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ABSTRACT

In order to clarify contribution of the mugineic acid family of phytosiderophores (MAs) to the iron
(Fe) nutrient utilization for the survival of grasses grown in sodic soils, the secretion of MAs from
the roots of Puccinellia chinampoensis Ohwi (P. chinampoensis), one of the sodic tolerant grasses,
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was investigated compared with barley (Hordeum vulgare L. cv. Minorimugi) as a control plant in
Fe-depleted hydroponical cultures. It was clarified that the amount of released MAs of barley which
have high MAs secretion ability in their roots, was reduced under sodic conditions. On the other
hand, the amount of MAs released by P. chinampoensis was increased under the sodic conditions
compared with pH 6.5 conditions. It was also shown that MAs release activity of P. chinampoensis
was subjected to lesser repression by Na2CO3/NaHCO3 than that of barley. Subsequently, the
activity of MA, one of the MAs, to solubilize Fe3+ from gelled Fe3+ in various ion compositions was
examined. The results showed that Fe3+ solubilization activity of MAs was maintained stable in the
pH range between 8 and 10 and was much repressed by CO3

2−/HCO3
− under pH 10 condition.

Because of the repression of Fe3+ solubilization activity of MA by CO3
2−/HCO3

−, it was considered
that higher ability to secrete MAs of P. chinampoensis under sodic conditions will give advantage to
the plant for survival in sodic soils. Thus, P. chinampoensis is considered to be adapted to sodic
conditions. Extensive examination about the behavior of MAs in the rhizosphere of sodic soils and
physiological significance of MAs in the sodic tolerant grasses are required in the future.

Keywords: Fe3+ solubilization; songnen plain; sodic soil; sodium carbonate/bicarbonate; gelled Fe3+.

1. INTRODUCTION

Iron is one of the essential metal micronutrients
and is related to respiration, many redox
reactions, and photosynthesis [1-3]. Generally,
mineral soils have a total Fe content of about 5%.
However, Fe is deposited as Fe (OH)3 in alkaline
soils and the total concentration of inorganic Fe
species in the soil solution is around 10−10mol/L
[3]. Under the conditions of sodic soil of pH 10,
Fe is considered to be precipitated and
immobilized. Therefore, Fe deficiency is one of
the inhibitory factors in plant growth and crop
yield in alkaline soils [4]. It is considered that the
plants able to be grown there may have high
ability to utilize Fe in the soil.

Plants have Fe acquisition systems which are
known to be Strategy I and Strategy II functioning
under the Fe deficiency [3]. Strategy I is the Fe
acquisition system in dicotyledons and non-
grasses. Strategy I is comprised of three integral
parts, an Fe3+-reducing enzyme system, potent
proton extruding pump and secretion of
phenolics to rhizosphere. On the other hand,
Strategy II is the Fe acquisition system in
grasses (e.g. barley, wheat, rice, maize and
sorghum). In Strategy II, grasses secrete
mugineic acid family of phytosiderophores (MAs)
from roots under Fe deficient conditions [5-7],
solubilize Fe3+ from aerobic soils and carry it into
the root cells through a transport system specific
to Fe3+-MAs [8-10]. There is a correlation
between the degree of Fe efficiency of grasses
and the MAs secretion ability of their roots under
Fe deficiency, both of these traits being in the
order: barley > wheat and rye > oats > maize >
sorghum > rice [3,11-13]. Compounds of MAs
were proven to be highly efficient in solubilizing

Fe3+ from calcareous soils than microbial
siderophore (Desferrioxamine B), artificial
chelators (ethylenediaminetetraacetic acid
(EDTA), diethylenetriaminepentaacetic acid
(DTPA)) [14]. Thus, MAs secretion may be
essential ability for grasses to acquire Fe3+ in
alkaline conditions.

In recent years, land degradation in arid regions
is becoming a more serious problem all over the
world, in Africa, Asia, North and South America,
and Spain [15]. In cultivated lands in the world,
about 23% are saline and 37% are sodic and
saline and sodic soils cover about 10% of the
total arable lands [16]. Soil sodification is a
chemical land degradation which occurs in arid
or semi-arid area. Once soil begins to suffer from
sodification, Na2CO3 and NaHCO3 accumulate in
the soil. As a result, the soil physical condition
worsens and soil permeability becomes low. Also,
the soil pH is raises to around 10 due to HCO3

