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Abstract Iron (Fe) deficiency, a worldwide agricultural

problem on calcareous soil with low Fe availability, is also

a major human nutritional deficit. Plants induce Fe acqui-

sition systems under conditions of low Fe availability.

Previously, we reported that an Fe-deficiency-inducible

basic helix-loop-helix (bHLH) transcription factor, Os-

IRO2, is responsible for regulation of the genes involved in

Fe homeostasis in rice. Using promoter-GUS transfor-

mants, we showed that OsIRO2 is expressed throughout a

plant’s lifetime in a spatially and temporally similar man-

ner to the genes OsNAS1, OsNAS2 and TOM1, which is

involved in Fe absorption and translocation. During ger-

mination, OsIRO2 expression was detected in embryos.

OsIRO2 expression in vegetative tissues was restricted

almost exclusively to vascular bundles of roots and leaves,

and to the root exodermis under Fe-sufficient conditions,

and expanded to all tissues of roots and leaves in response

to Fe deficiency. OsIRO2 expression was also detected in

flowers and developing seeds. Plants overexpressing

OsIRO2 grew better, and OsIRO2-repressed plants showed

poor growth compared to non-transformant rice after ger-

mination. OsIRO2 overexpression also resulted in

improved tolerance to low Fe availability in calcareous

soil. In addition to increased Fe content in shoots, the

overexpression plants accumulated higher amounts of Fe in

seeds than non-transformants when grown on calcareous

soil. These results suggest that OsIRO2 is synchronously

expressed with genes involved in Fe homeostasis, and

performs a crucial function in regulation not only of Fe

uptake from soil but also Fe transport during germination

and Fe translocation to grain during seed maturation.
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Introduction

Enhancing the productivity of graminaceous crops is an

important strategy to meet the increasing demand for food

as a result of rapid population increases. Agricultural

productivity is severely affected in calcareous soils, which

constitute about 30% of the world’s cultivated soils.

Although an abundant mineral in soil, iron (Fe) is sparingly

soluble under aerobic conditions, in particular at high pH

(Marschner 1995). Consequently, plants often exhibit Fe-

deficiency symptoms manifested as chlorosis (yellowing

caused by chlorophyll deficiency), leading to reduced crop

yield and quality. For humans, Fe deficiency is also a

serious nutritional problem. Fe-deficiency anemia afflicts

an estimated 30% of the world population, especially

where a vegetable-based diet is the primary food source

(Grusak and Dellapenna 1999). To solve these problems,

the mechanisms of Fe uptake and translocation in plants
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have been investigated. Higher plants use two major Fe-

uptake strategies: reduction (referred to as Strategy I) and

chelation (Strategy II) (Römheld and Marschner 1986).

The Strategy II mechanism is specific to graminaceous

plants, which include many staple food crops. Strategy II

mechanism is mediated by natural Fe chelators, the

mugineic acid family phytosiderophores (MAs) (Takagi

1976). Rice, one of the most important cereals in the world,

secretes only deoxymugineic acid (DMA) among MAs.

The biosynthetic pathway of MAs from methionine via

nicotinamine (NA) as an intermediate has been elucidated

(Mori 1999; Mori and Nishizawa 1987; Shojima et al.

1990). Biosynthesized MAs are secreted to the rhizosphere

by transporter of mugineic acids 1 (TOM1) and solubilize

rhizospheric Fe(III) (Nozoye et al. 2010). The resultant

Fe(III)–MAs complexes are absorbed into root cells

through YS1, OsYSL15, and HvYS1 transporters (Curie

et al. 2001; Inoue et al. 2009; Lee et al. 2009; Murata et al.

2006). In addition to the essential role in Fe uptake from

the rhizosphere, MAs are also involved in Fe homeostasis

inside plants, such as long-distance transport of Fe in

graminaceous plants (Alam et al. 2001; Aoyama et al.

2009; Higuchi et al. 2001; Inoue et al. 2009; Kakei et al.

2009). NA, which is present in both graminaceous and non-

graminaceous plants, although it is not secreted to the

rhizosphere, was also reported to play a crucial role in

metal transport and distribution in higher plants (Becker

et al. 1995; Stephan and Scholz 1993; Takahashi et al.

2003). OsYSL2 was reported to transport the Fe(II)–NA

and Mn(II)–NA complexes and is involved in long-distance

transport of Fe and Mn in rice (Ishimaru et al. 2010; Koike

et al. 2004). The genes that encode the key enzymes for

MAs biosynthesis have been isolated from graminaceous

plants such as barley, rice, and maize, including NA syn-

thase (NAS) genes (Higuchi et al. 1999, 2001; Mizuno et al.

