern	 India.	 Euphytica,	 166,	
207–	217.	https://doi.org/10.1007/s1068	1-	008-	9826-	y

Bollinedi,	H.,	Yadav,	A.	K.,	Vinod,	K.	K.,	Gopala,	K.	S.,	Bhowmick,	
P.	K.,	Nagarajan,	M.,	Neeraja,	C.	N.,	Ellur,	R.	K.,	&	Singh,	A.	K.	
(2020).	Genome-	wide	association	study	reveals	novel	marker-	
trait	associations	(MTAs)	governing	the	localization	of	Fe	and	
Zn	in	the	Rice	Grain.	Frontiers in Genetics,	11,	213.	https://doi.
org/10.3389/fgene.2020.00213

Bouis,	H.	E.,	Hotz,	C.,	McClafferty,	B.,	Meenakshi,	J.	V.,	&	Pfeiffer,	W.	
H.	(2011).	Biofortification:	A	new	tool	to	reduce	micronutrient	
malnutrition.	Food and Nutrition Bulletin,	32(1_suppl1),	S31–	
S40.	https://doi.org/10.1177/15648	26511	0321S105

Calayugan,	 M.	 I.	 C.,	 Formantes,	 A.	 K.,	 Amparado,	 A.,	 Descalsota-	
Empleo,	G.	I.,	Nha,	C.	T.,	Inabangan-	Asilo,	M.	A.,	Swe,	Z.	M.,	
Hernandez,	 J.	 E.,	 Borromeo,	T.	 H.,	 Lalusin,	 A.	 G.,	 Mendioro,	
M.	S.,	Diaz,	M.	G.	Q.,	Viña,	C.	B.	D.,	Reinke,	R.,	&	Swamy,	B.	P.	
M.	(2020).	Genetic	analysis	of	agronomic	traits	and	grain	iron	
and	 zinc	 concentrations	 in	 a	 doubled	 haploid	 population	 of	
rice	 (Oryza sativa	 L.).	 Scientific Reports,	 10,	 2283.	 https://doi.
org/10.1038/s4159	8-	020-	59184	-	z

Carrijo,	 D.	 R.,	 Akbar,	 N.,	 Reis,	 A.	 F.	 B.,	 Li,	 C.,	 Gaudin,	 A.	 C.	 M.,	
Parikh,	S.	J.,	Green,	P.	G.,	&	Linquist,	B.	A.	(2018).	Impacts	of	
variable	 soil	 drying	 in	 alternate	 wetting	 and	 drying	 rice	 sys-
tems	on	yields,	grain	arsenic	concentration	and	soil	moisture	
dynamics.	 Field Crops Research,	 222,	 101–	110.	 https://doi.
org/10.1016/j.fcr.2018.02.026

Carrijo,	 D.	 R.,	 Lundy,	 M.	 E.,	 &	 Linquist,	 B.	 A.	 (2017).	 Rice	 yields	
and	water	use	under	alternate	wetting	and	drying	irrigation:	A	
meta-	analysis.	Field Crops Research,	203,	173–	180.	https://doi.
org/10.1016/j.fcr.2016.12.002

Che,	J.,	Yamaji,	N.,	&	Ma,	J.	F.(2021).	Role	of	a	vacuolar	iron	trans-
porter	 OsVIT2	 in	 the	 distribution	 of	 iron	 to	 rice	 grains.	 New 
Phytologist,	 230(3),	 1049–	1062.	 https://doi.org/10.1111/
nph.17219

Chen,	C.,	Norton,	G.	J.,	&	Price,	A.	H.	 (2020).	Genome-	wide	asso-
ciation	 mapping	 for	 salt	 tolerance	 of	 rice	 seedlings	 grown	 in	
hydroponic	 and	 soil	 systems	 using	 the	 Bengal	 and	 Assam	
Aus	 panel.	 Frontiers in Plant Science,	 11,	 576479.	 https://doi.
org/10.3389/fpls.2020.576479

Chen,	W.-	T.,	Chen,	Y.-	C.,	Liou,	H.-	H.,	&	Chao,	C.-	Y.	(2015).	Structural	
basis	 for	cooperative	oxygen	binding	and	bracelet-	assisted	as-
sembly	of	Lumbricus terrestris	haemoglobin.	Scientific Reports,	
5,	9494.	https://doi.org/10.1038/srep0	9494

Conte,	S.	S.,	&	Walker,	E.	L.	(2011).	Transporters	contributing	to	iron	
trafficking	 in	 plants.	 Molecular Plant,	 4,	 464–	476.	 https://doi.
org/10.1093/mp/ssr015

Curie,	C.,	Alonso,	J.	M.,	Jean,	M.	L.,	Ecker,	J.	R.,	&	Briat,	J.-	F.	(2000).	
Involvement	 of	 NRAMP1	 from	 Arabidopsis	 thaliana	 in	 iron	
transport.	 Biochemical Journal,	 347,	 749–	755.	 https://doi.
org/10.1042/bj347	0749

Descalsota,	G.	I.	L.,	Swamy,	B.	P.	M.,	Zaw,	H.,	Inabangan-	Asilo,	M.	
A.,	Amparado,	A.,	Mauleon,	R.,	Chadha-	Mohanty,	P.,	Arocena,	
E.	C.,	Raghavan,	C.,	Leung,	H.,	Hernandez,	J.	E.,	Lalusin,	A.	B.,	
Mendioro,	M.	S.,	Diaz,	M.	G.	Q.,	&	Reinke,	R.	(2018).	Genome-	
wide	 association	 mapping	 in	 a	 rice	 MAGIC	 plus	 population	
detects	QTLs	and	Genes	useful	for	biofortification.	Frontiers in 
Plant Science,	9,	1347.	https://doi.org/10.3389/fpls.2018.01347

Dixit,	S.,	Singh,	U.	M.,	Abbai,	R.,	Ram,	T.,	Singh,	V.	K.,	Paul,	A.,	Virk,	
P.	S.,	&	Kumar,	A.	(2019).	Identification	of	genomic	region(s)	
responsible	 for	 high	 iron	 and	 zinc	 content	 in	 rice.	 Scientific 
Reports,	9,	8136.	https://doi.org/10.1038/s4159	8-	019-	43888	-	y

Eide,	D.,	Broderius,	M.,	Fett,	J.,	&	Guerinot,	M.	L.	 (1996).	A	novel	
iron	 regulated	 metal	 transporter	 from	 plants	 identified	 by	
functional	 expression	 in	 yeast.	 Proceedings of the National 
Academy of Sciences,	 93,	 5624–	5628.	 https://doi.org/10.1073/
pnas.93.11.5624

Fageria,	 N.	 K.	 (2007).	 Yield	 Physiology	 of	 rice.	 Journal of Plant 
Nutrition,	 30,	 843–	879.	 https://doi.org/10.1080/15226	51070	
1374831

