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Abstract 

Higher plants are able to develop two different strategies in order to increase 
iron availability in soils. Strategy I is developed by dicot and non-graminaceous 
monocot species. Strategy II is developed by graminaceous species. In soils and/or 
irrigation waters with high bicarbonate content, the activity of Strategy I can be 
neutralized, causing severe iron deficiency in crops that must be supplied with iron. The 
iron fertilizer that yields better result consist of the iron chelate Fe(o,o-EDDHA). This 
chelate forms two different groups of isomers when the chelating agent (o,o-EDDHA) is 
linked to iron: the meso (50%) and racemic (50%) isomers. These isomers show 
different stability constants, the isomer d,l-racemic is 500-fold more stable than the 
meso form. The aim of this research was to test if plants took up iron in a different way 
depending on the isomer and the kind of strategy developed by plants under Fe 
deficiency. The meso and d,l-racemic Fe(o,o-EDDHA), the free (o,o-EDDHA) and pH 
were measured in the nutrient solution. Oats plants (Strategy II) took up iron from both 
Fe(o,o-EDDHA) isomers equally and did not take up the chelating agent. Pepper plants 
(Strategy I) took up only iron from the meso form and (o,o-EDDHA) was likely kept 
temporally in the root apoplast. 
 
INTRODUCTION 

Iron deficiency is a wide problem that affects crop yields and quality, mainly in plants 
grown in calcareous and alkaline soils. Plants are able to develop two different strategies in 
order to increase iron availability in soils (Marschner et al., 1986; Römheld, 1987; Brown and 
Jolley, 1988; Marschner, 1995; Marschner and Römheld, 1995). Strategy I is developed by 
dicot and non-graminaceus monocot species. This strategy is characterized by the enhance of 
the ferric reductase capacity located at the root surface (Moog and Brüggeman, 1994; Rabotti 
and Zocchi, 1990; Marschner, 1995), in some instances plants increase the excretion of H+ 
(Zocchi and Cocucci, 1990; Toulon et al., 1992) and release reductants and/or chelators to the 
rhizosphere, improving the iron mobility. Strategy II is developed by graminaceous species 
and consists of the release of phytosiderophores (non proteinogenic amino acids) which 
mobilize soluble inorganic Fe(III) by formation of Fe(III)-phytosiderophores complexes (Fe-
PS) of high stability (Takagi, 1976 and 1993). The Fe-PS uptake by plants is mediated by a 
highly specific transport system (Römheld and Marschner, 1990). 

The high quantity of bicarbonate in calcareous soils neutralize the activity of Strategy 
I, causing severe iron deficiency in crops and plants that must be supplied with iron (Sanz et 
al., 1992; Romera et al., 1992; Susín et al., 1996; Mengel, 1995; Marschner and Römheld, 
1995). Nowadays, the use of synthetic iron chelates derivated from polyaminocarboxylic 
acids as ethylenediamine-N,N´bis(o-hydroxyphenylacetic) acid (o,o-EDDHA), N,N´-
ethylenediamine-di-(o-hydroxy-p-methilphenylacetic) acid (o,p-EDDHMA) and N,N´-
ethylenediamine-di-(o-hydroxy-p-sulfoxyphenylacetic) acid (EDDHSA) is the most effective 
agricultural practice to relieve this problem. For most authors the (o,o-EDDHA) is the most 
efficient chelating agent (Norwell, 1991; Álvarez-Fernández et al., 1997; Hernández-
Apaolaza et al., 1997; Cremonini et al., 2001), because it forms stable complexes with Fe(III) 
(1:1 molar ratio). These complexes are able to maintain iron in the soil solution over a wide 
range of pH values. The chelating agent o,o-EDDHA is constituted of two geometric isomers, 
a d,l-racemic mixture [(R,R-o,o-EDDHA)- + (S,S-o,o-EDDHA)-] and a meso form [(R,S-o,o-
EDDHA)-] that when linked to iron, yield two groups of isomers also known as d,l-racemic 
and meso isomers. These isomers show different stability constants, the isomer d,l-racemic 
(pK= -35.54) is 500-fold more stable than the meso form (pK=-33.28) (Barak and Chen, 
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1987; Bannochie and Martell, 1989). 
 As both isomers show different stabilities, the Fe uptake from these isomers can be 

different, so the aim of this paper was, on the one hand, to test if plants take up iron from 
Fe(o,o-EDDHA) in a different way depending on the isomer and the kind of strategy 
developed by plants under Fe deficiency. On the other hand, to establish if the fate of the 
chelating agent after Fe uptake. 

