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Abstract Plants grown in calcareous, high pH soils
develop Fe deficiency chlorosis. While the physiolog-
ical parameters of Fe-deficient leaves have been often
investigated, there is a lack of information regarding
structural leaf changes associated with such abiotic
stress. Iron-sufficient and Fe-deficient pear and peach
leaves have been studied, and differences concerning
leaf epidermal and internal structure were found. Iron
deficiency caused differences in the aspect of the leaf
surface, which appeared less smooth in Fe-deficient
than in Fe-sufficient leaves. Iron deficiency reduced
the amount of soluble cuticular lipids in peach leaves,

whereas it reduced the weight of the abaxial cuticle in
pear leaves. In both plant species, epidermal cells were
enlarged as compared to healthy leaves, whereas the
size of guard cells was reduced. In chlorotic leaves,
bundle sheaths were enlarged and appeared disorga-
nized, while the mesophyll was more compacted and
less porous than in green leaves. In contrast to healthy
leaves, chlorotic leaves of both species showed a
significant transient opening of stomata after leaf
abscission (Iwanoff effect), which can be ascribed to
changes found in epidermal and guard cells. Results
indicate that Fe-deficiency may alter the barrier
properties of the leaf surface, which can significantly
affect leaf water relations, solute permeability and pest
and disease resistance.

Keywords Cuticle . Epidermis . Iron deficiency
chlorosis . Leaf structure . Transpiration

Introduction

Iron (Fe) deficiency chlorosis is a common abiotic
stress affecting plants in many areas of the world. This
physiological disorder is mainly found in crops grown
in calcareous and/or alkaline soils and occurs as a result
of several causes acting simultaneously (Rombolà and
Tagliavini 2006). Although Fe is very abundant in the
earth’s crust, its availability to plants is often
restricted by the very low solubility of Fe(III)-oxides
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Formation of metal-nicotianamine complexes as
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Nicotianamine (NA) is considered as a key element in plant metal homeostasis. This non-

proteinogenic amino acid has an optimal structure for chelation of metal ions, with six functional

groups that allow octahedral coordination. The ability to chelate metals by NA is largely dependent

on the pK of the resulting complex and the pH of the solution, with most metals being chelated at

neutral or basic pH values. In silico calculations using pKa and pK values have predicted the

occurrence of metal-NA complexes in plant fluids, but the use of soft ionization techniques (e.g.

electrospray), together with high-resolution mass spectrometers (e.g. time-of-flight mass detector),

can offer direct and metal-specific information on the speciation of NA in solution. We have used

direct infusion electrospray ionization mass spectrometry (time-of-flight) ESI-MS(TOF) to study the

complexation ofMn, Fe(II), Fe(III), Ni, Cu by NA. The pH dependence of the metal-NA complexes in

ESI-MSwas compared to that predicted in silico. Possible exchange reactions that may occur between

Fe-NA and other metal micronutrients as Zn and Cu, as well as between Fe-NA and citrate, another

possible Fe ligand candidate in plants, were studied at pH 5.5 and 7.5, values typical of the plant

xylem and phloem saps. Metal-NA complexes were generally observed in the ESI-MS experiments at

a pH value approximately 1–2 units lower than that predicted in silico, and this difference could be

only partially explained by the estimated error, approximately 0.3 pH units, associated with

measuring pH in organic solvent-containing solutions. Iron-NA complexes are less likely to partici-

pate in ligand- andmetal-exchange reactions at pH 7.5 than at pH 5.5. Results support that NAmay be

the ligand chelating Fe at pH values usually found in phloem sap, whereas in the xylem sapNA is not

likely to be involved in Fe transport, conversely to what occurs with other metals such as Cu and Ni.

Some considerations that need to be addressed when studying metal complexes in plant compart-

ments by ESI-MS are also discussed. Copyright # 2008 John Wiley & Sons, Ltd.

