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Phenolic compounds are frequently reported to be the main components of root exudates in response to iron (Fe) deficiency in
Strategy I plants, but relatively little is known about their function. Here, we show that removal of secreted phenolics from the
root-bathing solution almost completely inhibited the reutilization of apoplastic Fe in roots of red clover (Trifolium pratense).
This resulted in much lower levels of shoot Fe and significantly higher root Fe compared with control and also resulted in leaf
chlorosis, suggesting this approach stimulated Fe deficiency. This was supported by the observation that phenolic removal
significantly enhanced root ferric chelate reductase activity, which is normally induced by plant Fe deficiency. Furthermore,
root proton extrusion, which also is normally increased during Fe deficiency, was found to be higher in plants exposed to the
phenolic removal treatment too. These results indicate that Fe deficiency-induced phenolics secretion plays an important role
in the reutilization of root apoplastic Fe, and this reutilization is not mediated by proton extrusion or the root ferric chelate
reductase. In vitro studies with extracted root cell walls further demonstrate that excreted phenolics efficiently desorbed a
significant amount of Fe from cell walls, indicating a direct involvement of phenolics in Fe remobilization. All of these results
constitute the first direct experimental evidence, to our knowledge, that Fe deficiency-induced secretion of phenolics by the
roots of a dicot species improves plant Fe nutrition by enhancing reutilization of apoplastic Fe, thereby improving Fe nutrition
in the shoot.

Iron (Fe) is an essential nutrient element for plant
growth and development. However, despite the fact
that the total Fe content in soils usually far exceeds
plant requirements for Fe, its bioavailability in the soil
is often severely limited (Guerinot and Yi, 1994), particularly in calcareous soils that occupy 30% of the
earth’s surface (Vose, 1982). Therefore, despite being
the fourth most abundant element in the earth’s crust,
Fe deficiency is one of the most limiting factors for
crop production and induces chlorosis in about 30% of
crops worldwide (Imsande, 1998). Fe-efficient plants
undergo both morphological and physiological
changes in response to Fe deficiency, including enhanced root exudation of organic compounds when
grown under Fe-limited conditions (Marschner, 1995).
In nongraminaceous monocots and dicots (Strategy I
plants), phenolic compounds are frequently reported
to be the main components of root exudates in re1
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sponse to Fe deficiency (Römheld and Maschner, 1986;
Susı́n et al., 1996; Curie and Briat, 2003; Hell and
Stephan, 2003). Compared with other compounds in
root exudates, phenolics are particularly interesting
because of their multiple chemical and biological
functions. These functions include Fe chelation and
reduction, radical scavenging, antimicrobial activity,
and serving as a carbon source for microbial growth
(Rice-Evans and Miller, 1996; Cao et al., 1997; Blum
et al., 2000). However, in comparison with other Fe
deficiency-induced responses (e.g. ferric reductase,
proton secretion, and morphology changes), relatively
little is known about the role of phenolic secretion in
plant Fe nutrition.
It has been suggested that the released phenolics
function to enhance Fe availability in the rhizosphere
soil as an alternative or supplement to the plasma
membrane-bound ferric reductase through chelating
and reducing insoluble Fe (Dakora and Phillips, 2002).
However, compared to the high activity of root reductase induced by Fe deficiency, the Fe-reducing capacity
of root exudates is quite small, being less than 7% of
the total reducing capacity of the root (Zheng et al.,
2003). Moreover, there is a large amount of manganese
(Mn) oxides in soils with lower redox potential; thus,
Mn oxides should be reduced prior to Fe (III) oxides by
excreted phenolics (Jauregui and Reisenauer, 1982).
Therefore, the importance of phenolics in reduction of
Fe (III) oxides is questioned. Most recently, we demonstrated that the phenolics secreted from red clover
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Figure 1. The time course of total amounts of phenolic compounds
secreted from roots in response to Fe deficiency. Seedlings were grown
at 0 (2Fe) and 20 mM FeEDTA (control) with a cycling of 1 d in the
nutrient solution and the following day in 0.5 mM CaCl2 solution. The
total phenolics content in 0.5 mM CaCl2 solution was measured by
Folin-Ciocalteu’s reagent. Data are means 6 SD (n 5 3).