−

and CO3
2− and soil electrical conductivity (soil

EC) also raises due to high concentration of Na+

[17]. Therefore, the plants grown in sodic soils
suffer from damaging effects of alkaline stress
and salt stress [18]. In sodic soils, plant growth is
repressed strongly as compared with those in
saline soil containing neutral salts like NaCl
and/or Na2SO4 [18]. Thus, sodic soil is one of
the most alkaline and barren soil in the world. Yet,
there area few studies about plant growth in
sodic soils compared with those in calcareous
soils. Fe acquisition by plants grown in sodic
soils has not been intensively studied, as far as
we know. In fact, the plants described above,
such as barley and wheat, cannot grow in sodic
soils.
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In the Songnen Plain in north east China, the
increase of sodic soil areas has been becoming
a serious problem since the middle of the
twentieth century. The causes of soil sodification
in the Songnen Plain are due to natural factors
such as parent materials, topographic positions,
and an arid/semi-arid climate as well as
anthropogenic causes such as population
pressure, overgrazing, and improper agricultural
and economic policies [19-21]. Thus, the
Academy of Agriculture Science of Jilin provinces
in China has been managing the project to
recover the vegetation in the Songnen Plain and
the utility for the revegetation of Puccinellia
chinampoensis Ohwi (P. chinampoensis) has
been examined due to its high palatability for
animal grazing [22,23]. In fact, P. chinampoensis
is, one of tolerant plants, forms communities in
sodic areas in the Songnen Plain. There are
some studies about the grass [23,24]. More
research about this grass is required.

Demonstration of the superior physiological
ability of the grasses grown in the sodic soils
such as P. chinampoensis will contribute to
indicate the utility of the plants for recovering
vegetation in the Songnen Plain. Clarification of
the relationship between the MAs secretion
ability and Fe acquisition of the sodic tolerant
grasses is required in order to reveal their
superior characteristics for survival in sodic soils.

Therefore, the focus of this study was the MAs
secretion ability for Fe nutrient utilization of
grasses under sodic conditions. In fact, P.
chinampoensis can grow without showing Fe
chlorosis, which is observed in the plants grown
in calcareous soils, in sodic areas of the
Songnen Plain. The reason why the plant does
not show Fe-chlorosis as a Fe-deficiency
symptom remains unknown. It is considered that
P. chinampoensis can secrete MAs and those
MAs may function in the acquisition of Fe3+ by
grasses in the rhizosphere of sodic soils. At
present, however, there has been no research on
this topic.

We studied the correlation between the MAs
secretion ability of P. chinampoensis and the
Fe3+ solubilization activity of MA, one of the MAs,
under Fe-depleted and sodic conditions. The aim
of this study is to inspect the contribution of MAs
release in Fe nutrient utilization related with the
survival activity of grasses grown in sodic soils.

2. MATERIALS AND METHODS

2.1 Plant Growth

Seeds of P. chinampoensis were received from
A. K. Xu of the Academy of Agriculture Science
of Jilin provinces in China. Seeds of barley
(Hordeumvulgare L. cv. Minorimugi) were
obtained from the plants grown in the field of
Iwate University. The seeds were placed on a
sterilized plastic net that overlay a 1mmol/L
CaCl2 solution in a plastic box and germinated.
The box was kept in a growth chamber (KG-
206HI, Koito Industries Ltd, Tokyo, Japan) with a
day-night regime of 14h with 280μmol/m2·s light
at 17°C and 10h dark at 10°C. Both seeds of P.
chinampoensis and barley in the box were under
these conditions for 7 days and 3 days,
respectively, in light-shielded conditions and then
the seedlings were grown under artificial light.
The CaCl2 solution in the seeds box was
replaced with 1/5-strength modified Hoagland
and Arnon No. 2 medium [25,26]. Twenty one
days after the growth in the medium of 1/5
strength medium, the seedlings of P.
chinampoensis were transplanted into 10L
buckets and grown in 1/2-strength modified
Hoagland and Arnon No. 2 medium consisting of
3 mmol/L KNO3, 2mmol/L Ca(NO3)2, 0.5mmol/L
NH4H2PO4, 1mmol/L MgSO4, 10μmol/L Fe3+-
EDTA, 1.5μmol/L H3BO3, 0.25μmol/L MnSO4, 0.1
μmol/L CuSO4, 0.2μmol/L ZnSO4 and 25nmol/L
H2MoO4 (pH 5.5) with continuous aeration for 7
days. The seedlings of barley were also
transplanted into 10L buckets 7 days after growth
in 1/5-strength medium and grown in the 1/2-
strength medium with continuous aeration for 3
days.

The seedlings of P. chinampoensis were again
transplanted with 5 plants per bunch to the
aerated treatment mediums (described following)
and grown for 21 days. Treatment 1 (control): Fe-
depleted medium (pH 6.5), Treatment 2 (alkaline
conditions): Fe-depleted medium with pH 10 and
Treatment 3 (sodic conditions): Fe-depleted
medium with pH 10 containing 20mmol/L
Na2CO3/NaHCO3. The pH of each medium was
adjusted by 1mol/L NaOH every day. Root
exudates of P. chinampoensis were collected at
14 days and 21 days after transfer to the
treatment media by the methods of Kawai et al.
[25]. The seedlings of barley were transplanted
with 3 plants per bunch to the same aerated
treatment medium and grown for 14 days. Root
exudates of barley were collected at 7 days and
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14 days after transfer to the treatment medium,
similarly.