Metals such as Mn, Fe, Ni, Cu or Zn are essential for plants,
since they participate in numerous metabolic processes in
different plant tissues and cell compartments. When these
metals are in short supply, plants show deficiency symptoms
such as growth reduction and reduced photosynthesis.
However, when metals are in excess oxidative stress and
other cellular disturbances occur, and plants develop toxicity
symptoms.1 For these reasons, the processes involved in
metal acquisition by roots and transport to the different plant
organs must be tightly regulated, so that metals can be
available where they are needed and in an appropriate

chemical form. The tendency toward a relatively stable
equilibrium between these interdependent mechanisms,
maintained by physiological processes, is usually called
metal homeostasis.
A key element in plant metal homeostasis is the

non-proteinogenic amino acid nicotianamine (NA), first
discovered by Noma et al.2 Nicotianamine has an optimal
structure for chelation of metal ions, with six functional
groups that allow octahedral coordination, the distances
between functional groups being optimal for the formation of
chelate rings. Nicotianamine is known to chelate many
metals, including Fe(II) and Fe(III),3,4 Mn(II), Co(II), Ni(II),
Cu(II) and Zn(II).5,6 The NA stability constants (log K) of
the metal-NA complexes with Fe(III), Cu(II), Ni(II), Zn(II),
Fe(II) and Mn(II) are 20.6, 18.6, 16.1, 15.4, 12.8 and 8.8,
respectively.3,4,6

Nicotianamine is thought to be important in the speciation
of soluble Fe in different plant compartments,7 because it is
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should be chelating Zn(II) at both pH values. Possibly,
the discrepancies between the observed speciation and the
in silico predictions could be due to the kinetics of the
exchange reaction. At pH 5.5, after the addition of Cu(II) to
the Fe(II)-NA solution there was a large decrease of the
Fe(II)-NA signal, although the signal of Cu(II)-NA was not
very large (Fig. 5(C)). This supports the existence of metal
exchange, as it could be expected from the values of the
stability constants. The low intensity of the Cu(II)-NA
complex can be explained by the voltage value used in the
experiment (120V), since the optimal voltage value found for
the Cu(II) complex was 90V (Fig. I in the Supplementary
Material). Also, signals for freeNA and the [M–H–CO2]

!1 ion
of Fe(II)-NA were observed. At pH 7.5 a similar behaviour
was observed, although the peak at m/z 311 corresponding
to the [Fe(II)NA–H–CO2]

!1 ion was larger than at pH 5.5
(Fig. 5(D)). In silico predictions indicate that most of the NA
should be chelating Cu(II) at both pH values.

CONCLUSIONS

Results indicate that relatively small changes in pH and
changes in the concentrations of citrate and metals can have
significant effects in NA speciation in plant fluids such as
xylem and phloem sap. In the xylem sap, NA is not likely to
complex Fe due to exchange reactions with citrate and other
metals, whereas it could chelate other metals such as Cu and
Ni. In the phloem sap, NA could still be a good candidate to
chelate Fe, specially in the Fe(II) form. Some metal-NA
complexes, including Fe(II)-NA and Fe(III)-NA, were found
by ESI-MS at lower pH values than those estimated in silico,
and this effect could be only partially explained by the
estimated size of the errors associated to measuring pH in
organic-solvent-containing solutions. Our work and recent
examples of other researchers have shown the feasibility of
ESI-MS to study metal-NA complexes within plant fluids,
but some drawbacks inherent to the technique need to be
addressed: namely, the need to maintain as much as possible
the pH of the plant compartment under study through
the whole extraction, separation and analysis process, the

possible changes in metal-ligand complex chemistry and the
difficulty to assess the true pH value in solutions with a
considerable amount of organic solvent, and the possibility
that metal redox reactions may occur in the ESI process. Our
work has also shown that in silico predictions may fail to
accurately speciate NA in non-equilibrium solutions such as
plant fluids. It should also be mentioned that in real plant
samples other metals such as Ca and ligands such as
glutathione may affect the interpretations proposed here.
However, it would be unrealistic to analyze plant fluids by
direct infusion ESI-MS due to matrix effects. To avoid matrix
interferences a previous separation technique such as liquid
chromatography is mandatory.36 Direct determination of
metal-NA complexes in plant fluids may change the current
knowledge on the role of NA in micronutrient plant
nutrition.

