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SUMMARY

Micronutrient malnutrition is a widespread problem worldwide, particularly in poor populations
and iron deficiency anemia is one of the most serious forms of malnutrition. To address this
problem, daily iron intake of the affected populations must increase. Several interventions
including iron supplementation and food fortification have been attempted and met with varied
degrees of success. Biofortification emerged as a sustainable and cost effective approach to address
the micronutrient deficiencies. Rice, being a staple crop for more than half of the world’s
population, is a good candidate for biofortification. Rice grains, particularly when polished, contain
very little amounts of iron. Conventional breeding strategies to improve iron content in rice grains
have not been much successful because of the limited germplasm variability for endosperm iron
content. Gene technology offers potential approaches that target iron uptake and transport in
addition to directing iron storage to the rice endosperm. Although previous reports demonstrated
significant increases in endosperm iron in rice, constant efforts are still required to reach the iron
levels sufficient to address daily dietary recommended intake. In this work, I evaluated the role of
IRON REGULATED METAL TRANSPORTER (IRT) gene in further elevating endosperm iron
levels when expressed together with NICOTIANAMINE SYNTHASE (NAS) and FERRITIN.
Although the essential role of IRT1 is in iron uptake, metal uptake experiments have shown that
IRT1 is a broad range divalent metal ion transporter that is capable of transporting also zinc,
manganese and cadmium (Cd). Therefore, in view of cadmium contamination reported worldwide
in the rice fields, I also investigated the possibility of using mutant IRT alleles with reduced Cd
transport abilities.
The Arabidopsis thaliana IRT1 expressed under the control of Medicago sativa EARLY NODULIN
12B promoter was transformed into Taipei 309 (control) and into previously developed high-iron
NFP rice lines expressing Arabidopsis NAS1 and Phaseolus vulgaris FERRITIN (Wirth et al.,
2009). Transgenic rice lines expressing AtIRT1 alone had significant increases in iron and when
combined with AtNAS1 and PvFERRITIN increased iron another 2.2-fold in NFP lines. In order to
generate lines with simple inserts, I also developed rice lines expressing a combination of AtIRT1,
AtNAS1 and PvFERRITIN or that of AtIRT1 and PvFERRITIN from a single construct using two
different promoters driving AtIRT1 expression (i.e., MsENOD12B and native AtIRT1 promoters).
Iron content of up to 11.43 µg/gDW is obtained in the polished grains of transformed lines, with
some increases observed for zinc and manganese as well. Further, iron content of up to 14.4
iv

µg/gDW is obtained in the polished grains of rice lines expressing mutant IRT1 alleles together
with AtNAS1 and PvFERRITIN. In the preliminary screening, tolerance to high cadmium exposure
and reduced cadmium accumulation were observed in the transgenic rice seedlings carrying one of
the two tested mutant IRT alleles.
Together, these findings demonstrate that the concerted expression of AtIRT1, AtNAS1 and
PvFERRITIN synergistically increase iron in both polished and unpolished rice grains.
Furthermore, the results indicate a possibility of reducing cadmium accumulation in the high
endosperm iron rice lines by using the mutant IRT alleles altered for their Cd transport abilities.
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ZUSAMMENFASSUNG

Mangelernährung von Spurenelementen ist ein weiterverbreitetes weltweites Problem, vor allem
für arme Völker. Eisenmangelanämie ist eine der schlimmsten Formen der Mangelernährung. Um
das Problem zu beheben, muss sich die Eisenaufnahme der betroffenen Populationen erhöhen.
Mehrere Eingriffe mit unterschiedlichen Erfolgsraten wurden unternommen, einschliesslich
Eisenergänzung und Nahrungsmittelanreicherung. Biofortification erscheint als kostengünstiger
Versuch

um

die

Mangelernährung

von

Spurenelementen

zu

beheben.

Reis,

das

Hauptnahrungsmittel für mehr als die Hälfte der weltweiten Bevölkerung ist ein geeigneter
Kandidat für die Biofortification. Reiskörner, im besonderen polierte Reiskörner, enthalten sehr
geringe Mengen Eisen. Konventionelle Züchtungsstrategien zur Erhöhung des Eisengehalts in
Reiskörnern waren nicht sehr erfolgreich, auf Grund der limitieren genetischen Variabilität des
Eisengehalts im Endosperm. Gentechnologie bietet einen potentiellen Versuch die Eisenaufnahme
und den Transport zusätzlich zur gezielten Eisenspeicherung im Reisendosperm direkt zu
beeinflussen. Obwohl vorherige Untersuchungen eine signifikante Steigerung des Eisengehalts im
Reisendosperm gezeigt haben, sind dennoch konstante Bemühungen notwendig um Eisengehälter
zu erreichen, die hoch genug sind, um die empfohlene tägliche Mindestaufnahme zu erreichen. In
dieser Arbeit evaluierte ich die Rolle des IRON REGULATED METAL TRANSPORTER (IRT) Gens
um die Eisengehälter des Endosperms weiter anzuheben, wenn es gleichzeitig mit
NICOTIANAMINE SYNTHASE (NAS) und FERRITIN exprimiert ist. Obwohl die Hauptfunktion
von IRT1 die Eisenaufnahme ist, haben Experimente zur Aufnahme von Metall gezeigt, dass IRT1
ein weit umfassender bivalenter Metallionentransporter ist, der auch Zink, Mangan und Cadmium
(Cd) transportieren kann. Deshalb untersuchte ich angesichts der Verseuchung von Reisfeldern
weltweit mit Cadmium die Möglichkeit mutierte IRT Allele zu verwenden, die reduzierte
Aufnahmekapazitäten von Cd aufweisen.
Das Arabidopsis thaliana IRT1 Gen, welches unter der Kontrolle des Medicago sativa EARLY
NODULIN 12B Promotors exprimiert ist, wurde in Taipei 309 (Kontrolle) und in die bereits
entwickelte Reislinie NFP, die einen hohen Eisengehalt aufweist und das Arabidopsis NAS1 und
Phaseolus vulgaris FERRITIN Gen exprimiert (Wirth et al., 2009), transformiert. Transgene Reis
Linien, die lediglich AtIRT1 exprimieren hatten signifikant höhere Eisengehälter und in
Kombination mit AtNAS1 und PvFERRITIN erhöhte sich der Eisengehalt um weitere 2.2 fach in
den NFP Linien. Um weitere Linien mit einfachen Insertionen zu generieren, entwickelte ich auch
vi

Reislinien, die eine Kombination von AtIRT1, AtNAS1 und PvFERRITIN oder eine Kombination
von AtIRT1 und PvFERRITIN als einzelne Konstrukte, die zwei unterschiedliche Promotoren zur
Expression von AtIRT1 (das heisst, MsENOD12B und native AtIRT1 Promotoren) nutzen,
exprimieren. Ein Eisengehalt von bis zu 11.43 µg/g Trockengewicht konnte in polierten
Reiskörnern von transformierten Linien gemessen werden, das mit einer Erhöhung des Zink- und
Mangangehalts einhergeht. Weiterhin wurde ein Eisengehalt von 14.4 µg/g Trockengewicht in
polierten Reiskörnern Reislinien, die mutierte IRT1 Alleles gemeinsam mit AtNAS1 und
PvFERRITIN exprimieren, erreicht. Im vorläufigen Screening wurde eine Toleranz gegenüber
hohen

Cadmiumwerten

und

eine

reduzierte

Cadmium

Akkumulation

in

transgenen

Reiskeimlingen, die eines der zwei getesteten mutierten IRT Allele tragen, beobachtet.
Zusammengefasst zeigen diese Resultate, dass die gemeinsame Expression von AtIRT1, AtNAS1
und PvFERRITIN den Eisengehalt in polierten, wie auch unpolierten Reiskörnern synergistisch
erhöhen. Weiterhin zeigen die Resultate, die Möglichkeit auf, in Reiselinien mit hohem Eisengehalt
im Endosperm, die Akkumulation von Cadmium zu reduzieren, indem mutierte IRT Allele mit
veränderten Eigenschaften zum Cd Transport, verwendet wurden.
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GENERAL INTRODUCTION

1.1 Iron malnutrition in humans

1.1.1 Current situation

Iron is involved in a number of processes necessary for life such as oxygen transport, biosynthesis
of amino acids and hormones, as well as neurotransmission (Beard et al., 1996; Pollitt, 1993). In
contrast to the abundance of iron on earth, iron deficiency is the most common and prevalent form
of micronutrient malnutrition in humans. Iron deficiency is defined as a stage in which there is the
sign of compromised supply of iron to tissues, subsequently progressing to anaemia where low
numbers of red blood cells is detected (WHO, 2001). Early symptoms of iron deficiency include
hair loss, fatigue and weakness and can develop into serious consequences such as mental
retardation and reduction of immune function (WHO, 2001). Main reasons of iron deficiency
include low intake of bioavailable iron, increased iron requirement, excess blood loss as a result of
pathologic infections or impaired iron absorption caused by chronic diseases. Children,
adolescents, and women of reproductive age are at high risk of suffering from iron deficiency
(WHO, 2002). This is particularly true for populations where foods rich in absorbable iron are not
available in the daily diet (Steven et al., 2013). At present, iron deficiency anaemia is reported to
affect 43% of children, 38% of pregnant woman and 29% of non-pregnant women worldwide
(Steven et al., 2013).

1.1.2 Preventive measures and approaches

Several intervention strategies have been studied for combating iron deficiency in the affected
populations, either alone or in combination. These include education combined with dietary
modification, iron supplementation, and fortification (Abbaspour et al., 2014). Dietary
modification requiring increased consumption of iron rich foods, especially flesh foods, is difficult
to implement in some regions where such food is hardly accessible (Kodyat et al., 1998; Ma et al.,
2008). Although, iron supplementation is low cost, side effects such as nausea and epigastric pain
might develop due to intake of high amounts of administered iron doses (Galloway and McGuire,
1994). Further, there is also some evidence on the risk of increased severity of infectious diseases
1

when using iron supplements, particularly in the presence of malaria (Oppenheimer 2001; Sazawal
et al., 2006). Fortification is considered as the most effective and the safest intervention in regions
affected with malaria (WHO, 2006). However, food fortification with iron is more difficult as
compared to fortification with other nutrients such as zinc, iodine and vitamin A. The most
bioavailable iron compounds often react with other food components to cause off-flavors, color
changes or fat oxidation (Hurrell, 2002). Alternatively, biofortification that relies on conventional
plant breeding and modern biotechnology to increase micronutrient content of the edible plant
parts, such as grains or storage roots, is a promising as well as a sustainable approach to address
micronutrient malnutrition. Several programs aimed at biofortification are active in different
regions around the world, such as the HarvestPlus program (www.harvestplus.org), the Biofort
Brazil program (http://biofort.com.br/) and the HarvestPlus-China program (www.harvestpluschina.org). Staple food crops including rice, wheat, maize, beans, sweet potato, cassava and pearl
millet are the target crops in these programs (Bouis et al., 2011).
Rice, being the main staple crop for over half of the world’s population, ranks as a prime target for
biofortification. Iron content in rice grains vary from 6-24 mg/kg (Gregorio et al., 2000), however,
most of this iron is lost during the milling process leaving only about 2g/g in the polished grains
(Bouis et al., 2011). Increasing iron levels in rice, especially in polished grains, has not been
possible through conventional breeding approaches particularly due to the insufficient natural
genetic variation (Slamet-Loedin et al., 2015). Gene technology offers promising approaches
including transformation with genes involved in effective iron uptake, transport and storage in the
endosperm. This requires knowledge on molecular mechanisms controlling iron uptake and
translocation.

1.2 Molecular mechanisms controlling iron uptake and translocation in plants

1.2.1 Importance of iron in plant growth

Iron is required for several biochemical processes in plants. The alternation between two oxidation
states, Ferric (III) iron and Ferrous (II) iron make it feasible to form complexes with different
organic compounds (Childs, 1981). Iron plays an important role in electron transport chains of vital
processes like photosynthesis and respiration (Briat, 2007). However, large quantities of
2

accumulated iron are toxic to the plant. It can lead to generation of hydroxyl radicals, which can
harm the plant cells by causing oxidation of proteins, damage to nucleic acids, enzyme inhibition
and activation of programmed cell death (Tanaka et al., 1966). Therefore, in order to prevent iron
toxicity while benefitting from this element, plants have evolved efficient strategies to maintain
iron homeostasis.

1.2.2 General mechanisms of iron uptake and transport in plants

1.2.2.1 Iron uptake

Iron acquisition in plants can be categorized into two principle strategies i.e. the reduction based
strategy (strategy I) used by nongraminaceous plants and the chelation based strategy used by
graminaceous plants (strategy II) (Marschner and Römheld, 1994).

In the strategy I, plants reduce Fe(III) on root surface to Fe(II) followed by the transport of
solubilized Fe(II) into root cells by specific transporters. Fe(III) is reduced to Fe(II) by the action
of FERRIC CHELATE REDUCTASE, and in Arabidopsis thailiana the membrane-bound
FERRIC REDUCTASE OXIDASE 2 (FRO2), which is one of the eight members of the FRO
protein family, serves this function (Robinson et al., 1999). FRO expression is induced under iron
deficient-conditions. Proton extrusion to increase the solubility of iron via the H+-ATPases is
induced upon iron deficiency and has been observed in a number of plant species such as
Arabidopsis, cucumber, apple and beans when subjected to iron deficiency conditions (Santi and
Schmidt, 2009; Santi et al., 2005; Slatni et al., 2012; Zha et al., 2014). The Arabidopsis H+-ATPase
2 (AHA2) gene, belonging to the AHA gene family, was reported to mediate this function in
Arabidopsis.

3

Figure 1 The biosynthesis pathway of mugineic acids (MAs) family in graminaceous plants. Nicotianamine is an
intermediate in the MA synthesis and also serve as a metal ion chelator in the phloem. The MAs family including
deoxymugineic acid, avenic acid, mugineic acid, hydroxymugeineic acid, and epihydroxymugienic acid is responsible
for iron uptake by the roots.

Unlike strategy I plants, rice and other strategy II plants take up iron in the form of Fe(III).
Graminaceous plants release phytosiderophores (PS), belonging to the mugineic acids (MAs)
family, which chelate Fe(III) in the rhizosphere and the Fe(III)-PS complexes are then transported
into the root cells (Takagi, 1976; Takagi et al., 1984). All PS of the MA family are synthesized
through a conserved pathway from S-adenosyl-L-methionine by three subsequent enzymes;
NICOTIANAMINE

SYNTHASE

(NAS),

NICOTIANAMINE

AMINOTRANSFERASE

(NAAT), and DEOXYMUGINEIC ACID SYNTHASE (DMAS) (Figure 1) (Kobayashi and
Nishizawa, 2012). In certain species such as barley and rye, deoxymugineic acid (DMA) is
hydroxylated by two dioxygenases i.e., IRON DEFICIENCY-SPECIFIC CLONE 2 (IDS2) and 3
(IDS3) (Kobayashi et al., 2001). MAs are released onto root surface by the TRANSPORTER OF
MUGINEIC ACID family PS (TOM) (Nozoye et al., 2011). The MAs bind with high affinity to
Fe, although chelation of Zn(II)-MAs and Cd(II)-DMA have also been reported (Meda et al., 2007).
4

The resulting Fe(III)-MA complexes are taken up into root cells by members of the YELLOW
STRIPE (YS) and YELLOW STRIPE-LIKE (YSL) transporter family (Curie et al., 2001; Inoue et
al., 2009). Plants also take up ferric iron by exploiting microbial siderophores (Vansuyt et al.,
2007). The Fe-pyoverdine complexes synthesized by Pseudomonas fluorescens C7 efficiently
assist iron transport in Arabidopsis, leading to an increase of iron concentrations in shoots and roots
(Vansuyt et al., 2007).

1.2.2.2 Iron translocation

Citrate, nicotianamine (NA) and DMA play important roles as chelators for iron translocation. Iron
is transported across root tissues by a symplastic movement toward the vasculature followed by
the loading into apoplastic spaces of xylem by the FERROPORTIN (FPN). This process occurs in
parallel with the translocation of citrate to the xylem by the FERRIC REDUCTASE DEFECTIVE
3 (FRD3) transporter. The presence of NA and DMA in xylem sap under iron deficiency suggests
the function of these compounds for iron transport(Kakei et al., 2009; Rellan-Alvarez et al., 2008).
TOM1, a DMA efflux transporter, the IRON REGULATED METAL TRANSPORTER (IRT) as
well as FRO are proposed to be involved in the translocation in the xylem (Ishimaru et al., 2006;
Mukherjee et al., 2006; Nozoye et al., 2011). Moreover, to maintain the solubility of iron in the
xylem, protocatechuic acid (PCA) and caffeic acid are released by the PROTOCATECHUIC ACID
EFFLUXER 1 (PEZ1) for solubilizing precipitated apoplasmic iron (Ishimaru et al., 2011).
Transfer of iron from the xylem to neighboring cells is likely in the form of Fe-NA complexes
transported by YSL2 (Schaaf et al., 2005).

Long distance translocation of iron to sink tissues involves influx transport into the companion
cells/sieve element complex (CC/SE). Recent reports suggested functions of OLIGOPEPTIDE
TRANSPORTER 3 (OPT3) for facilitating iron recirculation from the xylem to the phloem in
Arabidopsis (Zhai et al., 2014). NA and DMA together with YSL family transporters have been
suggested as the main contributors to iron transport in the phloem. Slightly alkaline environment
of the phloem is congenial for stable NA-Fe complexes (Von Wiren et al., 1999). In Arabidopsis,
the YSL1 and YSL3 transporters have redundant roles in influx transport, while YSL2 is thought
to function in lateral movement of metals (Curie et al., 2009; Didonato et al., 2004). The YSL2
protein was reported as the mediator for iron loading into sink tissues including leaves and grains
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in rice (Ishimaru et al., 2010). Additionally, the IRON TRANSPORT PROTEIN (ITP) which
belongs to the LATE EMBRYOGENESIS ABUNDANT protein family was identified in castor
bean, it preferentially binds to Fe(III) and contributes to phloem mediated long distance iron
transport (Kruger et al., 2002).

1.2.2.3 Regulation of iron responses

The principle transcription factors involved in iron homeostasis in plants are the IRON
DEFICIENCY RESPONSE (FER) and the FER-LIKE IRON DEFICIENCY INDUCED
TRANSCRIPTION FACTOR (FIT). FER is the basic helix loop helix (bHLH) protein. Iron
deficient conditions induce the FER expression and leads to the upregulation of NATURAL
RESISTANCE ASSOCIATED MACROPHAGE PROTEIN 1 (NRAMP1), IRT1, and FRO1 at the
root tips and vascular tissues of mature roots in tomato (Ling et al., 2002). Expression of FIT
exhibits similar pattern to FER and induces the expression of FRO2, NAS1 and FPN2 in
Arabidopsis (Colangelo and Guerinot, 2004). In addition to FER and FIT, several other bHLH
proteins are induced by iron deficiency. In rice, Oryza sativa IRON DEFICIENCY-INDUCIBLE
bHLH TRANSCRIPTION FACTOR 2 (OsIRO2), which is the homolog of AtbHLH38 and
AtbHLH39, has a major role in the upregulation of iron responsive genes, such as OsNAS1,
OsNAAT1, OsDMAS1, OsTOM1 and OsYSL15, under iron deficiency conditions (Ogo et al., 2007).
Grass species also contain non-bHLH transcription factors involved in the activation of iron
deficiency responsive genes. Rice IRON DEFICIENCY-RESPONSIVE CIS-ACTING
ELEMENT (IDE) BINDING FACTOR (IDEF) and NO APICAL MERISTEM (NAC)
transcription activation factors bind IDE cis-regulatory elements in barley (Kobayashi et al., 2012).
However, a precise mechanism of the trans-activation of IDEF is still unclear.

Several plant hormones are also involved in iron homeostasis regulation. Ethylene production is
increased under iron deficiency and induces the expression of iron responsive genes including FIT,
FRO, FRD, IRT1 and NAS (Garcia et al., 2010). Nitric oxide has a similar role as well (Jin et al.,
2009; Garcia et al., 2010). Auxins induce proton extrusion and FERRIC REDUCTASE activity in
the root cells (Wu et al., 2012). In contrast, cytokinins and jasmonate lead to the downregulation
of iron deficiency responsive genes including IRT, FRO and FIT (Maurer et al., 2011; Séguéla et
al., 2008). Additionally, the iron responsive genes are also diurnally regulated. TIME FOR
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COFFEE (TIC), a nuclear regulator of the circadian clock, has been suggested to repress
FERRITIN expression under low iron conditions (Duc et al., 2009).