Fox,	 T.	 C.,	 &	 Guerinot,	 M.	 L.	 (1998).	 Molecular	 biology	 of	 cation	
transport	in	plants.	Annual Review of Plant Physiology and Plant 

https://orcid.org/0000-0003-4560-170X
https://orcid.org/0000-0003-4560-170X
https://orcid.org/0000-0003-4560-170X
https://orcid.org/0000-0003-3094-0485
https://orcid.org/0000-0003-3094-0485
https://doi.org/10.1111/pbi.13087
https://doi.org/10.1111/pbi.13087
https://doi.org/10.1016/j.gene.2012.07.054
https://doi.org/10.1016/j.gene.2012.07.054
https://doi.org/10.3389/fpls.2019.00660
https://doi.org/10.3389/fpls.2019.00660
https://doi.org/10.1074/jbc.M604133200
https://doi.org/10.1038/ncomms1326
https://doi.org/10.1002/jpln.200520504
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1007/s10681-008-9826-y
https://doi.org/10.3389/fgene.2020.00213
https://doi.org/10.3389/fgene.2020.00213
https://doi.org/10.1177/15648265110321S105
https://doi.org/10.1038/s41598-020-59184-z
https://doi.org/10.1038/s41598-020-59184-z
https://doi.org/10.1016/j.fcr.2018.02.026
https://doi.org/10.1016/j.fcr.2018.02.026
https://doi.org/10.1016/j.fcr.2016.12.002
https://doi.org/10.1016/j.fcr.2016.12.002
https://doi.org/10.1111/nph.17219
https://doi.org/10.1111/nph.17219
https://doi.org/10.3389/fpls.2020.576479
https://doi.org/10.3389/fpls.2020.576479
https://doi.org/10.1038/srep09494
https://doi.org/10.1093/mp/ssr015
https://doi.org/10.1093/mp/ssr015
https://doi.org/10.1042/bj3470749
https://doi.org/10.1042/bj3470749
https://doi.org/10.3389/fpls.2018.01347
https://doi.org/10.1038/s41598-019-43888-y
https://doi.org/10.1073/pnas.93.11.5624
https://doi.org/10.1073/pnas.93.11.5624
https://doi.org/10.1080/15226510701374831
https://doi.org/10.1080/15226510701374831


   | 15 of 18TALUKDAR et al.

Molecular Biology,	 49(1),	 669–	696.	 https://doi.org/10.1146/
annur	ev.arpla	nt.49.1.669

Gamuyao,	R.,	Chin,	J.	H.,	Pariasca-	Tanaka,	J.,	Pesaresi,	P.,	Catausan,	
S.,	 Dalid,	 C.,	 Slamet-	Loedin,	 I.,	 Tecson-	Mendoza,	 E.	 M.,	
Wissuwa,	 M.,	 &	 Heuer,	 S.	 (2012).	 The	 protein	 kinase	 Pstol1	
from	 traditional	 rice	 confers	 tolerance	 of	 phosphorus	 defi-
ciency.	 Nature,	 488,	 535–	539.	 https://doi.org/10.1038/natur	
e11346

Garris,	 A.	 J.,	 McCouch,	 S.	 R.,	 &	 Kresovich,	 S.	 (2003).	 Population	
structure	and	its	effect	on	haplotype	diversity	and	linkage	dis-
equilibrium	surrounding	the	xa5	locus	of	rice	(Oryza sativa	L.).	
Genetics,	165,	759–	769.

Glahn,	 R.	 P.,	 Cheng,	 Z.,	 Welch,	 R.	 M.,	 &	 Gregorio,	 G.	 B.	 (2002).	
Comparison	 of	 iron	 bioavailability	 from	 15	 rice	 genotypes:	
studies	using	an	 in	vitro	digestion/Caco-	2	cell	culture	model.	
Journal of Agricultural and Food Chemistry,	50,	3586–	3591.

Graham,	R.	D.,	Welch,	R.	M.,	Saunders,	D.	A.,	Ortiz-	Monasterio,	I.,	
Bouis,	H.	E.,	Bonierbale,	M.,	Haan,	S.,	Burgos,	G.,	Thiele,	G.,	
Liria,	R.,	Meisner,	C.	A.,	Beebe,	S.	E.,	Potts,	M.	J.,	Kadian,	M.,	
Hobbs,	P.	R.,	Gupta,	R.	&	Twomlow,	S.	(2007).	Nutritionus	sub-
sistence	food	systems.	Advances in Agronomy,	92,	1–	74.	https://
doi.org/10.1016/S0065	-	2113(04)92001	-	9

Gregorio,	 G.	 B.,	 Senadhira,	 D.,	 Htut,	 H.,	 &	 Graham,	 R.	 D.	 (2000).	
Breeding	for	trace	mineral	density	in	rice.	Food and Nutrition 
Bulletin,	 21,	 382–	386.	 https://doi.org/10.1177/15648	26500	
02100407

Hänsch,	R.,	&	Mendel,	R.	R.	(2009).	Physiological	functions	of	min-
eral	 micronutrients	 (Cu,	 Zn,	 Mn,	 Fe,	 Ni,	 Mo,	 B,	 Cl).	 Current 
Opinion in Plant Biology,	12,	259–	266.	https://doi.org/10.1016/j.
pbi.2009.05.006

Hattori,	 Y.,	 Nagai,	 K.,	 Furukawa,	 S.,	 Song,	 X.-	J.,	 Kawano,	 R.,	
Sakakibara,	H.,	Wu,	J.,	Matsumoto,	T.,	Yoshimura,	A.,	Kitano,	
H.,	 Matsuoka,	 M.,	 Mori,	 H.,	 &	 Ashikari,	 M.	 (2009).	 The	 eth-
ylene	response	factors	SNORKEL1	and	SNORKEL2	allow	rice	
to	 adapt	 to	 deep	 water.	 Nature,	 460,	 1026–	1030.	 https://doi.
org/10.1038/natur	e08258

Hossain,	M.	B.,	Jahiruddin,	M.,	Leoppert,	R.	H.,	Panaullah,	G.	M.,	
Islam,	M.	R.,	&	Duxbury,	J.	M.	(2009).	The	effects	of	iron	plaque	
and	 phosphorus	 on	 yield	 and	 arsenic	 accumulation	 in	 rice.	
Plant and Soil,	 317,	 167–	176.	 https://doi.org/10.1007/s1110	
4-	008-	9798-	7

Hosseini,	M.	S.,	Soltanizadeh,	N.,	Mirmoghtadaee,	P.,	Banavand,	P.,	
Mirmoghtadaie,	 L.,	 &	 Shojaee-	Aliabadi,	 S.	 S.	 (2018).	 Gluten-	
free	 products	 in	 celiac	 disease:	 nutritional	 and	 technologi-
cal	 challenges	 and	 solution.	 Journal of Research in Medical 
Sciences,	23,	109.