SUPPLEMENTARY MATERIAL

The supplementary electronic material for this paper is
available in Wiley InterScience at: http://www.interscien-
ce.wiley.com/jpages/0951-4198/suppmat/.
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Foliar iron-fertilisation of fruit trees: present knowledge and future
perspectives – a review

By V. FERNÁNDEZ, I. ORERA, J. ABADÍA* and A. ABADÍA
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Zaragoza, Spain
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SUMMARY
Iron (Fe)-deficiency is a common physiological disorder affecting fruit crops in many areas of the World. Foliar Fe-
fertilisation is a common agricultural strategy to control Fe-deficiency under field conditions. However, variable
responses to Fe sprays have often been described and foliar Fe-fertilisation cannot yet be considered a reliable
strategy to control plant Fe-deficiency. The lack of understanding of some factors relating to the penetration,
distribution, and bio-activity of leaf-applied, Fe-containing solutions hinders the development of effective Fe
formulations for foliar treatment. The current state-of-the-art and future perspectives for foliar Fe-fertilisation, as a
strategy to control Fe-deficiency in fruit crops, is discussed.

Iron (Fe)-deficiency chlorosis is a widespread
physiological disorder affecting many fruit crops and

is a limiting factor for production, especially under
high pH, calcareous soil conditions, such as those
prevailing in many agricultural areas with a
Mediterranean climate. Typical symptoms of Fe-
deficiency include the development of interveinal
chlorosis, starting from the apical leaves, reduction of
shoot growth, defoliation during the growing season
and, ultimately, tree death (Rombolà and Tagliavini,
2006). Iron chlorosis has deleterious effects on fruit
production, reducing the number of fruits per tree, fruit
size, total yield, and affecting fruit quality parameters
such as colour, firmness, or acidity (Álvarez-Fernández
et al., 2003; 2006).

There is scientific evidence that Fe-fertilisation
increases fruit quality and yield in many crops
(Álvarez-Fernández et al., 2006). Iron-fertilisation is a
standard agricultural practice in fruit production areas
that suffer from plant Fe-deficiency. Strategies to
alleviate Fe-chlorosis in fruit crops include: (i) the use
of rootstocks tolerant to soil conditions that induce the
development of the disorder and with improved Fe-
uptake mechanisms; (ii) modifying soil characteristics;
and/or (iii) treatment with Fe-substances via root,
trunk, or canopy application(s) (Abadía et al., 2004;
Lucena, 2006). Iron-fertilisation of roots is the most
reliable and widely-used technique to control Fe-
deficiency, and commercial Fe(III)-EDDHA-based
products are the most effective fertilisers used to
correct Fe-chlorosis under severe soil conditions
(Lucena, 2006). However, such chemicals are expensive
and may perform differently according to the particular
Fe(III)-EDDHA formulation (Cerdán et al., 2007).

Foliar Fe-fertilisation could be a cheaper and more
targeted strategy to correct plant Fe-chlorosis (Abadía
et al., 2002; Álvarez-Fernández et al., 2004; Fernández

et al., 2008a), but the response to Fe sprays has been
shown to vary according to many plant-related,
environmental, and physico-chemical factors (Fernández
and Ebert, 2005). Problems of reproducibility and
interpretation of results from foliar and cuticular Fe-
application studies have been described (Fernández and
Ebert, 2005). Our current limited understanding of the
factors involved in the penetration, translocation, and bio-
availability of leaf-applied Fe fertilisers makes it difficult
to develop effective spray formulations for agricultural
purposes. At present, foliar nutrition is only considered to
be a valuable complement to the application of nutrients
via the root system (Weinbaum, 1996).