1.2.2.4 Intracellular iron transport and storage

Within plant cells, 70-90% of total iron is located in chloroplasts for photosynthesis, particularly
in the mesophyll cells. The mitochondrion is the other primary Fe accumulating organelle for use
in the respiration process. The vacuole ranks third and serves as a metal sink to prevent toxicity in
cells. To date, relatively little is known about the molecular mechanisms of iron transfer to
chloroplasts. In Arabidopsis, iron transport and homeostasis in chloroplasts is mediated by
PERMEASE IN CHLOROPLAST 1 (PIC1) (Duy et al., 2011, Teng et al., 2006). FRO7 localizes
to the chloroplast envelope and is involved in iron acquisition (Jeong et al., 2008). Besides, the
expression of MULTIPLE ANTIBIOTIC RESISTANCE 1 (MAR1), a homolog of IRON
REGULATED 2 (IREG2) /FPN2, was down-regulated in Arabidopsis under iron deficiency
conditions, suggesting its role in iron transport to plastids (Conte et al., 2009). In case of
mitochondria, MITOCHONDRIAL IRON TRANSPORTER (MIT) is responsible for iron import.
The Arabidopsis ATP BINDING CASSETTE (ABC) TRANSPORTER 3 (ATM3) is localized in
mitochondria and can export Fe-S clusters from mitochondria (Bernard et al., 2009). Iron import
into the vacuoles by VACUOLAR IRON TRANSPORTER 1 (VIT1) has been clearly
demonstrated in Arabidopsis seeds (Kim et al., 2006). In addition, ZINC-INDUCED
FACILITATOR 1 (ZIF1), which is a member of MULTIDRUG AND TOXIC EFFLUX (MATE)
family and IREG2/FPN2, has a role in iron localization in the vacuoles. ZIF1 mediates NA
transport into vacuoles, while IREG2/FPN2, a homolog of mammalian IREG responsible for iron
loading in the bloodstream, facilitates the capture of iron in the vacuoles of root cortical cells
(Haydon et al., 2012; Morrissey et al., 2009). On the contrary, the NRAMP transporter family
facilitates export of iron from the vacuole to the cytosol (Lanquar et al., 2005). In seeds, iron is
bound to phytate (Regvar et al., 2011) and release of iron from this compound requires alteration
of vacuolar pH and the activity of PHYTASE. Iron is released from the phytate- Fe complex by
phytase during the germination process.

Storage of iron in different plant organelles is facilitated by FERRITIN, which can store up to 4,500
iron atoms (Carrondo, 2003) and is found ubiquitously in most of the cellular compartments. Most
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of the FERRITIN is localized in chloroplasts. Mitochondria and other plastid types also host
FERRITIN for iron sequestration. Plant FERRITINs contain different isoforms, for instance
OsFER1 and OsFER2 in rice (Stein et al., 2009). Similar to phytate, FERRITIN degradation is
necessary to release iron during seed germination (Fu et al., 2010). However, in terms of human
nutrition, iron stored by FERRITIN is bioavailable as compared to that stored by phytate (MurrayKolb et al., 2003).

1.3 Iron enhancement in rice through biotechnology

Rice endosperm (polished rice) contains only a low amount of iron, with most of the cultivated
mega-rice varieties containing around 2 µg/g of iron (USDA National Nutrient Database for
Standard Reference, 2014). Since polished rice is used for human consumption, rice endosperm
has been recognized as the target tissue for increased iron content. The biotechnological approaches
used to date to enhance endosperm iron content in rice are discussed below (Table 1).

1.3.1 Increased iron storage capacity in the rice endosperm

FERRITIN is a good candidate for the enhancement of endosperm iron content due to its high
capacity for iron storage. The FERRITIN-bound iron is efficiently released during cooking and is
bioavailable at gastric pH (Hoppler et al., 2008). In order to target FERRITIN expression to the
endosperm, it has been expressed under the control of seed/endosperm specific promoters.
Expression of Glycine max (soybean) FERRITIN H1 (GmFERRITIN H1) under the control of rice
seed storage protein GLUTELIN B1 promoter (pGLUB1) led to a three-fold increase in the iron
content of transformed seeds as compared to the nontransformed control (Goto et al., 1999).
Overexpression of Phaseolus vulgaris FERRITIN (PvFERRITIN) in rice under the control of
GLUTELIN promoter also led to a two-fold increase in iron content of the transformed rice seeds
(Lucca et al., 2002). Vasconcelos et al. (2003) observed increases of both iron and zinc content of
transgenic rice seeds upon overexpression of GmFERRITIN H1 under control of GLUB1 promoter.
More recently, IR64, a mega rice variety, expressing PHYTOFERRTIN genes under the control of
rice GLUTELIN promoter have been produced with up to 7.6 mg/kg of iron in the transgenic
polished grains (Oliva et al., 2014). However, it is noteworthy that although the GLUTELIN
promoter is a good candidate for endosperm-specific expression of FERRITIN, it might not be the
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ideal choice. Studies suggested that the GLUTELIN promoter is most intensively expressed in the
sub-aleurone and peripheral layers of the seed tissue as compared to rather central endosperm
expression driven by GLOBULIN promoter and therefore, the expression of FERRITIN under the
control of GLUTELIN promoter might lead to losses of iron stored in FERRITIN upon prolonged
polishing of rice grains (Goto et al., 1999; Furtado et al., 2008).

Considering that the level of FERRITIN expression could be a bottleneck in further increasing the
endosperm iron content, Qu et al., 2005 produced double-FERRITIN lines by transforming rice
with GmFERRITIN H1 expressed under two different seed storage gene promoters; pGLUB1 and
GLOBULIN1 (pGLB1) promoters. Although FERRITIN was expressed 13-fold higher in the
double-FERRITIN lines as compared to the single FERRITIN lines, there were no significant
differences in the iron content of rice grains of single and double FERRITIN lines.

1.3.2 Improvement of iron bioavailability

Improving bioavailability of iron has been accomplished through the overexpression of proteins
promoting iron absorption in humans or by elimination of phytic acid. Lucca et al. (2001b)
produced rice plants that either overexpressed CYSTEINE-RICH METALLOTHIONEIN-LIKE
PROTEIN or PHYTASE genes, respectively. They observed an about seven-fold increase in
cysteine content of the soluble seed protein, but the bioefficacy of this strategy remains to be tested.
Although PHYTASE from Aspergillus fumigatus is recognized as a thermotolerant enzyme, Lucca
and colleagues (Lucca et al., 2001a) reported a low activity of the in planta produced protein in
transgenic rice seeds after cooking. For optimal expression in cereal grains that often requiring
cooking, more heat stable PHYTASE sources would need to be evaluated.

1.3.3 Enhancement of iron uptake and translocation

Several studies reported transformation of rice with key genes involved in iron uptake and
translocation. NAS, one of the key genes from the PS biosynthetic pathway, has been a focus of a
greater extent. The expression of Hordeum vulgare (barley) NAS gene (HvNAS) under the control
of cauliflower mosaic virus 35S (CaMV35S) or rice ACTIN 1 promoters lead to an increased iron
content of about 2.3-fold and 1.6-fold, respectively, in the polished T2 seeds as compared to
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nontransformed rice (Masuda et al., 2009). Zinc content in these lines also increased by 1.5-fold
(pCaMV35S::HvNAS) and 1.3-fold (pACTIN 1::HvNAS). Overexpression of HvNAS gene in these
plants led to increased synthesis of NA as well as increased production of PS that facilitate iron
uptake from soil. The efficacy of NAS genes in increased iron uptake was also supported by
increased iron and zinc concentrations in the grains of an activation-tagged mutant rice lines in
which OsNAS3 was overexpressed (Lee et al., 2009b). Mature seeds of these rice lines showed
increased iron, zinc and copper content by 2.9-fold, 2.2-fold and 1.7-fold respectively, as compared
to the nontransformed plants. The activation of iron deficiency-inducible OsNAS2 resulted in a
three-fold increase of iron content in mature seeds of rice (Lee et al., 2012). Additionally,
overexpression of OsNAS2 led to a four-fold and two-fold increase in iron and zinc content,
respectively, with two of the independent lines containing the final concentration of 14 and 19 µg/g
iron in the polished rice grains (Johnson et al., 2011).

Ishimaru et al., (2010) expressed OsYSL2, a metal-NA transporter, under the control of SUCROSE
TRANSPORTER 1 (OsSUT1) promoter and observed a 4.4-fold increase in Fe concentration in the
polished rice grains as compared with the control plants. Rice ACTIN 1 promoter-driven expression
of OsYSL15 also exhibited iron increases in unpolished grains (Lee et al., 2009a). Rice engineered
with HvYS1 promoted plant growth and iron accumulation in leaves when grown on alkaline soils,
however, no accumulation of iron was reported in the transgenic rice seeds (Gomez-Galera et al.,
2012). Knockdown of the OsVIT1 and OsVIT2 elevated iron levels up to 1.8-fold in the polished
grains, most likely due to enhanced iron translocation from flag leaves to rice grains (Bashir et al.,
2013; Zhang et al., 2012).
A strategy combining genes for iron uptake and storage pioneered by Wirth et al., (2009),
combining AtNAS1 and PvFERRITIN had a synergistic effect that resulted in a more than six-fold
increase of endosperm iron levels as compared to that of wild type controls. AtNAS1 was expressed
constitutively in these plants, while PvFERRITIN and PHYTASE genes were expressed in the
endosperm. Zinc content of these lines was 1.3-fold higher than that of the control plants. Following
this, a number of studies transformed a combination of genes responsible for iron uptake,
translocation and/or storage in the endosperm. Increased iron levels were reported in the transgenic
lines overexpressing the combination of FERRITIN, NAS and YSL2 or the combination of
FERRITIN and NAS together with NAAT and IDS3 fragment from barley (Aung et al., 2013;
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Masuda et al., 2012; Masuda et al., 2013). Additionally, constitutive overexpression of OsIRO2, a
transcription factor responsible for iron deficiency, led to a three-fold higher iron content in the
brown grains when grown on calcareous soil (Ogo et al., 2011).

Considering that most of the rice varieties have around 2 µg iron/g of endosperm, the achieved iron
increases are still not sufficient. The biofortification strategies still need further optimization and
testing of different promoter and transporter combinations that might prove useful in raising the
endosperm iron content further.
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Table 1 Biotechnological approaches used to improve iron content in the rice grains. Different reports are grouped by the strategies used.
Promoter::gene combinations

Transformed rice cultivar

Iron increase in polished grains as

Iron increase in unpolished grains

compared to wild typea

as compared to wild typea

Reference

Endosperm-specific expression of FERRITIN
pOsGLUB1::GmFERRITIN H1

Japonica cv. Kitaake

Two-fold (T2 seeds)

Three-fold (T1 seeds)

Goto et al., 1999

pOsGLUB1::PvFERRITIN

Japonica cv. Taipei309

Not reported

Up to two-fold (T1 seeds)

Lucca et al., 2002

pOsGLUB1::GmFERRITIN H1

Indica cv. IR68144

Up to 3.7-fold (T2 seeds)

Up to 2.2-fold (T1 seeds)

Vasconcelos et al.,

pOsGLUB1::GmFERRITIN H1 and

Japonica cv. Kitaake

Not reported

Up to two-fold (seeds of T6

2003

pOsGLB1::GmFERRITIN H1

Qu et al., 2005

plants)

pOsGLUA2::OsFERRITIN2

Indica cv. Pusa-Sugandhi II

Up to 2.1-fold (T3 seeds)

Not reported

Paul et al., 2012

pOsGLUB4::GmFERRITIN H1

Indica cv. IR64

Up to 3.4-fold (T3 seeds)

Not reported

Oliva et al., 2014

pCaMV35S::HvNAS1

Japonica cv. Tsukinohikari

2.3-fold (T2 seeds)

1.4-fold (T2 seeds)

Masuda et al.,

pOsACTIN1::HvNAS1

Japonica cv. Tsukinohikari

Up to 4.5-fold (T1 seeds)

Up to 1.2-fold (T2 seeds)

Overexpression of NAS

2009

Up to 3.4-fold (T2 seeds)
OsNAS3 with downstream 35S enhancer

Masuda et al.,
2009

Japonica cv. Dongjin

2.6-fold

Up to 2.9-fold

Lee et al., 2009b

pCaMV35S::OsNAS1

Japonica cv. Nipponbare

2.2-fold (T1 seeds)

Up to 2.4-fold (T1 seeds)

Johnson et al.,

pCaMV35S::OsNAS2

Japonica cv. Nipponbare

Up to 4.2-fold (T1 seeds)

Up to 3.5-fold (T1 seeds)

pCaMV35S::OsNAS3

Japonica cv. Nipponbare

2.2-fold (T1 seeds)

Up to 2.7- fold (T1 seeds)

element

2011
Johnson et al.,
2011
Johnson et al.,
2011
Overexpression of YSL
pOsACTIN1::OsYSL15

Japonica cv. Dongjin

Not reported

Up to 1.2-fold

Lee et al., 2009a

pOsSUT1::OsYSL2

Japonica cv. Tsukinohikari

4.4-fold

Not reported

Ishimaru et al.,
2010

Overexpression of DIOXYGENASE
Barley IDS3 genome fragment

Japonica cv. Tsukinohikari

1.4-fold

1.2-fold

Masuda et al.,

Barley IDS3 genome fragment

Japonica cv. Tsukinohikari

Not reported

1.2-fold

Suzuki et al., 2008

pZmUBIQUITIN::OsIRT1

Japonica cv. Dongjin

Not reported

Up to 1.1-fold

Lee and An, 2009

pCaMV35S:: MxIRT1

Japonica cv.

Not reported

Up to three-fold

Tan et al., 2015

Japonica cv. Tsukinohikari

Not reported

Up to 3-fold (T2 seeds)

Ogo et al., 2011

Japonica cv. Zhonghua 11

Not reported

1.4-fold

Zhang et al., 2012

Japonica cv. Dongjin

1.3-fold

1.8-fold

Bashir et al., 2013

Japonica cv. Taipei 309

Up to 6.3-fold (Seeds of T3 plants)

Up to 2.6-fold (Seeds of T3

Wirth et al., 2009

2008

Overexpression of IRT

Overexpression of transcription factor
pCaMV35S::OsIRO2
Knock down of OsVIT genes
OsVIT1 or OsVIT2 T-DNA insertion

Japonica cv. Dongjin
OsVIT2 T-DNA insertion
Combination of multiple genes
pOsGLB1::PvFERRITIN,
pCaMV35S::AtNAS1, and

plants)

pOsGLB1::Afphytase
pOsGLUB1::GmFERRITIN H2,

Japonica cv. Tsukinohikari

pOsGLB1::Soybean FERRITIN H2,

Up to 6-fold (T2 seeds) and up to

1.6-fold (T3 seeds)

4.4-fold (T3 seeds)

Masuda et al.,
2012

pOsACTIN1::HvNAS1,
pOsSUT1::OsYSL2, and
pOsGLB1::OsYSL2
pOsGLUB1::GmFERRITIN H2,

Japonica cv.

pOsGLB1::GmFERRITIN H2,

Paw San Yin

3.4-fold (T2 seeds)

1.3-fold (T2 seeds)

Aung et al., 2013

3.6-fold (T3 seeds)

1.5-folds (T3 seeds)

Masuda et al.,

pOsACTIN1::HvNAS1, pOsSUT1::OsYSL2,
and pOsGLB1::OsYSL2
pOsGLUB1::GmFERRITIN H2,

Japonica cv. Tsukinohikari

pOsGLB1::GmFERRITIN H2, and

2013

HvNAS1, HvNAAT-A,-B and IDS3 genome
fragment
a

Plant generation of tested grains written in parentheses, if reported.
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1.4 IRON-REGULATED METAL TRANSPORTER (IRT) as a candidate for rice iron
biofortification

IRT is a member of the ZINC-REGULATED TRANSPORTER (ZRT)/IRON-REGULATED
TRANSPORTER (ZRT/IRT1)-RELATED PROTEIN (ZIP) transporter family (Eng et al., 1998).
In strategy I plants, IRT transporter mediates Fe(II) uptake from the root surface to root cells (Eide
et al., 1996; Guerinot et al., 2000). Expression of Arabidopsis IRT1 is predominant in roots and is
induced upon iron deficiency. A loss of function irt1 mutant in Arabidopsis led to severe leaf
chlorosis, developmental defects and reduced viability (Henrique et al., 2002). AtIRT1 also
facilitates uptake of other divalent metals such as zinc, manganese, cobalt and cadmium
(Korshunova et al., 1999).

Unlike other graminaceous species, rice can utilize ferrous iron via an IRT and benefit when grown
in water-logged paddy fields where the acidic condition leads to abundance in ferrous iron. Cheng
et al. (2007) showed that rice plants carrying a mutation in the NAAT gene and thus not able to
synthesize PS, did not show any growth defects if external Fe(II) was supplied but showed strong
growth defects if Fe(III) was supplied. The homologs of AtIRT1 in rice, OsIRT1 and OsIRT2, were
identified and are induced upon iron deficient conditions (Ishimaru et al., 2006). Therefore, the
IRT protein is another potential candidate to be deployed in iron biofortification strategies, as this
can help improve Fe(II) uptake in addition to the uptake of Fe(III) by the PS. Previously,
overexpression of the OsIRT1 in rice plants led to increased iron concentration in shoots, roots and
mature seeds, as well as increased iron deficiency tolerance at the seedling stage in the transformed
plants (Lee and An, 2009). Despite the iron increases, the transgenic plants were sensitive to high
levels of Zn and Cd and showed reduced agronomic performance in the paddy field. Introduction
of peanut IRT1 in rice resulted in high tolerance to low Fe availability in calcareous soils (Xiong
et al., 2014). Recently, the overexpression of Malus xiaojinensis (apple) IRT1 in rice led to a threefold iron increase in the mature grains (Tan et al., 2015)
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1.5 Aim of the PhD thesis

My thesis is aimed at evaluating a new strategy for iron biofortification involving the combination
of Fe(II) transporter IRT1 together with NAS and FERRITIN. This work hypothesizes that
expressing IRT1 together with NAS and FERRITIN can lead to further increases in iron content in
the rice endosperm. Although the IRT1 has more affinity to iron, metal uptake experiments have
shown that IRT1 is a broad range divalent metal ion transporter capable of transporting Zn, Mn,
Co and Cd as well. Therefore, mutant alleles of AtIRT1 that exclude transport of Cd, which is toxic
to animals and humans when ingested in higher quantities, while facilitating normal transport of
other essential metals such as Fe, Zn and Mn, were also tested for their utility in rice
biofortification. Further, the expression of AtIRT1 under the control of Medicago sativa EARLY
NODULIN 12B (MsENOD12B) and native AtIRT1 promoters was investigated. Expression driven
by the MsENOD12B promoter was previously reported in vascular tissues and root epidermal cells
in rice (Terada et al., 2001; Werthmüller, 2000). Therefore, the PhD study was conducted with
following objectives:

1. To establish proof of concept that moderately expressed AtIRT1 is a good candidate for iron
biofortification in rice.
2. To test if the combination of AtIRT1, AtNAS1 and PvFERRITIN genes lead to increased
levels of iron content as compared to those previously achieved in NFP lines.
3. To compare the efficacy of native AtIRT1 gene versus AtIRT1- modified alleles in excluding
cadmium uptake while normally transporting iron.

