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Abstract. Iron (Fe) is essential for many vital processes in plants, including chlorophyll biosynthesis, DNA synthesis, 

nitrogen reduction, and photosynthetic electron transfer. However, free Fe ions also participate in the Fenton reaction, 

which generates reactive oxygen species that induce oxidative stress, leading to lipid peroxidation, protein oxidation, 

and DNA mutation. Accordingly, plants have developed strategies to prevent roots from absorbing excess Fe. Here, 

we investigated Fe homeostasis in hydroponically grown spinach and kale under various Fe concentrations (5-800 

µM), as well as the resulting changes in bioactive compound levels. Spinach and kale Fe contents did not increase 

under Fe concentrations in the nutrient solution of up to 200 µM. When spinach plants (grown in nutrient solution 

containing 2 µM Fe-EDTA) were transferred to 50 µM Fe-EDTA, ferric-chelate reductase activity in roots rapidly 

decreased within 24 hours. In kale, ferric-chelate reductase activity also significantly decreased with increasing Fe-EDTA 

concentration. As Fe did not accumulate in spinach plants, no significant differences in plant growth were observed. 

However, in kale, root growth was slightly suppressed by high Fe (100-200 µM) levels in the rhizosphere. Comparisons 

to other studies suggest that variations in phenolic and flavonoid contents are dependent on plant species, but 

overall, Fe treatment did not result in a significant increase in these compounds in spinach or kale. Our results 

suggest that in spinach and kale roots, the regulation of Fe contents by ferric-chelate reductase is responsible for 

maintaining Fe homeostasis.
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Introduction

Iron (Fe) is a transition metal and an essential element in 

plants that is involved in chlorophyll biosynthesis (Bienfait, 

1989; Bughio et al., 1997). Fe is a cofactor in the photo-

synthetic electron transfer chain, functioning as an electron 

carrier for cytochrome, ferredoxin, reductases, and oxidases. 

Fe is also a vital component of several enzymes related to 

nitrogen reduction, DNA synthesis, hormone biosynthesis, 

and lignin formation (Briat and Lobréaux, 1997). However, 

although Fe is abundant in soil, its availability is limited by 

low solubility under aerobic conditions (Schmidt, 2003). Con-

sequently, Fe deficiency is a commonly occurring nutrient 

imbalance in plants, causing severe chlorosis that leads to 

declines in crop biomass production and nutritional value 

(Chatterjee et al., 2006; Jin et al., 2009).

Fe deficiency is also a prominent source of malnutrition 

in humans, inducing diseases such as anemia. According to 

the World Health Organization (2008), two billon people 

worldwide, many of whom live in developing nations, are 

currently suffering from Fe deficiency. A nutritional survey 

carried out by the Korean Ministry of Health and Welfare 

(2007) revealed that most (75.8%) daily food intake com-

prises plant-based foods, whereas animal-based foods account 

for only 24.2%. Since the non-heme form of Fe in vegetables 

and plant-based foods has a very low absorption rate in the 

human body, nutritionists recommend the consumption of 

heme Fe from animal-based products to address Fe deficiency. 

Unfortunately, recent studies have reported that heme Fe 

intake is closely associated with several diseases such as 

stroke, colorectal cancer, and ovulatory infertility; consequently, 

there is an emerging need for plant-based foods as a source 

of Fe (Chavarro et al., 2006; Bastide et al., 2011; Kaluza et 

al., 2013). To treat Fe deficiency anemia without causing a 
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host of other health problems, we must improve the absorption 

rate of non-heme Fe and enhance the Fe content in vegetables.

In plants, two types of strategies exist for Fe absorption 

through roots. Dicots and non-graminaceous monocots are 

Strategy I plants that release protons into the rhizosphere to 

activate membrane-bound Fe(III)-chelate reductases, which 

reduces Fe(ІІІ) to the absorbable Fe(ІІ); Fe(ІІ) uptake into 

root cells is performed by the Fe transporter, iron-regulated 

transporter1 (IRT1) (Waters et al., 2002). Graminaceous 

monocots are Strategy II plants that synthesize and release 

the Fe(ІІІ)-binding compounds phytosiderophores (PS) into 

the surrounding soil; uptake of the resulting Fe(ІІІ)-PS complex 

is performed through the complex transporter, yellow stripe1 

(YS1). Both strategies are activated under conditions of Fe 

deficiency (Grusak et al., 1990; Montgomery et al., 2015), 

indicating that even if Fe concentrations are high in the 

rhizosphere, plants may absorb and use only a limited amount 

of Fe.