(Trifolium pretense) roots altered the soil microbial
community, which favored plant Fe acquisition
through microbial release of auxins and siderophores
(Jin et al., 2006).
Phenolics secreted by the Fe-deficient root could
interact with compounds in the root apoplast, but any
information on interactions between phenolics and
apoplastic Fe is lacking. In roots, the epidermal apoplast
is of particular interest for nutrient uptake, because it is
located between the epidermal cell plasma membrane
and the rhizosphere, is in contact with the soil solution,
and the cell walls contain highly negatively charged
sites that can serve as a sink for most cationic nutrients.
For example, at least 75% of the total Fe in roots was
located in the apoplast, and the root apoplastic Fe was
suggested to be an important Fe storage pool (Bienfait
et al., 1985). It has been demonstrated that the decreased
amount of root apoplastic Fe was recovered in the shoot
when the plants were transferred from Fe-sufficient
medium to a Fe-deficient medium (2Fe; Zhang et al.,
1991). However, how the apoplastic Fe is reutilized still
remained unclear. Zhang et al. (1991) assumed that root
exudates may be involved in this process.
In this study, a phenolic removal recirculating pump
system was used to continuously remove phenolics
secreted by the roots, and this was used to investigate
whether the Fe deficiency-induced secretion of phenolics is involved in the utilization of root apoplastic
Fe in red clover.

RESULTS
Phenolic Exudation in Response to Fe Deficiency

When red clover was grown on 2Fe nutrient solution for 2 weeks, we observed that the nutrient solu-

tion obtained a brown color. The colored substances
could be adsorbed by an aromatic compounds-sorbing
resin and reacted with Fast Blue B salt to produce a
reddish-brown color (O’Brian and Mcully, 1981), suggesting that those substances were phenolics. Subsequently, phenolics in the root exudate solution were
quantified via spectrophotometry using a colorimetric
assay (Singleton and Rossi, 1965). This secretion of
phenolics was greatly stimulated by Fe deficiency. After
the 8th day of growth on 2Fe media, the root phenolic
secretion in Fe-deficient plants increased remarkably
and reached a peak of around 800 mg gallic acid equivalent d21 g21 root dry weight on the 18th day. In comparison, Fe-sufficient plants exuded minimal amounts
of phenolics during the experimental period (Fig. 1).
The phenolic removal system is depicted in Figure 2,
which includes a pump to circulate nutrient solution
and a resin column to remove the phenolics. When
plants grown on 2Fe solution were transferred to this
system, the phenolic concentrations in the nutrient
solution were below the detection limit for phenolics,
indicating that the secreted phenolics were effectively
removed by the system.
Effect of Phenolic Removal on Chlorophyll Synthesis
and Plant Growth

By the 12th day of 2Fe culture (i.e. the fourth day of
the phenolic removal treatment), the newly formed
leaves were at their most chlorotic and yielded a SPAD
(the relative indication of leaf chlorophyll concentration) reading of only 18 (Fig. 3A), while for leaves of
Fe-sufficient plants, SPAD readings of approximately
40 were obtained (data not shown), indicating that Fe
deficiency significantly impaired chlorophyll synthesis. In plants where the phenolics were not removed
from the nutrient solution, the new leaves were gradually regreened. In contrast, the leaves of 2Fe culture

Figure 2. The pump system to remove phenolics from the nutrient
solution. The setup includes three parts: (1) the 1-L pot used for plant
cultivation; (2) the pump used for circulating nutrient solution; and (3)
the resin column (filled with SP825 Sepabeads resin, Mitsubishi
Chemical) used for removing the phenolics in nutrient solution that
were secreted by roots.
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Figure 3. Effect of phenolic removal on chlorophyll
synthesis. A, SPAD readings of the newly formed
leaves of the plants treated with (2Fe 1 pump) or
without (2Fe) phenolics removal. The pictures of the
plants at 12th (B) and 20th (C) days after phenolicsremoval treatment. For the phenolic-removing treatment, the plants were first grown in 2Fe solution for
8 d, then one-half of the plants were transferred to
the phenolics-removing pump system (2Fe 1 Pump),
and the other half were continuously grown in the
2Fe solution (2Fe). Data are means 6 SD (n 5 5). *,
Significant differences (P , 0.05) between two treatments at each time point.

