
Applications of Mössbauer spectroscopy

in plant physiology

PhD theses

Krisztina Kovács

ELTE Chemistry Doctoral School

Head of school: Dr. György Inzelt, professor of chemistry

Theoretical and Physical Chemistry, Structural Chemistry Programme

Head: Dr. Péter Surján, professor of chemistry

Supervisor:

Dr. Attila Vértes, member of HAS

Consultants:

Dr. Ferenc Fodor, PhD
Dr. Ernő Kuzmann, DSc

ELTE Institute of Chemistry

Budapest, 2009



1. Introduction

Mössbauer spectroscopy has been applied in chemistry and biology as early as in the 1960’s,

very shortly after its discovery. Although nowadays this technique is commonly used in many

analytical and structural studies, its applications in plant biology are relatively rare, due to

the special experimental conditions required.

In the present work transmission 57Fe Mössbauer spectroscopy was applied in two topics

related to plant physiology. In the first part, chemical reactions between the most impor-

tant plant-growth-regulating phytohormone, indole-3-acetic acid (IAA) and iron(III) were

studied. In the second part, iron homeostasis and iron uptake mechanisms were investigated

in different plants.

In collaboration with the Department of Plant Physiology (ELTE), the experimental

methods used in plant physiology were combined with the 57Fe Mössbauer technique. Hereby,

we succeeded to find new experimental methods that can help us to get information not only

about iron species present in plant tissues in general but also about the changes in those

during the iron uptake process. This provides the possibility of expanding the applications

of 57Fe Mössbauer spectroscopy in plant physiology and helps in solving problems regarding

metal homeostasis of plants.

2. Background

2.1. Iron–indolacetic acid system

In the 20th century several new plant physiologically active compounds were found and

described in plants. Among these, the natural plant-growth-regulating substances are called

auxins. Indole-3-acetic acid (IAA) is one of the most powerful phytohormones of the auxin

family. IAA has been documented to be synthesized not only by plant cells but also by

many soil microorganisms, in particular in the rhizosphere, where it plays an essential role

in plant–microbe interactions. However, the secretion of IAA into the soil does not only

have phytoregulating effects but it can lead to chemical reactions involving metal ions, e.g.

iron(III). Iron(III) is an essential microelement but has a poor biological availability over a

wide pH range owing to its full hydrolysis and the extremely low solubility of ferric oxides,

hydroxides. Substances involved in redox processes and complexation with ferric ions are

therefore of ecological significance solubilising iron(III) under appropriate conditions to give

a more bioavailable iron(II) or iron(III)-chelate. Acidic aqueous solutions of ferric salts and

IAA can be considered as model systems for the possible interactions of the microbial IAA

with iron(III) present in the soil. However, there is little information in the literature about

iron(III)-IAA systems, and most of the results are contradictory.
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On the other hand, studying the coordination mode of IAA to iron(III) can provide

additional information that may be helpful in understanding the enzymatic degradation of

auxins. The formation of a triple complex (peroxidase-IAA-oxygen) has been proposed for

the oxidative degradation mechanism of IAA but several details of the reaction are still

unknown. Electrochemical oxidation showed the decarboxilation of indole-3-acetate (IA) as

a key step in the oxidation process of IAA, resulting in the formation of reactive radical

species which can be involved in further redox reactions. The aqueous iron(III)–IAA system

can serve as an inorganic model for the peroxidase–IAA complex.

2.2. Iron uptake in plants

Iron is one of the most important micronutrients for plants. Although the total iron con-

centration of the soils is usually higher than the need of plants, due to the low solubility

of iron oxyhydroxides at soil pH, the iron content in the soil solution (which is available

for plants) is very low. For this reason, plants have evolved different strategies for iron up-

take. Non-graminaceous plants follow Strategy I iron uptake mechanism, which starts with

reduction of iron(III) species at the outer surface of the plasma membrane followed by the

uptake of ferrous ions by a divalent cation transporter. In contrast, graminaceous plants

synthesize specific iron(III)-binding polydentate organic ligands (phytosiderophores) that

solubilize iron(III) and make it available for the absorption. This latter iron uptake mecha-

nism is called Strategy II. In the last years, the genetic background of iron uptake regulation

was intensively studied but much less is known about how iron moves through the cell wall

before it reaches the plasma membrane and what kinds of chemical species are produced

during its adsorption and uptake.

Heavy metals polluting the environment influence adsorption, uptake and translocation

of essential metal ions, like Fe. Plants may accumulate heavy metals in the root but they can

be transported also to shoot and leaves. The accumulation of toxic metals (e. g. Cd) causes

serious growth retardation and chlorosis, generates oxidative stress and has a detrimental

effect on iron uptake and transport within the plant. There is a lack of information on the

uptake mechanisms of heavy metals and on the interactions of different metals during their

adsorption and uptake process. Studying the effects of heavy metals on iron homeostasis can

provide useful information to understand the accumulation mechanisms of heavy metals in

certain plant species used for decontamination of heavy metal polluted soils (phytoremedia-

tion).
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3. Aim of research

In the first part of the work, the interaction of IAA with iron(III) was investigated. The

reactions of FeCl3, Fe(NO3)3 and IAA were studied applying various experimental conditions.

The structure of the solid Fe-IAA complex precipitated from aqueous solutions was also

investigated in order to complete literature data. The main objective of the work was to find

answers to the following questions:

1. What kind of reactions occur between iron(III) and IAA in acidic aqueous solutions?

2. What is the structure of the precipitate formed in the acidic aqueous iron(III)–IAA

solutions?