SPAD value, an index of the amount of
chlorophyll present [27], of the leaves was
measured by SPAD-502chlorophyll meter
(Minolta Camera Co. Tokyo, Japan). The values
were measured in triplicate.

Plants samples of P. chinampoensis and barley
were harvested at 21 days and 14 days,
respectively, after transfer to the Fe-depleted
medium. The plants were separated into shoots
and roots and dried in an oven at 55°C for 24h.
Dry weights of the plant parts were measured.

2.2 Phytosiderophores (MAs) Release of
P. chinampoensis under Alkaline or
Sodic Conditions

The collection of root exudates was performed by
a similar method of Kawai et al. [25] as follows.
Three samples (five plants of P. chinampoensis
per sample and three plants of barley per
sample) of each plant were rinsed with deionized
water immediately at the onset of the light period
and soaked in 500mL of deionized water for 4h.
After the plants were removed from deionized
water, 10mg thymol (Kanto Chemical Co. Tokyo,
Japan) was added to the solutions to prevent
microbial degradation of MAs. These solutions
were denoted as root washing.

Each solution of root washing was introduced
individually into a column (1.5cm internal
diameter × 15cm) of cation exchange resin
(Amberlite IR-120B, Organo Corp. Tokyo, Japan).
The resin was washed with 200mL deionized
water. The compounds adsorbed onto the resin
were eluted with 200mL of 1mol/L NH4OH and
the eluted solution was concentrated under
vacuum. These solutions were denoted as root
exudate.

A modified method of Fe3+-solubilizing assay of
Takagi [5] was employed to estimate the amount
of compounds capable of solubilizing Fe3+ in the
root exudates. In this assay, 10mL of root
exudate solution was mixed with 0.5mL of Na-
acetate buffer (pH 5.6, 0.5mol/L) and 2mL of
aqueous suspension of gelled Fe3+ (5mmol/L)
which was prepared by neutralizing 0.5mol/L
FeCl3 with 0.5mol/L NaOH (pH 7). The mixed
solutions were incubated in an oven at 55°C for
120min, with shaking at 40min intervals. The
solutions were filtered through No. 5C filter
papers (Toyo Roshi Kaisha, Ltd. Tokyo, Japan)

and analyzed for Fe by colorimetry with UV-Vis
spectrophotometer (UV mini 1240, Shimadzu,
Kyoto, Japan). The amount of MAs was
calculated based on a regression line made with
the amount of Fe3+ solubilized from aqueous
suspension of gelled Fe3+ as a function of
amount of the authentic MA.

Root exudates of P. chinampoensis were further
analysed to identify the type of MAs by cellulose
thin-layer chromatography (TLC) according to the
modified method of Kawai et al. [11]. The MAs
standards employed in TLC were mugineic acid
(MA), 2’-deoxymugineic acid (DMA), 3-epi-
hydroxymugineic acid (epi-HMA) and
hydroxymugineic acid (HMA) [28]. The solvent
for TLC consisted of phenol: 28% ammonia:
deionized water (15: 2: 4, by volume). The TLC
plate was sprayed with 1.5mmol/L FeCl3 in 60%
(v/v) acetone/water, exposed to ammonia vapor
in a glass chamber for 5min and then soaked in
methanol for 20min to remove soluble Fe3+ (Fe3+

chelated with MAs). Then the plates were dried
at room temperature and sprayed with 50% (v/v)
ethanol containing 1, 10-o- phenanthroline
(0.5%) and hydroxylamine-HCl (5%). Upon
spraying the solution of the regent the sites
where MAs had migrated could be detected as
white spots on a reddish-orange colored
background.

2.3 Preparation of Mugineic Acid (MA)

Crystalline MA for making MA solutions in assay
of the effect of pH or salt in the Fe3+ solubilizing
activity of MA from gelled Fe3+ was isolated from
the root washing of Fe-deficient barley
(Hordeumvulgare L. cv. Minorimugi) that was
grown hydroponically according to the method of
Takagi et al. [6]. Analysis by Nuclear Magnetic
Resonance indicated that isolated MA was pure.

