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Abstract Supplying a sufficient amount of available iron

(Fe) for plant growth in hydroponic nutrient solutions is a

great challenge. The chelators commonly used to supply Fe

in nutrient solutions have several disadvantages and may

negatively affect plant growth. In this research study we

have synthesized certain Fe-amino acid chelates, including

Fe-arginine [Fe(Arg)2], Fe-glycine [Fe(Gly)2], and Fe-his-

tidine [Fe(His)2], and evaluated their efficacy as an Fe

source for two tomato cultivars (Lycopersicon esculentum

Mill. cvs. ‘Rani’ and ‘Sarika’) grown in nutrient solution.

Application of Fe-amino acid chelates significantly

increased root and shoot dry matter yield of both tomato

cultivars compared with Fe-EDTA. Tomato plants supplied

with Fe-amino acid chelates also accumulated significantly

higher levels of Fe, Zn, and N in their roots and shoots

compared with those supplied with Fe-EDTA. In ‘Sarika’,

the effect of Fe-amino acid chelates on shoot Fe content

was in the order Fe(His)2 [ Fe(Gly)2 [ Fe(Arg)2. In

‘Rani’, the addition of all synthesized Fe-amino acid che-

lates significantly increased activity of ascorbate peroxi-

dase (APX) in comparison with Fe-EDTA, whereas in

‘Sarika’, only Fe(His)2 increased shoot APX activity. The

results obtained indicated that using Fe-amino acid chelates

in the nutrient solution could supply a sufficient amount of

Fe for plant uptake and also improve root and shoot growth

of tomato plants, although this increase was cultivar-

dependent. According to the results, Fe-amino acid che-

lates can be used as an alternative for Fe-EDTA to supply

Fe in nutrient solutions.

Keywords Amino acids � Chelate � Fe availability �
Fe-EDTA � Tomato

Introduction

Iron (Fe) is an important micronutrient that plays a role in

several crop physiological processes such as photosynthe-

sis, respiration, and synthesis of heme proteins, DNA,

RNA, and hormones (Curie and others 2009; Rivero and

others 2003). In nutrient solution cultures, synthetic Fe

chelates are widely used to maintain a desirable concen-

tration of this element for the plant (Parker and Norvell

1999; Vadas and others 2007). The most common Fe

sources used in nutrient solutions are Fe-EDTA and

Fe-DTPA (Vadas and others 2007). Although these che-

lates maintain Fe solubility in hydroponic solutions, after

Fe uptake by the plant, the concentration of free ligands is

increased in the nutrient solution and, as a result, the

possibility of complex formation between free ligands and

other micronutrients (that is, Zn, Cu, and Mn) in the

solution increases. Complexation with EDTA, EDDS, or

DTPA reduces the concentrations of free metal cations and

thereby decreases their availability for plant uptake

(Albano and Miller 2001; Vadas and others 2007).

On the other hand, EDTA, EDDS, and DTPA are easily

photodegradable compounds (Metsarinne and others 2004;

Nowack and Baumann 1998). Significant photodegradation

S. Ghasemi (&) � A. H. Khoshgoftarmanesh

Department of Soil Science, College of Agriculture, Isfahan

University of Technology, Isfahan 84156-83111, Iran

e-mail: s.ghasemi@ag.iut.ac.ir

H. Hadadzadeh

Department of Chemistry, Isfahan University of Technology,

Isfahan 84156-83111, Iran

M. Jafari

Department of Horticulture, College of Agriculture, Isfahan

University of Technology, Isfahan 84156-83111, Iran

123

J Plant Growth Regul (2012) 31:498–508

DOI 10.1007/s00344-012-9259-7



of Fe-EDTA in natural waters (Nowack and Baumann

1998) and of Fe-EDTA, Fe-DTPA, or Fe-EDDS in Fe-

containing nutrient solutions (Metsarinne and others 2001)

by sunlight and particularly ultraviolet (UV) light has been

reported. The half-lives of Fe-EDTA and Fe-DTPA pho-

todegradation under high light density conditions have

been reported to be 8 and 11 min, respectively (Svenson

and others 1989). Photodegradation of the Fe-chelates in

plant growth nutrient solutions in the presence of blue and

UV lights has also been reported by Albano and Miller

(2001). Some harmful compounds may be produced from

photolytic degradation of Fe-chelates in nutrient solutions

(Vadas and others 2007). For example, Hangarter and

Stasinopoulos (1991) found that Fe-EDTA was decom-

posed in an agar growth solution under white fluorescent

lamps and produced glyoxylic acid and formaldehyde, two

compounds that inhibit plant growth. Metsarinne and oth-

ers (2004) also reported photolytic degradation of DTPA

into diethylenetriaminetriacetic acid and diethylenediami-

netriacetic acid.