Typically, in well-aerated soil, Fe is oxidized to an insoluble 

ferric form [Fe(III)], whereas under waterlogged or wetland 

conditions, Fe is reduced and solubilized to the ferrous form 

[Fe(II)] that can be mobilized in plants (Martin, 1968). However, 

plants may absorb Fe in excess, inducing oxidative stress 

(Hendry and Brocklebank, 1985) through the production of 

reactive oxygen species (ROS) under the Fenton reaction. 

Plant cell damage can occur via lipid peroxidation, protein 

oxidation, and DNA mutation. To prevent Fe cytotoxicity, 

plants have a highly controlled Fe-absorption system that 

maintains the Fe content at an optimum level for growth and 

development (Briat and Lebrun, 1999; Schmidt, 2003). Despite 

these mechanisms, increasing the Fe content within a certain 

range may generate enough ROS to increase the levels of 

bioactive compounds, including antioxidants, without sub-

stantially harming the plant (Alscher et al., 1997; Park et al., 

2014).

Ultimately, to mitigate Fe deficiency in humans, research 

should focus on Fe fortification of plant-based foods by taking 

advantage of Fe homeostasis mechanisms in plants. Moreover, 

it is important to analyze the effect of Fe uptake on bioactive 

compounds produced in plants. Studies on Fe homeostasis 

have mainly been conducted in Arabidopsis or cereal crops, 

but such studies in vegetables are limited (Schmidt, 2003). 

Therefore, in the current study, we grew spinach and kale 

hydroponically under various Fe concentrations to explore 

Fe homeostasis and to observe changes in the levels of 

bioactive compounds.

Materials and Methods

������ ���	
����� ��
� �
����� ���
������

Spinach (Spinacia oleracea cv. Melody) and kale (Brassica 

oleracea var. acephala cv. TBC) were used in this study. 

Seeds of both crops were sown on seed growth pouches 

(DIK-710A, Daiki, Saitama, Japan) and germinated for 7 days 

(spinach) and 18 days (kale). Seedlings were transferred to a 

deep flow technique system in a growth chamber (DS-51GLP, 

Dasol Scientific, Hwaseong, Korea) for a 4-week cultivation 

period under 20/15°C day/night air temperatures and 60% 

relative humidity. Fluorescent lamps were used as an artificial 

lighting source (photosynthetic photon flux [PPF] 230 and 

130 µmol·m
-2

·s
-1

 for spinach and kale, respectively; 12-hour 

light period). To minimize light-distribution imbalance, the 

plants were systematically rotated every other day.

�	� ������

During the 4-weeks cultivation period, the spinach and 

kale plants were supplied with half-strength Hoagland’s 

nutrient solution containing Fe (II)-ethylenediamine-tetraacetic 

acid (EDTA) at 5, 25, 50, 75, 100, 150, and 200 µM. The 

nutrient solution was maintained at an electrical conductivity 

(EC) of 1.14 dS·m
-1

 and pH 5.8. To keep the pH steady, 2 

mM MES buffer (Sigma-Aldrich, St. Louis, MO, USA) was 

added to the nutrient solution.

An additional experiment was performed to determine the 

dynamic changes in the activity of ferric-chelate reductase, 

an enzyme related to root Fe uptake. Spinach plants grown 

in nutrient solution containing 2 µM Fe-EDTA for two 

weeks were transferred to nutrient solution containing 50 

µM Fe-EDTA. Kale plants were cultivated separately in 

nutrient solution containing Fe-EDTA at 25, 50, 100, 200, 

400, and 800 µM for 4 weeks; enzyme activity in roots was 

monitored during this time.

�
����� ���
���	
������

Seven spinach and nine kale plants per treatment were 

collected on the fourth week after transplanting. The plants 

were weighed using an electronic scale (Si-234, Denver 

Instrument, Bohemia, New York, USA) after being separated 

into shoot and root fractions. Both plant parts were oven-dried 

(FS-420, Advantec Co., Bunkyo-ku, Tokyo, Japan) at 70°C 

for 72 hours and weighed to determine dry weight.