with the phenolics removal treatment became increasing chlorotic, with SPAD readings below 10, and some
of the leaves were white in appearance by the end of
the experiment (Fig. 3, B and C).
Although the phenolic removal treatment did not
significantly lower the root biomass of the Fe-deficient
plants during the entire treatment period, the shoot
biomass was slightly but significantly decreased by the
phenolic removal treatment (Fig. 4).
Effect of Phenolic Removal on Apoplastic Fe
Reutilization and Uptake of Other Metals

The amount of apoplastic Fe in the roots gradually
decreased during the 2Fe culture for plants not
subjected to the phenolic removal treatment. However,
when the phenolics were removed from the rootbathing solution, this decrease in root apoplastic Fe
was strongly inhibited (Fig. 5).
The Fe concentration of the roots for plants exposed
to the phenolic removal was significantly higher than
roots of plants without phenolic removal, while this
was reversed in shoots, where shoot Fe concentrations
were lower in plants exposed to the phenolic removal
treatment (Fig. 6A). However, the concentrations of
three other essential micronutrient metals, Mn, copper
(Cu), and zinc (Zn), were higher in the phenolic
removal treatment in both shoots and roots except
for Mn in the roots, which was similar between the two
treatments (Fig. 6, B–D).

Effect of Phenolic Removal on Root Proton Extrusion
and Ferric Reductase Activity

The best known physiological markers for Fe deficiency in dicots are induction of root ferric reductase
activity and stimulation of root proton extrusion.
When the secreted phenolics were removed from the
root-bathing solution, root ferric reductase activity
was significantly increased (Fig. 8B). There also was
a small decrease in the pH of the root-bathing solution,
although this decrease was statistically significantly
different from the control treatment only on the 12th
day of the treatment (Fig. 8A).
DISCUSSION

According to Lynch and Whipps (1990), 30% to 60%
of the net photosynthetic carbon is allocated to the
roots, in which an appreciable amount, depending on
environmental factors such as mechanical impedance,
anaerobiosis, drought, and mineral nutrient deficiency,
is released as organic carbon into the rhizosphere. The

Effect of Phenolics on Fe Desorption from
the Root Cell Wall

Only a very small amount of apoplastic Fe was
desorbed from the cell wall of Fe-sufficient roots by the
2Fe nutrient solution (Fig. 7), and the amount of
desorbed Fe was not influenced by the volume of
desorption solution. However, when phenolics were
added to the 2Fe nutrient solution (1phenolics), the
amount of Fe desorbed from the cell wall was significantly higher and increased almost linearly with
increases in the volume of the desorption solution.
280

Figure 4. Effect of phenolics removal on the growth of red clover. The
treatments are the same as Figure 2, and the fresh weights were
analyzed after 16 d of the treatments. Data are means 6 SD (n 5 4). *,
Significant differences (P , 0.05) between two treatments.
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Figure 5. Role of phenolics secretion in reutilization of root apoplast Fe
in red clover. The treatments are the same as Figure 2. Data are means 6
SD (n 5 4). *, Significant differences (P , 0.05) between two treatments
at each time point.

main components of the root exudates are high and low
molecular weight organic solutes. The amount of low
molecular weight solutes often increases, and their
composition is altered under nutrient deficiency. In
graminaceous monocots, phytosiderophores are exuded
under Fe deficiency (Takagi, 1976). As strong chelators
of Fe (III), phytosiderophores increase Fe bioavailability
in the rhizosphere. On the other hand, in nongraminaceous monocots and dicots, phenolic compounds are
frequently reported to be the main components of root
exudates in response to Fe deficiency (Römheld and

