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Iron deficiency is one of the major agricultural problems, as
30% of the arable land of the world is too alkaline for optimal
crop production, rendering plants short of available iron despite
its abundance. To take up apoplasmic precipitated iron, plants
secrete phenolics such as protocatechuic acid (PCA) and caffeic
acid. The molecular pathways and genes of iron uptake strate-
gies are already characterized, whereas the molecular mecha-
nisms of phenolics synthesis and secretion have not been clari-
fied, and no phenolics efflux transporters have been identified in
plants yet.

Here we describe the identification of a phenolics efflux trans-
porter in rice. We identified a cadmium-accumulating rice
mutant in which the amount of PCA and caffeic acid in the
xylem sap was dramatically reduced and hence named it pheno-
lics efflux zero 1 (pezl). PEZ1 localized to the plasma membrane
and transported PCA when expressed in Xenopus laevis oocytes.
PEZ]1 localized mainly in the stele of roots. In the roots of pez1,
precipitated apoplasmic iron increased. The growth of PEZI
overexpression lines was severely restricted, and these lines
accumulated more iron as a result of the high solubilization of
precipitated apoplasmic iron in the stele. We show that PEZ1 is
responsible for an increase of PCA concentration in the xylem
sap and is essential for the utilization of apoplasmic precipitated
iron in the stele.

Increasing crop production is an important strategy to meet
the increased demand for food resulting from the rapid popu-
lation increase (1). Agricultural productivity is severely affected
by high soil pH, causing metal ions, especially iron (Fe), to
become sparingly soluble and not available to plants (2). Plants
growing in high-pH soils develop Fe deficiency symptoms that
are manifested as chlorosis (yellowing from partial failure to
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develop and stabilize chlorophyll), even though mineral soils
contain >6% Fe (3).

To take up apoplasmic precipitated Fe, non-graminaceous
plants use Strategy I. They release protons, secrete phenolics,
reduce Fe(Ill), and finally take up Fe(II) (4—6). Protons are
released via H"-ATPases to increase the solubility of Fe from
the root plasma membrane. After solubilization, Fe(IIl) is
reduced to Fe(II) by a membrane-bound Fe(III) reductase oxi-
dase. Then Fe(Il) is transported into the root by an iron-regu-
lated transporter (IRT1).> On the other hand, graminaceous
plants take up Fe using the Strategy II system, which relies on a
Fe(IlI) chelation system through the secretion of mugineic acid
family phytosiderophores (4, 7). These mugineic acids are
secreted to the rhizosphere to chelate Fe(IIl), and the resulting
complex is transported by the Yellow Stripe family transporters
(5). Besides using Strategy II, rice plants possess a direct ferrous
Fe uptake system that uses the ferrous Fe transporter OsIRT1
but does not include functional Fe(III) chelate reductases (8). In
rice, H"-ATPase in roots is not induced under Fe deficiency (5).

In plants, Fe uptake from the apoplasm is well documented at
the molecular level, with the exception of phenolics synthesis
and efflux. Recently, it has been reported that removal of the
secreted phenolics from hydroponic culture solution signifi-
cantly enhances Fe accumulation and Fe deficiency responses
in roots by inhibiting the solubilization and utilization of apo-
plasmic Fe (9). Moreover, phenolics such as PCA are reported
to chelate Fe(IlI), and solubilizing and reducing it to Fe(II) in
vitro (10). In this manner, phenolics can play a significant role
for Fe solubilization, and understanding the molecular mecha-
nism of phenolics efflux transport is crucial for developing
strategies to reduce Fe deficiency.

Here we show that a rice phenolic efflux transporter controls
the concentration of PCA in the xylem sap and is essential for
the utilization of apoplasmic precipitated Fe in stele.