2003), NA aminotransferase (NAAT) genes (Inoue et al.

2008; Takahashi et al. 1999), deoxymugineic acid synthase

(DMAS) genes (Bashir et al. 2006), and two dioxygenase

genes, IDS2 (Okumura et al. 1994) and IDS3 (Kobayashi

et al. 2001; Nakanishi et al. 1993). Promoter-GUS analysis

revealed that OsNAS1, OsNAS2, OsNAAT1, OsDMAS1,

OsYSL15, and TOM1 are strongly expressed in vascular

bundles and the exodermis in roots, suggesting that they are

required in both the absorption and long-distance transport

system of Fe using Fe–MAs and Fe–NA complexes (Bashir

et al. 2006; Inoue et al. 2003, 2008, 2009; Nozoye et al.

2010). These genes are also expressed during germination

and reproductive stages in rice (Inoue et al. 2009; Nozoye

et al. 2007, 2010; Takahashi et al. 2005). Expression of

these biosynthetic genes and transporter genes is coordi-

nately upregulated in response to Fe deficiency (Kobayashi

et al. 2005). The results suggest that these genes are co-

regulated by a specific regulatory system.

The Fe-deficiency-responsive cis-acting elements, IDE1

and IDE2, identified from the barley IDS2 promoter, syn-

ergistically induce Fe-deficiency-specific gene expression

in tobacco and rice (Kobayashi et al. 2003, 2004). Fur-

thermore, we identified two transcription factors in rice,

IDEF1 and IDEF2, which recognize IDE1 and IDE2,

respectively (Kobayashi et al. 2007; Ogo et. al. 2008).

Induced expression of IDEF1 in rice results in improved

tolerance to early stages of Fe deficiency (Kobayashi et al.

2007, 2009). Repressed function of IDEF2 leads to aberrant

Fe distribution within rice plants (Ogo et al. 2008). Thus,

recognition of IDE1 and IDE2 by IDEF1 and IDEF2,

respectively, is thought to constitute a crucial step in the Fe-

deficiency response. We also identified an Fe-deficiency-

inducible basic helix–loop–helix (bHLH) transcription

factor, OsIRO2, from rice (Ogo et al. 2006). OsIRO2 is

positively regulated by IDEF1 (Kobayashi et al. 2007,

2009) and is responsible for regulation of the key genes

involved in Fe absorption, e.g., OsNAS1, OsNAS2, Os-

NAAT1, OsDMAS1, OsYSL15 and TOM1 (Ogo et al. 2007;

unpublished data). OsIRO2 regulates these genes through

the G-box-like cis-element, CACGTGG, but not sequences

similar to IDE1 or IDE2 (Ogo et al. 2006). Transgenic rice

in which OsIRO2 was repressed by RNA interference

(RNAi) secreted less DMA than non-transformants (NT)

and was susceptible to Fe deficiency (Ogo et al. 2007). In

contrast, OsIRO2-overexpressing rice (OX) induced the

genes involved in Fe uptake more strongly and secreted

more DMA than NT (Ogo et al. 2007). Thus, OsIRO2 is a

key regulator in the Fe-deficiency response in rice.

In the present study, we investigated the localization of

OsIRO2 in seedlings during germination, in Fe-sufficient

and Fe-deficient rice plants in vegetative organs, and in

flowers and seeds during the reproductive stage. Further-

more, we demonstrated that OsIRO2 overexpression

enhanced not only Fe-deficiency tolerance but also

improved germination and translocation of Fe to grains, as

a result of activating the expression of genes involved in Fe

uptake. Our results suggest that OsIRO2 is required not

only under Fe-deficient conditions but also during germi-

nation and seed maturation stages when plants require

relatively high amounts of Fe.

Materials and methods

Histochemical analysis

Genomic sequences containing the putative promoter

region of OsIRO2 (-2000 to -1 from the transcriptional

initiation site) were amplified by PCR with the rice geno-

mic DNA (Oryza sativa L. cv. Nipponbare) as template

using the primers, 50-aagcttACACCCTTAGACCTTAT
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ATTTTACCG-30 and 50-tctagaGCTTGCTTGTCGCTA-

GAGAG-30. The amplified fragment was cloned into pCR–

BluntII–TOPO (Invitrogen, Carlsbad, CA, USA) and the

sequence was verified. The inserted sequence of the Os-

IRO2 promoter was cloned into pIG121Hm-Xho (Kobay-

ashi et al. 2004) at the XbaI and HindIII sites. The

transformation of rice (Oryza sativa L. cv. Tsukinohikari)

was performed as described previously (Higuchi et al.