Howell,	K.	R.,	Shrestha,	P.,	&	Dodd,	I.	C.	(2015).	Alternate	wetting	
and	 drying	 irrigation-	maintained	 rice	 yields	 despite	 half	 the	
irrigation	 volume,	 but	 is	 currently	 unlikely	 to	 be	 adopted	 by	
smallholder	 lowland	 rice	 farmers	 in	 Nepal.	 Food and Energy 
Security,	4,	144–	157.	https://doi.org/10.1002/fes3.58

Inoue,	 H.,	 Higuchi,	 K.,	 Takahashi,	 M.,	 Nakanishi,	 H.,	 Mori,	 S.,	 &	
Nishizawa,	 N.	 K.	 (2003).	 Three	 rice	 nicotianamine	 synthase	
genes,	 OsNAS1,	 OsNAS2,	 and	 OsNAS3	 are	 expressed	 in	 cells	
involved	 in	 long-	distance	 transport	 of	 iron	 and	 differentially	
regulated	 by	 iron.	 The Plant Journal,	 36(3),	 366–	381.	 https://
doi.org/10.1046/j.1365-	313X.2003.01878.x

Inoue,	 H.,	 Kobayashi,	 T.,	 Nozoye,	 T.,	 Takahashi,	 M.,	 Kakei,	
Y.,	 Suzuki,	 K.,	 Nakazono,	 M.,	 Nakanishi,	 H.,	 Mori,	 S.,	 &	
Nishizawa,	N.	K.	(2009).	Rice	OsYSL15	is	an	iron-	regulated	iron	

(III)-	deoxymugineic	acid	transporter	expressed	in	the	roots	and	
is	 essential	 for	 iron	 uptake	 in	 early	 growth	 of	 the	 seedlings.	
Journal of Biological Chemistry,	 284,	 3470–	3479.	 https://doi.
org/10.1074/jbc.M8060	42200

Ishimaru,	 Y.,	 Masuda,	 H.,	 Bashir,	 K.,	 Inoue,	 H.,	 Tsukamoto,	 T.,	
Takahashi,	M.,	Nakanishi,	H.,	Aoki,	N.,	Hirose,	T.,	Ohsugi,	R.,	
&	 Nishizawa,	 N.	 K.	 (2010).	 Rice	 metal-	nicotianamine	 trans-
porter,	 OsYSL2,	 is	 required	 for	 the	 long-	distance	 transport	 of	
iron	and	manganese.	The Plant Journal,	62(3),	379–	390.	https://
doi.org/10.1111/j.1365-	313X.2010.04158.x

Ishimaru,	 Y.,	 Suzuki,	 M.,	 Tsukamoto,	 T.,	 Suzuki,	 K.,	 Nakazono,	
M.,	 Kobayashi,	 T.,	 Wada,	 Y.,	 Watanabe,	 S.,	 Matsuhashi,	 S.,	
Takahashi,	 M.,	 Nakanishi,	 H.,	 Mori,	 S.,	 &	 Nishizawa,	 N.	 K.	
(2006).	Rice	Plants	Take	up	Iron	as	an	Fe3+	-	phytosiderophore	
and	 as	 Fe2+.	 The Plant Journal,	 45,	 335–	346.	 https://doi.
org/10.1111/j.1365-	313X.2005.02624.x

Ishimaru,	 Y.,	 Takahashi,	 R.,	 Bashir,	 K.,	 Shimo,	 H.,	 Senoura,	 T.,	
Sugimoto,	 K.,	 Ono,	 K.,	 Yano,	 M.,	 Ishikawa,	 S.,	 Arao,	 T.,	
Nakanishi,	 H.,	 &	 Nishizawa,	 N.	 K.	 (2012).	 Characterizing	
the	 role	 of	 rice	 NRAMP5	 in	 Manganese.	 Iron and Cadmium 
Transport. Scientific Reports,	 2,	 286.	 https://doi.org/10.1038/
srep0	0286

Jeong,	O.-	Y.,	Bombay,	M.,	Jo,	S.,	Ancheta,	M.	B.,	&	Lee,	J.-	H.	(2020).	
QTL	 for	 the	 iron	 and	 zinc	 contents	 of	 the	 milled	 grains	 of	 a	
doubled-	haploid	rice	(Oryza sativa	L.)	population	grown	over	
two	 seasons.	 Journal of Crop Science and Biotechnology,	 23,	
291–	299.	https://doi.org/10.1007/s1289	2-	020-	00037	-	6

Jeong,	O.-	Y.,	Lee,	J.-	H.,	Jeong,	E.-	G.,	Chun,	A.,	Bombay,	M.,	Ancheta,	
M.	B.,	&	Ahn,	S.	N.	(2020).	Analysis	of	QTL	responsible	for	grain	
iron	and	zinc	content	in	doubled	haploid	lines	of	rice	(Oryza sa-
tiva)	derived	from	an	intra-	japonica	cross.	Plant Breeding,	139,	
344–	355.	https://doi.org/10.1111/pbr.12787

Johnson,	 A.	 A.	 T.,	 Kyriacou,	 B.,	 Callahan,	 D.	 L.,	 Carruthers,	 L.,	
Stangoulis,	 J.,	 Lombi,	 E.,	 &	 Tester,	 M.	 (2011).	 Constitutive	
overexpression	 of	 the	 OsNAS	 gene	 family	 reveals	 single-	gene	
strategies	 for	 effective	 Iron-		 and	 Zinc-	Biofortification	 of	 Rice	
Endosperm.	 PLoS One,	 6,	 e24476.	 https://doi.org/10.1371/
journ	al.pone.0024476

Kakei,	Y.,	Ishimaru,	Y.,	Kobayashi,	T.,	Yamakawa,	T.,	Nakanishi,	H.,	
&	Nishizawa,	N.	K.	(2012).	OsYSL16	plays	a	role	in	the	alloca-
tion	 of	 iron.	 Plant Molecular Biology,	 79(6),	 583–	594.	 https://
doi.org/10.1007/s1110	3-	012-	9930-	1

Kang,	 H.	 M.,	 Sul,	 J.	 H.,	 Service,	 S.	 K.,	 Zaitlen,	 N.	 A.,	 Kong,	 S.-	Y.,	
Freimer,	N.	B.,	Sabatti,	C.,	&	Eskin,	E.	 (2010).	Variance	com-
ponent	model	to	account	for	sample	structure	in	genome-	wide	
association	 studies.	 Nature Genetics,	 42,	 348–	354.	 https://doi.
org/10.1038/ng.548

Kawahara,	 Y.,	 de	 la	 Bastide,	 M.,	 Hamilton,	 J.	 P.,	 Kanamori,	 H.,	
McCombie,	 W.	 R.,	 Ouyang,	 S.,	 Schwartz,	 D.	 C.,	 Tanaka,	 T.,	
Wu,	J.,	Zhou,	S.,	Childs,	K.	L.,	Davidson,	R.,	Lin,	H.,	Quesada-	
Ocampo,	 L.,	 Vaillancourt,	 B.,	 Sakai,	 H.,	 Lee,	 S.	 S.,	 Kim,	 J.,	
Numa,	 H.,	 …	 Matsumoto,	 T.	 (2013).	 Improvement	 of	 the	
Oryza	sativa	Nipponbare	reference	genome	using	next	gener-
ation	sequence	and	optical	map	data.	Rice,	6(1),	4.	https://doi.
org/10.1186/1939-	8433-	6-	4