EXPERIMENTAL PROCEDURES

Plant Material—For the analysis of knockout or knockdown
mutants, Oryza sativa cv. Hwayoung was grown in a 20-liter
plastic container containing a nutrient solution of the following

3 The abbreviations used are: IRT, iron-regulated transporter; PCA, protocat-
echuic acid; GUS, B-glucuronidase; CA, caffeic acid; OsIRT, Oryza sativa IRT;
T-DNA, transfer DNA.
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composition: 0.7 mm K,SO,, 0.1 mm KCl, 0.1 mm KH,PO,, 2.0
mm Ca(NO;),, 0.5 mm MgSO,, 10 um H;BO;, 0.5 um MnSO,,
0.2 um CuSO,, 0.5 uMm ZnSO,, 0.05 um Na,MoO,, and 0.1 mm
Fe-EDTA. The pH of the nutrient solution was adjusted daily to
5.5 with 1 m HCI (11). For cadmium (Cd) treatments, 4-week-
old plants were transferred to a nutrient solution as described
above with 10 um Cd (CdCl,) and grown for 3 days. Seeds from
overexpression lines were grown in a pot in a glasshouse under
natural light conditions (12).

For Fe deficiency experiments, 4-week-old plants were
grown with or without 100 um Fe for 1 week. In the excess Fe
experiment, overexpression lines were grown on Fe-deficient
Murashige and Skoog (MS) media for 2 weeks and then trans-
ferred to the media containing 1.0 mm Fe-EDTA for 1 week. For
calcareous soil experiment, seeds from overexpression lines
were grown under Fe-deficient conditions for a week, trans-
ferred to a pot containing 900 g of calcareous soil, and grown in
a glasshouse under natural light conditions (12).

Genomic PCR—The PEZ1 internal primers 5'-GAAGCAA-
AAACTGAATCGGAAAA-3" and 5'-GAGAGGAGGAGAG-
GCAGAGAGA-3', located outside the transfer DNA (T-DNA)
integration site, were used to confirm the T-DNA integration
site and homozygous status of pezI-1. For pezl-2, the PEZ1
internal primers 5'-TTGTTTATCTCGTGTGCTCGTGT-3’
and 5'-GTGGCCCTCAGTGTTATGTTTG-3’ were used. The
a-tubulin primers used for PCR were as follows: a-tubulin
forward, 5'-TCTTCCACCCTGAGCAGCTC-3" and a-tubulin
reverse, 5'-AACCTTGGAGACCAGTGCAG-3'. PCR was per-
formed with polymerase KOD plus (Toyobo, Osaka, Japan).
The annealing temperature was set to 66°C for all PCR
reactions.

Acquisition of PEZ1 cDNA—The full-length rice cDNA clone
(1563 bp) of PEZ1 (0Os03t0571900-01) was acquired from the
rice full-length ¢DNA database Knowledge-based Oryza
Molecular biological Encyclopedia (KOME), subcloned into
pENTR/D-TOPO using the pENTR™/D-TOPO® cloning kit
(Invitrogen), and the sequence was confirmed. The information
on the genomic structure of this clone was collected from the
rice annotation project database (RAP-DB).

Quantitative RT-PCR—Total RNA was isolated from pezl-1,
pezl-2, and WT plants grown with or without Cd. Total RNA
was treated with RNase-free DNase I (Takara Bio, Otsu, Japan)
to remove contaminating genomic DNA. First-strand cDNA
was synthesized from 2 ug of RNA using SuperScript Il reverse
transcriptase (Toyobo) by priming with oligo-d(T),,, the final
volume was adjusted to 100 ul, and 2 pl from each sample was
used for subsequent reactions. Fragments were amplified by
PCR in a SmartCycler (Takara Bio) with SYBR Green I and
ExTaq™ real-time PCR version (Takara Bio). The PEZI prim-
ers used for RT-PCR were as follows: PEZ1 forward, 5'-GCT-
GTCGTTCTTTCTGTCGGTGGTAATCTC-3' and PEZI
reverse, 5'-CCCATTTCTTCTAGGCATGTAGGCTCTCAG-
3'. For PEZ1 RT-PCR, the annealing temperature was set to
65°C (20 s). The «-tubulin primers used for RT-PCR
were as follows: a-tubulin forward, 5'-TCTTCCACCCTGAG-
CAGCTC-3' and a-tubulin reverse, 5'-AACCTTGGAGACC-
AGTGCAG-3'. PCR was performed at an annealing tempera-
ture of 55 °C (30 s). The size and specificity of the amplified
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fragments were confirmed by agarose gel electrophoresis and
sequencing, respectively.