 
MATERIALS AND METHODS 

Two plant species were tested, one representative of Strategy I, pepper (Capsicum 
annuum L. ‘Lamuyo’) and one representative of Strategy II plants, oats (Avena sativa 
‘Europa’). 

Pepper seeds were germinated in a controlled chamber (25ºC of temperature in the 
darkness) on quartz sand moistened with saturated CaSO4 solution to prevent the appearance 
of fungi. After the cotyledons emerged, the seedlings were watered with nutrient solution 
(Table 1) (Martínez and García, 1993) diluted with water (1:1), and left stand with a 
day/night regime of 16/8h, temperature of 15ºC/25ºC and relative humidity 70%. When the 
plants reached 7 cm high, were transferred to 3 L black plastic pots that contained 
continuously aerated nutrient solution in a greenhouse under controlled environmental 
conditions: 17ºC/25ºC (night/day) and natural day/night regime of light intensity. The plants 
were grown for 74 days. Every 3 or 4 days, the losses of volume were replaced with distilled 
water in order to induce Fe deficiency, and samples of 50 ml were taken. 

For oats seeds, several holes were made on plastic dishes. The bottom of the dishes 
was covered with a mesh and a thin layer of quart sand, in which oats seed were planted. The 
dishes covered the 3 L pots that contained aerated nutrient solution (Table 1) which ascended 
by capillarity and moistened the quartz sand. The oats plants were placed in the greenhouse in 
the same experimental conditions than pepper plants. Sampling started after 18 days. Pots 
containing the aerated nutrient solution and no plant were used as controls. All assays were 
made out in triplicate.  

The Fe(o,o-EDDHA) used in the experiment was synthesized in the laboratory 
according to the methodology proposed by Hill-Cottingham (1962). 

The samples of nutrient solution were filtered through 0.22 µm syringe filters 
(Osmonics) and were analysed for meso Fe(o,o-EDDHA) and racemic Fe(o,o-EDDHA), 
chelating agent and pH. The meso and d,l-racemic Fe(o,o-EDDHA) were analysed by High 
Pressure Liquid Chromatography (HPLC), according to the method described by Lucena et 
al. (1996). HPLC separation and analysis were carried out in a Shimadzu chromatographic 
system, with a LC-7A pump, SIL-10A autosampler, SPD-M6A photodiode array detector and 
Windows 98 chromatographic software CLASS-LC10 V.1.6. For Fe(o,o-EDDHA) column 
Lichrospher 100RP-18 (5µm) (Hp, ref. 841334), 250 mm × 4 mm, flow 1.5 ml/min, oven 
temperature 25ºC, detection wavelength 300 nm, injection volume 100 µl. Mobile phase was 
constituted of tetrabutylammonium hydroxide (2% v/v) (Sigma) and acetonitrile (30% v/v) 
(HPLC Scharlau FEROSA). The picks of each isomer were identified by their retention times 
and by the UV-vis spectra carried out between 200 and 600 nm (maxima of absorbance: 
Fe(o,o-EDDHA) d,l-racemic: 477.7 nm and meso: 489.9 nm) (Barak and Chen, 1987; Lucena 
et al., 1996; Hernández-Apaolaza et al., 1997). Peak area was used in order to quantify the 
content of Fe(o,o-EDDHA) in the samples. Fe(o,o-EDDHA) solutions were used as 
calibration standards.  

The uptake of each isomer by plants was calculated by subtracting the concentration of 
the isomer in the samples from the control. 

The total (o,o-EDDHA) concentration, free and complexed with iron, was determined 
by UV-vis spectrophotometry. This chelating agent shows two maxima (Fig. 1), at 201 nm 
and 276 nm, which correspond to the benzene ring and the hydroxyl group substitution in 
orto position, respectively (Jaffe and Orchin, 1962). As the pick at 201 nm was in the 
detection limit of the spectrophotometer, the analysis was performed at 276 nm. Because the 
NO3

- ions occurring in the nutrient solution absorb at this wavelength, Fe(o,o-EDDHA) 
concentration was measured by the standard addition method with the nutrient solution as 
background solution. Free (o,o-EDDHA) was calculated by subtracting the Fe(o,o-EDDHA) 
measured by HPLC from the total (o,o-EDDHA) measured by UV-vis.  

Finally, the pH values of nutrient solution samples were measured with a pH meter 
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(Crison micro pH 2000) with a standard pH electrode. 
Data were analysed with SPSS statistical software by multivariate analysis at p<0.05 

to determine the significance of differences found. 
 

