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Eukaryotic organisms have developed diverse mechanisms for
the acquisition of iron, which is required for their survival.
Graminaceous plants use a chelation strategy. They secrete
phytosiderophore compounds, which solubilize iron in the soil,
and then take up the resulting iron-phytosiderophore complexes.
Bacteria and mammals also secrete siderophores to acquire iron.
Although phytosiderophore secretion is crucial for plant growth,
its molecular mechanism remains unknown. Here, we show that
the efflux of deoxymugineic acid, the primary phytosiderophore
from rice and barley, involves the TOM1 and HvTOM!1 genes,
respectively. Xenopus laevis oocytes expressing TOM I or
HvTOMI released **C-labeled deoxymugineic acid but not **C-
labeled nicotianamine, a structural analog and biosynthetic pre-
cursor of deoxymugineic acid, indicating that the TOM1 and
HvTOML1 proteins are the phytosiderophore efflux transporters.
Under conditions of iron deficiency, rice and barley roots express
high levels of TOM1 and HvTOM , respectively, and the overex-
pression of these genes increased tolerance to iron deficiency. In
rice roots, the efficiency of deoxymugineic acid secretion was en-
hanced by overexpression of TOM 1 and decreased by its repres-
sion, providing further evidence that TOM 1 encodes the efflux
transporter of deoxymugineic acid. We have also identified two
genes encoding efflux transporters of nicotianamine, ENA I and
ENAZ2. Our identification of phytosiderophore efflux transporters
has revealed the final piece in the molecular machinery of iron
acquisition in graminaceous plants.

Iron (Fe) is essential for plant growth, being required for
various cellular activities ranging from photosynthesis to res-
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piration. It is also required for human survival, and Fe defi-
ciency is one of the most widespread human nutritional prob-
lems in the world (1). Increasing the level of bioavailable Fe in
food plants would therefore have a dramatic positive impact
on human health.

Under aerobic conditions, Fe is oxidized and poorly soluble
in water. Thus, although mineral soils contain 6% Fe by
weight, most of this Fe is not available to plants. This problem
is exacerbated in soils of high pH, including calcareous soils,
constituting a major problem for crop production. Fe defi-
ciency leads to leaf chlorosis, poor yield, and decreased nutri-
tional quality. As a Fe acquisition strategy, graminaceous
plants, including important staple crops such as rice, wheat,
and barley, secrete phytosiderophore from their roots (2).
Phytosiderophores are natural Fe chelators; in the soil, the
secreted phytosiderophores solubilize Fe, forming Fe-phyto-
siderophore complexes that are absorbed into root cells
through the Fe-phytosiderophore transporter YS1 (3). The
secretion of phytosiderophores in barley follows a distinct
diurnal rhythm with a peak just after sunrise or initial illumi-
nation (4). The diurnal rhythm of the secretion of phytosidero-
phores in rice has not been fully characterized. Terrestrial and
marine microorganisms also release low molecular weight
compounds, siderophores, to chelate and acquire Fe for their
survival (5). In addition, siderophores in mammal were identi-
fied recently (6, 7). 2,3-Dihydroxybenzoate and 2,5-dihy-
droxybenzoate from mammalian cells were identified as intra-
cellular ligands for Fe. Their Fe complexes were bound to the
siderocalin, the secreted protein (Scn-Ngal) (6). In addition, a
subset of catechols chelates Fe and binds to the Scn-Ngal,
with subnanomolar affinity (7). The Scn-Ngal-catechol-Fe
complexes could deliver Fe to cells and might contribute to
constant Fe supply in some organs, such as kidney. Catechols
are excreted in the urine; however, the transporters involved
in the excretion have not been identified.

Phytosiderophores are synthesized from L-methionine
through a nicotianamine (NA)? intermediate (8 —10). Phyto-
siderophores (11-13) and NA (14, 15) are also essential for
the translocation of metal nutrients within plants. All of the

3 The abbreviations used are: NA, nicotianamine; CaMV, cauliflower mosaic
virus; DMA, deoxymugineic acid; GUS, B-glucoronidase; IDE1, 2, iron defi-
ciency-responsive element 1, 2; MFS, major facilitator superfamily; NAS,
nicotianamine synthase; NT, nontransformed; TOM1, transporter of mugi-
neic acid 1; SPAD, soil and plant analyzer development.
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genes encoding the phytosiderophore biosynthetic enzymes
and the Fe-phytosiderophore uptake transporters have been
isolated from barley, maize, and rice (16 -19). The genes in-
volved in the transcriptional regulation of cellular Fe homeo-
stasis in rice have been identified, and their regulatory net-
work has been delineated (20, 21). However, until the present
study, the genes responsible for phytosiderophore efflux had
not been identified, and the molecular mechanism of phyto-
siderophore secretion was largely unknown.