2001), and T1 seeds were used for the experiments. For

observations during germination, the seeds were sown on

Murashige and Skoog (MS) medium at 28�C under a 16-h

light/8-h dark photoperiod. At days 0 (before sowing), 1, 2,

and 3, the seeds were harvested and sliced in half. For

observation of vegetative stages, seeds were germinated for

2 weeks on MS medium at 28�C under 16-h light/8-h dark

light conditions. After germination, seedlings were grown

hydroponically for 3 weeks, as described previously (Ko-

bayashi et al. 2005). Fe deficiency was then initiated by

omitting Fe(III)–EDTA from the culture medium. For

observation during reproductive stages, each seedling was

grown in 1 kg of Bonsol (Sumitomo Chemical Co., Tokyo,

Japan) containing 2 g CFR-M2 fertilizer (Morikawa et al.

2004). Histochemical staining and observation were carried

out as described previously (Inoue et al. 2003), with slight

modifications. The sections were stained for 30 min to 20 h

in GUS reaction buffer.

Growth experiment during germination

Generation and line selection of the OX and RNAi rice

were described previously (Ogo et al. 2007). Seeds of

plants from the growth experiment on normal cultivation

soil (see below) were used. The growth conditions, harvest

date, and storage condition were exactly the same between

plants. The T3 seeds of the OX, RNAi, and NT plants were

sown on MS medium and grown at 28�C under 16-h light/

8-h dark conditions. The plumule length was measured 36,

48, and 72 h after germination. Total RNA of the 3-day-old

seedlings was extracted as described by Takaiwa et al.

(1987). Quantitative RT–PCR was performed using the

same primers and the same conditions as described previ-

ously (Kobayashi et al. 2009; Nozoye et al. 2010).

Growth experiment in soil

The T2 seeds of the OX and NT rice were germinated on

MS medium for 2 weeks and grown at 28�C under 16-h

light/8-h dark conditions. Seedlings were grown hydro-

ponically for 3 days as described previously (Kobayashi

et al. 2005), and then transferred to 1 kg calcareous soil

obtained from Takaoka City (Toyama, Japan) and con-

taining 2 g CFR-M2 fertilizer per plant. Plants were grown

in pots in a greenhouse as described previously (Ishimaru

et al. 2007), without waterlogging. The degree of chlorosis

in the fully expanded, youngest leaf was measured with a

SPAD-502 chlorophyll meter (Konika Minolta, Tokyo,

Japan). For quantitative RT–PCR, the roots were harvested

at days 0 (before transfer to calcareous soil), 3, and 10.

Total RNA was extracted using the method of Prescott and

Martin (1987). Quantitative RT–PCR was performed as

described above. Bonsol soil was used for the growth test

on normal cultivation soil. The OX, RNAi, and NT plants

were germinated for 2 weeks on MS medium at 28�C

under 16-h light/8-h dark conditions. They were then

transferred to 1 kg Bonsol containing 2 g CFR-M2 fertil-

izer per plant and grown for 4 months.

Measurement of metal concentration

The plants grown in calcareous soil for 11 weeks were

harvested and dried for 1 day at 80�C. The shoot

(140–200 mg) and brown rice grains (160–210 mg) were

wet-ashed with 3–5 ml 11 M HNO3 for 40 min at 220�C in

a MarsXpress oven (CEM, Berlin, Germany). The metal

concentrations were measured by inductively coupled

plasma atomic emission spectrometry (SPS1200VR; Seiko

Instruments, Chiba, Japan) as described previously (Suzuki

et al. 2006).

Results

Spatial pattern of OsIRO2 expression

To gain more detailed insight into the roles of OsIRO2, we

investigated the localization of its expression through his-

tochemical observation of OsIRO2 promoter-GUS trans-

formants. In seed germination stage, OsIRO2 expression

was detected in the embryo (Fig. 1). On days 1 and 2 after

Fig. 1 Histochemical localization of OsIRO2-promoter GUS activity

in seeds at days 0 (before sowing), 1, 2, and 3 days after sowing. The

white arrow indicates the vascular bundle of the plumule, and the red
arrow shows the scutellum
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Fig. 2 Histochemical

localization of OsIRO2-

promoter GUS activity in roots.

a–d Transverse section of Fe-

sufficient roots. e–h Transverse

section of Fe-deficient roots. b,

f Enlargement of the stele. c,

g Higher magnification of the

xylem and phloem. d,

h Enlargement of the epidermis

and exodermis. CC companion

cell; EN endodermis; EP
epidermis, EX exodermis; MP
metaphloem; MX I metaxylem I;

MX II metaxylem II; PP
protophloem; Pr pericycle; *

protoxylem. Scale bars 100 lm

for (a) and (e); 50 lm for (b),

(d), (f), and (h); 10 lm for

(c) and (g)
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sowing, GUS staining was observed in the radicle and

scutellum. On day 3, OsIRO2 expression was detected in

vascular bundles of the plumule, in addition to the radicle

and scutellum.