2.4 Iron3+ Solubilization Activity of MA
from Gelled Fe3+ Affected by pH or
Salt

2.4.1 Iron3+ solubilization by MA under
alkaline conditions

For the measurement of Fe3+ solubilization
activity of MA, modified Takagi’s method [5] was
employed. 3mL of MA solution (300μmol/L) was
added to 12.5mL of deionized water. Then,
2.5mL of buffer solution of 100mmol/L
N-cyclohexyl-2-hydroxyl-3-aminopropanesulfonic
acid (CAPSO) was added to the solution. Then,
the pH value of the solutions was adjusted to 8, 9,
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10 and 11 by adding 0.1mol/L NaOH or KOH. All
samples did not contain CO3

2−/HCO3
−.

Subsequently, 2mL of aqueous suspension of
gelled Fe3+ (5mmol/L) was added to the solution.
The total volume of each mixed solution was
adjusted to 30mL with deionized water. The final
concentration of MA in these solutions was
30μmol/L. The solutions were incubated in an
oven at 55°C for 120 min with shaking at 40min
intervals. Then, the solutions were individually
filtered through No. 5C filter paper. 1mL of HCl
(conc) was added to the filtered solution, which
was diluted in a volumetric flask to 50mL. The
amount of Fe3+ solubilized was measured by
ICP-OES (ICPE-9000, Shimadzu, Kyoto).

2.4.2 Iron3+ solubilization by MA under sodic
conditions

For the measurement of Fe3+ solubilization
activity of MA, modified Takagi’s method [5] was
employed. 3mL of MA solution (200μmol/L) was
added to 15mL of Na2CO3-NaHCO3 or K2CO3-
KHCO3 buffer (buffers for pH 10) with the
following concentrations, 26.7mmol/L,
53.3mmol/L, 80.1mmol/L and 106.7mmol/L. Then,
2mL of suspension of gelled Fe3+ (5mmol/L) was
added to the solutions. Deionized water was
added instead of a buffer solution for control. The
value of pH of the solution added with buffer was
10. Value of the pH of the control was 6. The
final concentration of MA in each solution was
30μmol/L. The concentrations of CO3

2−/HCO3
− in

the solutions added with buffer were 20, 40, 60
and 80mmol/L. The solutions were incubated in
an oven at 55°C for 120min, with shaking at
40min intervals. Subsequently, the solutions
were individually filtered through a No. 5C filter
paper. 1mL of HCl (conc) was added to the
filtered solution, which was diluted in volumetric
flask to 50mL. The amount of Fe3+ solubilized
was measured by ICP-OES (ICPE-9000,
Shimadzu, Kyoto).

2.4.3 Iron3+ solubilization by MA under saline
conditions

For the measurement of Fe3+ solubilization
activity of MA, modified Takagi’s method [5] was
employed. 3 mL of MA solution (200μmol/L) was
added to 15mL of NaCl with the following
concentrations, 80mmol/L, 160mmol/L and
240mmol/L. Subsequently, 3mL of MA solution
(200μmol/L) was added to 15mL of Na2SO4 with
the following concentrations, 40mmol/L,
80mmol/L, and 120mmol/L. Then, 2mL of
suspension of gelled Fe3+ (5mmol/L) was added

to the solutions. Deionized water was added
instead of NaCl or Na2SO4 solutions for control.
Value of pH of the solutions was around 7. Value
of the pH of the control was 6. The final
concentration of MA in each solution was
30μmol/L. The concentrations of NaCl in the
solutions were 60, 120 and 180mmol/L. The
concentrations of Na2SO4 in the solutions were
30, 60 and 90mmol/L. The following methods
were similar to those of the sodic conditions as
described above.

2.5 Statistical Analyses

Experiments were conducted in triplicate. Data
were subjected to an ANOVA using computer of
“HP proLiant DL320 G6” in Iwate university,
Japan [29]. Differences between means were
evaluated using the Ryan-Einot-Gabriel-Welsch
multiple range test (p< 0.05).

3. RESULTS

3.1 Plant Growth

The results of the dry weight of the plant parts
are shown in Fig. 1. Under the alkaline (pH 10) or
sodic condition (pH
10+20mmol/LNa2CO3/NaHCO3) with Fe-depleted
treatment, both the shoot and root dry weight of
P. chinampoensis were higher than that of
control (pH 6.5) (Fig. 1a). Under the sodic
conditions, the shoot dry weight was lower than
that of the alkaline conditions and root growth
was similar to that of the alkaline condition. In
barley (Fig. 1b), the shoot dry weight and root dry
weight under the alkaline conditions were higher
than those of the other conditions. There was no
significant difference in dry weight of the barley
plant parts between the sodic conditions and the
control.