�	� ����	��

Spinach and kale shoots were treated with a wet digestion 

method using nitric acid (HNO3), as described by Havlin 

and Soltanpour (1980) with minor modifications. Individual 

dried spinach leaves were separated into three groups according 

to position (low, middle, high), and approximately 0.2 g leaf 

tissue from each group was used to determine Fe content in 

spinach. Approximately 1 g of dried kale shoots was used. 

The samples were digested in 15 mL of 70% HNO3 at 125°C 

on a heating block (OD-98-002P, Odlab, Seoul, Korea) for 
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1.5 hours. To stimulate digestion, the solution was combined 

with 7.5 mL of H2O2, heated for 1 hour, combined with an 

additional 7.5 mL of H2O2, and heated to 200°C for 2 hours. 

The solution was cooled, mixed with 45 mL of 2% HNO3, 

and resuspended for 3 hours. The solution weight was then 

increased to approximately 90 g using triple-distilled water 

and filtered through quantitative filter paper (Advantec Co., 

Tokyo, Japan). The Fe concentration of the solution was 

determined by inductively coupled plasma optical emission 

spectrometry (ICP-OES) (Optima 7300 DV, Perkin Elmer, 

Waltham, MA, USA).

�	

�����	���	� �	
�����	� ���������

Ferric-chelate reductase activity in the whole root systems 

of spinach and kale was determined by tracking Fe(II) chelation 

to bathophenanthrolinedisulfonic acid (BPDS) (Sigma-Aldrich) 

according to Grusak (1995). Spinach and kale roots were cut 

with a sterilized scalpel and placed into tubes containing 50 

mL of Hoagland’s nutrient solution with added air bubbles. 

The nutrient solution was immediately replaced with 50 mL 

of assay solution (Hoagland’s solution, 1 mM MES buffer, 

100 µM Fe-EDTA, and 100 µM Na2-BPDS) (Sigma-Aldrich), 

and the roots were allowed to react for 20 minutes with the 

added air bubbles. The solution turned red after the formation 

of Fe(II)-BPDS; the absorbance was recorded at 535 nm using 

a UV-Vis spectrophotometer (UV-1800, Shimadzu, Kyoto, 

Japan). The roots were extracted from the solution, wiped 

dry, and weighed. Enzyme activity was calculated with the 

following equation:

��������	� �������
�

Total phenolic content and antioxidant capacity: The total 

phenolic content and antioxidant capacity of spinach and 

kale leaves were analyzed using Folin-Ciocalteu (Ainsworth 

and Gillespie, 2007) and Trolox (Campos and Lissi, 1996) 

reagents, respectively. The fourth leaf from the base of each 

spinach and kale plant was collected, and a 0.2-g tissue 

samples were stored at -70°C (IE2386D, Thermo Fisher 

Scientific, Pittsburgh, USA) for subsequent analysis. Sample 

extraction and reaction procedures were performed as described 

by Lee et al. (2014), and the absorbance of the final reaction 

solution was determined at 765 nm (for total phenolic content) 

and 730 nm (for antioxidant capacity) using a UV-Vis spec-

trophotometer. Total phenolic content was expressed as the 

amount of gallic acid (mg) (Acros Organics, Belgium) per 1 

g of fresh weight. Antioxidant capacity was expressed as 

Trolox concentration (mM) (6-hydroxy-2,5,7,8-tetramethy-

lchromane-2-carboxyl acid; Sigma-Aldrich).

Total flavonoid content: Total flavonoid content in kale 

leaves was determined according to Zhishen et al. (1999), 

with slight modifications. Approximately 0.2 g of kale leaf 

tissue was weighed and ground in a mortar in liquid 

nitrogen; 70% ethanol was adjusted to pH 3.2 using formic 

acid and added to the ground leaf tissue for extraction. The 

extracts were transferred into micro-tubes, incubated in 

darkness at 4°C for 12 hours, and centrifuged at 2000 × g 

for 2 minutes. The supernatant was mixed with 1.25 mL of 

distilled water and 75 μL of 5% NaNO2. After 5 minutes, 

150 μL of 10% AlCl3 was added to the sample; after an 

additional 6 minutes, 500 μL of 1 M NaOH and 275 μL of 

distilled water were added to the sample. The solution was 

mixed well and incubated for 5 minutes, after which its 

absorbance was measured in a spectrometer against a blank 

(70% ethanol) at 510 nm. Total flavonoid content in kale 

leaf was expressed as the amount of (+)-catechin (mg) per 1 

g of fresh weight.