The chelators used in nutrient solutions may also be

transported into the plant tissue (Vadas and others 2007)

probably via an undeveloped casparian band at the root tip

(Bell and others 1991). High concentrations of chelates can

remove calcium (Ca2?) from the cell membrane and impair

root membrane integrity (Vassil and others 1998).

Supplying a sufficient amount of available Fe for plant

growth in hydroponic nutrient solutions used in laboratory

studies and commercial facilities is a great challenge.

Considering the problem associated with the synthesized

chelates currently used in nutrient solutions, finding a

proper alternative of Fe compounds is necessary.

It has been shown that use of some amino acids in

nutrient solutions improves Fe uptake by crops (Sánchez

and others 2005). Advances in the understanding of the

metabolic responses to Fe deficiency have also highlighted

the key role of amino acids in both Strategy I and Strategy

II plants (Zuchi and others 2009). Amino acids have the

ability to coordinate metal ions (such as Fe) via their car-

boxyl groups (Aravind and Prasad 2005). On the other

hand, amino acids are less sensitive to photodegradation

and their degradation is completely biological (Jones and

Hodge 1999). There are some results that indicate negli-

gible degradation of amino acids in nutrient solutions

(Jämtgård and others 2008). The degradability of metal–

amino acid complexes is also less than free amino acids

(Brynhildsen and Rosswall 1995; Renella and others 2004).

Therefore, Fe–amino acid complexes seem to be stable in

hydroponic nutrient solutions and prevent Fe precipitation.

In addition, amino acids are nitrogen sources for plant

nutrition (Tida and others 2009). Most plants can directly

absorb amino acids and use them in their physiological

structures and processes (Jämtgård and others 2008;

Näsholm and others 2009; Wu and others 2005). This may

result in less accumulation of free ligand in the media and

further impairment of other micronutrient balance.

Due to several disadvantages of Fe-EDTA (for example,

toxic side effects on plants and impaired micronutrient

balance), finding a suitable alternative for Fe-EDTA in

hydroponic nutrient solutions is of great importance. There

is limited information on the possibility of using Fe–amino

acid complexes as a plant growth stimulator and Fe source

in nutrient solution cultures. Therefore, this research was

performed to synthesize three Fe–amino acid chelates and

evaluate their efficacy as Fe sources for tomato plants

grown in nutrient solution. Arginine (Arg), glycine (Gly),

and histidine (His) were chosen as ligand amino acids. The

L-enantiomers (natural forms in plants) of amino acids

were used, and some factors considered in the selection of

these amino acids were abundance in the plant rhizosphere,

significance in plant and human nutrition, and stability of

their Fe complexes in water.

Materials and Methods

Synthesis of Fe-Amino Acid Chelates

Iron chelates have been prepared using arginine (Arg),

glycine (Gly), and histidine (His) amino acids as com-

plexing agents. A solution of Arg, Gly, or His (2 mmol) in

5 ml distilled water was slowly added to a solution of

FeSO4 (1 mmol) in 2 ml distilled water. The mixture was

heated at reflux temperature for 2 h while being stirred

vigorously. Evaporation of solvent at room temperature

yielded brown microcrystals of Fe-amino acid chelates.

The products were washed with cold ethanol followed by

diethyl ether and air-dried. All complexes were character-

ized by different analytical techniques.

Analyses

A PerkinElmer 2400 CHNS elemental analyzer was used to

quantify nitrogen (N) and sulfur (S) in various operating

modes. Atomic absorption measurements of Fe were

recorded with atomic absorption spectrometry (PerkinEl-

mer 3030; PerkinElmer, Wellesley, MA, USA). The FTIR

spectra were measured with a JASCO FTIR 460 spectro-

photometer (JASCO, Easton, MD, USA) over KBr pellet in

the 4000–400 cm-1 range.

Plant Culture

Seeds of two tomato cultivars (Lycopersicon esculentum

Mill. cvs. ‘Rani’ and ‘Sarika’), most commonly grown in

Iran, were thoroughly rinsed with distilled water and
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germinated on moist filter paper in an incubator at 28�C.

Uniform-size seedlings were transferred to PVC lids that fit

tightly over 2-L polyethylene containers in a greenhouse

under controlled conditions, with an 8-h light period at

intensity of 390 lmol m-2 s-1, 25/20�C day/night tem-

perature, and 65–75% relative humidity. The pots were

wrapped with black polyethylene to prevent light from

reaching the roots and solution. Two plants were planted in

each pot. A basic nutrient solution was prepared in double-

deionized water (electrical resistivity = 18 MX cm-1).