14

2

NOD

PROMOTER-CONTROLLED

AtIRT1

EXPRESSION

FUNCTIONS

SYNERGISTICALLY WITH NAS AND FERRITIN GENES TO INCREASE IRON IN
RICE GRAINS
Kulaporn Boonyaves1, Wilhelm Gruissem1 and Navreet K. Bhullar1,*
1

Plant Biotechnology, Department of Biology, ETH Zurich (Swiss Federal Institute of Technology

Zurich), Universitaetsstrasse 2, 8092 Zurich, Switzerland
*

Corresponding author

Submitted to Plant Molecular Biology

15

2.1 Abstract
Rice is a staple food for over half of the world’s population, but it contains only low amounts of
bioavailable micronutrients for human nutrition. Consequently, micronutrient deficiency is a
widespread health problem among people who depend primarily on rice as their staple food. Iron
deficiency anemia is one of the most serious forms of malnutrition. Biofortification of rice grains
for increased iron content is an effective strategy to reduce iron deficiency. Unlike other grass
species, rice takes up iron as Fe(II) via the IRON REGULATED TRANSPORTER (IRT) in
addition to Fe(III)-phytosiderophore chelates. We expressed Arabidopsis IRT1 (AtIRT1) under
control of the Medicago sativa EARLY NODULIN 12B promoter in our previously developed highiron NFP rice lines expressing NICOTIANAMINE SYNTHASE (AtNAS1) and FERRITIN.
Transgenic rice lines expressing AtIRT1 alone had significant increases in iron and combined with
NAS and FERRITIN increased iron to 9.6 µg/g DW in the polished grains that is 2.2-fold higher as
compared to NFP lines. The grains of AtIRT1 lines also accumulated more copper and zinc but not
manganese. Our results demonstrate that the concerted expression of AtIRT1, AtNAS1 and
PvFERRITIN synergistically increases iron in both polished and unpolished rice grains. AtIRT1 is
therefore a valuable transporter for iron biofortification programs when used in combination with
other genes encoding iron transporters and/or storage proteins.

Keywords: rice, iron biofortification, iron-regulated metal transporter, rice endosperm
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2.2 Introduction

Iron deficiency is the most common and widespread nutrient deficiency, particularly among
children as well as women of childbearing age. Considering anemia as an indicator, 43% of
children, 38% of pregnant woman and 29% of non-pregnant women worldwide are estimated to be
iron deficient (Steven et al. 2013). The main causes of iron deficiency include low bioavailable
iron in the diet, increased requirements in pregnancy, or excessive blood loss caused by injuries,
intestinal

parasitic

infection

or

menstruation.

Increased

dietary

diversification, iron

supplementation or food fortification are recommended interventions to overcome iron deficiency.
Food fortification is considered the most effective and safest intervention in malaria-affected
regions where iron supplementation leads to increased severity of the infectious disease
(Oppenheimer et al. 1986; Sazawal et al. 2006). However, iron fortification of food is problematic
since bioavailable iron compounds often react with other food components to cause off-flavors,
color changes, or fat oxidation (Abbaspour et al. 2014). Agronomic practices, conventional
breeding and/or genetic engineering are alternative approaches to enhance the nutritional content
of staple crops. Rice is the main staple food for more than half of the world’s population and
therefore an important target crop for biofortification. Rice is a poor source of dietary iron because
the micronutrient-rich aleurone, bran and husk of the grain are removed during polishing. Most of
the cultivated mega-rice varieties contain only around 2 µg iron per gram of grain after polishing
(Bouis et al. 2011). Improving iron content in the rice endosperm using conventional breeding
approaches alone has not been successful because the endosperm iron content has a very narrow
range in the rice germplasm, as is the case for most other micronutrients (Slamet-Loedin et al.
2015). Therefore, genetic engineering is an important option for increasing iron content in rice
endosperm (polished grains).

Genetic engineering approaches for iron biofortification reported to date have focused on
overexpression of genes encoding the iron storage protein FERRITIN, iron transporters, and/or
increasing production of iron chelating compounds. Endosperm-specific expression of FERRITIN,
which can store up to 4,500 Fe molecules in its central cavity, have increased iron content 2- to
3.7-fold in polished rice grains (Goto et al. 1999; Lucca et al. 2001; Oliva et al. 2014; Qu et al.
2005; Vasconcelos et al. 2003). Most graminaceous plants including rice utilize a chelation-based
strategy for iron uptake and release phytosiderophores (PS) into the soil that bind ferric iron
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(Takagi 1976; Takagi et al. 1984). The PS-Fe(III) complexes are then transported into the root cells
by specific transporters. All PS of the mugeneic acid (MA) family are synthesized from Sadenosyl-L-methionine via a conserved pathway of nicotianamine synthase (NAS), nicotianamine
aminotransferase (NAAT) and deoxymugineic acid synthase (DMAS) (Kobayashi and Nishizawa
2012). Overexpression of the NAS gene resulted in a 2- to 4-fold increase in rice endosperm iron
content (Masuda et al. 2009; Johnson et al. 2011; Lee et al. 2012). Other MA biosynthesis-related
genes, for example, barley IRON DEFICIENCY-SPECIFIC 2 (IDS2), 3 (IDS3) and NAAT have
also been introduced into rice, either alone or in combination with NAS (Kobayashi et al. 2008;
Masuda et al. 2008; Mori et al. 2001; Suzuki et al. 2008; Takahashi et al. 2001) as well as with
other iron transporters. Elevated iron levels were reported in transgenic rice lines overexpressing
the combination of FERRITIN, NAS and RICE YELLOW STRIPE-LIKE 2 (OsYSL2) or of
FERRITIN and NAS together with the barley NAAT and IDS3 genes (Aung et al. 2013; Masuda et
al. 2012, 2013b). Several of the YELLOW STRIPE PROTEIN (YS) and YS-LIKE PROTEIN
(YSL) family transporters have been evaluated in iron biofortification strategies. Transgenic
expression of barley YS1 in rice increased leaf iron content by 1.5-fold, but no increase in grain
iron was reported (Gomez-Galera et al. 2012). Constitutive expression of OsYSL15 resulted in a
1.2-fold increase of iron content in rice grains (Lee et al. 2009) and a phloem-specific
overexpression of OsYSL2 increased iron content 4-fold in rice endosperm (Ishimaru et al. 2010).
Enhanced iron translocation from flag leaves to rice grains by reducing the expression of the
vacuolar iron transport related genes OsVIT1 or OsVIT2 also resulted in a 1.8-fold increase of
endosperm iron content (Bashir et al. 2013; Zhang et al. 2012). Additionally, constitutive
overexpression of OsIRO2, which encodes an iron deficiency-inducible basic helix-loop-helix
(bHLH) transcription factor regulating key genes involved in iron homeostasis increased iron
content of the unpolished grains 3-fold when grown on calcareous soil (Ogo et al. 2011). The
endosperm-specific expression of FERRITIN and PHYTASE combined with constitutive
expression of NAS (NFP rice) gave a 6-fold increase in the endosperm iron content in polished
grains (Wirth et al. 2009). However, most of the iron biofortification strategies reported to date
have not yet reached the target of 15 µg Fe/g (dry weight) in the rice endosperm (Bouis et al. 2011),
except for the expression of a single OsNAS2 gene that produced lines with 14 and 19 µg/g iron in
the polished grains (Johnson et al. 2011).
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The IRON REGULATED METAL TRANSPORTER (IRT) is a member of the ZINCREGULATED

TRANSPORTER/IRON-REGULATED

TRANSPORTER

(ZRT/IRT1)-

RELATED PROTEIN (ZIP) transporter family (Eng et al. 1998) and candidate for iron
biofortification. In non-graminaceous plants, IRT facilitates Fe(II) uptake from the rhizosphere to
the root cells (Eide et al. 1996; Guerinot et al. 2000). Arabidopsis IRT1 is predominantly expressed
in roots and upregulated in iron deficiency conditions (Eide et al. 1996). Unlike other graminaceous
monocots that utilize chelation based strategy for Fe(III) uptake, rice can directly take up Fe(II) in
water-logged paddy fields abundant in Fe(II) (Cheng et al. 2007). OsIRT1 and OsIRT2 encode
Fe(II) transporters that are induced in iron deficient conditions (Ishimaru et al. 2006), confirming
that rice has a functional Fe(II) uptake mechanism. We have introduced the Arabidopsis IRT1 gene
into high-iron NFP rice lines (Wirth et al. 2009) under the control of pMsENOD12B, a Medicago
sativa early nodulin gene promoter that is active in rice vascular tissue and root epidermal cells
(Terada et al. 2001; Werthmüller 2000). NFP rice contains around 6 µg/gDW iron in polished
grains when grown hydroponically and around 4 µg/g DW when grown in soil, in contrast to Taipei
309 control plants whose iron content in polished grains ranges between 1 to 2 µg/g DW.
Expression of AtIRT1 in NFP lines (Wirth et al. 2009) significantly increases iron content in
polished grains (9.6 µg/g DW) of soil grown plants, making AtIRT1 a strong candidate for iron
biofortification of rice.

2.3 Results

2.3.1 MsENOD12B-controlled expression of AtIRT1 increases iron content in rice grains

AtIRT1 under the control of MsENOD12B promoter was transformed into Taipei 309 (TP309) and
NFP rice (Wirth et al. 2009). Nine and twelve transgenic lines containing single transgene
insertions in the TP309 background (IRT-TP309) and NFP background (IRT-NFP), respectively,
were selected for growing the T1 generation. Based on the iron content in T2 polished grains
(Supplementary Fig. 1), four IRT-TP309 (2, 3, 20 and 45) and IRT-NFP lines (6, 10, 36 and 37)
each were selected for further analysis and were grown into T2 generation plants. T3 grains of IRTTP309 and IRT-NFP lines had increased iron content in comparison to their non-transgenic
controls (Fig. 1).
19

Fig. 1 Iron content in the grains, leaves and roots of AtIRT1 expressing lines. (a, b) Iron content in the T3 polished and
unpolished grains, IRT-TP309 (a) and IRT-NFP (b). Iron content in the leaves of IRT-TP309 (c) and IRT-NFP (d)
plants. Numbers indicate the selected lines. (e, f) Iron content in the roots of IRT-TP309 (e) and IRT-NFP (f) plants.
Values are the average of three biological replicates (± standard deviation). Black and red asterisks above the bars
indicate statistically higher and lower significant values calculated using Student’s T-Test, respectively, in comparison
to the NTS or NFP controls (*, P ˂ 0.05, **, P ˂ 0.01). NTS, non-transgenic sibling control

The iron content in polished grains of IRT-TP309 lines ranged from 3.78 to 4.86 µg/g DW as
compared to 2.28 µg/g DW in non-transgenic sibling (NTS) control lines (Fig. 1a). Unpolished
grains of IRT-TP309 lines had increased iron content ranging from 16.72 to 20.45 µg/g DW
compared to 14.01µg/g DW in NTS grains. The endosperm iron in line 3 was the highest with a
2.1-fold increase (4.86 µg/g) as compared to the control plants. Similarly, the IRT-NFP lines had
up to 2.2-fold higher iron content (ranging from 6.38 to 9.67 µg/g DW) in polished grains as
compared to the NFP lines (Fig. 1b). Unpolished grains of transgenic IRT-NFP lines contained
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13.93 to 20.53 µg/g DW iron, which is variable as compared to the NFP control. These increase
in iron content demonstrate the utility of the pMsENOD12B::AtIRT1 construct for iron
biofortification in rice.

Fig. 2 Relative expression of transgene AtIRT1 in the independent transgenic lines. Relative AtIRT1 expression in root
(white bar) and shoot (black bar) samples of 5-day-old seedlings in T3 generation is estimated. No expression of AtIRT1
was observed in NTS and NFP controls. The data were normalized with the endogenous expression of Os01g0147200
and Os11g0661400. Values are the average of three biological replicates (± standard deviation)

Leaf iron content of IRT-TP309 and IRT-NFP lines did not show significant differences to control
plants, except IRT-NFP line 36 that had 1.2-fold higher leaf iron content (Fig. 1c and 1d). No
significant change was observed in root iron content of IRT-TP309 lines, whereas three IRT-NFP
lines had up to 2.3-fold increased iron as compared to NFP roots (Fig. 1e and 1f). However, the
root iron content of these three IRT-NFP lines was not significantly different from TP309 (1068.12
µg/g DW iron) because of the reduced root iron content of the NFP siblings (Supplementary Fig.
2). Preliminary phenotypic characterization of T2 generation transgenic plants grown in soil
showed variability for various scored parameters (days to flowering, plant height, SPAD value, one
thousand grain weight; Supplementary Table 1). All transgenic lines had moderate but variable
expression levels of AtIRT1 in both shoots and roots (Fig. 2), indicating that activity of the
MsENOD12B promoter is not entirely restricted to rice vascular tissue and root epidermal cells as
previously reported (Terada et al. 2001; Werthmüller 2000). IRT-TP309 line 45 had the highest
AtIRT1 expression in the root and line 2 in the shoot, while IRT-NFP line 6 had high AtIRT1
expression levels in both shoot and root compared to the other IRT-NFP lines. The AtIRT1
expression differences among the independent transgenic lines did not correlate with the increased
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iron content observed in the grains, leaves and roots of these plants. Additionally, expression of
several endogenous genes related to iron homeostasis was examined in selected transgenic lines.
Although there were notable differences in the expression of the tested endogenous genes among
the independent transformed lines, most genes showed a consistent expression (Supplementary Fig.
3; Supplementary Fig. 4).

Fig. 3 Copper, zinc and manganese concentration in the grains of AtIRT1 expressing transgenic lines. T3 grains of the
transgenic IRT-TP309 and IRT-NFP lines were analyzed for copper (a, b), zinc (c, d) and manganese content (e, f).
Numbers indicate the selected lines. Values are the average of three biological replicates (± standard deviation). Black
and red asterisks above the bars indicate statistically higher and lower significant values calculated using Student’s TTest, respectively, in comparison to the NTS or NFP controls (*, P ˂ 0.05, **, P ˂ 0.01)
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2.3.2 Grains of AtIRT1 lines accumulate higher copper and zinc but not manganese

Among the metal ions copper, manganese and zinc were investigated in the T3 grains of AtIRT1
expressing lines. Copper was significantly increased in unpolished grains of both IRT-TP309 and
IRT-NFP lines as compared to control lines (Fig. 3a and 3b). In the IRT-TP309 lines, the
unpolished grains contained 8.56 to 9.80 µg/g DW copper (1.7-fold). However, only IRT-TP309
lines 2 and 20 showed a significant copper increase in polished grains with the highest copper
content at 6.92 µg/g DW. Similarly, all four IRT-NFP lines had significant increases of copper in
unpolished grains (up to 1.4-fold) while lines 10, 36 and 37 also had up to 1.8-fold copper increase
in polished grains as compared to the NFP control (Fig. 3b). Furthermore, zinc content in polished
grains was increased up to 1.5-fold in IRT-TP309 lines 3, 20 and 45 (Fig. 3c) and IRT-NFP line
36 (Fig. 3d) while IRT-NFP lines 6 and 37 showed decreased grain zinc content as compared to
NFP plants (Fig. 3d). Similar increases of zinc content in the unpolished grains were observed for
IRT-TP309 line 45 (1.3-fold) and IRT-NFP lines 10 and 36 (Fig. 3c and 3d). Unlike zinc and
copper, the manganese content remained unchanged in grains of all the AtIRT1 expressing lines,
except in IRT-TP309 line 3 in which manganese was slightly decreased (Fig. 3e and 3f).

2.4 Discussion

Iron biofortification of rice endosperm to dietary sufficient RDA levels has proven much more
challenging compared to previously successful β-carotene biofortification of rice (Paine et al.
2005). This is likely due to the complex network of genes controlling iron homeostasis, including
uptake, transport and storage, as well as iron transporters that can transport a broader range of
metals (Thomine and Vert 2013). Efforts have been continuing for more than a decade to enhance
iron levels in polished rice grains. Breeding for higher endosperm iron content is not possible
because of the low endosperm iron variation in rice germplasm (Meng et al. 2005). Rice has
therefore been transformed with genes encoding transporters mediating iron uptake and/or
translocation, iron storage proteins and/or transcription factors controlling iron deficiency
responses (Masuda et al. 2013a). Until recently, most transgenic iron biofortification approaches
focused on phytosiderophore (PS) synthesis-related genes and the iron storage protein FERRITIN.
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Overexpression of NAS was a preferred approach because in addition to an increased production
of PS in transgenic plants synthesis of nicotianamine (NA), a metal-chelator for internal iron
transport (Stephan et al. 1996; Stephan and Scholz 1993), was also increased. Concerted expression
of various gene combinations i.e., expressing genes related to uptake, translocation and storage
from a single construct have generally been more successful than single transgene strategies.
However, the transgene combinations might not always have a synergistic effect. Some of the
studies also attempted increasing the sink in the rice endosperm by raising the FERRITIN
expression levels, but with not much success. For example, overexpression of FERRITIN using
both endosperm-specific GLOBULIN and GLUTELIN promoters did not increase iron content
compared to expression of a single FERRITIN gene (Qu et al. 2005), most likely because of limiting
iron mobilization from leaves during grain filling. Polished rice grains obtained from T2 transgenic
lines overexpressing six transgenes (FERRITIN under the control of GLOBULIN and GLUTELIN
promoters, barley NAAT-A, NAAT-B, NAS1 and IDS3), did not lead to further increases in iron
content compared to dual FERRITIN overexpressing lines (Masuda et al. 2013b). Although
different transgenic strategies have met varied levels of success to increase the iron content in both
polished and unpolished rice grains, novel strategies are required to achieve further iron increases
(at least 15 µg/g DW in polished grains) to meet the recommended dietary allowance levels.

The iron deficiency induced expression of OsIRT1 and OsIRT2, which are homologs of IRT1 in
rice, encouraged the use of IRT in rice iron biofortification strategies (Lee and An 2009; Tan et al.
2015; Xiong et al. 2014). Transgenic rice expressing OsIRT1 under the control of the maize
UBIQUITIN promoter were tolerant to iron deficiency and had over 1.1-fold increased iron content
in the shoot and mature seeds but showed an aberrant growth phenotype in paddy fields (Lee and
An 2009). The peanut IRT1 expressed under the control of an iron deficiency-inducible promoter
in rice resulted in improved tolerance to low Fe availability in calcareous soils (Xiong et al. 2014).
More recently, CaMV35S promoter-driven expression of apple IRT1 in rice resulted in increased
iron content (up to 30.5 mg/kg) in mature seeds (Tan et al. 2015), but data on iron content in
polished grains is not available from any of these studies. Thus, it is possible that a novel strategy
of expressing an Fe(II) transporter such as IRT1 together with NAS and FERRITIN can further
increase iron in the rice endosperm. To establish a proof of concept, we transformed the
Arabidopsis IRT1 gene into our previously developed high-iron NFP rice (Wirth et al. 2009) in
which NAS and FERRITIN genes synergistically increase grain iron content. To restrict the
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expression of AtIRT1 in transgenic rice we used the promoter of the early nodulin gene ENOD12B
from alfalfa (Medicago sativa), which is expressed in nodules and also at low levels in roots,
flowers, stems, and leaves (Bauer et al. 1994). Transgenic rice plants expressing a
pMsENOD12B::GUS construct showed that the promoter is active in the vascular tissue as well as
in epidermis and root hair cells (Terada et al. 2001; Werthmüller 2000). Our transgenic rice lines
expressing pMsENOD12B::AtIRT1 in combination with NAS and FERRITIN genes had higher iron
content in polished and unpolished grains as compared to the NFP plants. Together, our results
show that restricted expression of AtIRT1 acts synergistically with NAS and FERRITIN to
effectively increase iron in polished rice grains.