Maschner, 1986; Susı́n et al., 1996; Curie and Briat, 2003;
Hell and Stephan, 2003), but their function is unclear.
Additionally, organic acid or riboflavin secretion induced by Fe deficiency has also been occasionally
reported (e.g. Ohwaki and Sugahara, 1997; Welkie,
2000). Here, we found that the secretion of phenolics
from red clover roots was also greatly stimulated by Fe
deficiency (Fig. 1), but organic acids in the root exudates
were quite low, below the detection limit of the HPLC
system, and no riboflavin was detected with spectrophotofluorometer at 460-nm activation wavelength and
530-nm emission wavelength (data not shown). Furthermore, in this study, we demonstrated that the secreted phenolics played a critical role in facilitating the
reutilization of the apoplastic Fe in roots.
Fe is an essential nutrient element for plant growth
and development and is involved in chlorophyll synthesis, thylakoid synthesis, and chloroplast development (Buchanan et al., 2000). Therefore, when the
plant suffers from Fe deficiency, the newly forming
leaves develop chlorosis symptoms, as was seen here
for red clover (Fig. 3). Nevertheless, in this research,
we observed the regreening of new leaves after the
development of Fe-deficient chlorosis, even though no
Fe had been added to the growth medium (Fig. 3A).
Longnecker (1986) also observed the regreening of newly
forming leaves of soybean (Glycine max) ‘Hawkeye’
in the later period of Fe-deficient culture. However,
in our study, when the secreted phenolics induced by
Fe deficiency were removed from the root-bathing
solution using the system shown in Figure 2, the Fe
deficiency-induced leaf chlorosis became more severe
(Fig. 3, A–C), and shoot biomass was slightly but
significantly decreased (Fig. 4) due to severe Fe deficiency. However, for Fe-sufficient plants, both the
Figure 6. Effects of the phenolics removal on Fe (A),
Mn (B), Cu (C), and Zn (D) contents in red clover roots
and shoots. The treatments are the same as Figure 2,
and the fresh weights were analyzed after 16 d of the
treatments. Data are means 6 SD (n 5 4). *, Significant differences (P , 0.05) between two treatments.
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Figure 7. In vitro effect of phenolics on desorption of cell wall-bound
Fe. A total of 0.050 g of cell wall powder that was prepared from the
whole root systems of Fe-sufficient plant was placed in a 2-mL column.
The kinetic studies were conducted as described in ‘‘Materials and
Methods.’’ At least two independent replicates were conducted, and
one set of results was presented.

chlorophyll levels of leaves and the biomass of root
and shoot were not affected by the phenolic-removing
treatment (data not shown), indicating that the resin
used in the phenolics-removing system did not affect
plant growth. These results imply that the phenolic
removal process exasperated Fe deficiency, and the phenolics secreted from the Fe-deficient roots may play
an important role in helping minimize Fe deficiencyinduced chlorosis.
Longnecker and Welch (1990) found that genotypic
differences in soybean resistance to Fe chlorosis
closely correlated with differences in the apoplastic
pool of Fe in the roots and, hence, assumed that that
reutilization of the root apoplastic Fe should be an
important strategy for the plant to resist Fe deficiencyinduced chlorosis. Here, we found that the root apoplastic Fe was gradually decreased after withholding
Fe from the nutrient solution; however, the removal of
phenolics from the rooting medium strongly inhibited
this decline in root apoplastic Fe (Fig. 5). This is
probably because the secreted phenolics can diffuse
into the nutrient solution and then when the secreted