In general, the penetration of Fe-containing solutions
will be influenced by plant factors, environmental
conditions, the nature of the spray solution, and the
method of application (Currier and Dybing, 1959).
Similarly, the roles of active and passive processes
involved in the penetration and subsequent physiological
effects of foliar-applied nutrient solutions remain
controversial (Jyung and Wittwer, 1964; Zhang and
Brown, 1999).

The effectiveness of leaf-applied, Fe-containing
solutions is normally assessed on the basis of their re-
greening capacity, tissue Fe-absorption rate, and Fe-
translocation from the site of treatment (Fernández,
2004; Fernández et al., 2006; 2008a). Therefore, in
response to foliar treatment with a Fe-containing
solution, at least three distinct key processes can be
distinguished, in theory, although they are difficult to
separate from one another: (i) the penetration of foliar-
applied Fe through the leaf surface; (ii) the distribution
of Fe from the site of application; and (iii) the active
involvement of exogenous Fe in physiological processes.

An account of the state-of-the-art concerning foliar
Fe-fertilisation of fruit trees and the key factors to be
considered for the development of more effective 
Fe-containing formulations is provided in the following
sections.*Author for correspondence.
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surfactant was ionised due to the presence of the 
Fe(III)-EDTA chelate.

Usually, Fe(III)-chelates are prepared by addition of
FeCl3 to the corresponding chelating agent, in this case
K2EDTA. Therefore, the hypothesis that Cl– ions may be
responsible for the ionisation of the polymer was
subsequently tested. The mass spectrum of FeCl3 plus
0.1% (v/v) Surfactant 1 is represented in Figure 2D. An
identical polymer to the one observed in Figure 2C was
formed. These results suggest that the Cl– ions present in
the Fe(III)-chelate solution may induce ionisation of the
surfactant. The same polymer was observed in the mass
spectrum of Fe(III)-EDTA synthesised from Na2EDTA
and FeCl3 with Surfactant 1 (data not shown).

In summary, ions derived from the synthesis of the
Fe(III)-chelate could induce ionisation of non-ionic
surfactants due to “salting out” effects (Mackay, 1997), as
shown above. This could affect the performance of
surfactants as adjuvants in foliar sprays. Research is in
progress to understand the interactions between
Fe-substances and surfactants suitable for foliar
application.

CONCLUSIONS AND FUTURE PERSPECTIVES
The performance of Fe-sprays is affected by many

plant-related, environmental, and physico-chemical
factors, which are currently not fully understood.
Research should focus on investigating the potential
interactions between formulation components using
modern analytical techniques such as those described
above. Efforts should be made to understand the

relevance of the physico-chemical properties of spray
solutions to design optimised Fe-containing
formulations, and the significance of changes in the leaf
surface in relation to the foliar uptake of agrochemicals.
The process of penetration of a leaf-applied,
Fe-containing solutions is not fully understood and
should be investigated further, since foliar uptake is a
prerequisite for leaf-cell Fe utilisation. Research on
suitable foliar treatment strategies to ensure optimal
plant coverage should also proceed. Similarly,
information on plant Fe metabolism will facilitate the
selection of bio-active Fe-containing compounds. The
role of physiological processes and environmental
factors in foliar Fe uptake and distribution should also be
investigated further using intact leaves and following a
holistic approach.

In summary, more knowledge relating to the role of Fe
in plants, and on the effects of environmental, plant
physiological, or leaf morphological factors, adopting a
multi-disciplinary approach, is required for the
development of effective Fe-spray formulations to
correct widespread Fe-deficiency in fruit trees.