In this report, we show that TOM1 in rice and HvTOM1 in
barley are directly involved in the efflux of deoxymugineic
acid (DMA), the primary member of the phytosiderophore
family. Xenopus laevis oocytes expressing TOMI or HvTOM1
released '*C-labeled DMA but not '*C-labeled NA, indicating
that TOM1 and HvTOM1 are the phytosiderophore efflux
transporters. In addition, we found that ENA1 and ENA2 en-
code NA efflux transporters; X. laevis oocytes expressing
ENAT1 or ENA2 released *C-labeled NA but not '*C-labeled
DMA. Expression of TOM1 or HvTOM1 was strongly in-
duced in Fe-deficient roots, with a strongly diurnal pattern in
their expression. In rice, the level of TOM I expression di-
rectly correlates with the level of phytosiderophore secretion
from the roots. Moreover, overexpression of TOM1I or
HvTOMI resulted in increased tolerance of Fe deficiency.
This study, therefore, has succeeded in identifying the efflux
transporter of DMA, the missing piece in the mechanics of
the Fe acquisition system of grain plants.

EXPERIMENTAL PROCEDURES

Gene Cloning and Plasmid Construction—The TOM1I gene
was amplified from a rice Oryza sativa L. cv. Nipponbare
c¢DNA library template using the primers 5'-TCTAG AATGA
GTGAG GAGGC ACCGC CATCG-3" and 5'-TCTAG AT-
TAATTTGG TATTG CCAGG AACGG-3'. The amplified
DNA fragment was subsequently cloned into the pCR4Blunt-
TOPO vector (Invitrogen) to create plasmid pTOM1. The
HvTOM1 gene was isolated using the colony hybridization
method (22) with the full-length ORF of TOM1I as a probe
and cloned into the pCR4Blunt-TOPO vector to create plas-
mid pHvTOMI1.

Construction of Oocyte Expression Vectors—The TOM],
HvTOM1, ENAI, ENA2, and AK068840 open reading frames
(ORFs) were amplified from a rice O. sativa L. cv. Nipponbare
¢DNA library template using the following primer pairs:
TOM], 5"-aagct tATGA GTGAG GAGGC ACCGC C-3’
and 5'-ctcga gTTAA TTTGG TATTG CCAGG AAC-3;
HvTOM]1, 5'-gaatt cATGG GTGAC ACTAC CAGGA A-3’
and 5'-ctcga gTCAT AATGT TTTGG AACTG CTAG-3';
ENA1L, 5"-aagct tATGC ACCTG CTGCT TGGAC T-3' and
5'-ctcga gTCAT GGTTG AGCTA ATAGT G-3'; ENA2,5'-
aagct tATGC GCATT GCCCG GATTC C-3' and 5'-cccgg
gTCAG CTGAG CTCGA GGAAG C-3'; AK068840; 5'-aagct
tATGG CCAGC CACGC CGTCA C-3" and 5'-ctcga gCTAC
ATGAC ATCAC AACCG T-3'. The amplified TOM 1,
HvTOM1, ENAI, ENA2, and AK068840 genes were ligated
into pENTR/D-TOPO (Invitrogen) and then subcloned into a
previously constructed plasmid (23). Capped complementary
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RNA (cRNA) derived from these plasmids was then injected
into X. laevis oocytes (23).

Construction of the GFP Fusion Gene and Observation of
TOM1-sGFP Localization—The TOM1 ORF was subcloned
into pENTR/D-TOPO to create plasmid pENTR-TOM1. A
subsequent attl/attR substrate recombination reaction be-
tween pDEST35S-sGFP (24) and pENTR-TOMI1 generated an
expression vector containing the cauliflower mosaic virus
(CaMV) **S promoter-TOM1-sGFP gene fusion sequence
(3*S:TOM1-GFP). Onion epidermal cells were transformed
with #°S:: TOM1-GFP using the Biolistic PDS-1000/He Parti-
cle Delivery System (Bio-Rad Laboratories), and sGFP fluores-
cence was observed.