The nutrient solution contained 1.0 mM KNO3, 1.0 mM

Ca(NO3)2, 1.0 mM NH4H2PO4, 1.0 mM MgSO4, 50 lM

KCl, 25 lM H3BO3, 2.0 lM MnSO4, 2.0 lM ZnSO4,

0.5 lM CuSO4, 1.0 lM NiSO4, and 0.02 lM H2Mo7O4

adjusted to pH 6 with NaOH or HCl as a buffer. Iron was

supplied from four different sources: Fe-EDTA, Fe(Arg)2,

Fe(Gly)2, and Fe(His)2. The Fe level in the nutrient solu-

tion was 100 lM. All solutions were renewed every day.

Plants were harvested approximately 4 weeks after

seeding and divided into shoot and roots. Shoot and root

dry matter yields were determined for each pot.

Elemental Analyses

The plant materials were dried immediately in a forced-air

oven at 70�C to a constant weight and ground to a fine powder

in a Wiley mill to pass through a 20-mesh sieve. Dry samples

(1 g) were placed into ceramic vessels and combusted in a

muffle furnace at 550�C for 8 h. The ashed samples were

removed from the muffle furnace, cooled, and then dissolved

in 2 M HCl (Chapman and Pratt 1961). The final solution

was diluted to meet the range requirements of the analytical

procedures. Analyses of Fe and Zn were carried out with an

atomic absorption spectrophotometer (model 3400, Perkin-

Elmer). Shoot nitrogen concentration was measured using

Autotech (model 300) according to the Kjeldahl method

(Bremmer and Mulvancey 1982). The total amount of Fe and

Zn was calculated via multiplying their concentrations by the

weight of dry matter.

Enzyme Assay

The plant leaf samples (buffer volume:fresh weight = 3:1)

were homogenized with mortar and pestle with 100 mM

Tris–HCl buffer (pH 8) containing 2 mM EDTA, 5 mM

DL-dithiothreitol, 10% glycerol, 100 mM sodium borate,

4% (w/v) insoluble polyvinylpyrrolidone (PVP), and 1 mM

phenylmethylsulfonyl fluoride (PMSF). The homogenate

was filtered through four layers of muslin cloth and cen-

trifuged at 12,000 g for 40 min. The supernatant was stored

in separate aliquots at –80�C prior to enzyme analyses.

Total protein was determined using the Bradford method

(Bradford 1976).

Catalase (CAT)

Catalase (EC 1.11.1.6) activity of the leaves was determined

according to Cakmak and Marschner (1992). The reaction

mixture contained 25 mM sodium phosphate buffer (pH 7.0)

plus 10 mM H2O2 in a total volume of 3 ml. The reaction

was initiated by the addition of 100 ll of leaf extracts to the

reaction mixture, and the enzyme activity was determined by

measuring the initial rate of disappearance of H2O2 at

240 nm (E = 39.4 mM-1 cm-1) for 30 s.

Ascorbate Peroxidase (APX)

Ascorbate peroxidase (APX) activity was determined

according to Nakano and Asada (1981). The reaction

mixture, with a total volume of 3 mL, consisted of 25 mM

sodium phosphate buffer (pH 7.0), 0.1 mM EDTA,

0.25 mM ascorbate, 1.0 mM H2O2, and 100 ll of the leaf

extract. H2O2-dependent oxidation of ascorbate was fol-

lowed by a decrease in the absorbance at 290 nm

(E = 2.8 mM-1 cm-1).

Statistical Analysis

The experiments were set up in a completely randomized

factorial design; each treatment contained three replicates.

A total of 24 pots were used in this experiment. Two plants

were planted in each pot. Treatment effects were analyzed

by analysis of variance using the GLM procedure. Means

were compared using least significant differences (LSD) at

p \ 0.05 (SAS Institute, Cary, NC, USA, 2000).

Results

Characteristics of Fe-Amino Acid Chelates

The Fe–amino acid complexes were synthesized by reac-

tion of FeSO4 and Arg, Gly, or His in a 1:2 mole ratio and

the reaction yield was more than 84%. The amino acid

ligands generally act as bidentate (N,O) chelates with

respect to pH. The FTIR spectra of the complexes show an

absorption pattern in the 4,000–400 cm-1 region, similar to

amino acid ligands. Predominant vibrations for the com-

plexes are associated with m(CO), m(C—O), m(NH2),

d(NH2), and d(CO). The observed vibrational bands for

–NH2 groups around 3,100–3,350 cm-1 are very sensitive

to the effect of intermolecular interaction in the solid state

and these bands sometimes appear very broad. The car-

boxylate ion of amino acid coordinates to the iron ion as a

unidentate mode. The C = O groups of the complexes

have approximately the same frequency of around

1,590–1,690 cm-1 (data not shown).
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Root Dry Matter Weight