IRT1 has a high affinity for Fe(II) (Rogers et al. 2000) but also transports other divalent metal ions
such as manganese, cadmium and zinc. Most of our AtIRT1 transgenic plants had increased grain
copper content and in some lines, increased zinc content but no differences in manganese.
However, these changes in the metal ion concentrations may not be a direct effect of AtIRT1
expression and the role of other metal homeostasis-related genes cannot be excluded. AtIRT1
expression may modulate the expression of other metal homeostasis related genes (Antosiewicz et
al. 2014; Wang et al. 2013). We previously showed that several metal transport-related genes,
including OsIRT1, OsZIP1, OsZIP3, OsZIP4, and OsYSL6 were upregulated in NFP lines (Wang
et al. 2013). OsNAS3 and OsDMAS1, which encode enzymes in MA biosynthesis, were also
upregulated in NFP rice when grown under low iron conditions (Wang et al. 2013). MA and NA
also have a significant role in the transport of essential metals such as copper, iron, manganese and
zinc (Haydon and Cobbett 2007). Therefore, similar modulation of metal homeostasis related
endogenous genes could promote the uptake of other metal ions in addition to iron in the AtIRT1
transgenic rice lines. These possibilities can now be investigated in more detail using the IRTTP309 and IRT-NFP lines. Together, restricted expression of AtIRT1 is an effective strategy for
iron biofortification when used in combination with other iron transporters and/or iron storage
proteins. In order to achieve further increases in iron, the biofortification strategies need to consider
approaches going beyond the uptake of iron by the roots. It has become evident that even if
increased amounts of iron can be transported into the plant, it does not necessarily reach the grain.
Therefore, future strategies need to explore candidate genes that can promote effective
translocation within the plant in combination with transporters that can increase availability of free
iron for transport and storage into the grains.
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2.5 Materials and methods

2.5.1 DNA construct, rice transformation and plant growth conditions

The construct expressing the Arabidopsis IRT1 gene [GenBank:U27590] under the control of
MsENOD12B promoter was kindly provided by Dr. Christof Sautter (ETH Zurich). It was
generated by amplifying AtIRT1 from a cDNA obtained from Arabidopsis roots using forward
primer

GGATCCTCTCATGAAAACAATCTT

and

reverse

primer

TCTAGAGCAGCAAAAGTTTTATTTATTT. The fragment was cut with BamHI and XbaI
before inserting it into pMSB containing the MsENOD12B promoter (Terada et al. 2001). The
transformation vector was transferred via Agrobacterium tumefaciens strain EHA105 (Hood et al.
1993) to Oryza sativa ssp. japonica cv. Taipei 309 (TP309) and to the previously developed high
iron transgenic NFP rice (Wirth et al. 2009). Transformation, selection on hygromycin and
regeneration were conducted as described by Nishimura et al. (2006). Plants were grown in a plant
growth chamber with 60% humidity/28°C/16h light and 8h dark. Genomic DNA extraction was
performed on leaves of two-week-old plants using CTAB solution as described by Vasudevan et
al. (2014). The presence of the transgene was verified by PCR using the primers AtIRT1fw, 5´TGATGCTACCTTGAAGCTTAG-3´ and AtIRT1rv, 5´-TCAACTGCGCCGGAAGAATG-3´.
Southern blot hybridization using digoxigenin (DIG) labeling was performed on BamHI digested
genomic DNA of the transgenic lines to select for transformants with a single copy transgene
insertion. The AtIRT1 fragment (889 base pairs) amplified by the AtIRT1 specific primers was used
as a probe to detect the transgene. Example of Southern hybridization analysis is shown in
Supplementary Fig. 5. The selected transformants, NFP and TP309 plants were grown in
commercial soil (Klasmann-Deilmann GmbH, Germany) in the greenhouse conditions with 80%
humidity/30°C/12h light and 60% humidity/22°C/12h dark. Mature grains were collected at 5
weeks after flowering for metal quantification. For metal quantification in the vegetative parts,
shoot and root of one-month-old seedlings of T3 generation were collected.
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2.5.2 Metal ion measurements

Grain samples were de-husked to obtained unpolished brown grains. In order to obtain polished
grains, the de-husked grains were processed with a grain polisher (Kett grain polisher ‘Pearlest’,
Kett Electric Laboratory, Tokyo, Japan) for 1 min. Shoot and root samples were dried at 60°C for
5 days. The samples were ground and 200 mg of each ground sample was boiled in 15 ml of 65%
v/v HNO3 solution at 120°C for 90 min. Three ml of 30% v/v H2O2 were subsequently added and
continuously boiled at 120°C for 90 min. Metal concentrations were determined using inductively
coupled plasma-optical emission spectroscopy (ICP-OES) (Varian Vista-MPX CCD Simultaneous
ICP-OES). The wavelength used for iron, zinc, manganese and copper were 238.204, 213.857,
257.610, and 324.754, respectively. The National Institute of Standards and Technology (NIST)
rice flour standard 1658a was treated and analyzed in the same manner and used as quality control
for every measurement. Data were analyzed using Student’s t-test. The criteria of alpha = 0.05 and
alpha = 0.01 was used to determine statistically significant differences among the tested lines.

2.5.3 Quantitative real-time PCR

Total RNA was extracted from root and shoot of 5-day-old seedlings in T3 generation using Trizol®
reagent (Invitrogen, USA) and the RNA was treated with DNase I (Thermo Fisher Scientific Inc.,
USA) to remove genomic DNA contamination. First-strand cDNA was synthesized by
RevertAidTM first strand cDNA synthesis kit (Thermo Fisher Scientific Inc., USA). Quantitative
real-time PCR (qRT-PCR) was performed using Taqman hydrolysis probes (Roche, Switzerland)
on 7500 FAST Real Time PCR system (Applied Biosystem, Inc., USA). Total reaction volume of
25 µl included 0.5 µl cDNA, 2.25 µl forward primer, 2.25 µl reverse primer, 0.25 µl probe (Roche
Ltd., Switzerland), 12.5 µl Taqman® Gene Expression Mastermix (Applied Biosystems Ltd.,
USA) and 7.25 µl H2O. Primers were designed using Roche primer design website
(https://lifescience.roche.com/shop/CategoryDisplay?catalogId=10001&tab=&identifier=Univers
al+Probe+Library&langId=-1&storeId=15006). Probe number and primer sequences are provided
in Supplementary Table 2. The Ct value was obtained from 7500 Fast System Software (Applied
Biosystems, Inc., USA). Primer efficiency was calculated by LinReg PCR (Tuomi et al. 2010). The
data of qRT-PCR was normalized as described by Schefe et al. (2006).
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2.9 Supplementary material

Supplementary Fig. 1 Iron concentration in polished T2 grains of IRT-TP309 and IRT-NFP lines. Iron content in
polished grains of IRT-TP309 lines and IRT-NFP lines are compared with NTS and NFP control. The bars for each
line represent individual plants. Arrows indicate selected plants from each line that were grown further in T2 generation.
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Supplementary Fig. 2 Iron content in leaves and roots of IRT-NFP lines in comparison to TP309. The bars for each
line represent three individual plants. Values are the average of three biological replicates (± standard deviation). Black
and red asterisks above the bars indicated statistically higher and lower significant values calculated using Student’s
T-Test, respectively, in comparison to the TP309 (*, P ˂ 0.05, **, P ˂ 0.01).
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Supplementary Fig. 3 Expression patterns of endogenous genes related to metal homeostasis in the AtIRT1 transgenic
lines. Fold change of relative expression (log2) of endogenous genes encoding metal homeostasis related proteins IRON
REGULATED METAL TRANSPORTER 1 and 2 (OsIRT1 and OsIRT2), NICOTIANAMINE SYNTHASE 3 (OsNAS3),
DEOXYMUGINEIC ACID SYNTHASE 1 (OsDMAS1), YELLOW STRIPE-LIKE TRANSPORTER 2 (OsYSL2),
VACUOLAR IRON TRANSPORTER 2 (OsVIT2), NATURAL RESISTANCE ASSOCIATED MACROPHAGE PROTEIN
4 (OsNRAMP4), and FERRITIN 1 (OsFER1) is presented. The NTS and NFP plants were used as controls for IRTTP309 and IRT-NFP lines, respectively. Expression was measured in roots (white bar) and shoots (blue bar) of 5-dayold T3 seedlings. Values are the average of three biological replicates (± standard deviation). The data were normalized
with the endogenous expression of Os01g0147200 and Os11g0661400. Relative expression levels of NTS and NFP
control plants are shown in Supplementary Fig. 4
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Supplementary Fig. 4 Relative expression of endogenous metal homeostasis related genes (OsIRT1, OsIRT2,
OsNAS3, OsDMAS1, OsYSL2, OsVIT2, OsNRAMP4, and OsFER1) in roots (white bar) and shoots (blue bar) of NTS
and NFP control plants. The data were normalized with the endogenous expression of Os01g0147200 and
Os11g0661400.
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Supplementary Fig. 5 Example of Southern hybridization analysis in IRT-TP309 and IRT-NFP transgenic lines.
Genomic DNA was digested by BamHI. The transgenic IRT-TP309 line 2, 3, 20, and 45 and the transgenic IRT-NFP
line 6, 10, 36 and 37 were detected to contain single copy of transgene insertion and were chosen for further analysis.
M: DIG labeled DNA molecular weight marker; TP309: Taipei 309; NTS: non-transgenic sibling; NFP: the transgenic
rice line containing AtNAS1, PvFERRITIN and AfPHYTASE insertion in the TP309 background; IRT-TP309:
transgenic lines containing AtIRT1 insertion in the TP309 background; IRT-NFP: transgenic lines containing AtIRT1
insertion in the NFP background.
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Supplementary Table 1 Phenotypic greenhouse performance of transgenic AtIRT1 rice lines. The parameters
including days to flowering, plant height, SPAD value, and 1000 grain weight (1000GW) were recorded. Values are
the average of three biological replicates (± standard deviation). Transgenic IRT-TP309 and IRT-NFP plants were
compared to NTS and TP309, respectively. Black and red asterisks indicated statistically higher and lower significant
values calculated using Student’s T-Test, respectively, in comparison to the NTS or TP309 controls (*, P ˂ 0.05, **,
P ˂ 0.01).
Plant line

Days to

Height (cm)

SPAD value

1000GW (g)

88.7 ± 4.6

78.8 ± 1.0

43.6 ± 0.4

20.5 ± 0.8

2

92.3 ± 4.0

70.9 ± 0.7 **

44.0 ± 2.3

21.0 ± 0.1

3

92.3 ± 4.0

80.5 ± 4.6

44.1 ± 5.2

25.8 ± 1.6 **

20

100 ± 3.6 *

52.8 ± 5.2 **

47.9 ± 0.7 **

22.6 ± 0.8 *

45

118 ± 7.1 **

62.0 ± 4.5 **

49.1 ± 1.0 **

22.7 ± 0.5 *

TP309

88.7 ± 2.3

85.0 ± 0.5

42.8 ± 1.5

23.7 ± 0.6

NFP

74.0 ± 0.0**

82.5 ± 3.2

46.0 ± 1.6

26.2 ± 0.9*

6

79.7 ± 3.5*

78.6 ± 2.3 **

45.5 ± 2.1

25.9 ± 1.9

10

87.3 ± 4.5

66.3± 13.3

51.3 ± 5.2

25.2 ± 2.1

36

95.0 ± 0.0 **

59.2 ± 2.9 **

43.8 ± 1.8

22.5 ± 1.7

**

*

22.9 ± 1.7

flowering
NTS
IRT-TP309

IRT-NFP

37

118.0 ± 8.7

**

60.3 ± 4.7

46.9 ± 0.8

Supplementary Table 2 List of primers and probes used for quantitative gene expression analysis (qRT-PCR)
Nr.

Gene

Accession ID

Forward primer

Reverse primer

TaqMan
probe

1

AtIRT1

NM_118089

tcgaaggcatgggtcttg

acgccataacaaatttcttcatatt

65

2

OsIRT1

AB070226

gacactggtgcccattctg

gaggatggggatggagga

63

3

OsIRT2

AB126086

tcaggaatcgcgtcattgt

agcccgatcaccactgag

105

4

OsNAS3

AB023819

gaggaggaggtgatcgagaa

atcaccagctccgtgaaca

70

5

OsDMAS1

AB269906

aaaagctcgacaccctgct

tccctcagcttcctctgct

39

6

OsYSL2

AB164646

tggagcttcttccagtggtt

gaggctgaaatcaaaatagaacg

22

7

OsVIT2

Os09g0396900

ggcctcggagggtatctg

acagtatgtccgcgatctcc

15

8

OsNRAMP4

AK102180

gccattggcttcctagatcc

aagatgacccacagaagctca

78

9

OsFER1

AF519570

aggggatgccttgtatgct

cggtcagctgtggatcatt

148

10

Os01g0147200

NM_001048546

agcagctgaaagcaccaaa

cacgcccttcaacactgag

124

11

Os11g0661400

NM_001074942

tcgctataccacccctcttg

acgatggaggacgaaggtag

7
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3.1 Summary

Micronutrient malnutrition is widespread, especially in poor populations across the globe, and iron
deficiency anemia is one of the most prevalent forms of micronutrient deficiencies. Iron deficiency
anemia affects around 1.6 billion people globally and poses severe consequences on human health,
working ability and quality of life. Several interventions including iron supplementation and food
fortification have been attempted and met with varied degrees of success. Biofortification of food
crops emerged as a suitable approach to address micronutrient deficiencies, more sustainably and
cost effectively. Rice, a staple food for over half of the world’s population, is an important target
crop for iron enrichment. Due to limited variability of iron content in the rice germplasm,
conventional breeding has not been successful in developing high iron rice lines. Several genetic
engineering approaches targeted at improved iron uptake, translocation and storage in the rice
endosperm have been tested. By transforming AtIRT1 into high iron NFP rice, we previously
established that the expression of AtIRT1 together with AtNAS1 and PvFERRITIN has a synergistic
effect in increasing the iron content of the polished rice grains. In order to generate lines with
simple inserts, we now developed rice lines expressing a combination of AtIRT1, AtNAS1 and
PvFERRITIN or that of AtIRT1 and PvFERRITIN from a single construct. Iron content of up to
11.43 µg/gDW is obtained in the polished grains of transformed lines, with some increases
observed for zinc and manganese as well. Our results further confirm that the iron transporters
AtIRT1 and AtNAS1 act synergistically with PvFERRITIN to enhance the endosperm iron content
in the transformed lines. We also identify native AtIRT1 promoter as a suitable option for driving
the expression of AtIRT1 for iron biofortification of rice.
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3.2 Introduction

Iron deficiency is one of the most prevalent micronutrient deficiencies, affecting around 1.6 billion
people worldwide (WHO, 2008). Some of the reported consequences of iron malnutrition include
poorer growth and mental development, lower cognitive ability in preschool children, and
increased mortality of mother and child at childbirth (Beard and Connor, 2003; Stoltzfus et al.,
2004). In order to prevent and control iron deficiency anemia, the WHO and UNICEF recommend
intervention strategies including increased iron intake via dietary diversification, appropriate
control of infectious diseases, supplementation and/or fortification as well as overall improved
nutritional status by controlling other nutritional deficiencies (WHO/UNICEF/UNU, 2001).
However, supplementation and food fortification are not always successful. Iron supplementation
can cause increased severity of infectious diseases in the presence of malaria, while iron
fortification of food is difficult since bioavailable iron compounds often cause changes in color and
flavor (Hurrell, 2002; Sazawal et al., 2006). Biofortification of staple crops is therefore considered
an appropriate strategy due to its sustainability and cost effectiveness in the long run. Rice, a staple
food of more than half of the world’s population, is very low in its nutrient content including dietary
iron. Furthermore, the micronutrient rich layers of the grain i.e., aleurone, bran and husk are
removed during the polishing process. Polished grains of mega rice varieties provide only around
2 µg/g of iron (Bouis et al., 2011) and therefore, rice is an important target crop for iron enrichment.
Conventional breeding has not been successful in improving the endosperm iron content in rice,
particularly due to limited variability for endosperm iron content observed in the rice germplasm
(Glahn et al., 2002; Gregorio, 2000; Meng et al., 2005). Genetic engineering approaches targeted
on improving iron uptake and transport within the plant as well as its increased storage in the
endosperm are being used in order to biofortify rice endosperm for iron. Endosperm-specific
expression of FERRITIN, encoding an iron-storage protein that can store up to 4,500 iron molecules
in its central cavity (Ford et al., 1984), has been the most successful approach for directing the iron
stores to the rice endosperm. Rice GLOBULIN or GLUTELIN promoter driven expression of
FERRITIN could elevate iron content by 2-to 3.7-fold (Goto et al., 1999; Lucca et al., 2001; Paul
et al., 2012; Vasconcelos et al., 2003; Qu et al., 2005; Oliva et al., 2014). To improve overall iron
uptake and translocation within the plants, strategies focused on increased production of iron
chelators and overexpression of certain intra- and intercellular transporters have been tested.
Broadly, plants use reduction (strategy I) or chelation (strategy II) based mechanisms to acquire
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iron from soil. Strategy I, utilized by most of the higher plant species, involves the production of
FERRIC CHELATE REDUCTASE (FRO) that reduces ferric(Fe III) iron to ferrous(Fe II) iron on
root surface, followed by transportation of solubilized iron(Fe II) into the root cells by specific
transporters e.g. IRON-REGULATED METAL TRANSPORTER 1 (IRT1). IRT is a member of
ZINC-REGULATED TRANSPORTER/IRON REGULATED TRANSPORTER (ZRT/IRT1)RELATED PROTEIN (ZIP) transporter family (Eng et al., 1998). On the contrary, rice and other
graminaceous species utilize strategy II and release phytosiderophores (PS) that form complexes
with Fe(III) which are subsequently transported back into roots via members of YELLOW STRIPE
(YS) and YELLOW STRIPE-LIKE (YSL) transporter family (Curie et al., 2001; Inoue et al.,
2009). All PSs belonging to mugineic acid (MA) family are synthesized from S-adenosyl-Lmethioine through a conserved pathway with three subsequent reactions catalyzed by
NICOTIANAMINE

SYNTHASE

(NAS),

NICOTIANAMINE

AMINOTRANSFERASE

(NAAT), and DEOXYMUGINEIC ACID SYNTHASE (DMAS), respectively (Kobayashi and
Nishizawa, 2012).

Constitutive overexpression of NAS, the most widely used gene among those related to synthesis
of phytosiderophores, have led to 2-to 4-fold iron increases in the polished rice grains (Masuda et
al., 2009; Johnson et al., 2011; Lee et al., 2012). Introduction of other MA biosynthesis genes and
several of the YSL family transporters into rice have also been explored. Expression of IRON
DEFICIENCY CLONE 2 (IDS2) and 3 (IDS3) from barley, responsible for hydroxylation of C-3’
and C-2’ position of MAs, could elevate iron content by 1.4-fold in the polished rice grains
(Masuda et al., 2008; Suzuki et al., 2008). Transformation with barley YS1 enhanced the iron
content in rice leaves by 1.5-fold, however no iron increase in grains was reported (Gomez-Galera
et al., 2012). The overexpression of OsYSL15 controlled by ACTIN promoter in rice resulted in
1.2-fold higher iron content in the grains (Lee et al., 2009). The transgenic rice expressing OsYSL2
under the control of SUCROSE TRANSPORTER promoter exhibited a 4-fold iron increase in the
endosperm (Ishimaru et al., 2010). Besides, improvement of iron translocation from flag leaves to
the rice grains through the knockdown of VACUOLAR IRON TRANSPORTER genes OsVIT1 and
OsVIT2 resulted in a 1.8-fold iron increase in the endosperm (Bashir et al., 2013; Zhang et al.,
2012).Among the regulatory factors, a constitutive expression of rice IRON DEFICIENCYINDUCIBLE BASIC HELIX-LOOP-HELIX (bHLH) TRANSCRIPTIONAL FACTOR OsIRO2,
regulating key genes involved in MA biosynthesis and iron-MA transport such as OsNAS1,
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OsNAS2, OsNAAT1, OsDMAS1 and OsYSL15, led to a 3-fold iron increase in the rice grains (Ogo
et al., 2011). As compared to the single gene strategies, constructs expressing combination of genes
responsible for effective iron transport and storage could achieve higher increases in the endosperm
iron content. Endosperm-specific expression of FERRITIN and PHYTASE together with
constitutive expression of NAS (NFP rice) resulted in a 6-fold iron increase in the polished grains
(Wirth et al., 2009). Overexpression of barley NAS1 (HvNAS1), OsYSL2, and soybean FERRITIN
from a single construct increased iron content by 3.4-and 6-fold in polished grains of a Myanmar
and a Japanese rice cultivar, respectively (Aung et al., 2013; Masuda et al., 2012). Similarly,
overexpression of multiple genes involved in MA production including HvNAS1, HvNAAT and
IDS3 genome fragments together with the endosperm specific expression of FERRITIN elevated
the endosperm iron content by 4-fold (Masuda et al., 2013).