This study was supported by the European Commission
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Science and Education (Projects AGL2006-01416 and
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Elemental 2-D mapping and changes in leaf iron
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Abstract Iron is an essential micronutrient for plant
growth and development, involved in key cellular
processes. However, the distribution of Fe in plant
tissues is still not well known. In the so-called Fe
chlorosis paradox, leaves of fruit trees grown in the
field usually have high concentrations of Fe but still
are Fe-deficient. Leaves of the Prunus rootstock GF
677 (P. dulcis×P. persica) grown in hydroponics have
been used to carry out two-dimensional (2-D) nutrient
mapping by synchrotron radiation-induced X-ray
fluorescence. Iron-deficient leaves accumulated more
Fe in the midrib and veins, with Fe concentration
being markedly lower in mesophyll leaf areas. The
effects of Fe deficiency and Fe re-supply on leaf
chlorophyll concentration and on the distribution of
Fe and other nutrients within different plant tissues

have been investigated in the same plants. After Fe re-
supply, leaf Fe concentrations increased largely in all
leaf types. However, whereas re-greening was almost
completely achieved in apical leaves, in some expand-
ed leaves the increase in chlorophyll concentration
was only moderate. Therefore, after Fe re-supply Fe-
deficient expanded leaves of the Prunus rootstock GF
677 had significant increases in Fe concentration but
were still chlorotic. This is similar to what occurs in
leaves of peach trees in field conditions, opening the
possibility that this system could be used as a model
to study the Fe chlorosis paradox.

Keywords Inactive iron . Iron chlorosis .

Iron deficiency . Iron re-supply . Leaf iron distribution .

Prunus

Abbreviations
Chl chlorophyll
EDTA ethylenediaminetetracetic acid
DW dry weight
μ-SRXF synchrotron radiation-induced X-ray

fluorescence

Introduction

Iron deficiency is one of the major abiotic stresses
affecting fruit tree crops growing in calcareous soils
in the Mediterranean area. The most obvious effect of
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physiologically inactive Fe pools in the apoplast of
chlorotic leaves.

Growing plants under Fe deficiency conditions for
some time and then re-supplying Fe in controlled
growth chambers could be a good method to mimic
the “Fe chlorosis paradox” in laboratory conditions.
After 2 weeks of Fe deficiency, there was a gradient
of leaf Chl concentrations from fully yellow apical
youngest leaves, through expanded leaves with typical
interveinal Fe chlorosis symptoms, and then to basal
leaves, including some leaves (leaves 5 to 7) slightly
affected by Fe deficiency and other (leaves 8 to 11)
fully green. Apical leaves became green quickly after
Fe re-supply, whereas fully chlorotic leaves re-greened
very fast (data not shown). However, expanded leaves
having a mild chlorosis did not regreen completely,
confirming previous results of Alcántara et al. (2000).
Upon Fe re-supply, all leaf types had large increases
in Fe concentrations. Therefore, some leaves were still
chlorotic but had high Fe concentrations (mimicking
the “Fe chlorosis paradox”). Lack of re-greening of
expanded leaves upon Fe re-supply could be explained
by difficulties in recovering damaged structures or in
using newly acquired Fe in cells (Bohórquez et al.
2001).