In both tomato cultivars, Fe-amino acid chelates significantly

enhanced root dry matter yield compared to Fe-EDTA

(Fig. 1). The positive effect of Fe-amino acid chelates on root

growth varied dependent on the crop cultivar and amino acid

type. Fe(Arg)2 had no significant effect on root dry matter

yield of ‘Sarika’ but there was significantly increased root dry

matter yield of ‘Rani’. In ‘Sarika’ no significant difference

was found in root growth between the Fe(Gly)2 and Fe(His)2

treatments. In contrast, the positive effect of Fe(Gly)2 on root

dry matter yield of ‘Rani’ was greater than Fe(His)2. With the

Fe-EDTA treatment, no significant difference was found in

root growth between ‘Sarika’ and ‘Rani’, whereas in the

presence of the Fe-amino acid chelates, ‘Rani’ produced

higher root dry matter yield than ‘Sarika’.

Shoot Dry Matter Weight

Application of Fe-amino acid chelates as an Fe source sig-

nificantly increased shoot dry matter yield of both tomato

cultivars compared with Fe-EDTA (Figs. 1, 2). In ‘Sarika’,

the effect of Fe-amino acid chelates on shoot dry matter yield

was in the order Fe(Arg)2 \ Fe(Gly)2 \ Fe(His)2. In con-

trast, in ‘Rani’ no significant difference was found in shoot

growth of plants supplied with Fe(Arg)2, Fe(Gly)2, and

Fe(His)2 complexes. At all Fe treatments except Fe(His)2,

‘Rani’ produced higher shoot dry matter yield than ‘Sarika’.

Root Fe Content

Application of Fe-amino acid chelates resulted in a signifi-

cant increase of root Fe content in comparison with Fe-

EDTA (Fig. 3). The positive effect of Fe-amino acid chelates

on root Fe content was dependent on the tomato cultivar and

amino acid type. Addition of the Fe(Arg)2 complex signifi-

cantly increased Fe content in the roots of ‘Rani’, whereas it

had no effect on root Fe content of ‘Sarika’. In ‘Rani,’ the

magnitude of increase in root Fe content was Fe(Arg)2 [
Fe(Gly)2 [ Fe(His)2. In ‘Sarika’, the effect of Fe(His)2 on

root Fe content was greater than that of Fe(Gly)2.

In the nutrient solutions containing Fe-EDTA and

Fe(His)2, ‘Sarika’ accumulated higher amounts of Fe in its

roots than did ‘Rani’ (Fig. 3), whereas in the presence of

Fe(Arg)2, ‘Rani’ had higher root Fe content than ‘Sarika’.

No significant difference in root Fe content was found

between the two tomato cultivars at the Fe(Gly)2 treatment.

Shoot Fe Content

Tomato plants supplied with Fe-amino acid chelates accu-

mulated significantly higher Fe in their shoots compared

with those supplied with Fe-EDTA (Fig. 4). The positive

effect of Fe(Gly)2 and Fe(His)2 on shoot Fe content was

higher than Fe(Arg)2. In ‘Sarika’, addition of Fe(Arg)2 had

no effect on shoot Fe content. In general, ‘Rani’ accumulated

higher Fe in its shoots than did ‘Sarika’.

Root Zn Content

Addition of Fe-amino acid chelates resulted in higher root

Zn content compared with Fe-EDTA (Fig. 5). The effect of

Fe(Arg)2 and Fe(Gly)2 on root Zn content of ‘Rani’ was

higher than that of Fe(His)2, whereas in ‘Sarika’, Fe(Arg)2

had no effect on root Zn content. In the nutrient solutions

containing Fe-EDTA and Fe(His)2, ‘Sarika’ accumulated

higher Zn in its roots than did ‘Rani’, whereas with the

Fe(Arg)2 treatment, root Zn content of ‘Rani’ was greater

than that of ‘Sarika’.

Shoot Zn Content

Tomato plants supplied with Fe-amino acid chelates accumu-

lated significantly higher Zn in their shoots compared with

those supplied with Fe-EDTA (Fig. 6). In ‘Rani’, Fe(Arg)2 and

Fe(Gly)2 resulted in higher shoot Zn content in comparison with

Fe(His)2, whereas the effect of Fe(Arg)2 on shoot Zn content of

‘Sarika’ was less than that of Fe(His)2 and Fe(Gly)2. With the

Fe-EDTA and Fe(His)2 treatments, no significant difference

was found in shoot Zn content between the two tomato culti-

vars, whereas with the Fe(Arg)2 and Fe(Gly)2 treatments,

‘Rani’ accumulated higher Zn in its shoots than did ‘Sarika’.