Table 1 shows the SPAD value of the leaves of
the plants. In P. chinampoensis, SPAD value of
the leaves in alkaline or sodic condition was
higher than that of the control. The control plant
showed Fe-chlorosis but the plants in alkaline or
sodic condition did not show Fe-chlorosis. There
was no difference between those of alkaline or
sodic conditions. In barley, SPAD value of the
leaves in alkaline or sodic condition was higher
than that of control. However, the SPAD value of
sodic condition was lower than that of alkaline
condition. It was shown that the leaves of the
plants grown with pH 10 were greener than those
of the control.
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Fig. 1. Shoot or root dry weight of plants grown in each treatments (a) P. chinampoensis, (b)
barley

Each value represents the mean ± SD (n = 3). Different letters at the top of each column indicate significant
differences (p<0.05) according to the Ryan-Einot-Gabriel-Welsch multiple range test.

(a) shoot (F = 60.04, p<0.0001), root (F = 54.49, p<0.0001),
(b) shoot (F = 13.37, p<0.01), root (F = 10.05, p<0.05)

Table 1. SPAD value of leaves of each plant
under control, alkaline or sodic condition

P. chinampoensis Barley
Control 3.80±0.25  b 4.67±0.37  c’
Alkaline
condition

33.7±1.61  a 40.7±1.37  a’

Sodiccondition 34.5±4.34  a 20.2±1.38  b’
SPAD value is an indication of the amount of chlorophyll

present, Data are shown as mean ± standard error
(SE).Different letters indicate significant differences (p< 0.05)
according to the Ryan-Einot-Gabriel-Welsch multiple range
test, P. chinampoensis: F = 42.79, p< 0.0005. barley: F =

251.16, p< 0.0001

3.2 Phytosiderophores (MAs) Release of
P. chinampoensis and Barley under
Alkaline or Sodic Conditions

The amount of MAs released by roots of the
plants is shown in Fig. 2. In P. Chinampoensis
(Fig. 2a), the amount of MAs released by the
roots under the alkaline condition (pH 10) was
the highest among the conditions at 14 days and
21 days after transfer to Fe-depleted medium. At
14 days, the amount of MAs released by the
roots under the sodic condition (pH
10+20mmol/LNa2CO3/NaHCO3) was lower than
that of alkaline condition and similar to that of
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control. At 21 days, the amount of MAs released
by the roots under the sodic condition was higher
than that of the control, but lower than that of the
alkaline condition. It was shown that addition of
Na2CO3/NaHCO3 reduced MAs release by the
roots of the plant as compared with alkaline
condition.

In barley (Fig. 2b), the amount of MAs released
by the roots were enhanced under the alkaline
condition as compared with control at 7 and 14

days after transfer to Fe-depleted medium.
However, the amount of MAs under the sodic
condition was largely repressed as compared
with alkaline condition at 7 and 14 days. At 14
days, MAs release under sodic condition was
similar to that of control.

Depressive effect of Na2CO3/NaHCO3 on MAs
release under the condition of pH 10 was clearly
shown in both plants.

Fig. 2. Amount of mugineic acid family of phytosiderophores (MAs) released by roots of the
plants grown in each treatments (a) P. chinampoensis, (b) barley

Each value represents the mean ± SD (n = 3). Different letters at the top of each column indicate significant
differences (p<0.05) according to the Ryan-Einot-Gabriel-Welsch multiple range test, (a)14 days (F = 155.38,

p<0.001), 21 days (F = 162.15, p<0.001), (b) 7 days (F = 37.94, p<0.0005), 14 days (F = 21.09, p<0.005)
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than that of the control, but lower than that of the
alkaline condition. It was shown that addition of
Na2CO3/NaHCO3 reduced MAs release by the
roots of the plant as compared with alkaline
condition.

In barley (Fig. 2b), the amount of MAs released
by the roots were enhanced under the alkaline
condition as compared with control at 7 and 14

days after transfer to Fe-depleted medium.
However, the amount of MAs under the sodic
condition was largely repressed as compared
with alkaline condition at 7 and 14 days. At 14
days, MAs release under sodic condition was
similar to that of control.

Depressive effect of Na2CO3/NaHCO3 on MAs
release under the condition of pH 10 was clearly
shown in both plants.

Fig. 2. Amount of mugineic acid family of phytosiderophores (MAs) released by roots of the
plants grown in each treatments (a) P. chinampoensis, (b) barley
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Thin-layer chromatograms of MAs released by
the roots of P. chinampoensis grown under the
Fe-depleted condition of the control, alkaline and
sodic condition are shown in Fig. 3. The
prepared roots exudates from P. chinampoensis
may contain mugineic acid (MA),
hydroxymugineic acid (HMA) and a smaller
amount of epi-hydroxy mugineic acid (epi-HMA).