Metal Concentrations—Leaf or root samples were digested
with 3 ml of 13 M HNOj; at 220 °C for 20 min using a MARS
XPRESS microwave reaction system (CEM, Matthews, NC) in
triplicate. For xylem sap collection, rice plants were detopped at
a height of 3 cm from the root. The surface of the excised leaf
sheath was wiped gently, and a tube filled with cellulose was
placed on the cut end. The entire length of the tube was covered
with aluminum foil, and the xylem sap was collected for 30 min.
For Cd treatments, 4-week-old plants were transferred to a
nutrient solution as described above with 10 um Cd (CdCl,) and
grown for 3 days. Forty-five rice plants were used for xylem sap
collection. The xylem sap was collected in cellulose and filtered
with a 0.65-um filtering column (Millipore). The extracted
xylem sap was stored at —20 °C until further analysis. Because
the amount of xylem sap differed, 36 samples with median val-
ues of these xylem sap amounts were selected, and 12 individual
samples each were pooled at random into three tubes for fur-
ther analysis. Xylem samples were digested with 3 ml of 13 m
HNO, at 80 °C for 60 min. After digestion, samples were col-
lected, diluted to 5 ml, and analyzed by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) (SPS1200VR,
Seiko, Tokyo, Japan) as described previously (12).

LC/MS Data Collection and Analysis—5 pl of xylem sap was
added to 5 ul of water or 5 ul of 1 mm PCA (Tokyo Kasei, Tokyo,
Japan) as described previously (13). LC/MS analyses were per-
formed using a JSM-T100LC “AccuTOF” (JEOL, Tokyo, Japan)
in electrospray ionization mode with a Synergi 4-um Hydro RP
80A column (4 um, 80 A, 150 X 2.0 mm; Phenomenex, Tor-
rance, CA). Then, 0.5% formic acid in water and 0.5% formic
acid in methanol were used as mobile phases A and B, respec-
tively. The flow rate was constant at 0.300 ml/min, and the
mobile phase composition was as follows: 100% A for 3 min,
linear increase over 8 min to 35% B, linear increase over 8 min to
100% B, 100% B for 10 min before returning linearly to 100% A
over 1 min. Electrospray ionization was used with a desolvent
chamber temperature of 300 °C, orifice 1 temperature of
120 °C, electrospray ionization needle voltage of 4000 V, ring
lens voltage of 10 V, orifice 1 voltage of 35 V, and orifice 2
voltage of 8 V in negative-ion mode.

PCA Efflux Experiments—The full-length open reading
frame of PEZ1 was amplified from pENTR/D-TOPO-PEZ1 with
forward and reverse primers as follows: PEZ1, 5'-GGGGGGG-
AATTCATGGGAAGCTCCGTCAAGGACGC-3" and 5'-
GGGGGGGGATCCTTATTCTGACAACAGAGGTGTCT-3'.
The DNA containing PEZ1 was swapped in the modified pYES2
vector (Invitrogen) using EcoRI and BamHI under the control of
the T7 promoter (14).

Oocytes of Xenopus laevis frogs were injected with either
capped complementary RNA encoding PEZI or water and then
incubated at 17 °C (14). After 1-day incubation, eight oocytes
were each injected with 23 nl of 500 um '*C-labeled PCA
(American Radiolabeled Chemicals, Inc., St. Louis, MO) in an
Na Barth’s buffer. After 60 min, 650 ul of the buffer was sam-
pled to measure radioactivity. Radioactivity of the sampled
external solutions and oocytes was measured using full-spec-
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FIGURE 1. The pez1 mutants accumulated Cd. Cd concentration in the leaves (A) and seeds (B) of WT, pez1-1 (1-1), and pez1-2 (1-2) grown in soil. Leaf dry
weight (DW) (C) and SPAD value (D) of WT, pezi-1, and pez1-2 grown in soil. Cd concentration in the leaves (E) and roots (F) of WT, pez1-1, and pez1-2 grown in
hydroponic culture solution. Columns (means = S.D.) with different letters are significantly different from each other according to a one-way analysis of

variance followed by a Student-Newman-Keuls test. p < 0.05, n = 5 each.
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FIGURE 2. PCA was decreased in the xylem sap of pez7 mutants. Mass chromatograms [PCA-H]™ m/z 152.5-153.5 of the xylem sap of WT (A), pezi-1 (B),
pezi-2(C), and pez1-2 + 500 um PCA (D). A peak in PCA appeared at 22.8 min. Mass chromatograms [CA-H]™ m/z 178.5-179.5 of the xylem sap of WT (E), pez1-1
(F), pez1-2 (G) and pez1-2 + 500 um CA (H). Also shown are mass spectrometry of PCA (/) and CA (J).