Shoot N Content

In both tomato cultivars, plants supplied with Fe-amino

acid chelates had higher shoot N content compared with

Fig. 1 Root and shoot dry matter weights of two tomato cultivars

grown in nutrient solution containing Fe-EDTA, Fe-arginine

[Fe(Arg)2], Fe-glycine [Fe(Gly)2], and Fe-histidine [Fe(His)2]. Error
bars represent standard error (n = 3). Bars having different letters in

root or shoot are significantly different at the 5% level by LSD
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those supplied with Fe-EDTA (Fig. 7). The effect of Fe-

amino acid chelates on shoot N content varied significantly

depending on the crop cultivar and amino acid type.

Application of Fe(Arg)2 had no effect on the shoot N

content in ‘Sarika’, whereas it increased it in ‘Rani’. With

the Fe-EDTA treatment, no significant difference was

found in the shoot N content between the two tomato

cultivars, whereas with the Fe-amino acid chelate treat-

ments, ‘Rani’ had higher N in its shoots than did ‘Sarika’.

Activity of CAT in Shoots

In both tomato cultivars, addition of Fe(Arg)2 significantly

increased the shoot activity of CAT in comparison with

Fe-EDTA (Fig. 8). The effect of Fe(Gly)2 on shoot CAT

activity was dependent on the tomato cultivar. Addition of

Fe(Gly)2 increased the shoot CAT activity in ‘Rani’,

whereas it had no effect on CAT activity in ‘Sarika’. In all

treatments except Fe(His)2, the activity of CAT was greater

in ‘Rani’ than ‘Sarika’.

Activity of APX in Shoots

The effect of Fe-amino acid chelates on the shoot activity

of APX was cultivar-dependent (Fig. 9). In ‘Rani’, addition

of all synthesized Fe-amino acid chelates significantly

increased the activity of APX in comparison with Fe-

EDTA (Fig. 9). In ‘Sarika’, the addition of Fe(His)2 and

Fe(Gly)2 increased the shoot APX activity compared with

Fe-EDTA, whereas no such effect was found for Fe(Arg)2.

In the presence of Fe(Arg)2, the activity of APX in the

shoots of ‘Sarika’ was greater than that in ‘Rani’, whereas

Fig. 2 The effect of Fe-

arginine [Fe(Arg)2], Fe-glycine

[Fe(Gly)2], and Fe-histidine

[Fe(His)2] on the shoot growth

of two tomato cultivars in

comparison with Fe-EDTA

502 J Plant Growth Regul (2012) 31:498–508
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with the Fe-EDTA and Fe(His)2 treatments, ‘Rani’ had

higher activity of APX in its shoots than ‘Sarika’.

Discussion

The iron-amino acid chelates were synthesized using

proper amounts of Arg, Gly, or His. These amino acids are

abundant in the plant rhizosphere (Jones and other 2004;

Rothstein 2009; Werdin-Pfisterer and others 2009) and play

significant roles in plant and human nutrition (Amin and

others 2011; Li and others 2007). The stability of metal

complexes of these amino acids is also high in water.

The results obtained from our study indicated that using

Fe-amino acid chelates in the nutrient solution could

Fig. 3 Root Fe content of two tomato cultivars grown in nutrient

solution containing Fe-EDTA, Fe-arginine [Fe(Arg)2], Fe-glycine

[Fe(Gly)2], and Fe-histidine [Fe(His)2]. Error bars represent standard

error (n = 3). Bars having different letters are significantly different

at the 5% level by LSD

Fig. 4 Shoot Fe content of two tomato cultivars grown in nutrient

solution containing Fe-EDTA, Fe-arginine [Fe(Arg)2], Fe-glycine

[Fe(Gly)2], and Fe-histidine [Fe(His)2]. Error bars represent standard

error (n = 3). Bars having different letters are significantly different

at the 5% level by LSD

Fig. 5 Root Zn content of two tomato cultivars grown in nutrient

solution containing Fe-EDTA, Fe-arginine [Fe(Arg)2], Fe-glycine

[Fe(Gly)2], and Fe-histidine [Fe(His)2]. Error bars represent standard

error (n = 3). Bars having different letters are significantly different

at the 5% level by LSD

Fig. 6 Shoot Zn content of two tomato cultivars grown in nutrient

solution containing Fe-EDTA, Fe-arginine [Fe(Arg)2], Fe-glycine

[Fe(Gly)2], and Fe-histidine [Fe(His)2]. Error bars represent standard

error (n = 3). Bars having different letters are significantly different

at the 5% level by LSD

Fig. 7 Shoot N content of two tomato cultivars grown in nutrient

solution containing Fe-EDTA, Fe-arginine [Fe(Arg)2], Fe-glycine

[Fe(Gly)2], and Fe-histidine [Fe(His)2]. Error bars represent standard

error (n = 3). Bars having different letters are significantly different

at the 5% level by LSD
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supply sufficient amounts of Fe for plant uptake (Figs. 3, 4)