Kim,	H.	J.,	Jung,	J.,	Singh,	N.,	Greenberg,	A.,	Doyle,	J.	J.,	Tyagi,	W.,	
Chung,	 J.-	W.,	 Kimball,	 J.,	 Hamilton,	 R.	 S.,	 &	 McCouch,	 S.	 R.	
(2016).	 Population	 dynamics	 among	 six	 major	 groups	 of	 the	
Oryza rufipogon	 species	 complex,	 wild	 relative	 of	 cultivated	
Asian	rice.	Rice,	9,	56.	https://doi.org/10.1186/s1228	4-	016-	0119-	0

https://doi.org/10.1146/annurev.arplant.49.1.669
https://doi.org/10.1146/annurev.arplant.49.1.669
https://doi.org/10.1038/nature11346
https://doi.org/10.1038/nature11346
https://doi.org/10.1016/S0065-2113(04)92001-9
https://doi.org/10.1016/S0065-2113(04)92001-9
https://doi.org/10.1177/156482650002100407
https://doi.org/10.1177/156482650002100407
https://doi.org/10.1016/j.pbi.2009.05.006
https://doi.org/10.1016/j.pbi.2009.05.006
https://doi.org/10.1038/nature08258
https://doi.org/10.1038/nature08258
https://doi.org/10.1007/s11104-008-9798-7
https://doi.org/10.1007/s11104-008-9798-7
https://doi.org/10.1002/fes3.58
https://doi.org/10.1046/j.1365-313X.2003.01878.x
https://doi.org/10.1046/j.1365-313X.2003.01878.x
https://doi.org/10.1074/jbc.M806042200
https://doi.org/10.1074/jbc.M806042200
https://doi.org/10.1111/j.1365-313X.2010.04158.x
https://doi.org/10.1111/j.1365-313X.2010.04158.x
https://doi.org/10.1111/j.1365-313X.2005.02624.x
https://doi.org/10.1111/j.1365-313X.2005.02624.x
https://doi.org/10.1038/srep00286
https://doi.org/10.1038/srep00286
https://doi.org/10.1007/s12892-020-00037-6
https://doi.org/10.1111/pbr.12787
https://doi.org/10.1371/journal.pone.0024476
https://doi.org/10.1371/journal.pone.0024476
https://doi.org/10.1007/s11103-012-9930-1
https://doi.org/10.1007/s11103-012-9930-1
https://doi.org/10.1038/ng.548
https://doi.org/10.1038/ng.548
https://doi.org/10.1186/1939-8433-6-4
https://doi.org/10.1186/1939-8433-6-4
https://doi.org/10.1186/s12284-016-0119-0


16 of 18 |   TALUKDAR et al.

Kobayashi,	T.,	Itai,	R.	N.,	&	Nishizawa,	N.	K.	(2014).	Iron	deficiency	
responses	 in	rice	roots.	Rice,	7(1),	27.	https://doi.org/10.1186/
s1228	4-	014-	0027-	0

Koike,	 S.,	 Inoue,	 H.,	 Mizuno,	 D.,	 Takahashi,	 M.,	 Nakanishi,	 H.,	
Mori,	 S.,	 &	 Nishizawa,	 N.	 K.	 (2004).	 OsYSL2	 is	 a	 rice	 metal-	
nicotianamine	 transporter	 that	 is	 regulated	 by	 iron	 and	 ex-
pressed	 in	 the	 phloem.	 The Plant Journal,	 39(3),	 415–	424.	
https://doi.org/10.1111/j.1365-	313X.2004.02146.x

Lampayan,	 R.	 M.,	 Rejesus,	 R.	 M.,	 Singleton,	 G.	 R.,	 &	 Bouman,	 B.	
A.	 M.	 (2015).	 Adoption	 and	 economics	 of	 alternate	 wetting	
and	 drying	 water	 management	 for	 irrigated	 lowland	 rice.	
Field Crops Research,	 170,	 95–	108.	 https://doi.org/10.1016/j.
fcr.2014.10.013

Lee,	 S.,	 Jeon,	 U.	 S.,	 Lee,	 S.	 J.,	 Kim,	 Y.-	K.,	 Persson,	 D.	 P.,	 Husted,	
S.,	 Schjørring,	 J.	 K.,	 Kakei,	Y.,	 Masuda,	 H.,	 Nishizawa,	 N.	 K.,	
&	An,	G.	 (2009).	 Iron	 fortification	of	 rice	 seeds	 through	acti-
vation	of	the	nicotianamine	synthase	gene.	Proceedings of the 
National Academy of Sciences,	 106(51),	 22014–	22019.	 https://
doi.org/10.1073/pnas.09109	50106

Lieu,	P.	T.,	Heiskala,	M.,	Peterson,	P.	A.,	&	Yang,	Y.	(2001).	The	roles	
of	iron	in	health	and	disease.	Molecular Aspects of Medicine,	22,	
1–	87.	https://doi.org/10.1016/s0098	-	2997(00)00006	-	6

Liu,	 J.,	 Wu,	 X.,	 Yao,	 X.,	 Yu,	 R.,	 Larkin,	 P.	 J.,	 &	 Liu,	 C.-	M.	 (2018).	
Mutations	in	the	DNA	demethylase	OsROS1	result	in	a	thick-
ened	 aleurone	 and	 improved	 nutritional	 value	 in	 rice	 grains.	
Proceedings of the National Academy of Sciences,	 115,	 11327–	
11332.	https://doi.org/10.1073/pnas.18063	04115

Liu,	S.,	Zhong,	H.,	Meng,	X.,	Sun,	T.,	Li,	Y.,	Pinson,	S.	R.	M.,	Chang,	
S.	 K.	 C.,	 &	 Peng,	 Z.	 (2020).	 Genome-	wide	 association	 studies	
of	ionomic	and	agronomic	traits	in	USDA	mini	core	collection	
of	 rice	 and	 comparative	 analyses	 of	 different	 mapping	 meth-
ods.	BMC Plant Biology,	20,	441.	https://doi.org/10.1186/s1287	
0-	020-	02603	-	0

Maganti,	S.,	Swaminathan,	R.,	&	Parida,	A.	(2020).	Variation	in	Iron	
and	 Zinc	 content	 in	 traditional	 rice	 genotypes.	 Agricultural 
Research,	 9,	 316–	328.	 https://doi.org/10.1007/s4000	3-	019-	
00429	-	3