In the second part of the work, carried out in collaboration with the Plant Physiology

Department of the Eötvös Loránd University, the iron uptake mechanisms and the iron

species present in the root were studied. Two plants were used: (i) cucumber (Cucumis

sativus), employing Strategy I iron uptake mechanism, and (ii) wheat (Triticum aestivum)

using Strategy II. The principle questions to be answered were:

1. Which iron species are formed in iron sufficient cucumber and wheat roots?

2. What differences can be found in the iron species occuring in the roots of the plants

employing different iron uptake strategies?

3. How does Cd effect the Strategy I iron uptake mechanism and the iron species found

in the root of cucumber?

4. Investigation methods

In the first part of the work, mainly transmission 57Fe Mössbauer spectroscopy using the

frozen solution technique was applied for studying the reactions between iron(III) and IAA.

These results were complemented with spectrophotometric measurements. The structural

analysis of the solid Fe–IAA was performed using elemental analysis, Mössbauer, infrared,

Raman spectroscopic techniques and solution X-ray diffraction measurements. In the second

part of the work, transmission 57Fe Mössbauer spectroscopy, inductively coupled plasma

mass spectrometry and plant physiological methods were used for the investigations of iron

homeostasis in plants.

Mössbauer spectroscopy is based on the recoil free resonance absorption of low energy

(typically a few 10 keV) γ-photons in atomic nuclei. This method can provide invaluable

information about the local electric and magnetic properties of the investigated atoms in the
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material. Elemental analysis allows the elemental composition (C, N, H, Fe) of the sample to

be determined. Infrared spectroscopy is based on the excitation of vibrational modes of the

molecules by infrared light absorption. From the characteristic absorption frequencies, the

structural units and functional groups present in the molecule can be identified. In Raman

spectroscopy, the vibrations of the system can be studied on the basis of inelastic scattering

of monochromatic light. Infrared and Raman spectroscopy yields similar but complementary

information. Spectrophotometry is based on the absorption of UV and visible light, which

causes excitation from the electronic ground state to an excited state. UV-VIS spectrophoto-

metry can be used for both structural and quantitative analytical studies. The quantitative

analytical applications are based on the Lambert-Beer law, which states that the measured

absorbance at a given wavelength is proportional to the concentration, to the thickness of

the sample and to the extinction coefficient. In situ UV-VIS measurements allow kinetic

information on reactions to be collected.

The concentration of variuos elements (e.g. Fe, Cd) in plant roots can be determined

with inductively coupled plasma mass spectrometry. For the digestion of the samples, usually

microwave-assisted system and undiluted nitric acid is used. The elements are detected with

mass spectrometry, applying standard solutions. Both the total and symplasmic iron con-

centration can be determined. The symplasmic iron content can be measured after removing

the apoplasmic iron by the application of the method of Bienfait. During the treatment, the

apoplasmic iron is reduced and it is removed from the root in the form of [FeII(bipy)3]
4–

complex. For measuring iron-chelate reductase activity, the method proposed by Zouari and

Gogorcena can be used. This method is based on the spectrophotometric measurement of

the [FeII(BPDS)3]
4– complex formed due to the root-associated iron reduction in a reagent

solution containing FeIII-EDTA and bathophenantroline disulphonate (BPDS).

Transmission electron microscope (TEM) resembles the familiar optical microscopes. As

the wavelength of the electrons can be tuned to be similar or even smaller than the distance

between two atoms in a lattice, the method can map the structure of the sample in atomic

scale and can be also used for identifying crystalline materials present in cell compartments.

5. Theses

From the investigations on the interaction between the plant hormone, indole-3-acetic acid

and iron(III), the following conclusions can be drawn:

I. Upon the addition of IAA to acidic aqueous solutions (pH = 2) of Fe(NO3)3 and FeCl3,

the formation of Fe2+ and a dimeric Fe3+ component was demonstrated. According to

the experiments, two reactions occur between IAA and iron(III). One of the reactions

is a complex formation between IAA and Fe3+ which results in the dimerization of
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monomeric Fe3+ ions. The other reaction is a redox process between the IAA and Fe3+

species which yields a hexaaqua-iron(II) complex as product.

II. The chemical composition of the solid precipitate formed in the aqueous solution of

IAA and iron(III) is [Fe2(OH)2(IA)4], where IA is indole-3-acetate. The Fe3+ ions are

linked together via (μ-OH)2-bridge and the IA anions serve as bidentate carboxylate

ligands.

On the basis of investigations on the iron uptake in plants, the following conclusions can be

drawn:

I. In iron sufficient cucumber and wheat roots, iron is accumulated in three main types

of iron-containing species: iron(III)-carboxylates, ferrihydrite and sulphate-hydroxide

containing ferric species.

II. Direct evidence has been given for the iron uptake mechanism of Strategy I plants. The

demonstration was based on the observation of divalent iron during the iron uptake in

cucumber root.

III. The presence of ferrous hexaaqua complex has been shown in iron deficient cucum-

ber roots supplied with iron, as a product of the iron-chelate reductase enzyme. The

accumulation of FeII hexaaqua complex has been demostrated in the apoplasm of the

iron deficient roots after iron supply. This indicates a fast reduction rate compared to

reoxidation during the iron uptake process.

IV. In iron deficient wheat roots no ferrous component could be detected during iron uptake.

This finding confirms that in plants, belonging to Strategy II, no divalent iron is formed

during the iron uptake process.

V. With the help of iron deficient cucumber roots, Cd2+ ions have been shown to reduce

the iron-chelate reductase activity in iron deficient plants. The results indicate the

competitive effect between the transport of Fe2+ and Cd2+ during membrane transport.

Cd has been shown to have little effect on the distribution of iron(III) species in iron

sufficient roots.
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