phenolics in the nutrition solution were continuously
removed by the resin, the phenolics in the root
apoplast could not accumulate to a sufficient level to
solubilize the Fe stored in the root apoplast. Using
59
Fe, Zhang et al. (1991) demonstrated that the decreased amount of root apoplastic Fe was recovered in
the shoot when wheat (Triticum aestivum) seedlings
were transferred to 2Fe medium. The decrease in root
apoplastic Fe thus appears to be mediated by excreted
phenolics. This loss in root apoplast Fe is a benefit to
the shoot, as we found that blocking it by removing the
secreted phenolics resulted in much lower shoot Fe but
higher root Fe (Fig. 6A). The probable mechanism for
this process might be as follows: the secreted phenolics
react with Fe fixed in apoplast, making the Fe available
for absorption by the root cells and translocation to the
shoot. Fe deficiency usually can enhance the uptake of
other metal elements (Welch and Norvell, 1993; Cohen
et al., 1998; Chen et al., 2004). Here, we also found that
the concentrations of Mn, Cu, and Zn in both shoots
and roots were higher when phenolics were removed
(with the exception of Mn in roots; Fig. 6, B–D), indicating that the removal of phenolics did not impair
metal uptake systems. Overall, these results suggest
that Fe deficiency-induced secretion of phenolics plays
an important role in the reutilization of root apoplastic
Fe and redistributing more Fe into above-ground parts.
The cell wall is the major component of root apoplast and contains highly negatively charged sites that
can serve as a sink for most cationic mineral nutrients.
It was reported that over 75% of Fe in the root is
accumulated in the cell wall (Bienfait et al., 1985). We
extracted cell walls from Fe-sufficient roots to study
whether exogenously applied phenolics could remobilize Fe bound to cell walls. The amount of Fe
desorbed from the cell wall was shown to increase
almost linearly with the volume of phenolics passing
through the cell wall-packed column (Fig. 7), indicating that the secreted phenolics per se have the ability
to remove cell wall-bound Fe. As this Fe desorption
from the extracted cell wall did not involve metabolic
processes, it should be achieved by the chemical
means of chelation and reduction by the phenolics.
This result gives further support to the notion that Fe
deficiency-induced phenolics plays a key role in remobilizing root cell wall-bound Fe.

Figure 8. Effects of the phenolics removal on Fe
deficiency-induced proton extrusion (A) and ferric
chelate reductase activity (B) in red clover roots. The
treatments are the same as Figure 2. Data are means 6
SD (n 5 4). *, Significant differences (P , 0.05)
between two treatments at each time point.
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Strategy I plants such as red clover also respond to
Fe deficiency by inducing the ferric chelate reductase
embedded in root epidermal cell plasma membrane
and also via stimulation of the plasma membrane
proton pump, thus increasing proton exudation. The
gene encoding the ferric chelate reductase had been
isolated and shown to be essential for plants to grow in
Fe-limiting soils (Robinson et al., 1999). However,
enhanced reductase and proton extrusion are seemingly not involved in the reutilization of apoplast Fe
mediated by phenolics. This is indicated by finding
that the ferric reductase activity and acidification were
even greater when phenolics were removed (Fig. 8, A
and B). Redistribution of nutrients is an important
strategy for plants to maintain some semblance of
normal growth under nutrient-deficient conditions.
Most recently, a vacuolar Fe uptake transporter (VIT1)
was demonstrated to play a critical role in Fe localization into the vacuolar and the provascular strands of
the embryo; elimination of VIT1 function inhibited
reutilization of seed Fe storage during the germination
(Kim et al., 2006). In wheat, an ancestral wild allele
encoding a NAC transcription factor (NAM-B1) accelerated senescence and increased nutrient remobilization, while loss of function resulted in a significant
decrease of wheat grain protein, Zn, and Fe (Uauy
et al., 2006). Therefore, the reutilization of Fe previously accumulated in plant tissues is very important
for Fe nutrition due to the limited availability in soils.
Here, we show that the Fe deficient-induced secretion
of phenolics is an important part of a plant’s adaptive
strategy that encourages a reutilization of the considerable amounts of Fe normally stored and unavailable
in the root apoplast. In natural environments, during
slow growth stages of plant, such as the seedling stage,
the nutrient requirement is low and the nutrient concentration in rhizosphere soil is relatively higher
(Marschner, 1995). Thus, nutrient content in plant
tissues is also usually higher. However, when plant
growth rate is accelerated, along with the slow diffusion of Fe31 in the soil, Fe in the rhizosphere soil
solution can be easily exhausted. Hence, if the Fe
accumulated in the roots during slow stages of growth
could be reutilized with the help of the secreted
phenolics, the Fe nutrition of the upper parts will be
improved. Our findings presented here identify a
critical role for phenolics secreted under Fe deficiency
in remobilizing Fe to the above-ground parts of the
plant, thereby contributing to the improvement of
animal and human Fe nutrition. Furthermore, it will
also direct us to pay more attention to investigate the
mechanisms by which the plant reutilizes elements
fixed in the cell wall with the help of root exudates.