Construction of Plant Expression Vectors and Transgenic
Plants—The TOM I coding sequence was excised from
pTOM1 and cloned into the pIG121Hm vector (25) to con-
struct the CaMV >°S promoter—TOM cassette **S:TOM1.
Partial fragments of the TOM 1 coding sequence (350 bp) or
3’-noncoding region (312 bp) were amplified from pTOM1 or
arice O. sativa L. cv. Nipponbare cDNA library template us-
ing the primer pairs 5'-CACCA GTTGC AGATC GTATA
GGGAG GAA-3' and 5'-TCGGA AAATA CATTT GGATA
TTGCT-3" or 5'-CACCA TCAGT TGAAG TAGAA GCT-3'
and 5'-GAGAG AGACA GGCTT GCGTA CA-3/, respec-
tively, and cloned into the pENTR/D-TOPO vector (Invitro-
gen). The resulting intermediate entry vectors were recom-
bined with the pIG121-RNAi-DEST binary vector (26) using
LR Clonase (Invitrogen), according to the manufacturer’s in-
structions, to construct the RNAI cassettes TOM1RNAi (line
1 or line 17 and 20). The HvTOM!1 coding region was ampli-
fied from pHvTOM1 using primers 5'-TCTAG AATGA
GTGAG GAGGC ACCGC CATCG-3" and 5'-TCTAG AT-
TAATTTGG TATTG CCAGG AACGG-3’ and cloned into
plasmid pCR4Blunt-TOPO. The HvTOM1 ORF was subse-
quently cloned into the pIG121Hm vector (25) to construct
the CaMV 3°S promoter—HvTOMI cassette **S:HvTOMI.
The pIG121 binary vector (25) was used as a vector control.
To construct B-glucuronidase (GUS) reporter fusion genes,
1.5-kb fragments of the 5" upstream regions of TOM1, TOM2,
or TOM3 gene were amplified from rice genomic DNA (cv.
Nipponbare) using the primer pairs 5'-AAGCT TGTCC AC-
CTG CATGG CAGCC CGCTC-3" and 5'-TCTAG AAGCC
ATCCA GTACT TCACA CTTAA-3',5-CTCGA GCGGT
GTATT TTACT CATGA ACAAA-3'" and 5'-TCTAG
ACAAC GGCGA CGCTC TCAAT GGAGT-3',or5'-
CTCGA GTGCT ACTGA TGCTC AACCA GGGCT C-3’
and 5'-TCTAG AAGGT CGCCC ATCAA TTCAC CAATC
T-3', respectively, and ligated into the pCR4Blunt-TOPO vec-
tor. The gene fragments were then excised and subcloned into
the pIG121Hm vector (25) upstream of the GUS ORF to cre-
ate the TOM 1 promoter:GUS, TOM?2 promoter:GUS, and
TOM3 promoter::GUS constructs. To confirm cellular local-
ization of TOM1 in rice plant, TOM1-sGFP fusion gene was
expressed under the control of CaMV *°S promoter. The GUIS
gene in the pIG121Hm vector was replaced by sGEP with
Xbal and Sacl. The TOMI ORF was subsequently cloned into
the modified pIG121Hm vector to construct the CaMV >°S
promoter—TOM1-sGFEP cassette **S: TOM 1-sGFP. Agrobac-
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terium tumefaciens strain C58 carrying these constructs was
then used to transform rice (O. sativa L. cv. Tsukinohikari)
(25).

Production of "*C-labeled NA and DMA—S-Adenosyl-1-
[**C]methionine (2.1 GBq/mmol; Amersham Biosciences)
was converted into '*C-labeled NA by barley NA synthase 1
enzyme (HVNAS1) as described previously (27), with some
modifications. HYNAS1 was expressed in and purified from
Escherichia coli strain XL1-Blue. The '*C-labeled NA was
purified on thin layer chromatography LK6 plates (Whatman,
Clifton, NJ), extracted with water, and purified with an equal
volume of chloroform. The supernatant fraction was used as
*C-labeled NA. *C-Labeled NA was converted into '*C-
labeled DMA using barley NA aminotransferase 1 enzyme
(HVNAAT1) and NaBH, according to the methods described
previously (28), with some modifications. The '*C-labeled
DMA was purified on cellulose plates (Avicel SF; Asahi Chem.
Industry Co., Tokyo, Japan) according to the described meth-
ods (10) and then extracted with water.

Efflux Experiments—X. laevis oocytes were isolated (23),
injected with 23 ng of TOM 1, HvTOM1, ENA1, ENA2, or
AK068840 cRNA or water, and then incubated at 17 °C (23).
After incubation for 2 days, five oocytes were selected from
each group, injected with either 23 nl of 24.18 um ["*C]DMA
or 20.16 um [**C]NA in sodium barth buffer, and rinsed three
times with 750 ul of sodium barth buffer. The oocytes were
then incubated at 17 °C with periodic removal of 650-ul ali-
quots of the buffer for radioactivity measurements. The buffer
was replenished with fresh buffer. At the end of each experi-
ment, the oocytes were dissolved in 10% SDS. The radioactiv-
ity of the sampled external solutions and that remaining in
the oocytes was measured using full spectrum disintegrations/
minute counting in a liquid scintillation analyzer. Radioactiv-
ity efflux was expressed as a percentage of the total radioactiv-
ity injected.