In the vegetative stage, OsIRO2 expression was detected

in Fe-sufficient roots and was strongly induced in response

to Fe deficiency (Fig. 2). In the roots of Fe-sufficient

plants, GUS staining derived from OsIRO2 promoter

activity was observed mainly within the stele (Fig. 2a, b).

Occasionally, GUS activity was observed in parts of the

exodermis and cortex cells (Fig. 2a, d). Strong staining was

observed in pericycle cells adjacent to the protoxylem and

metaxylem I, and in phloem companion cells (Fig. 2c). In

roots of Fe-deficient plants, the OsIRO2 promoter was

active in all tissues, including the epidermis, exodermis,

cortex, whole stele (Fig. 2e, f), and root hairs (Fig. 2h). In

particular, strong staining was observed in pericycle cells

adjacent to the protoxylem and metaxylem I, and in phloem

companion cells (Fig. 2g), as evident in Fe-sufficient roots.

In leaves of Fe-sufficient plants, GUS activity was

detected within the vascular bundles (Fig. 3a, b), as in Fe-

sufficient roots. Strong staining was observed in xylem

parenchyma cells and phloem companion cells (Fig. 3b, c).

Under Fe-deficient conditions, the OsIRO2 promoter was

active in all tissues, including phloem, parenchyma, and

companion and mesophyll cells (Fig. 3d, e). In particular,

strong staining was observed in phloem companion cells

(Fig. 3f).

The reproductive organs are major sinks for Fe and are

important in supplying Fe in human food. Therefore, Os-

IRO2 expression in flowers and developing seeds was also

examined. The OsIRO2 promoter was active in vascular

Fig. 3 Histochemical

localization of OsIRO2-

promoter GUS activity in

leaves. a–c Transverse section

of Fe-sufficient leaves. d–

f Transverse section of Fe-

deficient chlorotic leaves. b,

e Enlargement of vascular

tissues. c, f Higher

magnification of the phloem.

The arrowheads show

companion cells. MX
metaxylem; ST phloem. Scale
bars 200 lm for (a) and (d);

50 lm for (b) and (e); 10 lm

for (c) and (f)
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bundles of spikelets before anthesis (Fig. 4a), anthers

(Fig. 4a, i), and pollen grains (Fig. 4j). As the ovary grew,

GUS staining intensified, especially in the outer layer of

the endosperm, where storage proteins and minerals

accumulate (Fig. 4b–g). Thirty days after flowering, strong

staining remained in dorsal vascular bundles (Fig. 4h) and

at the radicle of the embryo (Fig. 4k).

OsIRO2 affects growth during germination

OsIRO2-overexpressing rice were generated through the

constitutive cauliflower mosaic virus 35S promoter (OX),

and OsIRO2 knockdown rice using the RNAi technique

(Ogo et al. 2007). We observed growth of the OX and the

RNAi plants during germination and seedling stages.

Notably, the OX plants grew better than NT during ger-

mination; OX plants had longer radicles and plumules,

while those of RNAi rice were smaller (Fig. 5a). The

plumule elongation of the OX plants was better than those

of NT 48 and 72 h after imbibition, while RNAi rice

showed inferior growth (Fig. 5a, b).

We previously demonstrated that OsNAS1, OsNAS2,

OsNAAT1, OsDMAS1, OsYSL15 and TOM1 were posi-

tively regulated by OsIRO2 in vegetative stage (Ogo et al.

2007; unpublished data). The expression level of these

genes involved in Fe homeostasis was determined by

quantitative RT–PCR using the whole plants 3 days after

sowing (Fig. 5c). The expression of OsIRO2 was higher in

OX plants than in NT, and was below the detection limit in

the RNAi plants. Among the Fe-deficiency-inducible genes

involved in Fe homeostasis, OsNAS1, OsNAS2, OsNAAT1,

OsDMAS1, OsYSL15 and TOM1 were expressed more

strongly in the OX plants, but less in the RNAi plants than

in NT. No significant difference was observed in the

expression level of OsYSL2 among the OX, RNAi, and NT

rice.