lings of red clover (Trifolium pratense) were transplanted to 1-L pots (four holes
per seedling holder and three seedlings per hole) filled with aerated, fullstrength complete nutrient solution. The solution had the following composition (in micromoles): Ca(NO3)2, 3,000; MgSO4, 500; NaH2PO4, 300; K2SO4,
500; H3BO3, 3; ZnSO4, 0.4; CuSO4, 0.2; MnCl2, 0.5; (NH4)6(MO7)24, 0.01; and
Fe(III)-EDTA, 20. The solution pH was adjusted to 6.5 using 1 M NaOH. The
nutrient solutions were renewed every other day. When the third trifoliate leaf
became half expanded, one-half of the plants were transferred to an otherwise
identical growth solution having no Fe, and the other one-half of the plants
still cultured in the Fe contained growth solution. The nutrient solutions were
renewed every other day. The plants were grown in a controlled-environment
room at a humidity of 70%, with a daily cycle of a 26°C, 14-h day and a 23°C,
10-h night. The daytime light intensity was 250 mmol photons m22 s21.

MATERIALS AND METHODS

Analysis of Apoplastic Fe

Plant Culture

The apoplastic Fe content was analyzed according the method of Bienfait
et al. (1985). Briefly, roots were transferred to a beaker containing 150 mL of
aerated 0.5 mM CaSO4 for 15 min. Then the roots were placed in a tube
containing 150 mL of 1.5 mM 2.2-bipyridyl. Oxygen was displaced from the

The solution cultivation experiment was carried out in a growth chamber
as described previously (Zheng et al., 2003). Briefly, uniform 15-d-old seed-

Measurement and Collection of Phenolic Compounds
Collection of the phenolics in the 2Fe solution was carried out according to
the methods described in Jin et al. (2006). Briefly, about 40 L of the 2Fecultured nutrient solutions was passed through a column filled with 10 cm3 of
SP825 Sepabeads resin (Mitsubishi Chemical). Then the phenolic compounds
adsorbed onto the resin were eluted with 40 mL of 100% methanol. The
phenolic compounds in the elutes was identified with the Fast Blue B salt,
which has the ability to react specifically with phenolic compounds to give a
characteristic reddish-brown product (O’Brian and Mcully, 1981), suggesting
the compounds in the elutes were phenolics. To further concentrate the
phenolics, the eluant was evaporated to dryness at 40°C in a rotary evaporator.
Residues were redissolved in 5 mL of dimethyl sulfoxide and stored at 4°C for
subsequent experiments investigating the desorption of Fe bound to cell wall.
The quantity of total phenolic compounds in dimethyl sulfoxide solution
was measured colorimetrically at 750 nm using Folin-Ciocalteu’s reagent
(Singleton and Rossi, 1965). For the measurement of the time course of root
phenolic secretion, 0.5 mM CaCl2 solution was used to collect the phenolic
compounds every other day, and the phenolics contained in CaCl2 solution
were detected directly using Folin-Ciocalteu’s reagent. The concentration of
the total phenolic compounds was expressed as an equivalent of gallic acid.