3.3 Iron3+ Solubilization Activity of MA
from Gelled Fe3+ Affected by pH or
Salt

3.3.1 Iron3+ solubilization by MA under
alkaline conditions

The amount of the Fe3+ solubilized by MA under
alkaline conditions is shown in Fig. 4. In the
solutions whose pH were adjusted by N-
cyclohexyl-2-hydroxyl-3-aminopropanesulfonic
acid (CAPSO) and 0.1mol/L NaOH (Fig. 4a), the
amount of solubilized Fe3+ was the highest at pH
9. The amount of solubilized Fe3+ was similar at
pH 8 and pH 10 and was considerably lower at

pH 11. In the solutions whose pH were adjusted
byN-cyclohexyl-2-hydroxyl-3-
aminopropanesulfonic acid (CAPSO) and 0.1
mol/L KOH (Fig. 4b), the amount of solubilized
Fe3+ was almost stable in the range between pH
8-10. At pH 11, the amount of solubilized Fe3+

was considerably lower.

3.3.2 Iron3+ solubilization by MA under sodic
conditions

The amount of the Fe3+ solubilized by MA under
sodic conditions with a higher concentration of
CO3

2−/HCO3
− is shown in Fig. 5. In the solutions

added with Na2CO3-NaHCO3 buffer (pH 10) (Fig.
5a), the amount of solubilized Fe3+ by MA was
much lower than compared with that of the
control, and there was no significant difference
among the treatments. In the solutions added
with K2CO3-KHCO3 buffer (pH 10) (Fig. 5b),
amount of solubilized Fe3+ by MA of the solutions
added with alkaline buffer was also much lower
compared with that of the control, and there were
no significant differences among the treatments.

Fig. 3. Thin-layer chromatograms of root exudates released from Puccinellia chinampoensis
Ohwigrown under Fe-depleted conditions of control (pH 6.5), alkaline condition (pH 10) and
sodic condition (pH 10+ 20mmol/L Na2CO3/NaHCO3) and compounds of the mugineic acid
family of phytosiderophores (MAs) (Std: authentic compound, MA: mugineic acid, DMA:
deoxymugineic acid, epi-HMA: epi-hydroxymugineic acid, HMA: hydroxymugineic acid)
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Fig. 4. Amount of Fe3+ solubilized by mugineic acid (MA) in the alkaline solutions whose pH
was adjusted by N-cyclohexyl-2-hydroxyl-3-aminopropanesulfonic acid (CAPSO) and (a) NaOH

or (b) KOH
Each value represents the mean ± SD (n = 3). Different letters at the top of each column indicate significant

differences (p<0.05) according to the Ryan-Einot-Gabriel-Welsch multiple range test.
(a) F = 40.80, p<0.001, (b) F = 510.39, p<0.001

3.3.3 Iron3+ solubilization by MA under saline
conditions

The amount of the Fe3+ solubilized by MA under
saline conditions is shown in Fig. 6. In the
solutions added with NaCl (pH7) (Fig. 6a), the
amount of solubilized Fe3+ by MA was similar to
that of control and there were no significant
differences among the treatments. In the
solutions added with Na2SO4 (pH7) (Fig. 6b),
amount of solubilized Fe3+ by MA was similar to
that of control and there were no significant
differences among the treatments.

4. DISCUSSION

Under the alkaline (pH 10) and sodic condition
(pH 10 + Na2CO3/NaHCO3) with Fe-depleted
treatment, the dry weights of roots and shoots of
P. chinampoensis were higher than that of the
control (pH 6.5) (Fig. 1a). In barley, the growth of
roots and shoots under the alkaline condition
was higher than those of the other conditions
(Fig. 1b) and the growth under the sodic
condition was similar to that of control (Fig. 1b). It
seems that the alkaline condition could enhance
the growth of both plants under Fe-depleted
treatment. The reason why growth of the plants
was enhanced under pH 10 and Fe-depleted
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treatments may be due to greening of the leaves
(Table 1), resulting in higher photosynthesis
activity. The phenomenon that P. chinampoensis
did not show Fe-chlorosis was similar to that of
the plant grown under sodic condition in the
actual field. It was thought that the plants could
effectively utilize Fe which was absorbed before
Fe-depleted treatment. Fe may be more
available in the plant tissues and induce
chlorophyll formation when plants are grown
under pH 10 conditions. The physiological
mechanism of the greening under the condition

of pH 10 is not known now, which needs to be
investigated in the future.

It was shown that the sodic condition could not
promote the growth of barley. But the growth of P.
chinampoensis was higher under the sodic
condition than the control. It seems that presence
of Na2CO3/NaHCO3 repressed growth under the
condition of pH 10, but the growth of the plant
was still higher than the control (pH 6.5).
Therefore, it is considered that P. chinampoensis
could adapt to the sodic condition.