trum dpm counting in a liquid scintillation analyzer. PCA efflux
was expressed as a percentage of the total PCA injected.
Subcellular Localization of PEZI—The full-length open
reading frame of PEZ1 (1563 bp) was amplified with forward
and reverse primers as follows: PEZ1, 5'-CACCATGGGAAG-
CTCCGTCAAGGACGC-3' and 5'-TTCTGACAACAGAGG-
TGTCTTAT-3'. The full-length PEZ1 ORF was cloned into

ACEEVEN
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pENTR/D-TOPO (Invitrogen) and then subcloned into
pH7WGF2 (15) under the control of CaMV35S promoter
using the LR recombination reaction (Invitrogen) (16).
Onion epidermal cells were transformed using a Biolistic
PDS-1000/He particle delivery system (Bio-Rad), and rice
transformation was performed using the Agrobacterium
method (16). Transgenic plants were grown as described
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under “Plant Materials.” The GFP fluorescence was moni-
tored as described previously (16).

Yeast Growth Conditions—The PEZI ORF was subcloned
into the expression vector pDR195 (17) using LR recombinant
reaction (Invitrogen) and then introduced by the Li acetate
yeast transformation method as described previously (18) into a
yeast strain defective in yeast Cd factor (ycfI, unable to seques-
ter Cd to vacuole (19)) and selected for uracil on synthetic
defined medium containing agar. Yeast ycfI cells transformed
with the empty pDR195 were used as a control. The trans-
formed yeast cells were grown in liquid synthetic defined
medium at 30 °C to an A, of 1.0 and spotted onto synthetic
defined agar medium containing 10 um CdCl,.

Histochemical Analysis—The 1-kb 5" upstream region of the
PEZ1 gene was amplified using KOD plus polymerase at an
annealing temperature of 60 °C by the forward primer 5'-
GGGGGGAAGCTTTTTTTTACGGAAACCTTG-3' and the
reverse primer 5'-GGGGGGTCTAGAGTGTGTCGTATGC-
GTGTC-3', which contain HindIII and Xbal restriction sites,
respectively. The amplified fragment was fused into the pBlue-
script 11 SK+ vector, and its sequence was confirmed. The PEZ1
promoter was digested with Xbal and HindIII, and the digested
1-kb fragment was subcloned upstream of the uidA ORF, which
encodes B-glucuronidase, in the pIG121Hm vector. Oryza
sativa L. cv. Tsukinohikari was transformed (8). Rice plants
were grown in a greenhouse for 6 weeks after germination on
+Fe MS medium, and the histochemical localization was
observed in three independent T2 plants. Roots and stems of
transgenic plants were cut with a scalpel into ~1-cm sections.
The sections were embedded in 4% agar and then cut into sec-
tions of 80-130 um using a DTK-100 vibrating microtome
(Dosaka EM Co. Ltd, Kyoto, Japan). The sections were incu-
bated at 37 °C for 30 min in GUS reaction buffer (1 mm 5-bro-
mo-4-chloro-3-indolyl-b-p-glucuronide, 3 mm K,[Fe(CN)¢],
0.5 mMm K;[Fe(CN),], 50 mMm sodium phosphate (pH 7.0), and
20% (v/v) methanol). Following staining, the sections were
washed in 70% ethanol for 2 days to remove the chlorophyll and
held in 70% ethanol until observation. GUS staining was
observed using an Axiophoto microscope (Carl Zeiss), follow-
ing the manufacturer’s instructions.