Plant Growth Conditions and Elemental Analysis—Rice and
barley plants were grown hydroponically. Seeds were surface-
sterilized with a 2.5% sodium hypochlorite solution and then
germinated for a week. After germination, the seedlings were
transferred to a 20-liter plastic container containing a nutri-
ent solution of the following composition: 0.7 mm K,SO,, 0.1
mwm KCl, 0.1 mm KH,PO,, 2.0 mm Ca(NO,),, 0.5 mm MgSO,,
10 uv HyBO,, 0.5 uvt MnSO,, 0.2 um CuSO,, 0.5 um ZnSO,,
0.05 um Na,MoO, and 0.1 mm Fe-EDTA. The pH of the nu-
trient solution was adjusted daily to 5.5 with 1 m HCL. Fe defi-
ciency was initiated 4 weeks after germination by transfer of
the plants to an Fe(III)-EDTA-free culture medium. For
Northern blotting, GUS assay, and microarray analyses, plants
were harvested 5-7 days after the transition to Fe-deficient
medium. For Northern blot analysis of diurnal expression of
TOM1, plants were harvested 2 weeks after the transition (29,
30). For DMA measurement, plants were harvested after 10
days of Fe deficiency. DMA was extracted from harvested rice
plants and secreted for 6 h from the start of illumination, and
endogenous DMA levels were analyzed using high perfor-
mance liquid chromatography (HPLC) (31). For SPAD (chloro-
phyll) analysis, plants were grown hydroponically as described
above. At the time of transition to Fe-deficient medium and
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again 12 days later, the newest and oldest leaves were re-
moved and analyzed for chlorophyll content using a SPAD-5
chlorophyll meter (Konika Minolta). The concentrations of
Fe, Zn, and Cu were determined using inductively coupled
plasma mass spectroscopy (20). Experiments were all per-
formed in triplicate.

GUS Activity Assay—The GUS activity in roots and shoots
of transgenic plants was determined using a histochemical
assay (32). GUS activity in reproductive organs and germinat-
ing seeds was also determined histochemically according to
methods described previously (33).

Northern Blot Analysis—Total RNA (20 ug) was denatured,
electrophoresed on 1.2% agarose gels containing 5% (v/v)
formaldehyde, and blotted onto nylon membranes (Hybond-
N+; Amersham Biosciences). The blotted membranes were
hybridized with y->?P-labeled probes specific for the 3’-non-
coding regions of TOM1, TOM?2, or TOM3.

Quantitative Real Time PCR of TOM1—Total RNA was
treated with RNase-free DNase I (Takara) to remove contami-
nating genomic DNA. First-strand cDNA was synthesized
using ReverTra Ace reverse transcriptase (Toyobo; Tokyo,
Japan) by priming with oligo(dT),,. A fragment was amplified
by PCR in a StepOnePlus real time PCR system (Applied Bio-
systems, Foster City, CA) with SYBR Green I and ExTaq™
RealTime-PCR Version (Takara). The primers used for real
time PCR were same to the primers used for RNAi cassettes
TOMI1RNAI. The primers used for internal control in real
time PCR were OsActinl forward, 5'-ACACC GGTGT
CATGG TCGG-3'; OsActinl reverse, 5'-ACACG GAGCT
CGTTG TAGAA-3'. The sizes of the amplified fragments
were confirmed by agarose gel electrophoresis.

Oligonucleotide DNA Microarray Analysis—We performed
a microarray expression analysis using a Rice Gene Expres-
sion 44K Microarray (Agilent Technology) with 42,023
unique synthetic 60-mer oligonucleotides that were designed
based on sequence data from the Rice Full-length cDNA Pro-
ject. Total RNA was extracted from shoots and roots using an
RNeasy plant kit (Qiagen), following the manufacturer’s in-
structions; the yield and RNA purity were determined spec-
trophotometrically. The integrity of the RNA was checked
using an Agilent 2100 Bioanalyzer. Total RNA (200 ng) was
labeled with Cy-3 or Cy-5 using an Agilent Low RNA Input
Fluorescent Linear Amplification kit. Fluorescently labeled
targets were hybridized to Agilent rice 44K oligonucleotide
DNA microarrays. Microarray hybridization, scanning, and
data analysis were performed as described previously (33).
The biological replicate was one. The reproducibility of the
microarray analysis was assessed by a dye swap in each exper-
iment. Genes showing differential expression with significant
Student’s ¢ test (p < 0.001) were further analyzed. To identify
the up-regulated genes under Fe-deficient conditions, the ra-
tio was calculated as (signal values of Fe-deficient (—Fe) sam-
ple)/(signal values of Fe-sufficient (+Fe) sample), and these
ratios were used for identifying the Fe deficiency induction of
the genes. To analyze the transgenic plants, the ratio was cal-
culated as (signal values of OXOs, OXHv, or RNAi sample)/
(signal values of nontransformant sample), and these ratios
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TABLE 1

Oligonucleotide microarray analysis of the roots and the shoots of rice under Fe-sufficient or Fe-deficient conditions
Ratio was calculated as (signal values of Fe-deficient (—Fe) sample)/(signal values of Fe-sufficient (+Fe) sample).