Identification of rice OsIRT1 and OsIRT2 as well as their induced expression under iron deficiency
conditions suggested an important function of IRT in rice iron uptake (Ishimaru et al., 2006). This
was further supported by the study on naat rice mutants that had impaired Fe(III)-PS uptake but
could grow normally upon Fe(II) supply and under water-logged conditions (Cheng et al., 2007).
The overexpression of OsIRT1 in rice led to an increased iron content in the shoots, roots and
mature seeds and improved tolerance under iron deficiency (Lee and An, 2009). Expression of
peanut IRT1 (AhIRT1) under the control of iron deficiency inducible promoter in rice improved
growth under low iron conditions (Xiong et al., 2014). Transformation of apple IRT1 (MxIRT1)
into rice enhanced iron content in the mature grains by 3-fold (Tan et al., 2015). Recently, we
introduced AtIRT1 under the control of Medicago sativa EARLY NODULIN 12B (MsENOD12B)
promoter and a 2.1-fold iron increase in the polished grains as compared to the control rice was
obtained (Boonyaves et al., 2015, submitted manuscript; Chapter 2). We also transformed the high
iron NFP rice (Wirth et al, 2009) with AtIRT1 leading to a 2.2-fold further increase in endosperm
iron content as compared to the NFP line (Boonyaves et al., 2015, submitted manuscript; Chapter
2). These findings established the proof of concept that AtIRT1 is valuable for iron biofortification
programs when expressed in combination with other genes encoding iron transporters, chelators
and/or storage proteins such as NICOTIANAMINE SYNTHASE and FERRITIN, respectively.

With the purpose of generating lines with simple inserts, we expressed the combination of AtIRT1,
AtNAS1 and PvFERRITIN or AtIRT1 and PvFERRITIN from a single construct. We also evaluated
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the efficacy of two different promoters i.e., MsENOD12B promoter (MsENOD12B) and native
AtIRT1 promoter, in controlling the expression of AtIRT1 in rice. The transformed lines show
significant increases of iron content, both in the polished and unpolished grains.

3.3 Results

3.3.1 Rice transformation using different promoter-gene combinations

MsENOD12B or native AtIRT1 promoter driven expression of AtIRT1 was combined with the
endosperm-specific expression of PvFERRITIN (PvFER) under the control of rice GLOBULIN-1
(GLB-1) promoter and the CaMV35S promoter driven constitutive expression of AtNAS1. Four
constructs with different combinations of these promoters and genes were generated i.e. MIF
(pMsENOD12B::AtIRT1, and pOsGLB-1::PvFER); IIF (pAtIRT1::AtIRT1, and pOsGLB1::PvFER); MINF (pMsENOD12B::AtIRT1, pCaMV35S::AtNAS1, and pOsGLB-1::PvFER; and
IINF (pAtIRT1::AtIRT1, pCaMV35S::AtNAS1, and pOsGLB-1::PvFER) (Figure 1). Rice cv.
Nipponbare was transformed with these four constructs and using Southern hybridization analysis,
independent single copy insertion lines were selected for each construct, i.e., 2 lines for MIF, 5
lines for IIF, 8 lines for MINF and 13 lines for IINF. These selected lines were subsequently grown
to obtain the T1 and T2 generations. Agronomic characteristics of the transgenic lines are presented
in Supplementary figure 1. Expression of the transgenes was verified in selected lines representing
each construct (Supplementary figure 2).
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Figure 1. Schematic illustration of four constructs used for transformation i.e., MIF (a), IIF (b), MINF (c) and
IINF (d). The length of different fragments is indicated in base pairs (bp). LB, T-DNA left border; RB, T-DNA right
border; t35S, cauliflower mosaic virus (CaMV) 35S terminator; HPTII, HYGROMYCIN PHOSPHOTRANSFERASE
gene; p35S, CaMV35S promoter; pMsENOD12B, Medicago sativa EARLY NODULIN 12B promoter; AtIRT1,
Arabidopsis IRON REGULATED METAL TRANSPORTER 1 gene; pAtIRT1, AtIRT1 promoter; AtNAS1, Arabidopsis
NICOTIANAMINE SYNTHASE 1 gene; tNOS, NOPALINE SYNTHASE terminator; pOsGLB-1, rice GLOBULIN-1
promoter; PvFER, Phaseolus vulgaris FERRITIN gene; BstXI, KpnI, EcoRI, SacI, BglII, BamHI, XbaI and PstI:
Restriction enzymes.
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3.3.2

Concerted expression of AtIRT1, AtNAS1 and PvFERRITIN led to increased iron

content in both polished and unpolished rice grains

Figure 2 Iron concentration in the polished T3 grains expressing AtIRT1 and PvFER genes; and AtIRT1, AtNAS1
and PvFER genes. Values are the average of three biological replicates (± standard deviation). Black asterisks above
the bars indicate statistically higher significant values calculated using Student’s T-Test in comparison to the
Nipponbare (NB) control (*P˂0.05, **P˂0.01), respectively. NB, Nipponbare rice; MIF, plants carrying
pMsENOD12B::AtIRT1::t35S and pGLB-1::PvFER::tNOS; IIF, plant carrying pAtIRT1::AtIRT1 and pGLB1::PvFER::tNOS; MINF, plants carrying pMsENOD12B::AtIRT1::t35S, pCaMV35S::AtNAS1::tNOS and pGLB1::PvFER::tNOS; IINF, plants carrying pAtIRT1::AtIRT1, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS.

All of the MIF and IIF transgenic lines showed increased iron content in the polished T3 grains
measuring up to 9.46 and 8.31 µg/gDW, respectively, as compared to 2.42 µg/gDW iron in the
Nipponbare (NB) control (Figure 2). Iron content was also measured in the unpolished grains of
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selected MIF and IIF lines with significant increases observed for lines MIF 22, IIF113 and IIF43
(Figure 3). Similarly, the MINF and IINF transgenic lines had increased iron content in the polished
grains, except for MINF110 and IINF32. Some of the MINF and IINF lines had higher iron content
as compared to the MIF and IIF lines, with IINF123 reaching up to 11.43 µg/gDW in the polished
grains (Figure 2) which is 4.7-fold higher than the Nipponbare control. In the case of MINF plants,
the highest observed iron content was 9.18 µg/gDW, which is in the similar range as that for MIF22
(9.46 µg/gDW) expressing only AtIRT1 and PvFER. Majority of the MINF and IINF lines showed
iron increases in the unpolished grains as well, with MINF25 containing 38.84 µg/gDW (Figure
3). The concerted expression of three genes i.e., AtIRT1, AtNAS1 and PvFER (particularly IINF
lines) led to higher iron accumulation in the polished grains when comparing to the lines expressing
two genes i.e., AtIRT1 and PvFER (Figure 2). Since majority of the IINF lines have higher
endosperm iron content as compared to the MINF lines, it suggests AtIRT1 native promoter as a
better option to drive expression of AtIRT1 as compared to the MsENOD12B promoter. It is
difficult to conclude this when comparing MIF and IIF lines, particularly due to very contrasting
iron levels observed in the two MIF lines. In general, the combination of pAtIRT1::AtIRT1,
pCaMV35S::AtNAS1 and pOsGLB-1::PvFER was more rewarding in obtaining lines with high
endosperm iron content.
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Figure 3 Iron concentration in the unpolished T3 grains of selected transgenic lines expressing AtIRT1 and
PvFER genes; and AtIRT1, AtNAS1 and PvFER genes. Values are the average of three biological replicates (±
standard deviation). Black asterisks above the bars indicate statistically higher significant values calculated using
Student’s T-Test in comparison to the Nipponbare (NB) control (*P˂0.05, **P˂0.01), respectively. NB, Nipponbare
rice; MIF, plants carrying pMsENOD12B::AtIRT1::t35S and pGLB-1::PvFER::tNOS; IIF, plant carrying
pAtIRT1::AtIRT1

and

pGLB-1::PvFER::tNOS;

pCaMV35S::AtNAS1::tNOS

and

MINF,

plants

carrying

pGLB-1::PvFER::tNOS;

IINF,

plants

pMsENOD12B::AtIRT1::t35S,
carrying

pAtIRT1::AtIRT1,

pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS.
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Figure 4 Iron distribution in the unpolished T3 grains of rice lines expressing AtIRT1, AtNAS1 and PvFER genes.
Grains of transgenic lines MINF25, MINF115, IINF10, and IINF33 are compared to those of NB control. NB,
Nipponbare rice; MINF, plants carrying pMsENOD12B::AtIRT1::t35S, pCaMV35S::AtNAS1::tNOS and pGLB1::PvFER::tNOS; IINF, plants carrying pAtIRT1::AtIRT1, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS

Prussian blue staining of transgenic grains further confirmed iron localization in the endosperm
(Figure 4). The unpolished grains of MINF and IINF lines which showed the highest and lowest
iron content were compared to NB control. Iron localized to radicle and scutella in the embryo and
to the aleurone layer in NB rice, while the transgenic grains showed a higher iron accumulation in
the endosperm. The unpolished grains of MINF25 exhibiting 1.8-fold iron increase stained intense
blue in the scutellum together with a moderate blue staining throughout the endosperm part. , A
similar iron localization pattern was observed in MINF115 and IINF110 grains. In the case of
IINF33, with iron increase observed in polished but not in unpolished grains, a diffused localization
pattern from the scutella throughout the grains was observed.
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3.3.3 Increases in zinc and manganese content in the polished grains of transgenic lines

Apart from iron, other metal ions including zinc, manganese and copper were also quantified in the
transgenic lines. Zinc content increased significantly in both polished and unpolished grains of the
MINF and IINF lines as compared to the Nipponbare control (Supplementary figure 3 and 4). The
highest zinc content of 34.47 µg/gDW was measured in the polished grains of IINF 39 and 46.01
µg/gDW zinc was measured in the unpolished grains of MINF25, which is 1.6-fold higher than the
Nipponbare control. In the MIF and IIF plants, zinc increases were only observed in the unpolished
grains, measuring up to 40.83 µg/gDW in IIF113. The polished grains of ten out of 28 transgenic
lines showed increased manganese content with a 2.2-fold higher content in IINF31 as compared
to the control (Supplementary figure 3). The manganese content ranged between 4.75 and 11.73
µg/gDW in the transgenic lines, as compared to 5.43 µg/gDW in the Nipponbare polished grains.
Three of the ten lines also showed manganese increase in the unpolished grains (Supplementary
figure 4). Unlike zinc and manganese, copper content remained unchanged in the polished grains
of the transgenic lines, except for MINF52 with a 1.3-fold increase and MINF43 with a 1.3-fold
decrease in copper content (Supplementary figure 3). However, many lines (6 out of the 13 tested
lines) showed increased copper content in the unpolished grains as compared to the Nipponbare
unpolished grains, with 1.4-fold increase in IIF113 (Supplementary figure 4).
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Figure 5 Divalent metal ion concentrations in shoots and roots of transformed lines. Iron (a), zinc (c), manganese
(e), and copper (g) content in shoots and roots of transgenic plants is presented together with the Nipponbare control.
Values are the average of four biological replicates (± standard deviation). Black and red asterisks above the bars
indicate statistically higher or lower significant values calculated using Student’s T-Test in comparison to the NB
control (*P˂0.05, **P˂0.01), respectively. NB, Nipponbare rice; MIF, plants carrying pMsENOD12B::AtIRT1::t35S
and pGLB-1::PvFER::tNOS; IIF, plant carrying pAtIRT1::AtIRT1 and pGLB-1::PvFER::tNOS; MINF, plants carrying
pMsENOD12B::AtIRT1::t35S, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS; IINF, plants carrying
pAtIRT1::AtIRT1, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS.
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3.3.4 Distribution of iron, zinc, manganese and copper in shoots and roots of transgenic rice
lines

We determined metal distribution in the shoots and roots of lines containing increased grain iron
content i.e., one line of MIF, two lines of IIF, two lines of MINF and four lines of IINF with the
endosperm iron content ranging between 8 to 12 µg/gDW. In addition, one line representing each
of MIF, IIF, MINF and IINF with the endosperm iron ranging between 4 to 6 µg/gDW was studied.
A varied pattern for iron, zinc, manganese and copper accumulation was observed in shoots and
roots of the tested transgenic lines (Figure 5). Most of the transgenic lines showed increased iron
accumulation in the shoots, except four lines with no change (MIF13, IIF113, MINF115, and
IINF10) and one line with lower iron content (IIF111). Iron content ranged from 30.52 to 71.57
µg/gDW in the shoots of transgenic lines as compared to 43.10 µg/gDW iron in the Nipponbare
shoots. Most of the lines did not show significant changes in root iron content as compared to that
of Nipponbare control, except for MIF22 with a 1.5-fold increase and two of the lines (MIF13 and
MINF115) showing up to 2.2-fold decreased root iron content. Root iron content ranged between
60.07 to 204.07 µg/gDW in the tested transgenic lines as compared to the 133.83 µg/gDW in the
Nipponbare control.

Some of the screened transgenic lines show increases in shoot zinc and manganese levels with up
to 1.6-fold and 1.9-fold higher content in comparison to the control, respectively. In contrast, the
zinc and manganese content in the roots is decreased in majority of tested lines. Manganese
reduction was particularly observed in roots of MINF and IINF lines while only one of the IIF lines
(IIF43) showed reduction. Copper content was decreased in shoots of majority of the transgenic
lines by up to 1.6-fold. Copper content in the roots was largely unchanged, except for one IINF
line showing a lower copper content by 2.0-fold (IINF 33) and MIF 13 showing a 1.5-fold increase.

3.4 Discussion

Unlike the development of zinc enriched rice varieties, conventional breeding has not been a
successful approach for developing rice cultivars with high endosperm iron content. This is mainly
due to low variation of iron content in the polished grains of the available rice accessions. Many
rice accessions were evaluated for their iron and zinc content and iron concentrations ranging from
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6.3 to 24.4 ppm in unpolished grains were observed among a set of 1’138 screened rice accessions
(Gregorio et al., 2000), but majority of the rice germplasm show very little variation for iron content
in the endosperm. Agronomic fortification has also shown promises for improving zinc content
(Cakmak, 2008) but not the iron. The application of foliar and soil zinc fertilizers increased zinc
concentration in rice grains by 32% (Phattarakul et al., 2012). The grain zinc in rice grown on a
saline-sodic soil was improved to 13.9 mg kg-1 by application of zinc-enriched farm yard manures
as compared to 9.0 mg kg-1 zinc content of the conventionally grown control rice (Ahmad et al.,
2012). Among the strategies available so far, genetic engineering could most effectively achieve
rice lines with high endosperm iron content. The transgenic approaches have targeted on expression
of Fe storage proteins, transporters/genes required for efficient and increased Fe uptake from soil
as well as those required for effective translocation within the plants (Masuda et al., 2013). In
majority of these studies, increases of iron were also accompanied by moderate zinc increases in
the rice grains (Johnson et al., 2011; Masuda et al., 2012; Tan et al., 2015; Vasconcelos et al.,
2003; Wirth et al., 2009; Zhang et al., 2012). All these approaches met with varied degree of
success in terms of achieved iron content in the polished rice grains, but overall the strategies
combining two or more genes were relatively more successful as compared to those involving
single gene transformations. Overexpression of FERRITIN, NAS, and YSL to promote iron storage,
PS production and improved iron-NA transport, respectively, led to the development of rice lines
with 7 µg/gDW iron in polished grains of greenhouse grown plants (Masuda et al., 2012). However,
these plants retained only about 4 µg/gDW iron when grown in the paddy fields (Masuda et al.,
2012). The endosperm-specific expression of FERRITIN and PHYTASE combined with
constitutive expression of NAS (NFP rice) resulted in a 6-fold increased endosperm iron content
(Wirth et al., 2009) of hydroponically grown plants. We recently transformed AtIRT1 into the high
iron containing NFP rice and achieved a further 2-fold increase of the endosperm iron content as
compared to NFP rice, with lines containing 9.67 µg/gDW iron in the polished grains. Following
this established proof of concept, we have now developed rice lines expressing IRT, NAS and
FERRITIN from a single construct. Concerted expression of the genes from a single construct will
eliminate the risk of losing transgene due to segregation in the consecutive generations. Our
findings imply that iron content in the rice lines combining IRT with NAS and FERRITIN was
higher as compared to the lines combining only IRT and FERRITIN. In these plants, the expression
of AtNAS1 is expected to increase the NA and DMA production, ultimately facilitating uptake and
transport of Fe(III)-PS chelates. Studies propose that in addition to its role in phytosiderophores
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secretion from roots, NA play an important role in long-distance transport of Fe in the phloem and
the translocation of mineral nutrients to the grains (Puig et al., 2007). On the contrary, AtIRT1 will
enhance the Fe(II) uptake in the transgenic lines while FERRITIN will ensure iron storage in the
endosperm. We further identified native AtIRT1 promoter as a better candidate to drive AtIRT1
expression for iron biofortification approaches.

It is well known that the proteins responsible for iron translocation are also often involved in uptake
and translocation of other metals as well. For example, MA and NA play a significant role in the
transport of several essential metals including iron, zinc, manganese and copper (Haydon and
Cobbett, 2007). Enzymes involved in MAs biosynthesis are often upregulated under both iron and
zinc deficiency conditions (Suzuki et al., 2006). Increase of NAS transcripts in roots and shoots
were observed under zinc and copper deficiency conditions (Wintz et al., 2003). Overexpression
of NAS gene in rice lines increased both iron and zinc content in the grains (Johnson et al., 2011;
Lee et al., 2009b; Masuda et al., 2009; Wirth et al., 2009) and likewise, overexpression of IRT1
led to increased zinc content in rice grains (Lee and An, 2009; Tan et al., 2015). Similarly, we
observed increases in zinc, manganese and copper content of polished and/or unpolished grains of
the transgenic rice lines expressing AtIRT1, AtNAS1 and PvFERRITIN The ability of AtIRT1
protein for transporting iron, manganese and zinc has previously been reported (Korschunova et
al., 1999) but in addition to the essential nutrients, AtIRT1 has also been shown to transport
cadmium (Vert et al., 2002). So far, majority of the biofortified rice lines have been examined
under controlled greenhouse environments. It is very important that the promising high iron rice
lines should also be screened in the field for their ability to transport different metals as well as to
quantify the deposition of these metals in the grains, particularly in the rice growing regions with
cadmium polluted soils. Such holistic assessment of transgenic lines will allow careful selection of
transporters for the iron biofortification programs, which might also include suppression of Cd
specific transporters, such as rice LOW-AFFINITY CATION TRANSPORTER 1 (OsLCT1)
(Uraguchi et al., 2011, Uraguchi et al., 2014).

Furthermore, it has also become evident that the iron increases observed in different transgenic
approaches are cultivar dependent. This is also due to variation in the baseline Fe content of
different varieties used for transformation. Such variation is similar for many other metals, for
example, Indica rice varieties can accumulate higher cadmium as compared to Japonica rice
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cultivars, when grown on cadmium polluted soils (Arao and Ishikawa, 2006). Therefore, the target
Fe levels to be achieved via biofortification should be calculated based on the cultivar used for
transformation. More importantly, the increases should be stably transferable to popular rice
varieties such as IR64 or similar high demand genotypes. So far, there are limited reports on IR64
transformation. Recently, expression of FERRITIN into IR64 resulted in lines containing up to 7.6
mg kg-1 iron in the polished grains (Oliva et al., 2014).

Together, promising endosperm iron increases have been achieved through transgenic approaches,
however strategies still need to be improved for further iron increases in order to meet the
recommended target levels. In addition to transforming the popular Indica rice varieties, the
generated lines with high iron content should be evaluated for their performance in the field, for
nutrient bioavailability as well as for nutritional efficacy.