Fig. 5. Amount of Fe3+ solubilized by MA in the solutions with varied concentration of (a)
Na2CO3-NaHCO3 buffer (buffer for pH 10) or (b) K2CO3-KHCO3 buffer (buffer for pH 10). Value of

pH of the solutions was 10 and that of control was 6
Each value represents the mean ± SD (n = 3). Different letters at the top of each column indicate significant

differences (p<0.05) according to the Ryan-Einot-Gabriel-Welsch multiple range test
(a) F = 392.73, p<0.001, (b) F = 169.78, p<0.001
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Fig. 6. Amount of Fe3+ solubilized by MA in the solutions with varied concentration of (a) NaCl
or (b) Na2SO4. Value of pH of the solutions was 7 and that of control was 6

Each value represents the mean ± SD (n = 3). Different letters at the top of each column indicate significant
differences (p<0.05) according to the Ryan-Einot-Gabriel-Welsch multiple range test

(a) F = 0.82, (b) F = 0.52

Under the alkaline condition, P. chinampoensis
released the highest amount of MAs among the
conditions at both 14 days and 21 days (Fig. 2a).
At 14 days, the amount of MAs released by the
roots of P. chinampoensis grown under the sodic
condition was similar to that of the control, but it
increased at 21 days though the amount of MAs
released in the control did not increase (Fig. 2a).
In barley, the amount of MAs released by the
roots under the alkaline condition was the
highest among those of the other conditions at
both 7 days and 14 days (Fig. 2b). The amount
of MAs released by the roots of barley under the
sodic condition was the lowest among the other
conditions at both 7 days and 14 days (Fig. 2b).
Under the sodic condition, the amount of MAs

release in barley was lower than that of the
control at 7 days, and it was similar amount to
that of control at 14 days (Fig. 2b). It seems that
the alkaline condition enhanced MAs secretion in
both plants, which is probably due to induction of
Fe-deficiency response in the roots. Solubility of
Fe3+ is extremely lower under pH 10 conditions
than pH 6.5 conditions. However, the leaves of
the plants showed greening and no chlorosis. It
can be considered that the Fe-deficiency
responses, the MAs release and Fe-chlorosis,
were induced specifically in roots and not in the
leaves. As a result, owing to the photosynthate
supplied from green leaves, MAs formation and
release may be enhanced.
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It was shown that the sodic condition enhanced
MAs secretion in P. chinampoensis and lowered
the MAs secretion in barley as compared with the
control. It is well known that barley has the higher
MAs secretion ability in their roots than the other
grasses under the Fe deficiency [3,11,12,13]. It
was noticeable that MAs secretion in P.
chinampoensis was not repressed by the sodic
condition though MAs secretion by barley was
repressed by the sodic condition. This result
shows one of the adaptation mechanisms of P.
chinampoensis to sodic conditions.

Plants suffer from the damaging effects of both
alkaline and salt stress under sodic conditions
due to excessive Na+ and CO3

2−/HCO3
− [18].

Yousfi et al. [30] suggested that NaCl may inhibit
the secretion of MAs of grasses under pH 6.0
condition. Therefore, a large amount of Na+ may
inhibit the secretion of MAs in grasses under
sodic conditions. Additionally, high amounts of
CO3

2−/HCO3
− may also interfere with the MAs

secretion ability of grasses under sodic
conditions. The high pH condition may cause Fe
deficiency in roots more severely and activate
formation and release of MAs, but Na+ and
CO3

2−/HCO3
− may reduce formation and/or

release activity of MAs under sodic conditions.
Probably, biosynthetic pathway and release
process of MAs in the plant are not inhibited by
high alkaline conditions (pH 10). One or both of
biosynthesis and release of MAs may be
repressed by Na+ and CO3

2−/HCO3
− in barley.

However, in P. chinampoensis, there may be a
defense mechanism to Na+ and CO3

2−/HCO3
− in

the biosynthetic pathway and release process of
MAs.

It was shown by using the method applied to the
grasses in the previous report [25,28]. MAs were
released by the roots of barley and P.
chinampoensis by TLC (Fig. 3). P.
chinampoensis may secrete MAs, such as
mugineic acid (MA), hydroxymugineic acid
(HMA) and small amount of epi-hydroxymugineic
acid (epi-HMA) in the Fe-depleted medium (Fig.
3). Therefore, it is considered that P.
chinampoensis secretes MAs in the rhizosphere
of sodic soils and function there for Fe3+

acquisition. For precise identification of MAs
released by the plant, more analysis is necessary.