RESULTS

We focused on genes potentially related to Cd transport in
rice. Cd uptake and translocation is partly mediated by the Fe
uptake system (20-23). Microarray analysis revealed that sev-
eral genes potentially related to Cd transport were up- or down-
regulated in response to Cd (23). We obtained ~50 indepen-
dent T-DNA mutants available from the Rice T-DNA Insertion
Sequence Database, grew them in Cd-contaminated soil, and
measured the Cd concentration in leaves and seeds. In this
process, we isolated two Cd-accumulating mutants that were
related to phenolic secretion and named them phenolics efflux
zerol (pezl) I and 2. When grown in soil, these mutants accu-
mulated higher Cd amounts in leaves and seeds (Fig. 1, A and
B), whereas no difference was observed for leaf dry weight per
plant, soil-plant analysis development value (C and D), the con-
centration of other metals in seed (supplemental Fig. S1, A-D),
as well as yield (supplemental Fig. S1E).
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FIGURE 3. PCA efflux activity of PEZ1. Oocytes injected with water or PEZ1
cRNA were loaded with 1.0 mm "*C-labeled PCA. Columns (means = S.D.) with
different letters are significantly different from each other according to a one-
way analysis of variance followed by a Student-Newman-Keuls test. p < 0.01,
n = 8 each.
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FIGURE 4. Subcellular localization of **Sp-PEZ1-GFP in the rice root.
Shown are fluorescence (A), differential interference contrast (B), and overlay
(C) images of rice root epidermal cells. Scale bars = 20 um. D, fluorescence
image of a rice root. Also shown are fluorescence (E), differential interference
contrast (F), and overlay (G) images of rice root hair cells during plasmolysis

when the samples were flooded with 20% sucrose.

PEZ1 belongs to the multidrug and toxic compound extrusion
(MatE) transporter family, a group of proteins with 12—14 trans-
membrane domains transporting small organic compounds (24).
In the WT and in the pez mutants, PEZ1 was up-regulated in leaves
and roots under 10 uM Cd conditions (supplemental Fig. S2, A and
B). When pezl-1 and pezl-2 plants were grown in the presence of
10 wm Cd, the expression was low in both roots and leaves com-
pared with the WT (supplemental Fig. S2, A and B). In pezI-1,
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T-DNA was integrated at 449 bp upstream from the ATG start
codon of PEZI (supplemental Fig. S2C), and under control con-
ditions a decreased expression was detected only in the roots
(supplemental Fig. S2B). In pez1-2, T-DNA was integrated into
the firstintron of PEZ1 (supplemental Fig. S2C), and expression
was decreased both in roots and leaves in the presence and
absence of Cd (supplemental Fig. S2, A and B). The integration
of T-DNA in pezI-1 and pezl-2 was confirmed by using gene-
specific primers (supplemental Fig. S2, D and E). When grown
in hydroponic solution, pezI-1 and pezI-2 also showed higher
Cd concentrations in roots and leaves compared with the WT
(Fig. 1, E and F).

To identify the substrates of PEZ1, LC/MS data profiles of
the xylem sap of pezi-1 and pezI-2 mutants were compared
with that of the WT. In pezI-1 and pezI-2, a peak at 22.8 min
with m/z 153.03 was not detected in the xylem sap of the
mutants (Fig. 2, A-D). We searched KNApSAcK, a comprehen-
sive species-metabolite relationship database, and found that
this peak corresponds to PCA. In addition to this peak, a peak at
22.7 min with m/z 179.04 was not detected in the xylem sap of
both mutants, and a database search suggested that this corre-
sponds to CA (Fig. 2, E-H). Spiking the xylem of pezi-2 with
purified PCA and CA confirmed that these peaks correspond to
PCA and CA (Fig. 2, I and )).

The PCA efflux activity of PEZ1 was investigated in X. laevis
oocytes with radiolabeled PCA as a substrate. Results con-
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FIGURE 5. Histochemical observation of GUS activity in PEZ1 promoter
GUS-transgenic plants. A, longitudinal section. B, transverse section from
the base of the root (~2.5 mm from the root tip). C, transverse section of the
root (~5 mm from the root tip). Scale bars = 500 um (A) and 100 um (Band C).
Rice plants were grown for 6 weeks after germination on +Fe MS medium.

firmed that PEZ1 transports PCA (Fig. 3). PEZ1 was localized to
the plasma membrane in rice root cells, rice root hairs, and
onion epidermal cells (Fig. 4, A-G and supplemental Fig. S3, A
and B). PEZ1 did not rescue the growth defect of a Cd-sensitive
yeast mutant, confirming that PEZ1 does not transport Cd
(supplemental Fig. S3, C and D). To further understand its role,
the PEZ1 promoter was used to drive the expression of GUS in
rice. Histochemical analysis revealed that PEZI was expressed
in the stele at the base of roots (Fig. 54). In root transverse
sections taken from around 2.5 mm from the root tip, the
expression was observed around the xylem vessels, whereas in
transverse sections taken at a distance of 5 mm from the root
tip, the expression was mainly observed in stele (Fig. 5, Band C).