3.5 Materials and Methods

3.5.1 Construct generation, rice transformation and plant growth conditions

AtIRT1 promoter fused with full length AtIRT1 cDNA sequence in the backbone of pCAMBIA1300
(pIRT1) was kindly provided by Prof. Dr. Mary Lou Guerinot. The fragments of
pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS were excised from the plasmid vector
used for transformation of NFP rice (Wirth et al., 2009) and inserted into BamHI and PstI site of
pIRT1 to generate pIIF and pIINF constructs. In case of MIF and MINF constructs, the plasmid
pCAMBIA1300 was cut at BamHI and PstI site and the fragments of pGLB-1::PvFER::tNOS (pF)
and the fragment of pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS (pNF) were
appropriately inserted. The AtIRT1 gene (1,374 base pairs) was amplified from pIRT1 by using
forward

primer

5’-AGATCTCACACAACAATCCAAAAG-3’

and

reverse

primer

5’-

GTCGACGAAAAAGCAGCAAAAGTT-3’, followed by restriction of the AtIRT1 fragment with
bglII and SalI before inserting it into pMSB containing the MsENOD12B promoter (provided by
Dr. Christof Sautter; Terada et al., 2001). The MsENOD12B::AtIRT1::tCaMV35S fragment was
excised and then inserted into pF and pNF, respectively, to generate pMIF and pMINF constructs.
These transformation vectors were transferred into Oryza sativa ssp. Japonica cv. Nipponbare
using Agrobacterium tumefaciens strain EHA105 (Hood et al., 1993). Transformation, selection
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and regeneration were based on the protocol described by Nishimura et al. (2006). Putative
transformants selected by hygromycin were screened for the presence of AtIRT1, AtNAS1, and
PvFER by PCR using following primers: AtIRT1fw, 5´-TGATGCTACCTTGAAGCTTAG-3´ and
AtIRT1rv,

5´-TCAACTGCGCCGGAAGAATG-3´;

AtNAS1fw,

5’-

ACTCGTGTCCACGTGCTTAC-3’ and AtNAS1rv, 5’- TTGTTCATGATCGCGTGAATC-3’;
and

PvFERfw,

5’-

GCCTCAACTGTGCCTCTTACT-3’

and

PvFERrv,

5’-

CCACAACACTACAAGTTCTTAC-3’. Southern blot hybridization by digoxigenin (DIG)
labelling was conducted on BamHI digested genomic DNA of the transgenic lines to select the
lines with a single copy transgene insertion. AtIRT1 or AtNAS1 fragments amplified by specific
primers as described above were used as probes to detect the transgenes. Selected transgenic plants
together with Nipponbare control were grown on commercial soil (Klasmann-Deilmann GmbH,
Germany) under greenhouse conditions i.e., 80% humidity/30°C/12h light and 60%
humidity/22°C/12h dark. Quantification of divalent metals and transgene expression was
conducted on plants in the T2 generation.

3.5.2 Metal ion measurements

Grain samples were de-husked to obtain unpolished brown grains. The de-husked grains were
milled with a grain polisher (Kett grain polisher ‘Pearlerst’, Kett Electric Laboratory, Tokyo,
Japan) for 1 minute to obtain polished grains. Shoot and root samples were dried at 60°C for 5
days. Ground samples were boiled in 15 ml of 65% v/v HNO3 solution at 120°C for 90 min. Metal
concentrations were determined using inductively coupled plasma-optical emission spectroscopy
(ICP-OES) (Varian Vista-MPX CCD Simultaneous ICP-OES). The wavelength used for iron, zinc,
manganese and copper were 238.204, 213.857, 257.610, and 324.754, respectively. The National
Institute of Standards and Technology (NIST) rice flour standard 1658a was treated and analyzed
in the same manner and used as quality control for every measurement. Data were analyzed using
Student’s t-test. The criteria of alpha = 0.05 and alpha = 0.01 was used to determine statistically
significant differences among the tested lines.
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3.5.3 Pearl’s Prussian blue staining

Rice seeds were stained as described by Prom-u-thai et al., (2003). Unpolished grains were
longitudinally cut with a ceramic knife (Cerastar®, Germany) in a Petri dish. The cut grains were
submerged in freshly prepared Perls’ Prussian blue solution (2% hydrochloric acid and 2%
potassium ferrocyanide) for 10 minutes and then washed gently in distilled water for 2 minutes.
Stained seeds were examined by a stereomicroscope (Keyence, VHX-1000D).

3.5.4 Quantitative real-time PCR

Total RNA was extracted from shoot and root of 5-day-old T2 seedlings using Trizol® reagent
(Invitrogen, USA). To obtain total endosperm RNA, endosperm was excised from rice grains at 3
weeks after anthesis. Extraction buffer containing 0.15M NaCl and 1% sarcosyl was added into the
ground endosperm samples followed by purification with guanidine hydrochloride buffer (Sharma
et al., 2003). The RNA was treated with DNase I (Thermo Fisher Scientific Inc., USA) to remove
genomic DNA contamination. First-strand cDNA was synthesized by RevertAidTM first strand
cDNA synthesis kit (Thermo Fisher Scientific Inc., USA). Quantitative real-time PCR (qRT-PCR)
was performed using Taqman hydrolysis probes (Roche, Switzerland) on 7500 FAST Real Time
PCR system (Applied Biosystem, Inc., USA). Total reaction volume of 25 µl included 0.5 µl
cDNA, 2.25 µl forward primer, 2.25 µl reverse primer, 0.25 µl probe (Roche Ltd., Switzerland),
12.5 µl Taqman® Gene Expression Mastermix (Applied Biosystems Ltd., USA) and 7.25 µl H2O.
Primers

were

designed

using

Roche

primer

design

website

(https://lifescience.roche.com/shop/CategoryDisplay?catalogId=10001&tab=&identifier=Univers
al+Probe+Library&langId=-1&storeId=15006). Probe number and primer sequences are provided
in Supplementary table 1. The Ct value was obtained from 7500 Fast System Software (Applied
Biosystems, Inc., USA). Primer efficiency was calculated by LinReg PCR (Tuomi et al., 2010).
The data of qRT-PCR was normalized as described by Schefe et al., 2006.
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3.7 Supplementary materials

Supplementary figure 1 Agronomic characteristics of transgenic lines expressing AtIRT1 and PvFER genes; and
AtIRT1, AtNAS1 and PvFER genes. Agronomic parameters i.e., days to flowering (DTF), one thousand grain weight
(1000GW), panicle number, tiller number, plant height (cm) and SPAD value were recorded. The independent
transgenic lines are compared with the Nipponbare rice (NB). Values are the average of three biological replicates.
NB, Nipponbare rice; MIF, plants carrying pMsENOD12B::AtIRT1::t35S and pGLB-1::PvFER::tNOS; IIF, plant
carrying pAtIRT1::AtIRT1 and pGLB-1::PvFER::tNOS; MINF, plants carrying pMsENOD12B::AtIRT1::t35S,
pCaMV35S::AtNAS1::tNOS

and

pGLB-1::PvFER::tNOS;

IINF,

plants

carrying

pAtIRT1::AtIRT1,

pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS.
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Supplementary figure 2 Expression analysis of AtIRT1, AtNAS1 and PvFERRITIN in transgenic lines. Relative
expressions of AtIRT1 (a) and AtNAS1 (b) in roots and shoots and a relative expression of PvFERRITIN in endosperm
(c) was confirmed in T2 seedlings of selected transgenic plants representing each construct. The line containing highest
iron content in grains for each construct was chosen for this experiment. No expression was observed in the Nipponbare
control (data not shown). The data were normalized with the endogenous expression of Os01g0147200 and
Os11g0661400. Values are the average of three biological replicates (± standard deviation).
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Supplementary figure 3 Zinc, manganese and copper concentrations in the polished T3 grains expressing AtIRT1
and PvFER genes; and AtIRT1, AtNAS1 and PvFER genes. Values are the average of three biological replicates (±
standard deviation). Black and red asterisks above the bars indicate statistically higher or lower significant values
calculated using Student’s T-Test in comparison to the Nipponbare (NB) control (*P˂0.05, **P˂0.01), respectively.
NB, Nipponbare rice; MIF, plants carrying pMsENOD12B::AtIRT1::t35S and pGLB-1::PvFER::tNOS; IIF, plant
carrying pAtIRT1::AtIRT1 and pGLB-1::PvFER::tNOS; MINF, plants carrying pMsENOD12B::AtIRT1::t35S,
pCaMV35S::AtNAS1::tNOS

and

pGLB-1::PvFER::tNOS;

IINF,

plants

carrying

pAtIRT1::AtIRT1,

pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS.
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Supplementary figure 4 Zinc, manganese and copper concentrations in the selected unpolished T 3 grains
expressing AtIRT1 and PvFER genes; and AtIRT1, AtNAS1 and PvFER genes. Values are the average of three
biological replicates (± standard deviation). Black and red asterisks above the bars indicate statistically higher or lower
significant values calculated using Student’s T-Test in comparison to the Nipponbare (NB) control (*P˂0.05,
**P˂0.01), respectively. NB, Nipponbare rice; MIF, plants carrying pMsENOD12B::AtIRT1::t35S and pGLB1::PvFER::tNOS; IIF, plant carrying pAtIRT1::AtIRT1 and pGLB-1::PvFER::tNOS; MINF, plants carrying
pMsENOD12B::AtIRT1::t35S, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS; IINF, plants carrying
pAtIRT1::AtIRT1, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS.

Supplementary table 1 Primer sequences and Taqman probe used for quantitative analysis of transgenes
expression
Nr.

Gene

Accession ID

Forward primer

Reverse primer

TaqMan probe

1

AtIRT1

NM_118089

tcgaaggcatgggtcttg

acgccataacaaatttcttcatatt

65

2

AtNAS1

AY072364

gcacttggagaaacacatgg

tctgagagcatgagcactcc

1

3

PvFERRITIN

X58274

ccgatcaagaatgtaccctca

aattccattgcatataacgcatc

133

4

Os01g0147200

NM_001048546

agcagctgaaagcaccaaa

cacgcccttcaacactgag

124

5

Os11g0661400

NM_001074942

tcgctataccacccctcttg

acgatggaggacgaaggtag

7
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4.1 Summary

Iron deficiency is the most common malnutrition worldwide, especially in developing countries.
To alleviate this problem, it is necessary to increase daily iron intake of the affected population.
Increasing iron content in rice grains is a potential approach to address this issue, as rice is the
staple crop for more than half of the world’s population. Genetic engineering approaches are
necessary for iron biofortification because limited iron variability in rice germplasm makes it
infeasible to solve the problem through conventional breeding alone. Several transgenic
approaches reported varying degrees of iron content enhancement in rice endosperm, but
accompanied accumulation of other metals including the toxic cadmium is not always considered.
Here we describe the development of iron biofortified rice by introducing mutant alleles of IRON
REGULATED METAL TRANSPORTER 1 (IRT1) with reduced cadmium transport ability. The
IRT1 expression is combined with constitutive expression of NICOTIANAMINE SYNTHASE 1
(NAS1) and endosperm-specific expression of FERRITIN (FER) from a single construct.
Endosperm iron content ranged from 2.9 to 14.4 µg/gDW between the analyzed transgenic lines.
Tolerance to high cadmium and reduced cadmium accumulation were observed in transgenic
seedling carrying the mutant IRT1 allele under the control of the AtIRT1 promoter. These findings
demonstrate the potential of AtIRT1 mutant alleles in reducing cadmium uptake while enhancing
iron in rice.
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4.2 Introduction

Iron deficiency is the most common form of malnutrition affecting around 1.6 billion people
globally, especially in developing countries (WHO, 2008). Consequences of iron deficiency
include impairment of cognitive abilities in children, decreased work productivity and increased
mortality (Beard and Connor, 2003; Stoltzfus et al., 2004). The main reasons for iron deficiency
include insufficient dietary iron intake, blood loss or increased demand due to pregnancy or
diseases (Larocque et al., 2005; WHO, 2007). To combat the problem, intervention strategies such
as increased dietary diversification, iron supplementation, food fortification or biofortification can
be applied either alone or in combination (Abbaspour et al., 2014). Biofortification holds the
greatest potential for solving iron deficiencies in developing countries, especially in remote rural
areas where access to adequate dietary resources is limited. Unlike iron supplementation and food
fortification which require industrialization, biofortification strategies are more sustainable and
inexpensive. Rice, a staple crop for over half the world’s population, is being considered as the
main target for iron biofortification. After the polishing process that is necessary for long-term
storage in order to prevent rancidity, rice grains contain very small amounts of iron i.e., around 2
µg/g of iron was found in polished grains of most mega rice varieties (Bouis et al., 2011).
Improvement of iron content in the rice endosperm cannot be achieved by conventional breeding
approaches alone because the variability of iron content in the rice germplasm is limited (Glahn et
al., 2002; Gregorio, 2000; Meng et al., 2005). Therefore, genetic engineering is an important tool
for targeting iron increases in the rice endosperm/polished grains.

So far, the main focus of genetic engineering for iron biofortification in rice has been on the
enhancement of iron storage in the endosperm, and the improvement of iron transport and uptake.
Endosperm-specific expression of FERRITIN, a gene encoding an iron storage protein that can
carry up to 4,500 iron molecules per molecule led to 2-to 3.7-fold increase in iron content in rice
grains (Goto et al., 1999; Lucca et al., 2001; Paul et al., 2012; Vasconcelos et al., 2003; Qu et al.,
2005; Oliva et al., 2014). Improvement in iron transport and uptake was achieved by increasing
iron chelating compounds and/or iron transporters. Rice, as well as other graminaceous plants, is
reported to acquire iron via the chelation-based strategy. Phytosiderophores (PS) are released from
root cells to bind ferric (III) iron in the rhizosphere and the consequent PS-Fe(III) complexes are
transported back into roots via members of the YELLOW STRIPE (YS) and YELLOW STRIPE61

LIKE (YSL) transporter family (Curie et al., 2001; Inoue et al., 2009). Constitutive expression of
barley YS1 elevated iron levels 1.5-fold in rice leaves (Gomez-Galera et al., 2012). ACTIN
promoter driven expression of OsYSL15 increased iron accumulation by 1.2-fold in rice grains (Lee
et al., 2009). Overexpression of OsYSL2 controlled by the SUCROSE TRANSPORTER promoter
also led to a 4-fold iron increase in the rice endosperm (Ishimaru et al., 2010). Furthermore,
knockdown of the VACUOLAR IRON TRANSPORTER genes OsVIT1 and OsVIT2 in transgenic
rice resulted in 1.8-fold grain iron increase (Bashir et al., 2013; Zhang et al., 2012), owing to
possible increase of iron translocation from leaves to rice grains.

Likewise, several studies have been conducted focusing on increased production of
phytosiderophores. All phytosiderophores of the mugeneic acid (MA) family are synthesized from
S-adenosyl-L-methionine through a conserved pathway catalyzed by three key enzymes;
NICOTIANAMINE SYNTHASE (NAS), NICOTIANAMINE AMINOTRANSFERASE (NAAT)
and DEOXYMUGINEIC ACID SYNTHASE (DMAS) (Kobayashi and Nishizawa, 2012). Among
those enzymes, overexpression of NAS has been investigated more thoroughly as it not only
improves iron uptake through increased production of DMA, but also leads to increased production
of nicotianamine (NA, the immediate product of NAS) that is involved in iron transport within
plant cells. Overexpression of the NAS gene in rice was shown to increase iron by 2-to 4-fold in
the polished grains (Masuda et al., 2009; Johnson et al., 2011; Lee et al., 2012). Expression of
IRON DEFICIENCY-SPECIFIC CLONE number 2 (IDS2) and number 3 (IDS3), which are
involved in barley MA biosynthesis, increased iron by 1.4-fold in polished rice grains (Masuda et
al., 2008; Suzuki et al., 2008). Overexpression of rice IRON DEFICIENCY-INDUCIBLE BASIC
HELIX-LOOP-HELIX (bHLH) transcriptional factor OsIRO2, which regulates MA production,
led to a 3-fold iron increase in rice grains when grown on calcareous soil (Ogo et al., 2011).
Moreover, several studies evaluated combining the endosperm-specific expression of FERRITIN
with enhancement of iron transport, successfully raising the iron levels higher than those obtained
for single gene approaches. Overexpression of NAS together with endosperm-specific expression
of FERRITIN and PHYTASE in rice (NFP) led to a 6-fold increase in endosperm iron content, when
grown on hydroponic solutions (Wirth et al., 2009). Overexpression of barley NAS1, rice YSL2 and
soybean FERRITIN increased iron accumulation by 3.4-and 6-fold in polished grains in the
Myanmar and Japanese rice cultivars, respectively (Aung et al., 2013; Masuda et al., 2012).
Introducing barley NAS1, NAAT and IDS3 genome fragments and endosperm-specific expression
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of FERRITIN raised iron concentrations by up to 4-fold in polished rice grains (Masuda et al.,
2013).

Although chelation-based strategies for iron uptake in rice are well-established, evidences
suggested that direct Fe(II) uptake is also effective in rice, especially in submerged conditions of
rice paddy fields where Fe(II) is more abundant. Knock down of NAAT in rice could turn off
Fe(III)-PS uptake and the mutant could not grow when Fe(III) was the sole iron supply.
Nevertheless, the naat rice could grow on external Fe(II) supply and under water-logged conditions
(Cheng et al., 2007). IRON REGULATED METAL TRANSPORTER (IRT), responsible for Fe(II)
uptake in non-graminaceous plants, is proposed to facilitate Fe(II) transport in rice as well.
Expression of OsIRT1 and OsIRT2 under iron deficiency conditions was identified, and these genes
exhibited around 50% homology to Arabidopsis IRT1 (AtIRT1) (Bughio et al., 2002; Ishimaru et
al., 2006). Moreover, several studies conducted on IRT1 overexpression in rice revealed iron
increases and/or tolerance to iron deficiency conditions. Maize UBIQUITIN promoter-driven
expression of OsIRT1 in rice could elevate iron levels in shoots, roots and mature seeds, and the
transgenic plants exhibited tolerance to low iron conditions (Lee and An, 2009). Expression of
peanut IRT1 controlled by an iron deficiency inducible promoter improved growth in low iron
availability calcareous soils (Xiong et al., 2014). Overexpression of apple IRT1 in rice led to 3times increased iron in rice grains (Tan et al., 2015). AtIRT1 expression under the control of alfafa
EARLY NODULIN 12B promoter resulted in a 2.1-fold iron increase in polished grains (this PhD
work, Chapter 2). Moreover, the expression of AtIRT1 combined with overexpression of NAS and
endosperm-specific expression of FERRITIN from a single construct exhibited up to 4.7-fold levels
of iron increase in polished rice grains in the Nipponbare background, respectively (this PhD work,
Chapter 3).

Although iron enhancement in rice grains could be achieved by the expression of IRT1, the
potential of IRT1 for uptake of other metals is of concern, particularly toxic metals such as
cadmium. IRT, a member of the ZINC-REGULATED TRANSPORTER/IRON-REGULATED
TRANSPORTER (ZRT/IRT1)-RELATED PROTEIN (ZIP) transporter family, is the major highaffinity transporter for Fe(II) but also transports a wide range of other metals including zinc,
manganese and cadmium (Eide et al., 1996; Eng et al., 1998; Koshunova et al., 1999; Rogers et
al., 2000). Considering several reports on cadmium accumulation in rice paddy fields worldwide
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including China, Korea, Japan and Thailand with diverse range from 0.001 to 300 mg.kg-1
(Herawati et al., 2000; Jung and Thornton, 1996; Limei et al., 2008; Simmons et al., 2005; Takeda
et al., 2004; Tsuchiya, 1969), it is necessary to ensure that iron-biofortified rice should not enhance
the accumulation of cadmium.

It has been previously proposed that metal specificities of AtIRT1 can be altered by changing a
single amino acid residue (Rogers et al., 2000). Mutant AtIRT1 (AtIRT1m) alleles with reduced
ability to transport cadmium but retaining an effective iron uptake property have been identified
(ML Guerinot, personal communication, unpublished data). Here, we expressed these AtIRT1m
alleles, together with overexpression of AtNAS1 and endosperm-specific expression of FERRITIN
(IRT-NAS-FER) to enhance iron localization to rice grains yet with reduced cadmium. Iron
accumulation in grains and shoots of the transgenic rice showed significant increases, similar to
our previous results with AtIRT1 (chapter 3). The transgenic rice lines carrying one of the two
tested AtIRT1m alleles under the control of the native AtIRT1 promoter exhibited tolerance to
excessive cadmium levels in the media and showed a reduction of cadmium content in shoots and
roots.