and also improve root and shoot growth of tomato plants

(Figs. 1, 2). The stimulating effect of amino acids on the

yield and quality of crops is due to increased mRNA

transcription, activation of sugar synthesis, and increasing

protein content (Keutgen and Pawelzik 2008; Nassar and

others 2003; Rashad and others 2003). Amino acids induce

biosynthesis of chlorophyll and thereby improve the pho-

tosynthesis rate (Amin and others 2011; Zeid 2009). Sev-

eral studies (Amin and others 2011; Wang and others 2007;

Zeid 2009) have reported the growth-stimulating effect of

amino acids. For example, soil application of tryptophan

and methionine improved plant growth via increasing

auxin and ethylene production in soil and plant tissues

and/or increasing the population of beneficial microor-

ganisms (Arshad and Frankenberger 1990; Arshad and

others 1995). Furthermore, some authors indicated that the

level of free methionine in plants is rate limiting for eth-

ylene production as a component of the complex regulation

mechanism for the onset of the Fe-deficiency response

(Zuchi and others 2009). Wang and others (2007) found

that replacing N–NO3 by 20% in nutrient solution with Arg

resulted in a significant increase of fresh and dry matter

weight of pak-choi (Brassica chinensis L.) shoots.

Replacement of N–NO3 in nutrient solution with glutamic

acid and aspartic acid reduced accumulation of excess NO3
-

in plant tissues and, as a result, improved crop quality

(Wang and others 2007).

Although amino acids used in the present study stimu-

lated plant growth, it is not easy to dissect out whether the

effect is due to better Fe uptake, more nitrogen supplied in

the form of amino acids, or the hormonal effect of amino

acids. Considering the positive and significant correlation

between shoot dry matter yield and Fe and N uptake in both

tomato cultivars, it seems that both enhanced Fe and N

uptakes play roles in improvement of tomato growth.

Without a control-free Fe treatment, it is impossible to

differentiate the effects of amino acids and Fe on plant

growth. Using just the amino acid ligands as the control for

such a study would not be useful due to severe growth

damage under free Fe conditions. Supplying Fe from Fe-

EDTA or other sources was also difficult because of pos-

sible interactions between added Fe, amino acids, and other

ligands. For example, Sánchez and others (2005) reported a

significant interaction between free amino acids added to

the nutrient solution and Fe-EDDHA in Fe uptake and

plant growth. There were some restrictions to foliar spray

of Fe to overcome this problem (to use just amino acid

control treatment) because of the differential growth

response of plants to various application methods for Fe.

The possibility also exists that Fe and amino acid interac-

tions at the root surface significantly affect plant growth as

well as amino acid-N and Fe uptake by plants.

In this study, the effect of Fe-amino acid chelates on

growth depended on the amino acid type and tomato cul-

tivar (Figs. 1, 2). The growth-stimulating effect of Fe-

amino acid chelates on ‘Rani’ was greater than that on

‘Sarika’. In contrast to Fe(Gly)2 and Fe(His)2, addition of

Fe(Arg)2 had no effect on shoot and root dry matter weight

of the ‘Sarika’ cultivar, whereas it significantly increased

shoot and root growth of the ‘Rani’ cultivar. The different

response to Fe(Arg)2 application in two tomato cultivars is

due to genetic diversity and/or different nutrient require-

ments of these cultivars. With all treatments, the shoot and

root dry matter yield of ‘Rani’ was greater than that of

‘Sarika’. The fact that there was no significant effect of

Fe(Arg)2 on growth and shoot Fe and N uptake in ‘Sarika’