Individual phenolic compounds: Samples were extracted 

and separated according to Bergquist et al. (2005) with 

slight modifications. Approximately 0.5 g of frozen spinach 

leaf tissue was ground in a mortar in liquid nitrogen. The 

sample was extracted with 10 mL of 40% methanol, shaken 

for 20 hours at 150 rpm and 4°C, and centrifuged at 10,000 × 

g for 10 minutes. The supernatant was stored at -80°C until 

analysis using high performance liquid chromatography 

(HPLC) (Dionex IC3000, Thermo Fisher Scientific). Using 

a C18 column (5.0 µm, 250 × 4.6 mm; 201TP54; Phenomenex, 

Torrance, CA) fitted with a guard column (7.0 µm, 4 × 3.0 mm) 

compartment, all samples were analyzed for five phenolic 

compounds: caffeic acid, ferulic acid, p-coumaric acid, rutin, 

and quercetin. The mobile phase was a gradient of (A) 

water/methanol/formic acid (69:30:1 v/v) and (B) methanol, 

as follows: 0-18 min, 15-45% eluent B; 18-23 min 45-100% 

B; 23-27 min 100% B. The flow rate was 0.7 mL/min. The 

absorbance was recorded at 340 nm using a diode array detector. 

The sample injection volume was 10 µL. The five phenolic 

compounds were used as standard materials (Sigma-Aldrich).

������������ ��������

Spinach and kale growth were measured by weighing 

seven and nine plants per treatment, respectively. Five plants 

per treatment were used to determine Fe and bioactive com-

pound contents in both plants. Ferric-chelate reductase activity 

was determined using three (spinach) and five (kale) plants 

per treatment. Data were analyzed using one-way analysis 

of variance (ANOVA) in SAS (Statistical Analysis System, 
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Table 1. Growth of kale cultured in nutrient solution containing various concentrations of Fe-EDTA for 4 weeks
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Fig. 1. Shoot fresh weight of spinach cultured in nutrient solution 

containing various concentrations of Fe-EDTA for 4 weeks (n 

= 7). Error bars indicate standard errors.

Fig. 2. Fe content in spinach and kale cultured in nutrient solution 

containing various concentrations of Fe-EDTA for 4 weeks (n 

= 5). Error bars indicate standard errors.

9.2 Version, SAS Institute Inc., Cary, NC, USA). Treatment 

means were compared using the Duncan’s multiple range 

test. Significance was set at p = 0.05.

Results

�������� ��
� ���	� �
����

The addition of various concentrations of Fe-EDTA in the 

nutrient solution did not have a meaningful impact on 

spinach growth after 4 weeks of treatment (Fig. 1). In general, 

no significant differences were detected for kale, although 

both the fresh and dry weights of the shoot tended to decrease 

slightly under high Fe-EDTA concentrations. However, at 

high Fe-EDTA concentrations (over 100 µM), both the fresh 

and dry weights of the root significantly decreased (Table 1). 

In particular, the root fresh weight and dry weight under 200 

µM treatment were lower than those under the 25 µM control 

treatment by 51% and 50%, respectively.

�������� ��
� ���	� �	�  ��	�������

Spinach leaf Fe contents were highest under 50 and 150 

µM treatment, but the results were not significantly different 

under any of the treatments (25–200 µM Fe) (Fig. 2A). Fe 

contents also increased with higher leaf position: leaves at 

the middle and highest positions contained more Fe than 

those at the lower position by approximately 14% and 42%, 

respectively. By contrast, the Fe contents in kale shoots did 

not significantly differ across treatments (25–200 µM Fe) 

(Fig. 2B).
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Fig. 3. Ferric-chelate reductase activity (solid line) and Fe content 

(dotted line) in spinach (n = 3) transferred from 2 weeks of culture 

in 2 µM of Fe-EDTA to 50 µM of Fe-EDTA (A) and in kale (n 

= 5) cultured in nutrient solution containing 25, 50, 100, 200, 

400, and 800 µM of Fe-EDTA for 4 weeks (B). Different lowercase 

letters indicate significant differences at p = 0.05. Error bars 

indicate standard errors.