RESULTS AND DISCUSSION 
The quantity of Fe taken up by the plants of Strategy I and Strategy II is plotted in the 

Fig. 2. Pepper plants took up only the meso form (lowest stable isomer) (Fig. 2A). The iron 
uptake is developed in two stages. The second stage coincides with the increase in proton 
concentration observed at the 50 days approximately (Fig. 3). It is indicative of the activation 
of the proton pump under Fe deficiency. This deficiency was owed to the decrease of iron in 
the nutrient solution and the higher iron requirements at the ripening (Cadahia, 1988). 
Respect to the chelating agent, the concentration of o,o-EDDHA in pepper plants is 
statistically lower than the concentration in the no-plant control (Fig. 4). The maxima 
differences appeared during the second phase of the iron uptake. The values of these 
differences are plotted in Fig. 5. If this had been the result of the uptake of the chelating agent 
by plants, a continuous increment would had been obtained. An oscillating line is observed 
instead, indicating that the chelating agent was not take up by these plants The highest loss of 
o,o-EDDHA appear during the second phase, which coincided with the higher iron uptake. 

For oats, there were no differences in iron uptake from both isomers (Fig. 2B). The 
iron absorption also took place in two stages, although they were not related to any pH 
change (Fig. 3). There were no statistically significant differences between the concentration 
of the o,o-EDDHA in control and plant samples (Fig. 4). 

The observed differences between pepper and oats plants can be explained on basis on 
the different mechanisms of iron uptake of each plant species. In Strategy I, Fe(o,o-EDDHA) 
must enter the root apoplast to get in contact with the reductase on the cell membrane. Part of 
the chelating agent is then temporally retained in the free space of the apoplast and again 
turned back to the nutrient solution. It would explain the oscillation observed in Fig. 5. In 
Strategy II plants, the phytosiderophores are released to the nutrient solution, the chelate does 
not need to approach to the root cell and the displacement of o,o-EDDHA from the iron 
chelate by the phytosiderophore occurs in the nutrient solution. 

The meso isomer is the less stable and is especially sensitive to low pH values 
(Bermúdez et al., 2002). This may contribute to the preferential uptake of this isomer by 
Strategy I plants. For Strategy II plants, the phytosiderophores can be efficient enough to 
displace any synthetic chelating agent independently of the stability constant (Takagi, 1991) 
so there were no differences in Fe uptake from Fe(o,o-EDDHA) isomers for oats plants. 

 
CONCLUSION 

The remarkably uptake of the meso isomer for strategy I plants could be attributed to 
the Fe deficiency mechanism developed by this plants, Fe(III) reduction and H+ release, 
implies less consumption of energy for the decomposition of the meso Fe(o,o-EDDHA) than 
for the d,l-racemic Fe(o,o-EDDHA). These results suggest that the use of FeEDDHA 
products with a higher percentage of meso isomer could be more efficient than the current 
products with a 50% of both isomers. 

On the other hand, the chelating agent was not taken up by plant, so (o,o-EDDHA) 
could remained in solution and increase the availability of iron and other cations in nutrient 
culture media by formation of soluble (o,o-EDDHA) complexes. 
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Tables 
 
Table 1. Composition of nutrient solution. 
 

Compound Conc. (M) Compound Conc. (M) 

FeEDDHA 1.3·10-3 NH4NO3 5.0·10-4 

Ca(NO3)2·4H2O 3.5·10-3 CuSO4·5H2O 3.14·10-7 

MgSO4 ·7H2O 3.6·10-4 ZnSO4·7H2O 1.36·10-6 

KNO3 4.5·10-3 MnSO4·H2O 1.27·10-5 

K2SO4 7.5·10-4 (NH4)6Mo7O24·4H2O 5.95·10-8 

KH2PO4 1.5·10-3 H3BO4 4.63·10-5 
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Fig. 1. UV-Vis spectrum of Fe(o,o-EDDHA) and (o,o-EDDHA). 
 
 
 

 

 
Fig. 2. Fe uptake by strategy I and strategy II plants. A: Pepper; B: Oats. 
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Fig. 3. Proton concentration in nutrient solution with strategy I and strategy II 

plants. 
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Fig. 4. (o,o-EDDHA) concentration in nutrient solution with Strategy I and Strategy 

II plants compared to no-plant control. Letters a and b indicate statistically 
significant differences between nutrient solution with plants and control 
(p>95%). 
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Fig. 5. Losses of (o,o-EDDHA) for strategy I plants. 
 
 