The effect of high pH on Fe3+ solubilization from
gelled Fe3+ by MA is shown in Fig. 4, the Fe3+

solubilization activity of MA was maintained up to
pH 10 and repressed chemically at pH 11, which
was consistently shown in Na+ or K+ CAPSO

buffer solution. In the experiment without use of
CAPSO, similar results were obtained (data not
shown). However, in the experiment where
Na2CO3-NaHCO3 or K2CO3-KHCO3 buffer (pH
10) was added, the amount of solubilized Fe3+

was reduced by adding the buffer solutions (Fig.
5). However, the amount of solubilized Fe3+ was
not affected by adding NaCl or Na2SO4 (pH 7)
(Fig. 6). Thus, it was indicated that the Fe3+

solubilization activity of MA was largely
repressed by CO3

2−/HCO3
− under the condition of

pH 10. Therefore, Fe3+ solubilization activity of
MA released by the plant roots in the rhizosphere
of sodic soils is considered to be repressed by
CO3

2−/HCO3
−. It is known that MAs forms an

octahedral configuration complex with Fe3+

[31,32]. The hybrid orbital of the Fe3+ may bind
with orbital of oxygen of CO3

2−/HCO3
− molecule

and the ligand may compete with the orbital of
oxygen or nitrogen of MAs molecule, resulting in
repression of chelation of Fe3+ by MAs. In fact,
the formation constant of Fe-HCO3

− is 20.78 [33],
and it is greater than that of Fe3+-MA, 17.7 [34].
This may be the reason why Fe3+ solubilized by
MA from gelled Fe3+ was reduced under the
sodic conditions (Fig. 5). Fig. 6 shows the effect
of Cl− or SO4

2−on Fe3+ solubilization activity of
MAs. There was no substantial effect of the
anions to the activity. The results suggested that
addition of acids such as HCl or H2SO4 to the
sodic soils in the actual field would vaporize
CO3

2−/HCO3
− into CO2 and promote the effectivity

of MAs to solubilize Fe3+. The effect will be
accompanied with a pH lowering effect by the
acids in the rhizosphere of sodic soils.

It has been shown that MAs can solubilize Fe3+

though the Fe3+ solubilization activity of MAs is
much repressed by CO3

2−/HCO3
− under sodic

conditions (Fig. 5). Therefore, it is considered
that grasses grown under sodic conditions need
to secrete a high amount of MAs for Fe3+

acquisition. The MAs secretion ability of P.
chinampoensis with lower repression by
CO3

2−/HCO3
− than barley is considered to be

advantageous to Fe nutrient utilization and
survival in sodic soils.

Possibly, P. chinampoensis has specific efflux
transporter for the release of Fe3+- MAs complex
similar to the other grasses (TOM) [10]. At
present, it is not known whether the activity of
MAs releasing protein of the plant is affected by
high pH, Na+ or CO3

2−/HCO3
−. Some grasses

absorb Fe3+-MAs through the specific transporter
(YS1) of roots and convey Fe to the xylem vessel
[8,9]. P. chinampoensis may have YS1 and
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utilize it for Fe3+-MAs transport in the rhizophere
of sodic soils. Furthermore, it is reported that
Strategy II plants can also uptake Fe2+ like
Strategy I plants [35]. How such genes are
affected by CO3

2−/HCO3
− has not been

investigated. Further study is required to reveal
the mechanism how P. chinampoensis utilizes Fe
under sodic conditions and the contribution of
MAs to the Fe nutrient utilization for the survival
of grasses grown in sodic soils in the future.

5. CONCLUSION

The secretion of MAs from the roots of
Puccinellia chinampoensis Ohwi and Fe3+

solubilization activity of MA were examined under
sodic and Fe-depleted conditions. It was clarified
that P. chinampoensis can secrete MAs and the
amount of released MAs increased under the
alkaline or sodic condition as compared with that
of the control (pH 6.5). Also, it was suggested
that Fe3+ solubilization activity of MA was highly
repressed by CO3

2−/HCO3
− under the sodic

conditions. Because of the repression of Fe3+

solubilization activity of MA by CO3
2−/HCO3

−, it
seems that the grasses grown in sodic soils need
to secrete a high amount of the MAs to acquire
Fe3+. Therefore, it was considered that plants
with higher secretion ability of MAs under sodic
conditions will be able to survive in sodic soils. It
was also shown that MAs release of P.
chinampoensis was less reduced by Na+ and
CO3

2−/HCO3
− than that of barley. Thus, P.

chinampoensis may have the mechanism to
adapt to sodic conditions. It was also suggested
that addition of HCl or H2SO4 to the sodic soils
might have an effect of erasing the repression
effect of CO3

2−/HCO3
− on MAs activity.

It is prospected that the world population will
increase in the future. Therefore, optimizing land
use for foods production is an important global
issue and the land area available for food
production needs to be increased [36]. Thus,
preventing land from degradation such as soil
sodification is an important global issue in the
21st century.
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