4.3 Results
4.3.1 Rice transformation with the combination of AtIRT1m, AtNAS1, and PvFERRITIN
Constructs designed for MsENOD12B or native AtIRT1 promoter driven expression of two AtIRT1m
alleles i.e., AtIRT1-E and AtIRT1-S together with constitutive expression of AtNAS1 and
endosperm-specific expression of Phaseolus vulgaris FERRITIN (PvFER) were used in this study.
The mutant IRT alleles were generated by error prone PCR, saturation mutagenesis and DNA
shuffling (ML Guerinot, personal communication, unpublished data). AtIRT1-E allele was mutated
by substitution of E111 residue to G111, while AtIRT1-S allele was mutated at four amino acid
residues by substitution of E111, I194, F259, and Q280 residues to K111, F194, I259 and R280, respectively.
Arabidopsis plants expressing these AtIRTm alleles contained similar shoot iron content to the wild
type but exhibited 40 % cadmium reduction (ML Guerinot, personal communication, unpublished
data). Four independent constructs i.e., 1) pMsENOD12B::AtIRT1-E, pCaMV35S::AtNAS1, and
pOsGLOBULIN-1::PvFERRITIN (MENF); 2) pMsENOD12B::AtIRT1-S, pCaMV35S::AtNAS1,
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and pOsGLOBULIN-1::PvFERRITIN (MSNF); 3) pAtIRT1::AtIRT1-E, pCaMV35S::AtNAS1, and
pOsGLOBULIN-1::PvFERRITIN (IENF); and 4) pAtIRT1::AtIRT1-S, pCaMV35S::AtNAS1, and
pOsGLOBULIN-1::PvFERRITIN (ISNF) were transformed into Oryza sativa subsp. japonica cv.
Nipponbare. The transgenic lines containing a single transgene insertion were selected by Southern
blot analysis (Supplementary figure 1). 45 independent transgenic lines carrying the four different
constructs i.e., MENF, MSNF, IENF and ISNF as described in Table 1 were grown in the
greenhouse. Agronomic parameters i.e., days to flowering, SPAD value, plant height, tiller number,
panicle number and one thousand grain weight were collected in T 2 generation (Supplementary
figure 2). Expression of AtIRT1, AtNAS1 and PvFER was confirmed for T2 generation plants
(Supplementary figure 3).

Table 1 Constructs used for transformation and number of transgenic lines containing a single insertion
Construct ID

Promoter::gene combinations

Nr. of transgenic lines
containing a single
transgene copy

MENF

pMsENOD12B::AtIRT1-E, pCaMV35S::AtNAS1 and pGLB-1::PvFERRITIN

3

MSNF

pMsENOD12B::AtIRT1-S, pCaMV35S::AtNAS1 and pGLB-1::PvFERRITIN

13

IENF

pAtIRT1::AtIRT1-E, pCaMV35S::AtNAS1 and pGLB-1::PvFERRITIN

15

ISNF

pAtIRT1::AtIRT1-S, pCaMV35S::AtNAS1 and pGLB-1::PvFERRITIN

14
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Figure 1 Iron concentration in the polished T3 grains of transgenic rice carrying AtIRT1m under the control of
native AtIRT1 and MsENOD12B promoter together with AtNAS1 and PvFER expression. The data were sorted
in order from the highest to the lowest iron concentration. Values are the average of three biological replicates (±
standard deviation). Black asterisks above the bars indicate statistically higher significant values calculated using
Student’s T-Test in comparison to the Nipponbare (NB) control (*P˂0.05, **P˂0.01). Dotted lines represent the range
of endosperm iron content that was reported in the transgenic IRT-NAS-FER rice; MINF and IINF. NB, Nipponbare
rice;

MENF,

plants

carrying

pMsENOD12B::AtIRT1-E::t35S,

pCaMV35S::AtNAS1::tNOS

and

pGLB-

1::PvFER::tNOS; MSNF, plants carrying pMsENOD12B::AtIRT1-S::t35S, pCaMV35S::AtNAS1::tNOS and pGLB1::PvFER::tNOS;

IENF,

plants

carrying

pAtIRT1::AtIRT1-E,

pCaMV35S::AtNAS1::tNOS

and

pGLB-

1::PvFER::tNOS;

ISNF,

plants

carrying

pAtIRT1::AtIRT1-S,

pCaMV35S::AtNAS1::tNOS

and

pGLB-

1::PvFER::tNOS.
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4.3.2 Combined expression of IRTm, NAS and FER elevated levels of iron and other divalent
metals in rice endosperm

The polished T3 grains obtained from three individual plants of each independent transgenic line
and the Nipponbare (NB) control were collected for the measurement of metal ions. Majority of
the IRTm-NAS-FER expressing lines demonstrated iron increases in polished rice grains (Figure 1),
with iron content ranging from 2.9 to 14.4 µg/gDW as compared to 2.3 µg/gDW in the NB control.
The polished grains of MENF, MSNF, IENF and ISNF plants exhibited iron increases of up to 5.2,
6.3, 5.6, and 4.5-fold, respectively. Zinc increases were also observed in the polished grains of the
transgenic lines with the range between 20.2 to 43.6 µg/gDW as compared to 22.1 µg/gDW in the
NB control (Supplementary figure 4). Manganese levels also increased up to 1.3-, 2.1- and 1.4-fold
in polished grains of lines expressing MSNF, IENF and ISNF, respectively (Supplementary figure
4). The polished grains of transgenic plants showed similar copper increases ranging from 5.2 to
9.6 µg/gDW as compared to 7.8 µg/gDW in NB control (Supplementary figure 4).
These increases in endosperm metal content in the lines expressing IRTm-NAS-FER were compared
to the lines expressing IRT-NAS-FER expression. The range of metal ion concentrations obtained
in polished grains of transgenic rice carrying pMsENOD12B::AtIRT1, pCaMV35S::AtNAS1, and
pOsGLOBULIN-1::PvFERRITIN (MINF) or pAtIRT1::AtIRT1, pCaMV35S::AtNAS1, and
pOsGLOBULIN-1::PvFERRITIN (IINF) (Chapter 3) were used for the comparison. Majority of
MENF, MSNF, IENF and ISNF lines showed similar iron accumulation as the native AtIRT1
expressing lines i.e., MINF and IINF (Figure 1). Nevertheless, two MENF (MENF105 and 126),
two MSNF (MSNF89 and 11) and three IENF (IENF38, 10 and 14) contained higher endosperm
iron content than the highest iron obtained in MINF and IINF plants. On the contrary, one ISNF
line (ISNF 61) exhibited lower endosperm iron level than reported for IINF lines. Likewise,
majority of the transgenic rice expressing IRTm-NAS-FER showed similar zinc, manganese and
copper concentration as that of IRT-NAS-FER expressing rice (Supplementary figure 4).
The unpolished grains of the tested transgenic IRTm-NAS-FER plants also exhibited increases in
Fe, Zn, Mn and Cu concentrations (Supplementary figure 5). Iron content in unpolished grains of
the transgenic lines ranged from 20.9 to 31.0 µg/gDW as compared to 20.0 µg/gDW in NB control.
Zinc content was up to 53.9 µg/gDW as compared to 28.6 µg/gDW in the NB control. Manganese
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content in the transgenic unpolished grains showed a diverse range between 16.2 to 49.4 µg/gDW
as compared to 24.0 µg/gDW in the NB control. With few exceptions, copper concentration in
majority of the lines was similar to that of NB unpolished grains.

4.3.3 Distribution of divalent metal ions in shoots and roots of high iron lines

Based on iron content in the polished grains, few representative high iron lines were selected for
each of the four constructs in order to investigate the distribution of metal ions in shoots and roots.
Five IENF and four ISNF lines with endosperm iron ranging from 9 to 13 µg/gDW were selected
together with two MENF and four MSNF lines with endosperm iron ranging between 7 and 14
µg/gDW. Additionally, one line each representing MENF, MSNF, IENF and ISNF with endosperm
iron ranging between 4 and 6 µg/gDW was also included.

Iron increases were observed in the shoots and roots of majority of the tested transgenic lines
(Figure 2). Seventeen of the 20 tested lines exhibited high iron accumulation in shoots. Whereas in
roots, seven lines out of 20 showed iron increases, in particular four of the five ISNF plants showed
increased root iron content. A decrease in root iron was also observed for two of the MENF lines
i.e., MENF 105 and 153. Further when comparing IRTm-NAS-FER and IRT-NAS-FER expressing
rice lines (Figure 2), four out of the five ISNF lines (ISNF 27, 42, 36, and 48) showed higher iron
in roots than the iron in IINF lines, while three out of the five ISNF (ISNF 27, 55, and 42) lines
showed higher shoot iron than the iron in IINF lines.
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Figure 2 Iron distribution in shoots and roots of T2 transgenic rice seedlings carrying AtIRT1m under the control
of native AtIRT1 and MsENOD12B promoter together with AtNAS1 and PvFER expression. Values are the
average of three biological replicates (± standard deviation). Black and red asterisks above the bars indicate statistically
higher or lower significant values calculated using Student’s T-Test in comparison to the Nipponbare (NB) control
(*P˂0.05, **P˂0.01), respectively. Dotted lines represent the range of iron content that was reported in the transgenic
IRT-NAS-FER rice; MINF and IINF. NB, Nipponbare rice; MENF, plants carrying pMsENOD12B::AtIRT1-E::t35S,
pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS; MSNF, plants carrying pMsENOD12B::AtIRT1-S::t35S,
pCaMV35S::AtNAS1::tNOS

and

pGLB-1::PvFER::tNOS;

IENF,

plants

carrying

pAtIRT1::AtIRT1-E,

pCaMV35S::AtNAS1::tNOS

and

pGLB-1::PvFER::tNOS;

ISNF,

plants

carrying

pAtIRT1::AtIRT1-S,

pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS.
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In addition to iron, distribution of zinc and manganese and copper was also examined in roots and
shoots of the selected transgenic lines (Supplementary figure 6). For many lines, up to 2.7- and 1.4fold reduction in root zinc and manganese content was observed, respectively. However, four lines
i.e., MSNF 89, MSNF 125, IENF 14 and IENF 4 showed higher root zinc content. In contrast,
majority of lines showed increases in root copper content (up to 1.6-fold), with exception of MSNF
11, IENF 38, IENF 117 and IENF 124. Shoot copper in the transgenic plants decreased up to 1.9fold, while zinc and manganese content in majority of transgenic shoots remained similar to the
NB control. Increase of both zinc and manganese content in shoots was observed in two MENF
lines (MENF 105 and 153) and one IENF line (IENF14). Notably, two IENF lines i.e., IENF 4 and
14 showed very high zinc increase of up to 7.8- and 3.3-fold in both shoots and roots.
4.3.4 Lines expressing AtIRT1m alleles show increased tolerance to excess cadmium

Mutant AtIRT1 alleles (i.e. AtIRT1-E and AtIRT1-S) have previously demonstrated the potential of
reduced cadmium uptake in yeast and Arabidopsis (ML Guerinot, personal communication,
unpublished data). In this study, the effect of high cadmium exposure on high iron lines carrying
IRTm-NAS-FER was compared to the high iron lines carrying IRT-NAS-FER. Shoot height was
measured among the transgenic seedlings grown on medium containing 0, 50 and 500 µM CdCl2
for 10 days in in vitro culture. The MINF and IINF plants representing the IRT-NAS-FER construct
(Chapter 3) were used for comparisons. Initial shoot height was recorded prior to exposing 5-dayold seedlings to Cd stress. Ten days post Cd exposure, shoot height was recorded again and
percentage of height increase was calculated for each tested line.
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Figure 3 Percentage of height increase of transgenic lines when grown on high cadmium medium (500 µM
CdCl2). Values are the average of three biological replicates (± standard deviation). Dotted lines represent the range
of height increase in the transgenic IRT-NAS-FER rice; MINF and IINF. NB, Nipponbare rice; MINF, plants carrying
pMsENOD12B::AtIRT1::t35S, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS; MENF, plants carrying
pMsENOD12B::AtIRT1-E::t35S, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS; MSNF, plants carrying
pMsENOD12B::AtIRT1-S::t35S, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS; IINF, plants carrying
pAtIRT1::AtIRT1, pCaMV35S::AtNAS1::tNOS, and pGLB-1::PvFER::tNOS; IENF, plants carrying pAtIRT1::AtIRT1E, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS; ISNF, plants carrying

pAtIRT1::AtIRT1-S,

pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS.

No significant difference in shoot height increase was observed among the plants when grown 0
and 50 µM CdCl2 (data not shown). In the presence of 500 µM CdCl2, cadmium tolerance was
observed in transgenic plants carrying AtIRT1-S allele under the control of the AtIRT1 promoter
(Figure 3). In comparison to the lines expressing IINF carrying native AtIRT1 allele, three of the
five tested ISNF lines carrying AtIRT1-S allele showed significantly higher increase in the height
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when grown on media containing 500 µM CdCl2, while the IENF lines carrying AtIRT1-E allele
do not appear to perform better in terms of height increase on excessive Cd exposure. The IINF
lines showed the % height increase in the range of 9.6 to 52.8%, while the ISNF plants exhibited
the range between 45.5 to 96.0%. The IENF plant showed height increases within the range of 7.8
to 66.2%. In case of MsENOD12B driven expression of AtIRT1 plants, it is difficult to conclude
since the three tested MINF lines exhibited a very wide range between 4.0 and 111.6 %, with line
MINF 25 dramatically outperforming the other two lines. None of the MENF and MSNF plants
performed better than MINF 25. However, at least two lines each from MENF and MSNF had
higher height increases as compared to MINF 50 and 115. MENF plants exhibited height increases
in the range of 17.5 to 97.5 %, while MSNF lines showed increases between 22.3 to 60.6 %.
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Figure 4 Cadmium accumulation in roots and shoots of T2 transgenic seedlings when grown on hydroponic
solution containing 10 µM CdCl2. Values are the average of three biological replicates (± standard deviation). Dotted
lines represent the range of cadmium content in the transgenic IRT-NAS-FER rice; MINF and IINF. NB, Nipponbare
rice; MINF, plants carrying pMsENOD12B::AtIRT1::t35S, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS;
MENF, plants carrying pMsENOD12B::AtIRT1-E::t35S, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS;
MSNF, plants carrying pMsENOD12B::AtIRT1-S::t35S, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS;
IINF, plants carrying pAtIRT1::AtIRT1, pCaMV35S::AtNAS1::tNOS, and pGLB-1::PvFER::tNOS; IENF, plants
carrying

pAtIRT1::AtIRT1-E, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS; ISNF, plants carrying

pAtIRT1::AtIRT1-S, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS.
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4.3.5 Cadmium distribution in the transgenic shoots and roots

The accumulation of cadmium was investigated in shoots and roots of transgenic plants grown on
basal medium containing 10 µM cadmium. ISNF plants exhibited lower range of cadmium
accumulation in roots i.e., from 71.2 to 258.4 µg/gDW as compared to the range from 101.4 to
471.2 µg/gDW observed for the IINF control lines (Figure 4). Higher root cadmium accumulation
ranging from 269.1 to 506.7 µg/gDW was observed in roots of IENF plants. Shoots cadmium
content of ISNF plants was significantly lower than the shoot cadmium content of majorityof the
IENF plants. However, the shoot Cd content of ISNF lines did not differ much from the IINF
control lines, except that all ISNF lines had lower Cd content than the IINF line with highest shoot
Cd content. In case of the transgenic plants carrying MsENOD12B promoter driven expression of
AtIRT1 alleles, similar ranges of cadmium accumulation among the shoots and roots of MINF,
MENF and MSNF plants were observed. Shoot cadmium of up to 12.0 µg/gDW was measured in
the MINF plants, whereas shoots of MENF and MSNF showed up to 13.5 and 13.3 µg/gDW
cadmium, respectively. Based on this preliminary screening, the AtIRT1-S allele shows potential
for reduced cadmium uptake in rice as well. Further tests with more number of independent lines
would allow making concrete conclusions.

4.4 Discussion

The combined expression of IRT and NAS is expected to improve Fe(II) and Fe(III) uptake,
respectively. Previously, the combination of IRT, NAS and FER expression increased iron
accumulation by up to 4.7-fold in polished grains, with lines containing 11.4 µg/gDW iron (Chapter
3). The results obtained from this study further confirmed the synergistic effect of these genes in
achieving high iron content in the rice endosperm. The transgenic plants expressing the
combination of AtIRT1m, NAS and FER exhibited up to 6.3-fold iron increase in the polished grains,
with lines containing 14.4 µg/gDW iron. In addition, the observed increases in shoot and root iron
content of the transgenic plants carrying the AtIRT1m alleles also confirmed it further that both
AtIRT1-E and AtIRT1-S alleles could maintain iron uptake properties in rice.

Cadmium is a heavy metal which is highly toxic to most of the living organisms (Benavides et al.,
2005; Godt et al., 2006; Martelli et al., 2006; Vig et al., 2003). In plants, cadmium uptake could
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interfere with the absorption of other essential minerals and replace several cofactors of necessary
enzymes potentially leading to severe symptoms including chlorosis, stunting, necrotic lesion
formation and wilting (Hasan et al., 2007). Cadmium uptake occurs via similar metal transporters
which facilitate uptake of other metals such as Ca2+, Fe2+, Mg2+ Cu2+ and Zn2+ (Roth et al., 2006;
Papoyan et al., 2007). Different transporter families including ZIP and NRAMP, and chelating
compounds such as nicotianamine and organic acid are involved in metal uptake including
cadmium (DalCorso et al., 2010; Korshunova et al., 1999; Pence et al., 2000; Thomine et al.,
2000). Therefore, while developing iron biofortified rice, particularly by overexpression of iron
transporters, it is likely to promote accompanied cadmium accumulation. Like other metal ions,
cadmium is accumulated less in endosperm as compared to other plant tissues. However, even
small amounts of endosperm cadmium can contribute to substantial consumption in humans.
Regarding contaminants in foods and feed, CODEX Alimentarius Commission of the FAO/WHO
established the limit of cadmium level in rice grains at 0.4 mg.kg-1 (CODEX Alimentarius, 2014).
The averages of cadmium accumulation in rice grains reported from most of rice producing
countries so far were lower than the maximum recommendation limit, although few exceptions
with exceeded cadmium content were also observed (Meharg et al., 2013).

With the identification of IRT1 homologs in rice and their demonstrated role in Fe (II) uptake, IRT1
has been recently considered promising for iron biofortification programs. AtIRT1 is a plasma
membrane protein consisting of eight transmembrane α-helical domains with extramembranal
metal binding sites (Eng et al., 1998). Although AtIRT1 exhibits higher affinity to Fe, it also can
transport zinc, manganese and cadmium. Rogers et al. (2000) reported that substitutions of specific
amino acid residues in the AtIRT1 protein could modify substrate selectivity. Replacement of
glutamic acid at position 111 (E111), located on the extracellular loop between transmembrane
domain II and III, with alanine (A111) increased iron specificity by eliminating its ability to transport
zinc. In case of AtIRT1m alleles used in this work, changing E111 to Glycine (G111) or to Lysine
(K111) in AtIRT1-E and AtIRT1-S, respectively, did not decrease iron, zinc and manganese uptake
ability. However the expression of AtIRT1-E (E111G) and AtIRT-S (SEM4) allele in an Arabidopsis
irt1 knockout could reduce cadmium accumulation in shoots while maintaining the ability to uptake
iron (ML Guerinot, personal communication, unpublished data). The IRTm-NAS-FER expressing
lines exhibited similar increases of iron, zinc and manganese content as that of IRT-NAS-FER lines
(Chapter 3). Our results also demonstrated that AtIRT1-S expressing ISNF plants exhibited
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increased tolerance to high cadmium and accumulated less cadmium when compared with IRTNAS-FER lines. These findings were not observed in case of AtIRT1-E expressing lines. The
AtIRT1-S allele contained two amino acid replacements on the extracellular loop and two amino
acid replacements in the transmembrane domain IV and VI. It was proposed by Eng et al. (1998)
that the transmembrane domains IV and V could form an intramembrane aqueous channel for
substrate cations and therefore mutation of an amino acid in this region might modify metal affinity
of AtIRT1. Moreover, SEM4 (AtIRT1-S) Arabidopsis mutants showed double iron concentration
while cadmium uptake was only 47% of the control (ML Guerinot, personal communication,
unpublished data). In our results, the transgenic rice carrying pAtIRT1::AtIRT1-S also had higher
iron accumulation in shoots, roots and grains than the transgenic plants expressing native AtIRT1
alleles.

Further, the reduction in cadmium uptake was more pronounced in rice lines expressing AtIRT1-S
allele under the control of the native AtIRT1 promoter (ISNF plants) as compared to those
expressing AtIRT1-S under the control of MsENOD12B promoter (MSNF plants). This might be
due to the sensitivity of the AtIRT1 promoter to various divalent metals. High levels of zinc or
cadmium resulted in reduction of AtIRT1 expression in Arabidopsis (Connolly et al., 2002).
Besides, the AtIRT1 promoter is active only in the external layers of the absorption zone in roots
(Cailliatte et al., 2010), whereas the MsENOD12B promoter showed expression primarily in the
vascular tissue of roots (Terada et al., 2001). Therefore, it is likely that AtIRT1 promoter driven
expression of AtIRT1 could be more efficient than MsENOD12B promoter in terms of metal uptake
ability. Together, these preliminary results indicate the possibility of developing high iron lines
with reduced cadmium uptake. However, further investigations on grain cadmium content are
required together with a field study on the potential lines.