Roots Shoots
Signal Ratio Signal Ratio
Accession number —Fe +Fe —Fe/+Fe —Fe +Fe —Fe/+Fe Putative gene description

AK069533, Os11g0134900 11,570 1,826  6.33 597 106 5.70 Major facilitator superfamily antiporter

AK102457, Os11g0151500 1,002 264 3.80 129 309 4.42 Major facilitator superfamily antiporter

AK064089, Os06g0695800 5,520 4,635 1.19 7,390 7,756 0.95 ABC transporter-related domain-containing protein

AK068840, 0s01g0871500 38,732 8,372  4.64 41,855 3,346  12.60 TGEF- receptor, type I/1I extracellular region family protein
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FIGURE 1. Efflux activity of TOM1-, HvTOM1-, ENA1-, ENA2-, and AK068840-encoded proteins in X. laevis oocytes. Time-dependent efflux of ['*CIDMA
and ["*CINA is shown. Oocytes expressing TOM1, HvTOM1, ENAT, ENA2, or AK068840 and control oocytes were injected with water or with ['"*CIDMA (A and
B) or ['*CINA (C and D), and the efflux of '*C was measured for 1-24 h. Values are expressed as the percentage of the total radioactivity injected. Data

shown represent means =+ S.D. (error bars; n = 3).

FIGURE 2. Subcellular localization of TOM1 in onion epidermal cells (A-C) and in rice roots (D-F). A and D, differential interference contrast image.

B and E, fluorescence image. C and F, overlay.

were used for identifying the genes whose expression was
changed by modification of TOM1.

RESULTS

Identification of TOM1, ENA1, and ENA2—To identify the
genes involved in phytosiderophore secretion in rice, we per-
formed a high resolution microarray analysis to identify genes
that were induced under conditions of Fe deficiency. We fo-
cused on genes that were identified as candidate efflux trans-
porters of phytosiderophores due to their apparent similari-
ties to genes of a transporter family involved in the efflux of
substrates such as small peptides and amino acids. As a
result, we identified four genes: AK069533 (Gene ID:
0s11g0134900), AK102457 (Os11g0151500), AK064089
(0s06g0695800), and AK068840 (Os01g0871500) (Table 1).

Rice produces and secretes only one member of the phyto-
siderophore family, DMA. To examine DMA transport activ-
ity, '*C-labeled DMA was synthesized from S-adenosyl-L-
[**C]methionine using recombinant NAS (27) and NA
aminotransferase (28), and the final product was chemically
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reduced with NaBH,,. We injected water (negative control) or
capped AK069533, AK102457, AK064089, or AK068840
cRNA into X. [aevis oocytes and incubated them for 2 days.
The oocytes were then loaded with *C-labeled DMA and
monitored for the release of '*C into the medium (Fig. 1). Oo-
cytes expressing AK069533 exhibited a higher rate of DMA
efflux than that of control oocytes or oocytes expressing
AK102457, AK064089, or AK068840 (Fig. 1, A and B). The
oocytes expressing AK069533 did not show any efflux activity
for NA, the structural analog and biosynthetic precursor of
DMA (Fig. 1C).

We next investigated the subcellular localization of the
TOML1 protein by fusing the coding sequence for GFP
to TOM1. In onion epidermal cells transiently expressing the
TOM1-GFP fusion protein (under control of the CaMV *°S
promoter), fluorescence was localized to the cell membrane
(Fig. 2, A-C). In addition, we confirmed the plasma mem-
brane localization of TOM1-GFP fusion protein in rice roots
stably expressing TOMI-GFP (Fig. 2, D—F), indicating that
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FIGURE 3. Characters of TOM1 family. A, amino acid sequence of HYTOM,
TOM1, TOM2, and TOM3. The 12 putative membrane-spanning domains
predicted using the TM-pred program are shown in upperlines. B, location of
TOM family on the chromosome 11.