OsIRO2 OX plants are tolerant of long-term low Fe

availability in calcareous soil and have improved Fe

concentration in shoots and grain

We previously demonstrated that RNAi plants showed

inferior growth in hydroponic culture containing 1/100 Fe

of a normal culture (Ogo et al. 2007). The OX plants did

not show significant tolerance to Fe deficiency under this

low-Fe hydroponic condition. In the present experiment,

the OX plants were grown on calcareous soil (pH 8.5). In

contrast to low-Fe hydroponic culture, abundant Fe is

included in calcareous soil, although this Fe is sparingly

soluble and thus not readily available for plants. During the

growth test on calcareous soil, the SPAD value (leaf

chlorophyll content) of the newest leaf, as well as plant

height was measured. The OX plants showed remarkable

Fig. 4 Histochemical localization of OsIRO2-promoter GUS activity of developing seeds. Before anthesis (a, i, j), after fertilization (b), 2–4 (c),

5–7 (d), 12–16 (e), 18–20 (f), 21–25 (g), and 30–35 (h, k) days after fertilization. Anther (i), pollen (j), and embryo (k)

Fig. 5 Growth of OsIRO2 OX and RNAi seedlings during germina-

tion. a Seedling appearance of RNAi, non-transformant (NT), and OX

plants grown on MS medium for 3 days. b The plumule length

(mean ± standard deviation, n = 4). c Quantitative RT–PCR analysis

of OsIRO2 and Fe homeostasis-related genes in 3-day-old seedlings

of RNAi (lines 1 and 2), NT, and OX (lines 1 and 2) plants

(mean ± standard deviation, n = 3). The vertical axis represents the

copy number of each gene divided by the copy number of tubulin. n.d.
not detected

c
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tolerance to low-Fe availability, and grew better than NT

plants (Fig. 6). The SPAD value of the OX plants dropped

after transplanting to calcareous soil (Fig. 6a), and the

shoot stopped growing around day 12 (Fig. 6b). However,

OX plant growth and chlorosis gradually recovered. At the

flowering stage, they had healthy flag leaves and seeds. In

contrast, NT plants showed retarded growth, and their

newest leaves displayed severe Fe-deficient symptoms

caused by the low-Fe availability (Fig. 6a–c). The dry

(a)

(b)

(c)
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t
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(d)
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Fig. 6 Growth test of OsIRO2 OX plants on calcareous soil. Non-

transformant (NT) rice and OsIRO2 overexpression plants (OX1 and

OX2) were transplanted to calcareous soil and grown until maturation

stage. a SPAD-502 value (chlorophyll content) of the newest leaves

of the OX and NT plants (mean ± standard deviation, n = 3) after

transplanting onto calcareous soil. b Plant heights of the OX and NT

plants (mean ± standard deviation, n = 3) after transplanting onto

calcareous soil. c Appearance of the OX and NT plants after 90 days

of growth on calcareous soil. d Dry weight of shoots (i.e., without

grain) and grain yield of the OX and NT plants after cultivation for

11 weeks on calcareous soil. The values with asterisks indicate

significant differences compared to NT according to a t test

(**P \ 0.01; n = 3). Error bars represent the standard deviation
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weight of OX shoots after 11 weeks of growth in the cal-

careous soil was more than twice higher than that of the NT

shoots (Fig. 6d). The grain yield of OX plants was three to

five times greater than that of the NT (Fig. 6d).

OsIRO2 OX plants improves Fe concentration in shoots

and grain

We measured the concentrations of Fe, manganese (Mn),

zinc (Zn), and copper (Cu) in shoots at the maturation stage

and in grain of OX plants and NT grown in calcareous soil

(Fig. 7). The Fe concentrations in shoots of OX plants were

two-four times higher than that of the NT rice (Fig. 7a).

Moreover, Mn concentrations in OX shoots were also twice

as high as that of NT shoots (Fig. 7a). Notably, Fe con-

centrations in grain of OX plants were more than twice that

of NT (Fig. 7b). In addition, an increase in Mn concen-

tration was observed in grain in OX plants as compared to

NT (Fig. 7b). The Zn and Cu concentrations in shoots and

grain of OX plants were higher or lower than those of NT,

although such changes in the Zn and Cu concentrations of

two OX lines were not consistent with each other.