4.5 Materials and methods

4.5.1 Transformation vectors, rice transformation and plant growth conditions
The plasmids pCAMBIA 1300 containing AtIRT1m alleles under the control of the native AtIRT1
promoter were kindly provided by Prof. Dr.

Mary Lou Guerinot. The fragment of

pCaMV35S::AtNAS1 and pGLB-1::PvFERRITIN were excised from the vector used to develop
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NFP rice (Wirth et al., 2009) and inserted using BamHI/PstI in the pCAMBIA1300 plasmid
containing IRTm alleles to generate pIENF and pISNF. To develop pMENF and pMSNF, mutant
AtIRT1

genes

(1,374

base

pairs)

were

AGATCTCACACAACAATCCAAAAG-3’

amplified
and

using
reverse

forward

primer

primer

5’5’-

GTCGACGAAAAAGCAGCAAAAGTT-3’, followed by cutting of the AtIRT1 fragment with
BglII and SalI before inserting it into pMSB containing the MsENOD12B promoter (provided by
Dr. Christof Sautter ;Terada et al., 2001). The MsENOD12B:: AtIRT1m fragment was cut with KpnI
and BamHI and re-inserted into the plasmid pCAMBIA1300 containing the fragments
pCaMV35S::AtNAS1 and pGLB-1::PvFERRITIN to generate pMENF and pMSNF. Agrobacterium
tumefaciens strain EHA105 (Hood et al., 1993) was used to transform Oryza sativa ssp. japonica
cv. Nipponbare. Transformation, selection and regeneration were performed as described by
Nishimura et al. (2006). Detection of transgene fragments was performed using following primers:
AtIRT1fw,

5´-TGATGCTACCTTGAAGCTTAG-3´

and

AtIRT1rv,

5´-

TCAACTGCGCCGGAAGAATG-3´; AtNAS1fw, 5’-ACTCGTGTCCACGTGCTTAC-3’ and
AtNAS1rv,

5’-

TTGTTCATGATCGCGTGAATC-3’

GCCTCAACTGTGCCTCTTACT-3’

and

and

PvFERRITINfw,

PvFERRITINrv,

5’5’-

CCACAACACTACAAGTTCTTAC-3’. Single copy insertions lines were identified by Southern
blot analysis using digoxigenin (DIG) labelling. The fragment of AtNAS1 amplified by specific
primers as described above was used as a probe for Southern hybridization. Single transgene
insertion lines were grown on commercial soil (Klasmann-Deilmann GmbH, Germany) under
standard greenhouse conditions (80% humidity/30°C/12h light and 60% humidity/22°C/12h dark).
Quantification of divalent metals and transgene expression was conducted on grains, shoots and
roots samples obtained from T2 generation plants.

4.5.2 Cadmium treatment

For measurement of percentage height increase, transgenic T1 seeds were germinated in vitro for 5
days and subsequently their initial shoot height was measured prior to transfer to basal MS medium
(Musashige and Skoog, 1962) containing 0, 50, or 500 µM CdCl 2. Transgenic plants were
harvested after 10 days and the shoot height was measured. In order to obtain percentage of height
increase, the increase in shoot height in each individual plant was divided by the initial shoot height
and multiplied by 100.
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In case of quantitative cadmium measurements, 3-week-old transgenic T2 rice were grown on
perlite soaked with basal solution as described by Kobayashi et al. (2005) containing 0 or 10 µM
CdCl2 and were grown for 10 days under greenhouse conditions prior to harvesting of shoots and
roots.

4.5.3 Quantitative measurement of iron, zinc, manganese, copper and cadmium content

Polished grains were obtained by de-husking of mature grain samples and subsequently polishing
by a grain polisher (Kett grain polisher ‘Pearlerst’, Kett Electric Laboratory, Tokyo, Japan) for 1
minute. Shoots and roots were subsequently dried at 60°C for 5 days. Samples were ground and
digested by boiling 200 mg sample in 15 ml of 65% v/v HNO3 solution at 120°C for 90 min. 3 ml
of 30% v/v H2O2 was then added and the mix was continuously boiled at 120°C for another 90
min. Determination of metal quantity was performed using inductively coupled plasma-optical
emission spectroscopy (ICP-OES) (Varian Vista-MPX CCD Simultaneous ICP-OES). The
wavelength used for iron, zinc, manganese, copper and cadmium was 238.204, 213.857, 257.610,
324.754, and 226.502 nm respectively. The National Institute of Standards and Technology (NIST)
rice flour standard 1658a was included as a quality control.

4.5.4 Quantitative real-time PCR

Total shoot and root RNA was extracted from 5-day-old T2 generation seedlings using Isol-RNA
lysis reagent (5 Prime, Germany). Total endosperm RNA was extracted using extraction buffer
containing 0.15 M NaCl and 1% sarcosyl (Singh et al., 2003). Total RNA samples were treated
with DNaseI and first strand cDNA synthesis was carried out according to the manufacturer’s
instructions (Thermo Fisher Scientific Inc., USA). Quantitative real-time PCR (qRT-PCR) was
performed using Taqman hydrolysis probes (Roche, Switzerland) on 7500 FAST Real Time PCR
system (Applied Biosystem, Inc., USA). Reaction solution included 0.5 µl cDNA, 2.25 µl 10 mM
forward primer, 2.25 µl 10 mM reverse primer, 0.25 µl probe (Roche Ltd., Switzerland), 12.5 µl
Taqman® Gene Expression Mastermix (Applied Biosystems Ltd., USA) and 7.25 µl H2O. Primers
were

designed

using

Roche

primer

design

website

(https://lifescience.roche.com/shop/CategoryDisplay?catalogId=10001&tab=&identifier=Universal+Prob
e+Library&langId=-1&storeId=15006). The primer sequences and probe numbers are provided in
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Supplementary table 1. Primer efficiency was obtained by LinReg PCR (Tuomi et al., 2010).
Endogenous rice genes i.e., Os01g0147200 and Os11g0661400 were used for normalization of
qRT-PCR data as describled by Schefe et al. (2006).
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4.7 Supplementary materials

Supplementary figure1 Example of Southern blot analysis using AtNAS1 gene as a probe in MENF (a), IENF
(b), MSNF (C) and ISNF (d) transgenic lines.

MENF, plants carrying pMsENOD12B::AtIRT1-E::t35S,

pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS; MSNF, plants carrying pMsENOD12B::AtIRT1-S::t35S,
pCaMV35S::AtNAS1::tNOS

and

pGLB-1::PvFER::tNOS;

IENF,

plants

carrying

pAtIRT1::AtIRT1-E,

pCaMV35S::AtNAS1::tNOS

and

pGLB-1::PvFER::tNOS;

ISNF,

plants

carrying

pAtIRT1::AtIRT1-S,

pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS.
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Supplementary figure 2 Growth performance of transgenic plants expressing AtIRT1m, AtNAS1 and
PvFERRITIN genes. Agronomic parameters including days to flowering (DTF), SPAD value, plant height, tiller
number, panicle number and one thousand grain weight (1000GW) are presented. Values are the average of three
individual

plants.

NB,

Nipponbare

control;

MENF,

plants

carrying

pMsENOD12B::AtIRT1-E::t35S,

pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS; MSNF, plants carrying pMsENOD12B::AtIRT1-S::t35S,
pCaMV35S::AtNAS1::tNOS

and

pGLB-1::PvFER::tNOS;

IENF,

plants

carrying

pAtIRT1::AtIRT1-E,

pCaMV35S::AtNAS1::tNOS

and

pGLB-1::PvFER::tNOS;

ISNF,

plants

carrying

pAtIRT1::AtIRT1-S,

pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS.
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Supplementary figure 3 Expression analysis of AtIRT1, AtNAS1 and PvFERRITIN in transgenic lines. Relative
expression of AtIRT1 (a) and AtNAS1 (b) in roots and shoots and relative expression of PvFERRTIN in endosperm (c)
was confirmed in T2 seedlings of selected transgenic plants representing each construct. The line containing highest
iron content in endosperm for each construct was chosen for this experiment. No expression was observed in
Nipponbare (NB) control (data not shown). The data were normalized with the endogenous expression of
Os01g0147200 and Os11g0661400. Values are the average of three biological replicates (± standard deviation).
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Supplementary figure 4 Zinc, manganese and copper concentration in the polished T3 grains of transgenic rice
carrying AtIRT1m under the control of native AtIRT1 and MsENOD12B promoter together with AtNAS1 and
PvFER expression. The data were sorted in order from the highest to the lowest endosperm iron concentration. Values
are the average of three biological replicates (± standard deviation). Black and red asterisks above the bars indicate
statistically higher or lower significant values calculated using Student’s T-Test in comparison to the Nipponbare (NB)
control (*P˂0.05, **P˂0.01), respectively. Dotted lines represent the range of endosperm iron content that was
reported in the transgenic IRT-NAS-FER rice; MINF and IINF. NB, Nipponbare rice; MENF, plants carrying
pMsENOD12B::AtIRT1-E::t35S, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS; MSNF, plants carrying
pMsENOD12B::AtIRT1-S::t35S, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS; IENF, plants carrying
pAtIRT1::AtIRT1-E,

pCaMV35S::AtNAS1::tNOS

and

pGLB-1::PvFER::tNOS;

ISNF,

plants

carrying

pAtIRT1::AtIRT1-S, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS.
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Supplementary figure 5 Iron, zinc, manganese and copper concentration in the unpolished T 3 grains of
transgenic rice carrying AtIRT1m under the control of native AtIRT1 and MsENOD12B promoter together with
AtNAS1 and PvFER expression. The data were sorted in order from the highest to the lowest endosperm iron
concentration. Values are the average of three biological replicates (± standard deviation). Black and red asterisks
above the bars indicate statistically higher or lower significant values calculated using Student’s T-Test in comparison
to the Nipponbare (NB) control (*P˂0.05, **P˂0.01), respectively. Dotted lines represent the range of endosperm iron
content that was reported in the transgenic IRT-NAS-FER rice; MINF and IINF. NB, Nipponbare rice; MENF, plants
carrying pMsENOD12B::AtIRT1-E::t35S, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS; MSNF, plants
carrying pMsENOD12B::AtIRT1-S::t35S, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS; IENF, plants
carrying

pAtIRT1::AtIRT1-E, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS; ISNF, plants carrying

pAtIRT1::AtIRT1-S, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS.
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Supplementary figure 6 Zinc, manganese and copper distribution in shoots and roots of T2 transgenic seedlings
expressing AtIRT1m under the control of native AtIRT1 and MsENOD12B promoter together with AtNAS1 and
PvFER expression. Values are the average of three biological replicates (± standard deviation). Black and red asterisks
above the bars indicate statistically higher or lower significant values calculated using Student’s T-Test in comparison
to the Nipponbare (NB) control (*P˂0.05, **P˂0.01), respectively. Dotted lines represent the range of iron content
that was reported in the transgenic IRT-NAS-FER rice; MINF and IINF. NB, Nipponbare rice; MENF, plants carrying
pMsENOD12B::AtIRT1-E::t35S, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS; MSNF, plants carrying
pMsENOD12B::AtIRT1-S::t35S, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS; IENF, plants carrying
pAtIRT1::AtIRT1-E,

pCaMV35S::AtNAS1::tNOS

and

pGLB-1::PvFER::tNOS;

ISNF,

plants

carrying

pAtIRT1::AtIRT1-S, pCaMV35S::AtNAS1::tNOS and pGLB-1::PvFER::tNOS.
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Supplementary table 1 Primer sequences and Taqman probe used for quantitative analysis of transgenes
expression
Nr.

Gene

Accession ID

Forward primer

Reverse primer

1

AtIRT1

NM_118089

tcgaaggcatgggtcttg

acgccataacaaatttcttcatatt

TaqMan probe
65

2

AtNAS1

AY072364

gcacttggagaaacacatgg

tctgagagcatgagcactcc

1

3

PvFERRITIN

X58274

ccgatcaagaatgtaccctca

aattccattgcatataacgcatc

133

4

Os01g0147200

NM_001048546

agcagctgaaagcaccaaa

cacgcccttcaacactgag

124

5

Os11g0661400

NM_001074942

tcgctataccacccctcttg

acgatggaggacgaaggtag

7
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5 GENERAL DISCUSSION

5.1 Nutritional enhancement of staple crops

Malnutrition is a major health burden for the world, especially in developing countries. Intervention
strategies using industrial fortification and supplementation programs rely on industrial processing,
purchasing power, distribution channels and access to health-care systems for their success. In
contrast, biofortification provides a more sustainable and cost effective approach. Biofortification
relies on the biosynthesis or physiological capacity of plants to produce or accumulate the desired
nutrients. It could be achieved by using agronomy, conventional breeding and/or gene technology.
Agronomic biofortification is a widely applied strategy to enhance mineral concentrations in the
edible plant parts. By soil or foliar fertilizer application, agronomic performance of staple crops
can be improved together with high accumulation of specific minerals. Foliar application of zinc
led to significant increases of grain zinc and grain yield in wheat and rice (Cakmak et al., 2010;
Phattarakul et al., 2012). Soil and foliar selenium application increased selenium content in rice
grains (Boldrin et al., 2013). However, in addition to the high costs, nutrient fertilizers are often
not efficient in obtaining sufficient increases for certain minerals like iron. The HarvestPlus
Challenge program was launched in 2004 in order to support biofortification of staple food crops,
including rice and wheat, primarily for increased iron, zinc and vitamin A (www.harvestplus.org).
Among those micronutrients, improvement for zinc gained more promising results. By screening
of wheat germplasm, high zinc grains were selected among 3000 accessions (Monasterio and
Graham, 2000). Zinc content varied between 15 to 35 mg/kg (Oury et al., 2006), with some of
wheat genotypes containing up to 142 mg/kg (Velu et al., 2014). However, it was anticipated that
these values might be influenced by previous application of manure at some locations (Velu et al.,
2014). In case of rice, the variability for most micronutrients is very low, particularly in the
endosperm. Therefore, traditional breeding alone is not a suitable option for biofortification of rice
for various nutrients. In such cases, genetic engineering offers perspectives for micronutrient
improvement with significant increases.

With the knowledge of gene technology and genetics, biofortified crops can be obtained through
breeding and/or genetic modification. So far, several biotechnology approaches for nutrient
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enhanced crops were reported with varied degrees of success. Here I mainly discuss the transgenic
crops improved for essential amino acids/ vitamins or minerals.

5.1.1 Engineering for increased essential amino acids

Several strategies have been explored to enhance essential amino acid content in different crops
that met with different levels of success. Increase of lysine, tryptophan and methionine received
the most attention since they are limited in cereals and legume crops. With genetic approaches,
development of high lysine maize varieties containing high amounts of free lysine and low amounts
of lysine poor seed storage proteins was initiated (Mertz et al., 1964; Mertz 1997). However, field
experiments demonstrated poor quality traits including yield reduction, increasing of disease and
insect susceptibility. Genetic engineering to enhance lysine biosynthesis or accumulation of lysinerich protein was conducted on several crops including soybean, rapeseed and maize (Falco et al.,
1995; Jung and Carl, 2000; Frizzi et al., 2008). However, these attempts were not always
successful. Increases of free lysine in some cases were reported, but in association with abnormal
seed germination (Mazur et al., 1999). Synthetic lysine-rich proteins were unstable and did not
accumulate to sufficient levels (Beuregard and Hefford, 2006). Reduction of negative feedback
inhibition of tryptophan biosynthesis led to tryptophan accumulation in rice seeds and potatoes
(Wakasa et al., 2006; Yamada et al., 2004). This also caused inferior agronomic traits including
low germination rate and spikelet fertility (Wakasa et al., 2006). Manipulation of genes related to
methionine production could not increase methionine levels due to extensive methionine
catabolism. However, reducing methionine catabolism resulted in increased levels of soluble
methionine (Goto et al., 2002; Shen et al., 2002).

5.1.2 Engineering for increased vitamin content
Enrichment of β-carotene, tocopherols, vitamin C and folate were reported in many crop species.
Rice was engineered for biosynthesis of β-carotene, a pro-vitamin A, by transformation of
PHYTOENE SYNTHASE (PSY) and PHYTOENE DESATURASE (CRTI), which resulted in high
carotenoid increases in the endosperm (Paine et al., 2005). Expression of bacterial PHYTOENE
SYNTHASE CRTB also led to a significant increase of carotenoids in rapeseed, flaxseed and
tomatoes (Ducreux et al., 2005; Fujisawa et al., 2008; Rosati et al., 2000). Overexpression of α87

tocopherol biosynthesis genes led to increase of tocopherols in soybean, oil seed and lettuce (Cho
et al., 2005; Tavva et al., 2007; Yusuf et al., 2007). Expression of DEHYDROASCORBATE
REDUCTASE to regenerate ascorbic acid enhanced vitamin C in lettuce (Jain and Nessler, 2000).
Increases of folate in rice, maize, tomatoes, and lettuce by introducing folate biosynthesis genes
such as GTP CYCLOHYDROLASE I (GTPCHI) and AMINODEOXYCHORISMATE SYNTHASE
(ADCS) have been reported (Diaz de la Garza et al., 2004; Naqvi et al., 2009; Storozhenko et al.,
2007). It is noted that studies on vitamin improvement covered several plant species as compared
to reports on essential amino acids which were rather restricted to the staple crops.

5.1.3 Engineering for increased essential minerals

Iron, zinc, copper, and calcium are among the essential minerals that are most commonly lacking
in humans. Transgenic approaches to improve these essential minerals have focused on increasing
mineral accumulation together with the enhanced mineral bioavailability. Expressing Arabidopsis
ZIP1 enhanced zinc accumulation in barley (Ramesh et al., 2004). Endosperm targeted
overexpression of FERRITIN resulted in higher iron content in wheat grains (Borg et al., 2012).
Genetically engineered Indian mustard to produce more glutathione, phytochelatins and total thiols
had higher concentration of zinc and copper than the non-transformed control (Bennett et al.,
2003). Expression of gene encoding VACUOLAR Ca2+/H+ ANTIPORTER 1 (CAX1) increased
calcium concentration in carrots, lettuce and tomato (Morris et al., 2008; Park et al., 2009; Park et
al., 2005). In case of rice, significant increases in the iron content in both polished and unpolished
grains have been achieved. This has been achieved mostly by transformation of iron transporters
and iron storage proteins. Majority of these reports facilitated iron storage in the endosperm by
using FERRITIN protein. It is now established that the iron stored in the FERRITIN is readily
bioavailable upon human consumption (Murray-Kolb et al. 2003). This study demonstrated that
expression of IRT either in IRT-NFP or IRT-NAS-FER rice not only improved iron levels in rice
endosperm but also increased other divalent metal levels including zinc and copper in rice grains
(Chapter 2, 3 and 4).
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5.2 Thesis outlook

In this PhD work, I evaluated the potential of IRT in iron enhancement in rice grains. The results
showed that the expression of IRT in rice, either alone or in combination with NAS and FER
expression could significantly increase endosperm iron. Furthermore, preliminary experiments on
IRT alleles with reduced cadmium uptake ability show potential of deploying these alleles for iron
enhancement in rice while keeping the cadmium accumulation to minimum levels. However, these
results were obtained under greenhouse conditions and cadmium accumulation was only studied in
roots and shoots. Cadmium content in the polished grains needs to be evaluated and testing the
performance of the potential lines in cadmium contaminated rice-paddy fields is also necessary.
Metal homeostasis is maintained via a complex network of genes and regulatory factors. Many of
the metal ions share similar channels for their uptake and translocation. The transgenic rice
generated in this work not only had higher grain iron content but other divalent metals such as zinc,
manganese and copper were also increased. Therefore, it is necessary that studies focusing on iron
enhancement take a more comprehensive approach and quantify the profiles of other metals that
are beneficial as well as those that are detrimental to human health. This work also revealed that
IRT expression could modulate the expression of other endogenous rice genes related to iron
homeostasis. Further molecular studies could also be conducted on the transgenic IRT-NAS-FER
plants, for better understanding of the regulation of metal homeostasis in transgenic rice. The
knowledge gained from such further studies might lead to identification of candidate genes for use
in iron biofortification programs. Additionally, with the progress made in development of high
iron, high folate, high β-carotene rice, it is now possible to generate rice lines that are enriched for
multiple micronutrients at the same time. Furthermore, these traits should be incorporated into
more widely grown commercial rice varieties.
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