1620K 1630K

AK069533 encodes a DMA efflux transporter capable of
transporting DMA out of cells. Therefore, we designated
AK069533 as O. sativa L. transporter of mugineic acid family
phytosiderophores 1 (TOM1). From barley, we isolated the
TOM1 homolog HvTOM 1. Like TOM1, HvTOM1 signifi-
cantly increased the release of DMA, but not NA, when ex-
pressed in oocytes (Fig. 1, A, and C).

Sequence Analysis of TOM1 and HvTOM1—TOM1I and
HyTOM1 are members of the major facilitator superfamily
(MES; Ref. 34). The proximal promoter region of TOM1I con-
tains sequences similar to cis-acting elements iron deficiency-
responsive element 1 (IDE1) and IDE2, which are recognized
by IDEF1 and IDEF2, transcription factors that regulate the
response to Fe deficiency (20, 21). The predicted TOM1 and
HvTOM1 proteins are ~80% identical in amino acid se-
quence (Fig. 34). TOM 1 has two homologs, AK121911
(Os11g0135000; TOM?2) and AK064297 (Os11g0135900;
TOM3), which are located in tandem with TOM1 on chromo-
some 11 (Fig. 3B). We found TOM1 orthologs (Fig. 4) in other
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ZmMFS1
ZmMFS2
T Ta_76906_4565
051290132800 0s12g0133000

Zm_BQ619506
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Zm_BT042111

Sl_Ta44562_4081

AtZIF1
AtZIFL2

0.1

ENA2

ENA1

FIGURE 4. Phylogenetic tree of plant TOM transporters. Os, rice; Hv,
barley; Zm, maize; At, Arabidopsis; SI, tomato; Ta, wheat. Scale bar, 0.1
substitution/site.

graminaceous plants (maize, barley, and wheat) and in dicots
(Arabidopsis and tomato).

Interestingly, oocytes expressing AK102457 and AK064089
displayed NA, but not DMA, efflux activity (Fig. 1, B and D).
Therefore, we designated these genes as O. sativa L. efflux
transporter of NA 1 (ENAI) and 2 (ENA2), respectively. ENA 1
is also a member of the MFS family, with few similarities to
the TOM family (Fig. 4).

Expression Analysis of TOM1 and HvTOM1—W'e found
that TOM 1 was expressed primarily in Fe-deficient rice roots
(Fig. 5A). Levels of TOM1 expression were induced both in
roots and shoots by Fe deficiency (Fig. 54). In Fe-deficient
roots, the level of TOMI mRNA accumulation underwent
diurnal changes, decreasing with light and increasing after
dark (Fig. 5B). Similarly, HvTOM1 expression was highly in-
duced in Fe-deficient barley roots, with a diurnal rhythm sim-
ilar to that of TOM1 (Fig. 5C).

Promoter-GUS Analysis of TOM1—To assess the tissue-
specific localization of TOM1, we generated transgenic plants
in which the GUS gene uidA was driven by the TOM 1 pro-
moter (Fig. 6). Histochemical analysis of GUS activity re-
vealed GUS reporter gene expression in some restricted parts
of the exodermis of roots grown under Fe-sufficient condi-
tions (Fig. 6A and supplemental Fig. S1, A and D). In roots
grown under Fe-deficient conditions, GUS staining was ob-
served not only in the epidermis, exodermis, cortex, and
endodermis, but also in the central cylinder (Fig. 6B; and
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FIGURE 5. Expression of TOM1. A, regulation of TOM1 mRNA levels by Fe
availability in rice. The upper panel shows the Northern blot analysis, and
the lower panel shows the quantitative RT-PCR analysis of TOM1. +, Fe-suffi-
cient; —, Fe-deficient. In the Northern blot analysis, ethidium bromide-
stained rRNA is shown as a loading control. In the quantitative real time PCR
analysis, the values were normalized with the expression of OsActin1 and
represent the mean = S.D. (error bars) from three reactions. B, diurnal
changes in TOM1 expression in Fe-deficient rice roots. L, light; D, dark.

C, diurnal changes in HYTOM1 expression in Fe-deficient (—) and Fe-suffi-
cient (+) barley roots. L, light; D, dark.