OsIRO2 regulates downstream genes in plants grown

in calcareous soil

The expression of downstream genes of OsIRO2 (Ogo

et al. 2007) was investigated by quantitative RT–PCR

analysis during growth test in calcareous soil (Fig. 8). The

roots of the OX plants and NT were harvested at day 0

(before transplanting to calcareous soil), day 3, and day 10

after transplanting to calcareous soil. The expression of

OsIRO2 was low in NT rice at day 0, but was induced to a

high level at days 3 and 10. In the OX plants, OsIRO2

expression was much higher than in NT plants on days 0, 3,

and 10. Expression of OsNAS1, OsNAS2, OsNAAT1,

OsDMAS1, OsYSL15 and TOM1 was induced at days 3 and

10 in both OX plants and NT. These genes were expressed

at higher levels in the OX plants than NT on days 0 and 3,

when Fe-deficient chlorosis was still not visible. At day 10,

when Fe-deficient chlorosis began to appear, no significant

difference was seen in the expression levels of these genes

between OX and NT plants. Expression of OsYSL2 in the

OX plants was not higher than in NT on days 0, 3, or 10.

OsIRO2 also affects growth under Fe-sufficient soil

conditions

We previously reported that no visible difference in short-

term growth was observed at the vegetative stage among

the OX, RNAi, and NT plants, when grown hydroponi-

cally under Fe-sufficient conditions (Ogo et al. 2007). To

investigate growth of the OX and RNAi plants under Fe-

sufficient conditions during all vegetative and seed mat-

uration stages, plants were grown in commercial cultiva-

tion soil (pH 5.0). The OX and NT plants were similar,

with no significant difference in the dry weight of shoots
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Fe, Mn, Zn, and Cu concentrations in shoots (a) and grain

(b) expressed as micrograms per gram dry weight. Values with

asterisks indicate significant differences compared to NT rice

according to a t test (**P \ 0.01; *P \ 0.05; n = 3). Error bars
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Fig. 8 Quantitative RT–PCR analysis in rice plants grown on

calcareous soil. The roots of OX and NT plants grown on calcareous

soil were harvested on days 0 (before transplanting), 3 and 10 after

transplanting. Error bars represent the standard deviation (n = 3).

The vertical axis represents the copy number of each gene divided by

the copy number of tubulin

c
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or grain yields (Fig. 9). However, the RNAi plants had a

smaller number of tillers, and lower shoot weights than

those of the NT (Fig. 9), as well as a lower grain yield

(Fig. 9). The leaf color was similar in OX, RNAi, and NT

plants (data not shown). The metal concentrations in grain

differed little among the OX, RNAi, and NT plants (data

not shown).

Discussion

OsIRO2 is synchronously expressed with the genes

involved in Fe homeostasis

We previously demonstrated that OsNAS1, OsNAS2, Os-

NAAT1, OsDMAS1, OsYSL15 and TOM1 are positively

regulated by OsIRO2 (Ogo et al. 2007; unpublished data).

In the present report, we examined the expression pattern

of OsIRO2 using promoter-GUS analysis in germinating,

vegetative, and seed development stages in detail. The

expression sites of OsIRO2 (Figs. 1, 2, 3, 4) were almost

identical to those of the downstream genes of OsIRO2

(Bashir et al. 2006; Inoue et al. 2003, 2008, 2009; Nozoye

et al. 2007, 2010; Takahashi et al. 2005). Both OsIRO2

(Fig. 1) and the downstream genes were expressed in

embryos during germination, in vascular bundles of roots

and leaves during vegetative stages (Figs. 2, 3), and in

embryos during seed development (Fig. 4). These genes

were all induced by Fe deficiency. In particular, the

expression pattern of OsIRO2 was very similar to those of

OsNAS1, OsNAS2 and TOM1 at all growth stages (Figs. 1,

2, 3, 4; Inoue et al. 2003; Nozoye et al. 2007, 2010; Ta-

kahashi et al. 2005). Our results show that the genes reg-

ulated by OsIRO2 were expressed in the same sites as

OsIRO2, suggesting that the entire transcriptional regula-

tion cascade downstream of OsIRO2 is carried out in a

single cell. The synchronous expression of OsIRO2 with

these downstream genes confirmed the intense participa-

tion of OsIRO2 in the expressional regulation of these

downstream genes.

Some downstream genes of OsIRO2 were not expres-

sed in the cells where OsIRO2 expression was detected.

For example, OsIRO2 was expressed in the cortex of roots

and in mesophyll cells of leaves of Fe-deficient plants,

while expression of OsYSL15 was hardly detected in these

cells (Figs. 2, 3; Inoue et al. 2009). These results suggest

that other transcription factors, which confer site-specific

expression, cooperate with OsIRO2 for the regulation of

these genes. On the other hand, some downstream genes

of OsIRO2 were expressed in cells in which OsIRO2

expression was not detected. For example, OsIRO2 was

not expressed in the endosperm during germination

(Fig. 1), while OsNAS1 was expressed (Nozoye et al.