Mansueto,	L.,	Fuentes,	R.	R.,	Borja,	F.	N.,	Detras,	J.,	Abriol-	Santos,	
J.	 M.,	 Chebotarov,	 D.,	 Sanciangco,	 M.,	 Palis,	 K.,	 Copetti,	 D.,	
Poliakov,	A.,	Dubchak,	I.,	Solovyev,	V.,	Wing,	R.	A.,	Hamilton,	
R.	 S.,	 Mauleon,	 R.,	 McNally,	 K.	 L.,	 &	 Alexandrov,	 N.	 (2017).	
Rice	 SNP-	seek	 database	 update:	 new	 SNPs,	 indels,	 and	 que-
ries.	 Nucleic Acids Research,	 45,	 D1075–	D1081.	 https://doi.
org/10.1093/nar/gkw1135

McCouch,	S.	R.,	Wright,	M.	H.,	Tung,	C.	W.,	Maron,	L.	G.,	McNally,	
K.	 L.,	 Fitzgerald,	 M.,	 Singh,	 N.,	 DeClerck,	 G.,	 Agosto-	Perez,	
F.,	Korniliev,	P.,	Greenberg,	A.	 J.,	Naredo,	M.	E.,	Mercado,	S.	
M.,	Harrington,	S.	E.,	Shi,	Y.,	Branchini,	D.	A.,	Kuser-	Falcão,	
P.	 R.,	 Leung,	 H.,	 Ebana,	 K.,	 …	 Mezey,	 J.	 (2016).	 Open	 access	
resources	for	genome-	wide	association	mapping	in	rice.	Nature 
Communications,	 7,	 10532.	 https://doi.org/10.1038/ncomm	
s10532

McNally,	 K.	 L.,	 Childs,	 K.	 L.,	 Bohnert,	 R.,	 Davidson,	 R.	 M.,	 Zhao,	
K.,	Ulat,	V.	J.,	Zeller,	G.,	Clark,	R.	M.,	Hoen,	D.	R.,	Bureau,	T.	
E.,	 Stokowski,	 R.,	 Ballinger,	 D.	 G.,	 Frazer,	 K.	 A.,	 Cox,	 D.	 R.,	
Padhukasahasram,	B.,	Bustamante,	C.	D.,	Weigel,	D.,	Mackill,	D.	
J.,	Bruskiewich,	R.	M.,	…	Leach,	J.	E.	(2009).	Genomewide	SNP	
variation	reveals	relationships	among	landraces	and	modern	va-
rieties	of	rice.	Proceedings of the National Academy of Sciences,	
106,	12273–	12278.	https://doi.org/10.1073/pnas.09009	92106

Meng,	F.,	Wei,	Y.,	&	Yang,	X.	(2005).	Iron	content	and	bioavailabil-
ity	in	rice.	Journal of Trace Elements in Medicine and Biology,	
18(4),	333–	338.	https://doi.org/10.1016/j.jtemb.2005.02.008

Mesquita,	 G.,	 Silva,	T.,	 Gomes,	 A.	 C.,	 Oliveira,	 P.	 F.,	 Alves,	 M.	 G.,	
Fernandes,	 R.,	 Almeida,	 A.	 A.,	 Moreira,	 A.	 C.,	 &	 Gomes,	 M.	
S.	 (2020).	H-	Ferritin	 is	essential	 for	macrophages’	 capacity	 to	
store	or	detoxify	exogenously	added	iron.	Scientific Reports,	10,	
3061.	https://doi.org/10.1038/s4159	8-	020-	59898	-	0

Miller,	 L.	 J.	 (2013).	 Iron	 deficiency	 Anemia:	 A	 common	 and	 cur-
able	 disease.	 Cold Spring Harbor Perspectives in Medicine,	 3,	
a011866.	https://doi.org/10.1101/cshpe	rspect.a011866

Moreno-	Moyano,	 L.	 T.,	 Bonneau,	 J.	 P.,	 Sánchez-	Palacios,	 J.	 T.,	
Tohme,	J.,	&	Johnson,	A.	A.	T.	(2016).	Association	of	increased	
grain	 iron	 and	 zinc	 concentrations	 with	 agro-	morphological	
traits	 of	 biofortified	 rice.	 Frontiers in Plant Science,	 7,	 1463.	
https://doi.org/10.3389/fpls.2016.01463

Morrissey,	J.,	&	Guerinot,	M.	L.	(2009).	Iron	uptake	and	transport	in	
plants:	The	good,	the	bad,	and	the	ionome.	Chemical Reviews,	
109,	4553–	4567.	https://doi.org/10.1021/cr900	112r

Mukherjee,	I.,	Campbell,	N.	H.,	Ash,	J.	S.,	&	Connolly,	E.	L.	(2006).	
Expression	profiling	of	the	Arabidopsis	ferric	chelate	reductase	
(FRO)	gene	 family	 reveals	differential	 regulation	by	 iron	and	
copper.	 Planta,	 223,	 1178–	1190.	 https://doi.org/10.1007/s0042	
5-	005-	0165-	0

Norton,	G.	J.,	Deacon,	C.	M.,	Xiong,	L.,	Huang,	S.,	Meharg,	A.	A.,	
&	Price,	A.	H.	(2010).	Genetic	mapping	of	the	rice	ionome	in	
leaves	and	grain:	identification	of	QTLs	for	17	elements	includ-
ing	arsenic,	cadmium,	iron	and	selenium.	Plant and Soil,	329,	
139–	153.	https://doi.org/10.1007/s1110	4-	009-	0141-	8

Norton,	 G.	 J.,	 Shafaei,	 M.,	Travis,	 A.	 J.,	 Deacon,	 C.	 M.,	 Danku,	 J.,	
Pond,	D.,	Cochrane,	N.,	Lockhart,	K.,	Salt,	D.,	Zhang,	H.,	Dodd,	
I.	C.,	Hossain,	M.,	Islam,	M.	R.,	&	Price,	A.	H.	(2017).	Impact	of	
alternate	wetting	and	drying	on	rice	physiology,	grain	produc-
tion,	and	grain	quality.	Field Crops Research,	205,	1–	13.	https://
doi.org/10.1016/j.fcr.2017.01.016

Norton,	G.	J.,	Travis,	A.	J.,	Danku,	J.,	Salt,	D.	E.,	Hossain,	M.,	Islam,	
M.	R.,	&	Price,	A.	H.	 (2017).	Biomass	and	elemental	concen-
trations	of	22	rice	cultivars	grown	under	alternate	wetting	and	
drying	conditions	at	three	field	sites	in	Bangladesh.	Food and 
Energy Security,	6,	98–	112.	https://doi.org/10.1002/fes3.110

Norton,	G.	J.,	Travis,	A.	J.,	Douglas,	A.,	Fairley,	S.,	Alves,	E.	P.,	Ruang-	
Areerate,	P.,	Naredo,	M.,	McNally,	K.	L.,	Hossain,	M.,	Islam,	M.	
R.,	 &	 Price,	 A.	 H.	 (2018).	 Genome	 wide	 association	 mapping	
of	grain	and	straw	biomass	traits	in	the	rice	Bengal	and	Assam	
Aus	Panel	(BAAP)	grown	under	alternate	wetting	and	drying	
and	permanently	flooded	irrigation.	Frontiers in Plant Science,	
9,	1223.	https://doi.org/10.3389/fpls.2018.01223