Fig. 8 Activity of CAT in the leaves of two tomato cultivars grown

in nutrient solution containing Fe-EDTA, Fe-arginine [Fe(Arg)2],

Fe-glycine [Fe(Gly)2], and Fe-histidine [Fe(His)2]. Error bars repre-

sent standard error (n = 3). Bars having different letters are

significantly different at the 5% level by LSD

Fig. 9 Activity of APX in the leaves of two tomato cultivars grown

in nutrient solution containing Fe-EDTA, Fe-arginine [Fe(Arg)2],

Fe-glycine [Fe(Gly)2], and Fe-histidine [Fe(His)2]. Error bars repre-

sent standard error (n = 3). Bars having different letters are

significantly different at the 5% level by LSD
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is probably because of a lower ability of this cultivar to

absorb Fe(Arg)2. The uptake rate of amino acids is

dependent on the plant cultivar and amino acid character-

istics (Falkengren-Grerup and others 2000; Okamoto and

Okada 2004; Svennerstam and others 2008). Okamoto and

others (2003) reported a higher ability of sorghum and rice

plants to absorb organic nitrogen forms from soil solution

than maize and pearl millet. Reeve and others (2009)

reported that the effect of Gly addition on N uptake varied

among modern and classic wheat cultivars. The greater N

uptake by modern wheat cultivars seems to be due to a

higher demand for N or greater root-to-shoot transport of

this nutrient element in these cultivars (Reeve and others

2009). Large variations among strawberry cultivars in their

amino acid uptake have been reported by Reeve and others

(2008). Kielland (1994) found that Gly, aspartic acid, and

glutamic acid comprised 80% and less than 10% of the

total N absorbed by Ledum palustre and Eriophorum

angustifolium, respectively. Variation among plant species

with respect to amino acid uptake could be due to differ-

ences in the number and type of amino acid transporters.

Amino acids are taken up by plants via certain transporters,

for example, lysine-histidine transporter 1 (LHT1), amino

acid permease 1(AAP1), and amino acid permease 5

(AAP5) (Ortiz-Lopez and others 2000; Svennerstam and

others 2008). Svennerstam and others (2008) found that

reduced expression of LHT1 caused a rapid decrease in Gly

and His uptake, whereas it had no effect on Arg uptake.

Arginine uptake is dependent on the activity of AAP5

(Svennerstam and others 2008). Therefore, lower plant

uptake of Fe(Arg)2 compared with Fe(Gly)2 and Fe(His)2

in the present study could partly be due to differences in the

number and type of amino acid transporters in the root cell

membrane. On the other hand, the effect of amino acids on

plant growth is dependent on their characteristics. Sven-

nerstam and others (2007) found the growth response of

Arabidopsis sp. to glutamine application was greater than

that to the other amino acids applied. Wang and others

(2007) reported that certain amino acids reduced nitrate

uptake and thereby inhibited plant growth. In contrast, the

addition of some other amino acids improved N uptake and

plant growth. In the present study, shoot growth of both

tomato cultivars was significantly correlated with shoot N

content (Table 2). Tomato plants supplied with Fe(His)2

and Fe(Gly)2 had higher N in their shoots and thus pro-

duced greater biomass compared with those plants supplied

with Fe(Arg)2. Another possible reason for the smaller

response of tomato plants to Fe(Arg)2 is its larger molec-

ular size (Table 1) and, thus, the lower uptake of this amino

acid chelate compared with the other amino chelates used.

This suggestion needs to be tested in further experiments,

particularly considering that the estimated diameter of Fe-

amino chelate molecules is smaller than the cell wall pore

diameter. Thus, there seems to be no limitation on the

movement of amino chelates via these free spaces toward

the cell membrane.

Regardless of crop cultivar, tomato plants supplied with

Fe-amino acid chelates accumulated higher amounts of Fe

in their shoots compared with those supplied with

Fe-EDTA (Fig. 4). To better understand the effect of

Fe-amino acid chelates on the nutritional status of Fe in

tomato, the activity of CAT and APX was measured

(Figs. 8, 9). Based on results obtained from several studies

(Dasgan and others 2003; Ruiz and others 2000), bio-

chemical indices such as activity of Fe-containing enzymes

are much better indices to show the plant nutritional status

of Fe than is shoot Fe concentration. The effect of Fe-

amino acid chelates on the shoot activity of CAT varied

with tomato cultivar and amino acid type (Fig. 8).

Although Fe(Gly)2 increased the activity of CAT in the

shoots of ‘Rani’, it had no effect on the activity of this

enzyme in the shoots of ‘Sarika’. CAT activity was greater

in both cultivars, whereas shoot Fe uptake was smaller in

plants treated with Fe(Arg)2 than in plants treated with

Fe(His)2 and Fe(Gly)2. Higher activity of CAT in the

presence of Fe(Arg)2 is probably due to the role of Arg in

the expression of genes encoding the CAT enzyme. It has

been reported that Arg plays a role in several enzymatic

activities within plants. Arginine and polyamines are

involved in the structure and function of several proteins

and antioxidant enzymes, particularly the CAT enzyme

(Drolet and others 1986; Kuznetsov and Shevyakova 2007;