In the pezI-2 mutant, Fe accumulation was observed in the
roots and not in leaf, and the differences were higher in the
presence of Cd (Fig. 6, A and B). There was no significant dif-
ference in Zn, Mn, and Cu concentration between the WT and
pezl-2, both in roots and shoots, with or without Cd (supple-
mental Fig. S4, A—F). On the other hand, Fe concentration in
the xylem sap was lower than in the WT, both with and without
Cd, whereas there was no significant difference in xylem Cd and
Mn concentration (Fig. 6, C—E). Moreover, the expression of
OsIRTI was up-regulated in the mutant roots compared with
the control when grown with or without Cd (Fig. 6F). Leaf sam-
ples were stained with Perl’s solution to check the localization
of Fe, and significant differences were found between WT and
the pezI-2 mutant for the localization of insoluble Fe(III) (Fig.
6, G and H).

To further understand the role of PEZ1, the PEZI overex-
pression lines were developed and characterized for phenotype
and metal concentration. Real-time RT-PCR analysis con-
firmed that the expression of PEZI was significantly high in the
PEZ]1 overexpression lines, both in roots and shoots (supple-
mental Fig. S5, A and B). In PEZI overexpression lines, the Fe
concentration in roots and leaves was higher compared with
WT plants under normal nutrient conditions (Fig. 7, A and B).
The growth of overexpression lines was severely restricted in
terms of plant height and root length, and many necrotic, dark
brown spots were observed on old leaves (Fig. 7, C and D). Root
and shoot dry weight was significantly reduced in PEZI over-
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FIGURE 6. PEZ1 is essential for solubilizing apoplasmic Fe. Fe concentrations in the leaf (A) and the root (B) of WT and pez1-2 grown with or without Cd.
Shown are Fe (C), Cd (D), and Mn (E) concentrations in xylem sap. Also shown is expression of OsIRT1in WT and pez1-2 (F) and Perl’s staining of WT (G) and pez1-2
(H). Columns (means *+ S.D.) with different letters are significantly different from each other according to a one-way analysis of variance followed by a

Student-Newman-Keuls test. p < 0.05, n = 3.
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FIGURE 7. PEZ1 overexpression lines accumulated more Fe. Fe concentra-
tions in leaves (A) and roots (B) of WT, overexpression (OX) 1, OX2, and OX3
plants under normal nutrient conditions. Columns (means = S.D.) with differ-
ent letters are significantly different from each other according to a one-way
analysis of variance followed by a Student-Newman-Keuls test. p < 0.05,n = 3.C
and D, phenotype of WT and OX1, OX2, and OX3 plants under normal nutrient
conditions. £, WT and OX1, OX2, and OX3 plants grown in calcareous soil.

expression lines (supplemental Fig. S5, C and D). Moreover,
significant differences were observed for root Zn and leaf Mn
concentrations, whereas there was no difference for the accu-
mulation of other metals in roots and leaves (supplemental Fig.
S5, E—J). Differences were also observed for the SPAD value
between PEZI overexpression lines and the WT (supplemental
Fig. S5K). In a medium containing higher concentrations of Fe,
precipitated Fe(IIl) was not observed in PEZ1 overexpression
lines, whereas Fe was precipitated at the WT root surface (sup-
plemental Fig. S6). In a calcareous soil, where plants cannot
absorb enough Fe from the rhizosphere because of high pH,
PEZ1 overexpression lines grew better in terms of plant height
and leaf chlorophyll content than the WT plants, and dark
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brown spots were not observed in PEZI overexpression lines
(Fig. 7E and supplemental Fig. S7, A and B).

DISCUSSION

We identified two pezl mutants in which the amount of PCA
and CA in the xylem sap were dramatically reduced and Cd
accumulation in leaves and seeds was higher (Figs. 1 and 2).
PEZ1 localized to the plasma membrane and transported PCA
in X. laevis oocytes (Figs. 3 and 4). PEZ1 was mainly localized to
the stele in roots (Fig. 5). Fe concentrations increased in the
roots of pezl plants, whereas it decreased in the xylem sap,
suggesting that the defect in PCA secretion increases precipi-
tated apoplasmic Fe in the stele and reduces soluble Fe in the
xylem (Fig. 6). Thus, rice seems to transport PCA through PEZ1
for the solubilization of precipitated apoplasmic Fe in the root
xylem, which may contribute to the long-distance transport of
Fe.