Norton,	 G.	 J.,	 Travis,	 A.	 J.,	 Ruang-	Areerate,	 P.,	 Nicol,	 G.	 W.,	
Adeosun,	 A.	 A.,	 Hossain,	 M.,	 Islam,	 M.	 R.,	 Douglas,	 A.,	 &	
Price,	A.	H.	(2021).	Genetic	loci	regulating	cadmium	content	
in	 rice	 grains.	 Euphytica,	 217,	 35.	 https://doi.org/10.1007/
s1068	1-	020-	02752	-	1

Norton,	G.	J.,	Travis,	A.	J.,	Talukdar,	P.,	Hossain,	M.,	Islam,	M.	R.,	
Douglas,	A.,	&	Price,	A.	H.	(2019).	Genetic	loci	regulating	ar-
senic	content	 in	rice	grains	when	grown	flooded	or	under	al-
ternative	wetting	and	drying	irrigation.	Rice,	12,	54.	https://doi.
org/10.1186/s1228	4-	019-	0307-	9

Nozoye,	 T.,	 Nagasaka,	 S.,	 Kobayashi,	 T.,	 Takahashi,	 M.,	 Sato,	 Y.,	
Sato,	 Y.,	 Uozumi,	 N.,	 Nakanishi,	 H.,	 &	 Nishizawa,	 N.	 K.	
(2011).	 Phytosiderophore	 efflux	 transporters	 are	 crucial	 for	

https://doi.org/10.1186/s12284-014-0027-0
https://doi.org/10.1186/s12284-014-0027-0
https://doi.org/10.1111/j.1365-313X.2004.02146.x
https://doi.org/10.1016/j.fcr.2014.10.013
https://doi.org/10.1016/j.fcr.2014.10.013
https://doi.org/10.1073/pnas.0910950106
https://doi.org/10.1073/pnas.0910950106
https://doi.org/10.1016/s0098-2997(00)00006-6
https://doi.org/10.1073/pnas.1806304115
https://doi.org/10.1186/s12870-020-02603-0
https://doi.org/10.1186/s12870-020-02603-0
https://doi.org/10.1007/s40003-019-00429-3
https://doi.org/10.1007/s40003-019-00429-3
https://doi.org/10.1093/nar/gkw1135
https://doi.org/10.1093/nar/gkw1135
https://doi.org/10.1038/ncomms10532
https://doi.org/10.1038/ncomms10532
https://doi.org/10.1073/pnas.0900992106
https://doi.org/10.1016/j.jtemb.2005.02.008
https://doi.org/10.1038/s41598-020-59898-0
https://doi.org/10.1101/cshperspect.a011866
https://doi.org/10.3389/fpls.2016.01463
https://doi.org/10.1021/cr900112r
https://doi.org/10.1007/s00425-005-0165-0
https://doi.org/10.1007/s00425-005-0165-0
https://doi.org/10.1007/s11104-009-0141-8
https://doi.org/10.1016/j.fcr.2017.01.016
https://doi.org/10.1016/j.fcr.2017.01.016
https://doi.org/10.1002/fes3.110
https://doi.org/10.3389/fpls.2018.01223
https://doi.org/10.1007/s10681-020-02752-1
https://doi.org/10.1007/s10681-020-02752-1
https://doi.org/10.1186/s12284-019-0307-9
https://doi.org/10.1186/s12284-019-0307-9


   | 17 of 18TALUKDAR et al.

iron	acquisition	 in	graminaceous	plants.	Journal of Biological 
Chemistry,	 286,	 5446–	5454.	 https://doi.org/10.1074/jbc.
M110.180026

Peris-	Peris,	 C.,	 Serra-	Cardona,	 A.,	 Sánchez-	Sanuy,	 F.,	 Campo,	 S.,	
Ariño,	J.,	&	Segundo,	B.	S.	(2017).	Two	NRAMP6	isoforms	func-
tion	as	iron	and	manganese	transporters	and	contribute	to	dis-
ease	 resistance	 in	 rice.	 Molecular Plant- Microbe Interactions®,	
30(5),	385–	398.	https://doi.org/10.1094/MPMI-	01-	17-	0005-	R

Pradhan,	 S.	 K.,	 Pandit,	 E.,	 Pawar,	 S.,	 Naveenkumar,	 R.,	 Barik,	 S.	
R.,	Mohanty,	S.	P.,	Nayak,	D.	K.,	Ghritlahre,	S.	K.,	Rao,	D.	S.,	
Reddy,	J.	N.,	&	Patnaik,	S.	S.	C.	(2020).	Linkage	disequilibrium	
mapping	for	grain	Fe	and	Zn	enhancing	QTLs	useful	for	nutri-
ent	dense	rice	breeding.	BMC Plant Biology,	20,	57.	https://doi.
org/10.1186/s1287	0-	020-	2262-	4

Purcell,	S.,	Neale,	B.,	Todd-	Brown,	K.,	Thomas,	L.,	Ferreira,	M.	A.,	
Bender,	D.,	Maller,	J.,	Sklar,	P.,	de	Bakker,	P.	I.,	Daly,	M.	J.,	&	
Sham,	P.	C.	(2007).	PLINK:	a	tool	set	for	whole-	genome	associ-
ation	and	population-	based	linkage	analyses.	American Journal 
of Human Genetics,	81,	559–	575.	https://doi.org/10.1086/519795

Robinson,	N.	 J.,	Procter,	C.	M.,	Connolly,	E.	L.,	&	Guerinot,	M.	L.	
(1999).	 A	 ferric	 chelate	 reductase	 for	 iron	 uptake	 from	 soils.	
Nature,	397,	694–	697.	https://doi.org/10.1038/17800

Schwacke,	R.,	Schneider,	A.,	van	der	Graaff,	E.,	Fischer,	K.,	Catoni,	
E.,	Desimone,	M.,	Frommer,	W.	B.,	Flügge,	U.	I.,	&	Kunze,	R.	
(2003).	ARAMEMNON,	a	novel	database	for	Arabidopsis	inte-
gral	membrane	proteins.	Plant Physiology,	131,	16–	26.	https://
doi.org/10.1104/pp.011577

Swamy,	 B.	 P.	 M.,	 Kaladhar,	 K.,	 Anuradha,	 K.,	 Batchu,	 A.	 K.,	
Longvah,	 T.,	 &	 Sarla,	 N.	 (2018).	 QTL	 analysis	 for	 grain	
Iron	 and	 Zinc	 Concentrations	 in	 Two	 O. nivara	 Derived	
Backcross	 Populations.	 Rice Science,	 25,	 197–	207.	 https://doi.
org/10.1016/j.rsci.2018.06.003