Lovass 1991). In ‘Sarika’, increasing shoot Fe content was

associated with elevated APX activity in the leaves. No

significant difference was found in leaf activity of APX

between plants fed with the Fe(Arg)2 and those fed with

Fe-EDTA (Fig. 9). In addition, application of Fe(Arg)2 had

no significant effect on shoot Fe content of the ‘Sarika’

cultivar. This result suggests greater dependency of APX

activity on the Fe nutritional status of tomato compared

with CAT. Elevated shoot Fe content and activity of CAT

and APX in the presence of Fe-amino acid chelates indi-

cates improvement of plant nutritional Fe status in com-

parison with Fe-EDTA treatment. In line with our results,

Sánchez and others (2005) reported that addition of amino

acids in the nutrient solution improved Fe uptake by

tomato. Amino acids can form soluble complexes with Fe

and thereby play an important role in maintaining Fe

Table 1 Selected characteristics of Fe-amino acid chelates

Fe-amino acid

chelates

Size (nm) Fe (%) N (%) S (%)

Fe(Arg)2 1.41 10.1 19.98 4.48

Fe(Gly)2 0.48 13.25 7.39 8.04

Fe(His)2 1.09 9.25 16.21 6.09
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availability for the plant (Zhou and others 2007). It has

been shown that due to a larger molecular size, plant

uptake of synthesized chelates (for example, Fe-EDTA and

Fe-DTPA) is much lower than that of free metal cations

(Marschner 1995). As mentioned before, the molecular

structure of our synthesized Fe-amino acid chelates,

designed using Hyperchem software, indicated that the

molecular diameter of Fe-amino acid chelates is much

smaller than the size of the cell wall pores (\5 nm)

(Marschner 1995). Therefore, cell wall pores have no

inhibitory effect on the movement of Fe-amino acid che-

lates into the free apoplasmic spaces, and thus Fe-amino

acid chelates can pass easily through the cell wall and enter

into the free spaces of the root apoplasm.

Improved Fe nutritional status of tomato plants supplied

with Fe-amino acid chelates compared with Fe-EDTA-

supplied plants could also be related to improved N

nutritional status. Nitrogen nutritional management affects

the number and activity of Fe-carrier proteins on the root

cell membranes and thereby increases uptake and translo-

cation of Fe in the plant tissues (Curie and others 2009;

Murata and others 2008). Some field and pot experiments

(Cakmak and others 2010; Shi and others 2010) indicated

an improved concentration of Fe in wheat shoots and grain

with the addition of N. An elevated Fe and Zn content in

the shoots of wheat by N nutrition has also been reported

by Kutman and others (2010). Although the plants absorb

N in the form of N–NO3 or N–NH4, there is some evidence

showing direct absorption of amino acids by plants

(Jämtgård and others 2008; Näsholm and others 2009; Tida

and others 2009). For example, Arg is an essential amino

acid containing several N atoms (Abdul-Qados 2009).

Glycine is easily converted to ammonium, amide, and

aliphatic compounds and can be used as an N source

(Schmidt and Stewart 1999).

Although the net influx and translocation of Fe and N

in tomato plants were not measured in the present study,

the close correlation between shoot N and Fe contents

(Table 2) suggests a role of synthesized Fe-amino acid

chelates in the translocation of Fe from roots to shoots.

Translocation of amino acids in the plant is an important

process (Ortiz-Lopez and others 2000). In contrast to

assimilated carbon that is translocated and restricted to the

phloem, amino acid translocation occurs in both the

phloem and xylem. This translocation of amino acids in

phloem and xylem helps nitrogen recycling between the

roots and shoots and hastens retranslocation of nutrient

elements, particularly immobile elements (for example, Fe

and Zn) in the plant (Caputo and Barneix 1997; Owen and

Jones 2001). In a trend similar to that of Fe, shoot Zn

content was enhanced in the presence of amino acid che-

lates (Fig. 6).

Conclusion

Results obtained from the present study showed that in

general, the Fe–amino acid complexes Fe(Arg)2, Fe(His)2,

and Fe(Gly)2 improved uptake and translocation of Fe, Zn,

and N in comparison with Fe-EDTA and thus resulted in

higher root and shoot growth of tomato. Elevated activity

of CAT and APX confirmed the improvement of plant

nutritional status of Fe. According to the results, Fe-amino

acid chelates can be used as an alternative to Fe-EDTA to

supply Fe in nutrient solutions. Although transport into the

plant tissues is considered a potential loss of the chelator

from the hydroponic solution, this problem can be resolved

by frequent addition of amino acid chelates into the

nutrient solution. Further research is needed to investigate

the fate of these Fe-amino acid chelates in commercial

hydroponic nutrient solutions where solutions are recycled

for economic and environmental reasons.
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