Moreover, the PEZ1 overexpression lines accumulated more
Fe in roots and leaves because of the high solubilization of pre-
cipitated apoplasmic stele Fe, and as a result, the growth of
these lines was severely restricted (Fig. 7, A-D). Excess PCA
secretion would strongly solubilize Fe precipitated in the stele,
leading to the symptoms of Fe excess. On the other hand, the
PEZ]1 overexpression lines grew better than the WT in calcar-
eous soil, showing that in these lines solubilized Fe by PCA
would be available under Fe-limiting conditions (Fig. 7E).

Furthermore, these data indicate that phenolics secretion
affects Fe acquisition in rice. Reduced secretion of PCA in the
pezl-2 mutant would impair the solubilization of precipitated
apoplasmic Fe in the stele, and thereby, the low availability of Fe
would lead to the induction of OsIRTI (Fig. 6E). Moreover, both
PEZ1 and OsIRT1 colocalize in stele under control conditions
and are induced by Fe deficiency in rice roots (supplemental
Fig. S8 (8, 15). The PCA secretion by PEZ1 may complement
Fe(II) uptake by OsIRT1 under Fe deficiency and seems to be an
integral part of the Fe(II) uptake system in rice (Fig. 8). In red
clover, removal of the secreted phenolics significantly enhances
root Fe accumulation and triggers Fe deficiency responses
because the solubilization and utilization of apoplasmic Fe is
inhibited (9). Therefore, the homologues of PEZ1 might also
play an important role in PCA efflux and Fe solubilization in red
clover.

The reason why pezl accumulate Cd is still unclear. A titra-
tion assay indicated that PCA has a much lower affinity for Cd
compared with glutathione, suggesting that the amount of
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PCA-Cd complex is almost negligible in root cells and in the
apoplasm (supplemental Fig. S9, A-C). A yeast complementa-
tion assay revealed that PEZ1 was not involved in Cd uptake
(supplemental Fig. S3, C and D). In the pezI mutant, Fe concen-
tration in xylem sap was lower, but that in the leaf was not
changed (Fig. 6, A and B). In the case of Cd concentration, there
was no difference in the xylem, but a higher accumulation was
observed in the leaf (Figs. 1C and 6D). These results may sug-
gest that besides xylem transport, Fe and Cd in the mutant may
also be transported through symplasmic pathways. OsIRT1
transports Cd in addition to Fe(II) (22). OsIRT1 localization in
phloem, its substrate specificity, and increased expression in
the pezl mutant suggests that Fe and Cd uptake and transloca-
tion through OsIRT1 could be enhanced in pez! mutants (Fig.
8) and that increased Cd accumulation in pezI mutants may be
due to the increase in IRT activity in a decreased Fe environ-
ment where Cd will have reduced competition.

A study recently reported that plasma membrane-localized
maize ZmMATE?2, which shares 85% amino acid identity with
PEZ1, seems to be involved in Al tolerance, although the sub-
strate is not yet clarified (25). Al was also suggested to activate
the release of flavonoid-type phenolic compounds from maize
roots, and phenolics were suggested to be effective chelators of
Al (26, 27). Therefore, PEZ1 might also play a major role in Al
tolerance.

Phenolics may have other roles apart from metal homeosta-
sis. PCA and other phenolics act as antioxidants; free radical
scavengers; and inhibitors of nitric oxide synthase, cyclooxyge-
nase, and lipoxygenase in various biological systems (28 —30).
Moreover, phenolics also serve as allelochemicals and precur-
sors of lignin for microorganisms and plants (31). Therefore,
the characterization of PEZ1 would also greatly increase our
understanding of phenolic transport in other biological
systems.

The present results confirmed that PEZ1 transports PCA and
possibly CA for the utilization of apoplasmic precipitated Fe in
rice in stele. To our knowledge, this is the first identification of
a phenolics efflux transporter in a biological system and pro-
vides a molecular basis for understanding the solubilization of
precipitated apoplasmic Fe in higher plants.
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