supplemental Fig. S1, B, C, E, and F). Furthermore, GUS staining
was observed in the vascular bundles of leaf sheaths (Fig. 6C
and supplemental Fig. S1, G and H) and leaf phloem (Fig. 6D
and supplemental Fig. S1/). It was also observed in the
pollen and dorsal vascular bundle in developing seeds (Fig.
6E) and in the epithelium of germinating seeds (Fig. 6F).
TOM!1 Function in Rice—To examine TOM1 function in
rice plants, we repressed its expression using RNA interfer-
ence (RNAI plants) and increased its expression using the
CaMV 2°S promoter (OXOs plants). We also generated trans-
genic rice plants overexpressing HvTOMI (OXHy plants).
Northern blot and microarray analysis of the RNAI plant
roots confirmed that the expression of TOM1 (and not TOM?2
or TOM3) was repressed (Fig. 7A and supplemental Table S1)
and that the expression of genes encoding DMA biosyn-
thetic enzymes was not affected (Fig. 7A and supplemental
Table S1).
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FIGURE 6. Tissue distribution of TOM1 protein expression in rice during
vegetative stage (A-D), seed development (E), and germination (F) as
shown by GUS staining. A, Fe-sufficient root cross-section. B, Fe-deficient
root cross-section. C, Fe-deficient leaf sheath cross-section. D, Fe-deficient
leaf cross-section. E, seeds before anthesis; after fertilization; 5, 8, 20, and 30
days after flowering (DAF), and immediately before full maturation. F, fully
mature seeds (0d) and germinating rice seeds 1-3 days after sowing.

Under Fe-sufficient conditions, RNAi, OXOs, and OXHv
plants showed no significant differences in vegetative growth.
However, when the plants were grown in Fe-deficient hydro-
ponic culture medium, the chlorophyll content (in SPAD
units) of the youngest leaves of the OXOs and OXHyv plants
was higher than that of the youngest leaves of the RNAI
and nontransformed (NT) plants (Fig. 7B), suggesting that
the OXOs and OXHyv plants were tolerant of Fe deficiency.
We found that not only Fe but also Zn and Cu contents in
the OXOs, OXHv seeds were higher than vector control
(VC), whereas that of RNAI seeds were lower than VC
seeds (Fig. 7C).

We examined the amounts of DMA secreted from the roots
of NT, OXOs, and RNAi plants (Fig. 84). The germination
rate of RNAi plants made using a fragment of the TOM1 ORF
was so low that we were able to use only one line (line 1). Sur-
mising that the knock-out of TOM1I expression might result
in a lethal phenotype, we made new RNAI plants in which
TOM1 expression was repressed by the 3’-noncoding region
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FIGURE 7. In vivo function of TOM1 in rice. A, Northern blot analysis in Fe-deficient roots of NT plants; plants overexpressing TOM1 (OXOs) or HYTOM1
(OXHv); and plants with RNAi-repressed TOM1 expression (RNAi). B, SPAD values (chlorophyll content) of the newest and oldest leaves of OXOs, OXHv, RNAI,
and NT plants during progression of Fe deficiency stress (0 days) and 12 days later. Error bars represent S.E. (n = 3-6). C, Fe, Zn, and Cu contents in OXOs,
OXHv, RNAi, and vector control (VC) seeds. Error bars represent S.D. *, significant difference (p < 0.01) by Student’s t test.
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FIGURE 8. Analysis of levels of endogenous DMA in and DMA secretion from Fe-deficient 0XOs, OXHv, RNAi, and NT plant roots after a 6-h expo-
sure to light. A, secreted DMA. B, endogenous DMA. C, fraction of the total DMA synthesized in the root that was secreted. Values shown represent the
means of three replicates. Error bars represent S.D. ¥, significant difference (p < 0.01) by Student’s t test.

of TOM1 (supplemental Fig. S2, RNAI, lines 17 and 20). As
shown in Fig. 84, compared with the NT plant roots, the
OXOs roots secreted more DMA (lines 3 and 9) and the RNAi
roots secreted less DMA (lines 17 and 20). In addition, com-
pared with the NT plant roots, the RNAi roots had a much
higher endogenous DMA content, and the OXOs roots had a
lower DMA content (Fig. 8B). When we calculated the frac-
tion of secreted DMA amount divided by the DMA amount
synthesized in the root (Fig. 8C), we found that the DMA se-
cretion fraction was decreased in RNAI plants and increased
in OXOs plants. Fe and Cu contents in the roots were corre-
lated with DMA secretion from the roots; Fe and Cu levels in
OXOs tended to be higher than NT, whereas Fe and Cu levels
in RNAi tended to be lower than NT (supplemental Fig. S3).
On the other hand, the expression levels of the genes encod-
ing the enzymes for phytosiderophore biosynthesis did not
differ between the plant types (Fig. 7A and supplemental Ta-
ble S1). Thus, the amount of DMA produced in RNAi roots
appeared to be unaffected by the level of TOM1 expression,
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leading us to conclude that RNAI plants are defective in DMA
secretion and not in DMA synthesis.

DISCUSSION

In this study, we have identified the efflux transporters of
phytosiderophores, TOM1 and HvTOM], from rice and
barely, thereby completing the repertoire of molecular com-
ponents of the phytosiderophore-based iron acquisition sys-
tem of graminaceous plants.