Fig. 4. Total phenolic content (A) and individual phenolic content (B) in spinach leaves cultured in nutrient solution containing various 

concentrations of Fe-EDTA for 4 weeks. Different lowercase letters indicate significant differences at p = 0.05 (n = 5 for total phenolic 

content, n = 3 for individual phenolic content). Error bars indicate standard errors.

When spinach was subjected to an increase in Fe-EDTA 

after 2 weeks of cultivation in 2 µM Fe-EDTA, the subsequent 

week saw a drastic decrease in ferric-chelate reductase activity 

on the first day, which persisted on days 3, 5, and 7 (Fig. 3A). 

For kale, after cultivation at various Fe-EDTA concentrations 

for 4 weeks, ferric-chelate reductase activity declined signifi-

cantly as Fe concentration increased (Fig. 3B). Moreover, 

under all treatment conditions except 200 µM Fe, the ferric- 

chelate reductase activity and Fe-EDTA concentration had a 

linear negative correlation in kale. The Fe content in kale 

shoots increased at 400 and 800 µM Fe-EDTA treatment, 

with the Fe uptake rate significantly higher under 800 Fe 

µM Fe-EDTA treatment compared to treatments below 400 

µM (Fig. 3B).

��������	� �������
�� ��� �������� ��
� ���	

Fe levels in the nutrient solution affected bioactive com-

pound levels in spinach (Fig. 4). The total phenolic content 

was highest under 50 µM Fe treatment and tended to decrease 

gradually with increasing Fe concentration, with the lowest 

content (significantly lower than the control) detected under 

200 µM Fe treatment (Fig. 4A). HPLC analysis revealed 

that for all five phenolic compounds (caffeic acid, ferulic 

acid, p-coumaric acid, rutin, and quercetin), the contents 

tended to be lower under 50 and 150 µM Fe treatment com-

pared to 5 µM Fe treatment. In particular, Fe levels had 

pronounced effects on caffeic acid and ferulic acid contents 

(Fig. 4B).

In kale, no significant difference in total phenolic content 

or antioxidant capacity was observed across treatments, but 

both values tended to increase with increasing Fe level, with 

a peak detected at 800 µM Fe, followed by a decline. By 

contrast, no general trend or significant difference in total 

flavonoid content was detected across Fe treatments (Fig. 5).

Discussion

�������� ��
� ���	� �
����

Minerals are among the most important nutrients in leafy 

vegetables. Spinach and kale are leafy vegetables with high 
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Fig. 5. Total phenolic content (A), antioxidant capacity (B), and 

total flavonoid content (C) in kale leaves cultured in nutrient 

solution containing various concentrations of Fe-EDTA for 4 

weeks (n = 5). Error bars indicate standard errors.

contents of minerals, including K, Mg, and Ca. In particular, 

Fe contents are high in both vegetables (Mills and Jones, 

1996; Bhattacharjee et al., 1998).

In spinach, we observed no changes in shoot growth 

regardless of Fe concentration during cultivation. In general, 

both a lack and an excess of plant Fe accumulation cause 

declines in plant growth due to either malnutrition or 

oxidative stress (Briat and Lebrun, 1999). We found that 

even when Fe-EDTA concentrations in the nutrient solution 

were far above control levels, Fe uptake in spinach did not 

significantly increase. This observation likely explains why 

spinach growth did not significantly differ across treatments.

Similar to spinach, Fe treatments did not strongly affect 

kale shoot growth. However, kale root growth tended to 

decrease under Fe concentrations over 100 µM. Our results 

are partially similar to findings for other plants. In Phragmites 

australis treated with 0-50 mg·L
-1

 of FeSO4·7H2O, treatments 

over 2 mg·L
-1

 caused a decline in root growth rate and shoot 

dry weight (Batty and Younger, 2003). They suggested that 

high Fe concentrations impede the uptake of other nutrients, 

resulting in a marked decline in root growth. Although not a 

major focus of this study, we also observed a clear limit to 

Mn and Zn uptake under high Fe concentrations (data not 

shown).

�	�  ��	�������� ��� �������� ��
� ���	�

Despite an increase in Fe-EDTA levels beyond what is 

normally provided during cultivation, Fe uptake did not increase 

in spinach and kale. We also found that ferric-chelate reductase 

activity significantly decreased as Fe concentrations increased. 

Ferric-chelate reductase is a major component responsible 

for Fe acquisition and metabolism in Strategy І plants (Robinson 

et al., 1999). Together, these findings demonstrate that the 

Fe uptake characteristics of spinach and kale are not altered 

by an increased Fe supply.