Swamy,	 B.	 P.	 M.,	 Marathi,	 B.,	 Ribeiro-	Barros,	 A.	 I.	 F.,	 Calayugan,	
M.	I.	C.,	&	Ricachenevsky,	F.	K.	(2021).	Iron	biofortification	in	
rice:	An	update	on	quantitative	trait	loci	and	candidate	genes.	
Frontiers in Plant Science,	12,	647341.	https://doi.org/10.3389/
fpls.2021.647341

Takagi,	S.	(1976).	Naturally	occurring	iron-	chelating	compounds	in	
oat-		and	rice-	root	washing.	Soil Science and Plant Nutrition,	22,	
423–	433.	https://doi.org/10.1080/00380	768.1976.10433004

Takahashi,	 R.,	 Ishimaru,	 Y.,	 Senoura,	 T.,	 Shimo,	 H.,	 Ishikawa,	
S.,	 Arao,	 T.,	 Nakanishi,	 H.,	 &	 Nishizawa,	 N.	 K.	 (2011).	 The	
OsNRAMP1	 iron	 transporter	 is	 involved	 in	 Cd	 accumulation	
in	rice.	Journal of Experimental Botany,	62,	4843–	4850.	https://
doi.org/10.1093/jxb/err136

Theurl,	 I.,	 Hilgendorf,	 I.,	 Nairz,	 M.,	 Tymoszuk,	 P.,	 Haschka,	 D.,	
Asshoff,	M.,	He,	S.,	Gerhardt,	L.	M.,	Holderried,	T.	A.,	Seifert,	
M.,	 Sopper,	 S.,	 Fenn,	 A.	 M.,	 Anzai,	 A.,	 Rattik,	 S.,	 McAlpine,	
C.,	 Theurl,	 M.,	 Wieghofer,	 P.,	 Iwamoto,	 Y.,	 Weber,	 G.	 F.,	 …	
Swirski,	F.	K.	(2016).	On-	demand	erythrocyte	disposal	and	iron	
recycling	 requires	 transient	 macrophages	 in	 the	 liver.	 Nature 
Medicine,	22,	945–	951.	https://doi.org/10.1038/nm.4146

Travis,	A.	J.,	Norton,	G.	J.,	Datta,	S.,	Sarma,	R.,	Dasgupta,	T.,	Savio,	
F.	 L.,	 Macaulay,	 M.,	 Hedley,	 P.	 E.,	 McNally,	 K.	 L.,	 Sumon,	
M.	 H.,	 Islam,	 M.	 R.,	 &	 Price,	 A.	 H.	 (2015).	 Assessing	 the	 ge-
netic	 diversity	 of	 rice	 originating	 from	 Bangladesh,	 Assam	
and	West	Bengal.	Rice,	8(1),	35.	https://doi.org/10.1186/s1228	
4-	015-	0068-	z

Trijatmiko,	K.	R.,	Dueñas,	C.,	Tsakirpaloglou,	N.,	Torrizo,	L.,	Arines,	
F.	M.,	Adeva,	C.,	Balindong,	J.,	Oliva,	N.,	Sapasap,	M.	V.,	Borrero,	

J.,	Rey,	J.,	Francisco,	P.,	Nelson,	A.,	Nakanishi,	H.,	Lombi,	E.,	
Tako,	 E.,	 Glahn,	 R.	 P.,	 Stangoulis,	 J.,	 Chadha-	Mohanty,	 P.,	 …	
Slamet-	Loedin,	I.	H.	(2016).	Biofortified	indica	rice	attains	iron	
and	zinc	nutrition	dietary	targets	in	the	field.	Scientific Reports,	
6,	19792.	https://doi.org/10.1038/srep1	9792

Tripathi,	D.	K.,	Singh,	S.,	Gaur,	S.,	Singh,	S.,	Yadav,	V.,	Liu,	S.,	Singh,	
V.	 P.,	 Sharma,	 S.,	 Srivastava,	 P.,	 Prasad,	 S.	 M.,	 Dubey,	 N.	 K.,	
Chauhan,	D.	K.,	&	Sahi,	S.	(2018).	Acquisition	and	homeostasis	
of	iron	in	higher	plants	and	their	probable	role	in	abiotic	stress	
tolerance.	Frontiers in Environmental Science,	5,	86.	https://doi.
org/10.3389/fenvs.2017.00086

Turner,	A.	G.,	Ong,	C.	Y.,	Djoko,	K.	Y.,	West,	N.	P.,	Davies,	M.	R.,	
McEwan,	 A.	 G.,	 &	 Walker,	 M.	 J.	 (2017).	 The	 PerR-	regulated	
P1B–	4-	Type	 ATPase	 (PmtA)	 acts	 as	 a	 ferrous	 iron	 efflux	 pump	
in	 streptococcus	 pyogenes.	 Infection and Immunity,	 85,	
e00140–	e217.	https://doi.org/10.1128/IAI.00140	-	17

VanLiere,	J.	M.,	&	Rosenberg,	N.	A.	(2008).	Mathematical	properties	of	
the	r2	measure	of	linkage	disequilibrium.	Theoretical Population 
Biology,	74,	130–	137.	https://doi.org/10.1016/j.tpb.2008.05.006

Vert,	G.,	Briat,	J.	F.,	&	Curie,	C.	(2001).	Arabidopsis	IRT2	gene	en-
codes	a	root-	periphery	iron	transporter.	The Plant Journal,	26(2),	
181–	189.	https://doi.org/10.1046/j.1365-	313x.2001.01018.x

Vert,	G.,	Grotz,	N.,	Dédaldéchamp,	F.,	Gaymard,	F.,	Guerinot,	M.	L.,	
Briat,	J.	F.,	&	Curie,	C.	(2002).	IRT1,	an	Arabidopsis	transporter	
essential	for	iron	uptake	from	the	soil	and	for	plant	growth.	The 
Plant Cell,	14,	1223–	1233.	https://doi.org/10.1105/tpc.001388

Wairich,	A.,	de	Oliveira,	B.	H.	N.,	Arend,	E.	B.,	Duarte,	G.	L.,	Ponte,	
L.	R.,	Sperotto,	R.	A.,	Ricachenevsky,	F.	K.,	&	Fett,	J.	P.	(2019).	
The	 Combined	 Strategy	 for	 iron	 uptake	 is	 not	 exclusive	 to	
domesticated	 rice	 (Oryza sativa).	 Scientific Reports,	 9,	 16144.	
https://doi.org/10.1038/s4159	8-	019-	52502	-	0

Wu,	 H.,	 Li,	 L.,	 Du,	 J.,	 Yuan,	 Y.,	 Cheng,	 X.,	 &	 Ling,	 H.	 Q.	 (2005).	
Molecular	and	biochemical	characterization	of	the	Fe(III)	che-
late	reductase	gene	family	in	Arabidopsis thaliana.	Plant & Cell 
Physiology,	46,	1505–	1514.	https://doi.org/10.1093/pcp/pci163