TOM1I and HvTOM1 Belong to MFS Family—TOM1 and
HvTOM1 belong to the MFS (34), including the EntS gene
product of E. coli, involved in siderophore export necessary in
Fe acquisition (35). Phytosiderophore and siderophore are
both Fe chelators; however, these structures are diverse. It is
interesting that same family transporters are involved in Fe
acquisition in different organism. ENA1 also belongs to the
MES. ENAL1 is similar to AtZIF1 and AtZIFL2 (Fig. 2A). Nota-
bly, AtZIF1 is induced by excess Zn and localizes on the vacu-
olar membrane (36), and an AtZIF1-knock-out mutant is sen-

VOLUME 286-NUMBER 7+-FEBRUARY 18, 2011


http://www.jbc.org/cgi/content/full/M110.180026/DC1
http://www.jbc.org/cgi/content/full/M110.180026/DC1
http://www.jbc.org/cgi/content/full/M110.180026/DC1
http://www.jbc.org/cgi/content/full/M110.180026/DC1

TOM1 and HvTOMT1 Involved in Phytosiderophore Secretion

sitive to excess Zn, suggesting that AtZIF1 is involved in Zn
detoxification through sequestration into the vacuole. ENA1
is predicted by the PSORT (Prediction of Protein Sorting Sig-
nals and Localization Sites in Amino Acid Sequences) Web
server to be localized on the vacuolar membrane. ENA1 might
participate in metal detoxification by transporting nicotiana-
mine into the vacuole.

TOM1I and HvTOM1 Showed Diurnal Expression Patterns—
The expression level of TOM1 and HvTOM1 was changed
diurnally, and their expression levels were the highest in the
night. Importantly, these findings are consistent with the pre-
viously noted diurnal rhythm of phytosiderophore secretion
(4). In addition, this diurnal expression pattern of TOM1I was
similar to that of OsNAS2, a gene involved in NA synthesis
(29). It was suggested that the diurnal phytosiderophore se-
cretion must be regulated in the molecular level in rice and
barley.

TOM1 Was Expressed Not Only in Roots but Also Shoots—
TOM1 was expressed mainly in the roots, and their expres-
sion levels were induced strongly by Fe deficiency. The pro-
moter region of TOM1 contains sequences similarity to IDE1
and IDE2 (20, 21), suggesting that TOM1 is regulated by
IDEF1 and IDEF2. OsIRO2, the transcription factor involved
in phytosiderophore biosynthesis (26), is regulated by IDEF1
(20). Indeed, the TOM 1 expression level was dramatically en-
hanced by OsIRO2 overexpression but decreased by OsIRO2
repression.”

Under the Fe-sufficient condition, TOM I expression was
observed in exodermis, and under the Fe-deficient condition,
TOM1 expression was observed in not only whole root cell
but also in leaf sheaths and leaf. This pattern of TOMI ex-
pression appeared to be similar to that of genes involved in
DMA biosynthesis (18, 32, 37). Because DMA is responsible
for both Fe acquisition from the soil and internal Fe transport
in plants (18, 38), these results strongly suggest that TOM1 is
involved not only in DMA secretion from the root but also
efflux of DMA to the phloem and xylem for internal Fe
transport.

Recently, the enzymes involved in phytosiderophore bio-
synthesis and Fe transporters were shown to be expressed
during reproductive stage and germination (19, 33, 39, 40).
TOM]1 expression was also observed during reproductive
stage and germination. In addition, the RNAi seed exhibited
an extremely low rate of seed germination compared with
0OXO0s, OXHyv, and NT seeds. Because DMA chelates not only
Fe, but also Zn and Cu (41), and is important for metal trans-
port during rice seed germination, 7TOM1 must have an im-
portant role in the mobilization of the metal during reproduc-
tive stage and germination.

In conclusion, we identified the phytosiderophore efflux
transporters that have been a final piece in the molecular ma-
chinery of iron acquisition by graminaceous plants. Previ-
ously, we have shown that a transgenic approach to increase
the tolerance of rice to low iron availability is a practical way
to improve agricultural productivity in adverse soils (17, 31,

4Y.0go, R. N. Itai, T. Kobayashi, M. Sann Aung, H. Nakanishi, and N. K.
Nishizawa, unpublished data.
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42, 43). Our identification of phytosiderophore efflux trans-
porters provides a new powerful strategy for the development
of transgenic crops that are tolerant of low iron availability in
adverse soils. Furthermore, these crops may prove valuable
for increasing the amount of dietary iron available to peoples
dependent on plant-based diets.
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Note Added in Proof—ENA?2 is the same gene as STARI named by
Huang et al. (44).
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