2007). Transcription factors other than OsIRO2 may reg-

ulate these genes as main transcriptional activators at

these sites.
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OsIRO2 is required for efficient germination

Nozoye et al. (2007) reported that the genes involved in

biosynthesis of MAs and the Fe(II)–NA and Mn(II)–NA

transporter gene OsYSL2 were expressed in seeds during

germination, suggesting that Fe transport by NA and MAs

is important for germination. The Fe(III)–DMA transporter

OsYSL15 is also expressed in embryos during germination,

and OsYSL15 knockdown plants exhibited severe arrest in

germination, indicating that OsYSL15-mediated Fe(III)–

DMA transport is essential for seed germination (Inoue

et al. 2009). Because these genes were expressed before

radicle elongation, they are thought to be involved in

internal Fe mobilization to transport Fe from endosperm to

embryo. OsIRO2 was expressed mainly in embryos during

germination (Fig. 1). In germinating seedlings, the

expression levels of OsNAS1, OsNAS2, OsNAAT1, OsD-

MAS1, OsYSL15 and TOM1 were lower in the RNAi plants

and higher in the OX plants than in NT (Fig. 5c). Thus, the

RNAi and OX plants are considered to have lower and

higher Fe transport ability by NA and MAs, respectively.

Indeed, the RNAi plants grew more slowly, and the OX

plants grew better than the NT during germination (Fig. 5a,

b). These results confirm that NA and MAs are necessary

for efficient growth during germination, and demonstrate

that OsIRO2 plays an important role during germination

through regulation of the genes involved in Fe homeostasis.

OsIRO2 overexpression improves both Fe uptake

and transport to grain in rice under low-Fe availability

Overexpression of OsIRO2 enhanced tolerance to low-Fe

availability under long-term cultivation in calcareous soil

(Fig. 6); the OX plants accumulated more Fe than NT in

calcareous soil (Fig. 7a). The OX plants secreted 1.7 times

more DMA than the NT under Fe-deficient conditions (Ogo

et al. 2007). In the growth evaluation on calcareous soil of

the present report, the OX rice was extremely tolerant to

low Fe availability, despite only a small increase in DMA

secretion. Similarly, Takahashi et al. (2001) reported that

rice with the introduced barley NA aminotransferase genes

secreted 1.8 times more DMA than NT, and showed

extensive tolerance to Fe deficiency on calcareous soil.

These results indicate that only a slight increase in DMA

secretion confers considerable Fe-deficiency tolerance to

rice. Another reason for Fe-deficiency tolerance of OsIRO2

OX plants is the high expression of genes involved in Fe

uptake during the early stages of Fe deficiency. In the

present study, we demonstrated that the downstream genes

of OsIRO2 were expressed at higher levels in OX plants

than in NT at days 0 and 3 after transplanting to calcareous

soil (Fig. 8). Expression of the downstream genes of Os-

IRO2 in OX plants was not higher than in NT at day 10,

when Fe deficiency became severe. Vigorous biosynthesis

of MAs requires a great deal of ATP and methionine

(Shojima et al. 1989); however, Fe deficiency generally

causes severe reduction in photosynthesis and a decrease in

ATP (Arulanantham et al. 1990; Winder and Nishio 1995).

Therefore, during prolonged Fe deficiency, the physiolog-

ical state of rice may become unfavorable for synthesis of a

large amount of MAs (Mori et al. 1991). Facilitating suf-

ficient absorption and translocation of Fe before falling into

severe Fe deficiency, that is, the early response to Fe

deficiency, should be important for Fe deficiency tolerance.

Recently, Kobayashi et al. (2009) reported that the tran-

scription factor IDEF1 is responsible for inducing Fe

uptake/translocation-related genes, including OsIRO2,

during the early response to Fe deficiency. OsIRO2 OX

plants might partially bypass this IDEF1-mediated early

response, facilitating improved tolerance to Fe deficiency.

Fe accumulation in grain is severely impaired when

plants are grown in aerobic calcareous soil. The Fe con-

centration in grain of NT rice grown on calcareous soil was

around 6 ppm (Fig. 7b), which is much lower than the
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average Fe concentration in rice grain grown in normal soil

under our growth conditions (about 15 ppm). Nevertheless,

the Fe concentration in the grain of the OX plants was as

high as in rice grown on normal cultivation soil (Fig. 7b).

These results indicate that the OX plants are efficient not

only in taking up Fe from soil but also in translocation of Fe

to grain even under adverse conditions for Fe utilization.