Xu,	K.,	Xu,	X.,	Fukao,	T.,	Canlas,	P.,	Maghirang-	Rodriguez,	R.,	Heuer,	
S.,	Ismail,	A.	M.,	Bailey-	Serres,	J.,	Ronald,	P.	C.,	&	Mackill,	D.	
J.	 (2006).	Sub1A	 is	an	ethylene-	response-	factor-	like	gene	 that	
confers	 submergence	 tolerance	 to	 rice.	 Nature,	 442,	 705–	708.	
https://doi.org/10.1038/natur	e04920

Yang,	 M.,	 Lu,	 K.,	 Zhao,	 F.	 J.,	 Xie,	W.,	 Ramakrishna,	 P.,	Wang,	 G.,	
Du,	Q.,	Liang,	L.,	 Sun,	C.,	Zhao,	H.,	Zhang,	Z.,	Liu,	Z.,	Tian,	
J.,	Huang,	X.	Y.,	Wang,	W.,	Dong,	H.,	Hu,	J.,	Ming,	L.,	Xing,	Y.,	
…	Lian,	X.	(2018).	Genome-	wide	association	studies	reveal	the	
genetic	 basis	 of	 ionomic	 variation	 in	 rice.	 The Plant Cell,	 30,	
2720–	2740.	https://doi.org/10.1105/tpc.18.00375

Yokosho,	 K.,	 Yamaji,	 N.,	 &	 Ma,	 J.	 F.	 (2016).	 OsFRDL1	 expressed	
in	 nodes	 is	 required	 for	 distribution	 of	 iron	 to	 grains	 in	 rice.	
Journal of Experimental Botany,	 67,	 5485–	5494.	 https://doi.
org/10.1093/jxb/erw314

Yokosho,	 K.,	 Yamaji,	 N.,	 Ueno,	 D.,	 Mitani,	 N.,	 &	 Ma,	 J.	 F.	 (2009).	
OsFRDL1	is	a	citrate	transporter	required	for	efficient	translo-
cation	of	 iron	 in	 rice.	Plant Physiology,	149,	297–	305.	https://
doi.org/10.1104/pp.108.128132

Zaw,	H.,	Raghavan,	C.,	Pocsedio,	A.,	Swamy,	B.,	Jubay,	M.	L.,	Singh,	
R.	K.,	Bonifacio,	J.,	Mauleon,	R.,	Hernandez,	J.	E.,	Mendioro,	
M.	S.,	Gregorio,	G.	B.,	&	Leung,	H.	 (2019).	Exploring	genetic	
architecture	of	grain	yield	and	quality	traits	in	a	16-	way	indica	
by	japonica	rice	MAGIC	global	population.	Scientific Reports,	9,	
19605.	https://doi.org/10.1038/s4159	8-	019-	55357	-	7

https://doi.org/10.1074/jbc.M110.180026
https://doi.org/10.1074/jbc.M110.180026
https://doi.org/10.1094/MPMI-01-17-0005-R
https://doi.org/10.1186/s12870-020-2262-4
https://doi.org/10.1186/s12870-020-2262-4
https://doi.org/10.1086/519795
https://doi.org/10.1038/17800
https://doi.org/10.1104/pp.011577
https://doi.org/10.1104/pp.011577
https://doi.org/10.1016/j.rsci.2018.06.003
https://doi.org/10.1016/j.rsci.2018.06.003
https://doi.org/10.3389/fpls.2021.647341
https://doi.org/10.3389/fpls.2021.647341
https://doi.org/10.1080/00380768.1976.10433004
https://doi.org/10.1093/jxb/err136
https://doi.org/10.1093/jxb/err136
https://doi.org/10.1038/nm.4146
https://doi.org/10.1186/s12284-015-0068-z
https://doi.org/10.1186/s12284-015-0068-z
https://doi.org/10.1038/srep19792
https://doi.org/10.3389/fenvs.2017.00086
https://doi.org/10.3389/fenvs.2017.00086
https://doi.org/10.1128/IAI.00140-17
https://doi.org/10.1016/j.tpb.2008.05.006
https://doi.org/10.1046/j.1365-313x.2001.01018.x
https://doi.org/10.1105/tpc.001388
https://doi.org/10.1038/s41598-019-52502-0
https://doi.org/10.1093/pcp/pci163
https://doi.org/10.1038/nature04920
https://doi.org/10.1105/tpc.18.00375
https://doi.org/10.1093/jxb/erw314
https://doi.org/10.1093/jxb/erw314
https://doi.org/10.1104/pp.108.128132
https://doi.org/10.1104/pp.108.128132
https://doi.org/10.1038/s41598-019-55357-7


18 of 18 |   TALUKDAR et al.

Zhang,	 M.,	 Pinson,	 S.	 R.,	 Tarpley,	 L.,	 Huang,	 X.	 Y.,	 Lahner,	 B.,	
Yakubova,	E.,	Baxter,	I.,	Guerinot,	M.	L.,	&	Salt,	D.	E.	(2014).	
Mapping	 and	 validation	 of	 quantitative	 trait	 loci	 associated	
with	 concentrations	 of	 16	 elements	 in	 unmilled	 rice	 grain.	
Theoretical and Applied Genetics,	 127,	 137–	165.	 https://doi.
org/10.1007/s0012	2-	013-	2207-	5

Zhang,	Y.,	Xu,	Y.	H.,	Yi,	H.	Y.,	&	Gong,	J.	M.	(2012).	Vacuolar	membrane	
transporters	OsVIT1	and	OsVIT2	modulate	iron	translocation	
between	flag	leaves	and	seeds	in	rice.	The Plant Journal,	72(3),	
400–	410.	https://doi.org/10.1111/j.1365-	313X.2012.05088.x

Zhao,	H.,	Yao,	W.,	Ouyang,	Y.,	Yang,	W.,	Wang,	G.,	Lian,	X.,	Xing,	
Y.,	Chen,	L.,	&	Xie,	W.	(2015).	RiceVarMap:	a	comprehensive	
database	of	rice	genomic	variations.	Nucleic Acids Research,	43,	
D1018–	D1022.	https://doi.org/10.1093/nar/gku894

SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 in	 the	
online	version	of	the	article	at	the	publisher’s	website.

How to cite this article:	Talukdar,	P.,	Travis,	A.	
J.,	Hossain,	M.,	Islam,	M.	R.,	Norton,	G.	J.,	&	Price,	
A.	H.	(2022).	Identification	of	genomic	loci	
regulating	grain	iron	content	in	aus	rice	under	two	
irrigation	management	systems.	Food and Energy 
Security,	11, e329.	https://doi.org/10.1002/fes3.329

https://doi.org/10.1007/s00122-013-2207-5
https://doi.org/10.1007/s00122-013-2207-5
https://doi.org/10.1111/j.1365-313X.2012.05088.x
https://doi.org/10.1093/nar/gku894
https://doi.org/10.1002/fes3.329