The Fe uptake mechanism is activated in roots under 

Fe-poor conditions (Larbi et al., 2010). In the current study, 

lowering the Fe-EDTA concentration (Fe-poor conditions) 

induced the activity of the Fe uptake mechanism. As anticipated, 

the initial ferric-chelate reductase activity was high, and when 

the Fe-EDTA concentration was raised, ferric-chelate reductase 

activity sharply decreased after one day, leading to a simul-

taneous decrease in leaf Fe content. Indeed, in Arabidopsis, 

ferric-chelate reductase (FRO2) activity was higher under 4 

days of cultivation in Fe-poor conditions compared to a 

48-hour treatment with 10 µM of Fe-EDTA (Vert et al., 2002). 

Furthermore, the expression of FRO2 and IRT2 (encoding an 

essential transporter) decreased under Fe-EDTA treatment 

(Vert et al., 2002). In pea, another Strategy І plant, the ex-

pression of the FRO2 ortholog was strongly induced under 

Fe-deficient conditions (Waters et al., 2002).

In spinach, we found that leaves in the upper part of the 

plant had higher Fe contents than lower leaves. This result 

supports the notion of smooth transfer of Fe within the plant, 

suggesting that under the environmental conditions used in 

this study, the shoot Fe content corresponded to the root Fe 

uptake capability.

For kale, lower (5-200 µM) Fe treatments did not trigger 

significant differences in shoot Fe contents, whereas higher 

(> 200 µM) Fe treatments caused an increase. However, 

shoot growth was stunted under Fe treatments of > 200 µM, 

such as 400 and 800 µM (data not shown). As ferric-chelate 

reductase activity was drastically lower in treatments of < 

200 µM, we believe that the increase in Fe levels was due to 

reduced growth, which caused the metal to become concen-

trated in the plant. 



So-Ra Lee, Myung-Min Oh, and Sin-Ae Park468

��������	� �������
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� ���	

Typically, Fe is toxic to plants at high concentrations because 

such conditions trigger ROS production (Schmidt, 2003). 

Excessive accumulation of other transition metals such as 

Zn, Ni, Hg, and Mn may also cause oxidative stress and lipid 

peroxidation. In turn, antioxidant enzyme activity will markedly 

increase in plants as a defense mechanism (such enzymes 

include superoxide dismutase, catalase, peroxidase, ascorbate 

peroxidase, and glutathione reductase). Furthermore, excessive 

metal accumulation also influences antioxidants such as ascorbic 

acid and glutathione (Cho and Park, 2000; Madhava Rao and 

Sresty, 2000; Shi et al., 2005; Tewari et al., 2008). However, 

we observed a decrease in the contents of secondary metabolites 

(i.e., phenolic compounds) with increasing Fe treatment. This 

outcome was likely due to the influence of a currently unknown 

metabolic process that occurs when root Fe uptake is limited. 

By contrast, root growth in kale decreased with increasing 

Fe-EDTA concentration, although phenolic levels did not 

significantly increase. Both results indicate that Fe homeostasis 

mechanisms in spinach and kale prevent excessive Fe accu-

mulation, making any increase in antioxidant phenolic com-

pound levels unnecessary. The pattern detected in spinach 

and kale is in contrast to our previous findings for alfalfa, 

broccoli, and radish seeds (Park et al., 2014). When we 

soaked these seeds for 5-8 hours in Fe solution (2.5, 5.0, and 

10 mM) followed by germination, Fe and total phenolic 

contents significantly increased in alfalfa sprouts but not in 

broccoli or radish sprouts (Park et al., 2014). These data 

suggest that there is considerable cross-species variation in 

how Fe and secondary metabolite contents respond to envir-

onmental Fe levels. Further studies are needed to examine 

the cause of such differences. 

In conclusion, we confirmed that Fe homeostasis is main-

tained in hydroponically grown spinach and kale under Fe-rich 

conditions. Specifically, ferric-chelate reductase activity was 

inhibited in roots under high Fe concentrations. Our results 

also indicate that there is a species-specific response in plant 

growth and the production of bioactive compounds, suggesting 

that it would be useful to perform further comparative studies 

to examine interspecific differences in Fe homeostasis mech-

anisms in greater detail in the future.
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