The OsNAS1, OsNAAT1, OsDMAS1, Fe(II)–NA transporter

gene OsYSL2, Fe(III)–DMA transporter genes OsYSL15 and

OsYSL18 and DMA efflux transporter gene TOM1 are

expressed in developing seeds (Aoyama et al. 2009; Inoue

et al. 2009; Koike et al. 2004; Nozoye et al. 2010; Takahashi

et al. 2005). Thus, Fe is transported to grain in the form of

Fe–DMA and Fe–NA complexes. Enzymes involved in

DMA biosynthesis, in addition to transporters of Fe–DMA,

Fe–NA and DMA, would play an essential role in the import

of Fe to grain during seed maturation in rice. OsIRO2 is

expressed in developing seeds (Fig. 4), especially in the

outer layer of the endosperm (Fig. 4e–g). This probably

includes the aleurone layer, which plays an important role in

import of storage products including minerals into grain

(Matsuo and Hoshikawa 1993). As OsIRO2 regulates the

expression of OsNAS1, OsNAAT1, OsDMAS1, OsYSL15

and TOM1 during the vegetative stage (Ogo et al. 2007;

unpublished data), OsIRO2 is also thought to regulate these

genes during seed development stages. Increased expres-

sion of the enzymes involved in MAs biosynthesis and Fe

transporters resulting from the overexpression of OsIRO2

may improve Fe transport into grain. The OX rice also

contained higher amounts of Mn in shoots and grain than

NT (Fig. 7). Suzuki et al. (2006) showed that low-Fe supply

increased the Zn, Mn, and Cu concentrations in barley

shoots, indicating that increased secretion of MAs under Fe-

deficient conditions might enhance uptake of other metal

nutrients in graminaceous plants. Because of the enhanced

secretion of DMA, the OX plants might take up more Mn.

OsIRO2 sustains luxuriant growth of plants even

under Fe-sufficient conditions

We previously reported that repression of OsIRO2 by

RNAi in rice resulted in lower DMA secretion and

hypersensitivity to Fe deficiency under Fe-deficient con-

ditions (Ogo et al. 2007). In the present report, we showed

that the RNAi rice had less tillers, and lower shoot weight

and grain yield than NT rice on normal cultivation soil

(Fig. 6). This demonstrates that sufficient and correct

expression of OsIRO2 is required for healthy growth of

plants, even under normal Fe availability. At the same

time, it suggests that Fe uptake by MAs, as well as Fe

translocation by MAs and NA, is important for plants even

under Fe-sufficient conditions, as OsIRO2 regulates

expression of the key genes responsible for biosynthesis of

MAs and transport of MAs–Fe complexes. Thus, OsIRO2

plays a central role as an expression regulator of genes

involved in Fe uptake and translocation, not only under

severe Fe-deficient conditions but also with adequate Fe

supply for luxuriant growth of plants. Recently, we also

showed that the transcription factors IDEF1 and IDEF2

also regulate Fe homeostasis-related genes, both under Fe

deficiency and sufficiency (Kobayashi et al. 2010).

Overexpression of OsIRO2 does not cause adverse

effects in plants

Constitutive expression of transcription factors sometimes

causes adverse effects in plants (e.g., growth retardation;

Kasuga et al. 1999; Kobayashi et al. 2007), since down-

stream genes are not correctly expressed. We previously

demonstrated that the induction of most genes regulated by

OsIRO2 in OsIRO2 overexpression plants under Fe-suffi-

cient conditions was lower than those under Fe-deficient

conditions (Ogo et al. 2007). In the present report, we show

that OsIRO2 downstream genes were expressed at higher

levels in the OX plants than NT plants before transplanting

to calcareous soil (Fe-sufficient condition), although these

expression levels at day 0 were much lower than those in

NT rice at day 10 (Fe-deficient condition) (Fig. 8). These

results suggest that other proteins, like transcriptional co-

activators, working together with OsIRO2 need to be acti-

vated by Fe deficiency to confer adequate induction of these

genes. We also confirmed that growth of the OX and NT

rice was similar in normal cultivation soil (Fig. 9); accu-

mulation of OsIRO2 protein had no apparent disadvantage

for plant growth under Fe-sufficient conditions. The pro-

moter-GUS experiments revealed that OsIRO2 and its

downstream genes, such as OsNAS1, were expressed in the

same cells under Fe-sufficient conditions (Figs. 2a–d, 3a–

c). Even when OsIRO2 is driven by the constitutive 35S

promoter, which lacks cell specificity, the absence of

activity of transcriptional co-activators in positions where

endogenous OsIRO2 is not expressed, such as the cortex,

may not cause undesirable induction of downstream genes

of OsIRO2. Since both Fe deficiency and Fe excess are

deleterious to plants, the genes involved in Fe homeostasis

may be strictly regulated by a series of transcription factors.
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