Fe Deficiency-Induced Root Exudate Removal
Because the phenolic secretion was remarkably increased from the 8th day of
Fe-deficient treatment (Fig. 1), we started the phenolic removal treatment on day
8 as following: the plants from one-half of the pots were transferred to the
phenolic removal pump system (Fig. 2) with nutrient solutions containing 0 or
20 mM FeEDTA. The plants of the other one-half of the pots were continuously
grown in nutrient solutions containing 0 or 20 mM FeEDTA. The nutrient solution
was renewed every 4 d and was refilled to 1 L with deionized water daily. The
pH of the solution was measured every other day with the glass electrode.
The SP825 Sepabeads resin used here is an aromatic compound sorbing
resin, and our tests with the phenolics removal system (Fig. 1) without plant
cultivation demonstrated that it did not absorb nutrient elements from
nutrient solution.

Chlorophyll Synthesis and Biomass Analysis
At each harvest, the chlorophyll content of newly formed leaves was
analyzed with a chlorophyll meter (SPAD-502, Minolta), and the chlorophyll
content was recorded as a SPAD reading. The principle of measurement of the
SPAD meter is based on the difference in light attenuation at 650 and 940 nm.
The transmittance at 940 nm functions as a reference to compensate leaf
variables, while the 650-nm source is sensitive to chlorophyll concentration.
The SPAD makes rapid and nondestructive measurements to provide a
relative indication of leaf chlorophyll concentration (Azia and Stewart, 2001).
After chlorophyll content recording, the plants were divided into shoots and
roots with scissors. Roots were washed with deionized water and blotted dry
with a paper towel. The shoots and roots were weighed and then dried in a
75°C oven to a constant weight for elements content analysis.
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solution by bubbling with N2 (5 min) before and after addition of 12.5 mM
Na2S2O4. Finally, an aliquot of the solution containing the Fe(II)-bipyridyl
complex was measured spectrophotometrically at 520 nm.

Determination of Ferric Reductase Activity
Ferric reductase activity was determined according to Grusak (1995).
Briefly, 1 g of the excised roots (less than 10 cm from the root tips) was placed
in an Erlenmeyer flask filled with 50 mL of an assay solution consisting of
0.5 mM CaSO4, 0.1 mM MES, 0.1 mM 4,7-diphenyl-1,10-phenanhroline-disufonic
acid, and 100 mM FeEDTA at pH 5.5 adjusted by 1 M NaOH. The flasks were
placed in a dark room at 25°C for 1 h, with periodic hand swirling at 15-min
intervals. The absorbance of the assay solutions was recorded by a spectrophotometer at 535 nm, and the concentration of Fe(II)[4,7-diphenyl-1,10phenanhroline-disufonic acid]3 was quantified using an extinction coefficient
of 22.14 mM21 cm21.

Elements Content Analysis
The dried root and leaf samples were wet digested in the concentrated
HNO3 at 120°C until there was no brown nitrogen oxide gas emitting, then
further digested with HNO3/HClO4 at 180°C until the solution became
transparent. Digestates were diluted by ultrapure water, and the concentrations of Fe, Mn, Cu, and Zn in the digestates were analyzed by ICP-Mass
(Agilent 7500a).

Effect of the Phenolics on the Desorption of
Fe Bound to Cell Wall
Crude Cell Well Preparation
The entire root systems of Fe-sufficient plants were harvested and washed
in 0.5 mM CaSO4 for 15 min. Cell walls were extracted according to Zhong and
Läuchli (1993). The prepared cell wall powder was stored in a refrigerator at
4°C for further use.

Desorption Kinetics
A total of 0.050 g cell wall powder was weighed into a 2-mL column
equipped with a filter at the bottom. The desorption solution consisted of Feomitting nutrient solutions with or without 100 mM phenolics. The solution
was sipped by a peristaltic pump set at a speed of 4 mL 20 min21 after running
through a 2-mL column holding the cell wall sample. The desorbed solutions
were collected at 20-min intervals, and the Fe in the desorbed solutions was
measured with 2,2-bipyridyl according to the method of Bienfait et al. (1985).
The cumulative Fe desorbed was calculated and plotted against total desorption volumes. The kinetic study was carried out twice independently, and one
set of desorption curves was presented in the result.

Statistics
All statistical analyses were conducted with SAS software (SAS Institute).
Means were compared by t test at P , 0.05 in all cases.
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