In conclusion, Fe was located preferentially in the
midrib and veins in Fe-deficient leaves, and this could
explain why chlorosis is often interveinal in field-grown
chlorotic materials. This could be among the causes
leading to the appearance of the “Fe chlorosis paradox”.
Growing plants under Fe deficiency conditions for some
time and then re-supplying Fe could be a good method
to mimic the “Fe chlorosis paradox” in controlled
growth chambers, to better explain how plants transport
Fe in different plant tissues.
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Summary
The effects of Fe deficiency on different metabolic processes were characterized in
roots, xylem sap and leaves of tomato. The total organic acid pool increased
significantly with Fe deficiency in xylem sap and leaves of tomato plants, whereas it
did not change in roots. However, the composition of the pool changed with Fe
deficiency, with major increases in citrate concentrations in roots (20-fold), leaves
(2-fold) and xylem sap (17-fold). The activity of phosphoenolpyruvate carboxylase,
an enzyme leading to anaplerotic C fixation, increased 10-fold in root tip extracts
with Fe deficiency, whereas no change was observed in leaf extracts. The activities
of the organic acid synthesis-related enzymes malate dehydrogenase, citrate
synthase, isocitrate dehydrogenase, fumarase and aconitase, as well as those of
the enzymes lactate dehydrogenase and pyruvate carboxylase, increased with Fe
deficiency in root extracts, whereas only citrate synthase increased significantly
with Fe deficiency in leaf extracts. These results suggest that the enhanced C
fixation capacity in Fe-deficient tomato roots may result in producing citrate that
could be used for Fe xylem transport. Total pyridine nucleotide pools did not change
significantly with Fe deficiency in roots or leaves, although NAD(P)H/NAD(P) ratios
were lower in Fe-deficient roots than in controls. Rates of O2 consumption were
similar in Fe-deficient and Fe-sufficient roots, but the capacity of the alternative
oxidase pathway was decreased by Fe deficiency. Also, increases in Fe reductase
activity with Fe deficiency were only 2-fold higher when measured in tomato root
tips. These values are significantly lower than those found in other plant species,
where Fe deficiency leads to larger increases in organic acid synthesis-related
enzyme activities and flavin accumulation. These data support the hypothesis that
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contrast with other species in which increases were
more marked and included other organic anions.
Malate and citrate increases in leaves from Fe-
deficient tomato can be explained by the contribu-
tion of two factors: first, the increases measured in
the activities of MDH and CS in the same leaves
(1.4- and 3.4-fold, respectively, significant at
po0.10 and po0.05), and second, an influx
of these acids from the root via xylem sap, as
proposed to occur in sugar beet and pear Fe-
deficient leaves (López-Millán et al., 2000a, 2001).

In conclusion, this work adds further support to
the hypothesis that the extent of activation of
several metabolic pathways, including carbon fixa-
tion via PEPC, organic acid synthesis-related
enzymes and O2 consumption is different among
species, and could determine Fe efficiency. Citrate
seems to be a central point in the responses of
plants to Fe deficiency, since large increases
of citrate concentrations in all plant tissues appear
to be conserved among species, whereas the
degree of elicitation of other responses could differ
considerably.
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Andaluz S, López-Millán AF, Peleato ML, Abadı́a J, Abadı́a
A. Increases in phosphoenolpyruvate carboxylase
activity in iron-deficient sugar beet roots: analysis of
spatial localization and post-translational modifica-
tion. Plant Soil 2002;241:43–8.

Bialczyk J, Lechowski Z. Chemical-composition of xylem
sap of tomato grown on bicarbonate containing
medium. J Plant Nutr 1995;18:2005–21.

Chaney RL, Brown JC, Tiffin LO. Obligatory reduction of
ferric chelates in iron uptake by soybeans. Plant
Physiol 1972;50:208–13.

Day DA, Krab K, Lambers H, Moore AL, Siedow JN, Wagner
AM, et al. The cyanide-resistant oxidase: to inhibit or
not to inhibit, that is the question. Plant Physiol
1996;110:1–2.

De Nisi P, Zocchi G. Phosphoenolpyruvate carboxylase in
cucumber (Cucumis sativus L.) roots under iron
deficiency: activity and kinetic characterization.
J Exp Bot 2000;51:1903–9.

Durrett TP, Gassmann W, Rogers EE. The FRD3-mediated
efflux of citrate into the root vasculature is necessary
for efficient iron translocation. Plant Physiol 2007;177:
197–205.

Eide D, Broderius M, Fett J, Guerinot ML. A novel iron-
regulated metal transporter from plants identified by
functional expression in yeast. P Natl Acad Sci USA
1996;93:5624–8.

Franceschi VR, Nakata PA. Calcium oxalate in plants:
formation and function. Annu Rev Plant Biol 2005;56:
41–71.
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Analytical technologies to study the biological and environmental
implications of iron-fertilisation using synthetic ferric chelates: the
case of Fe(III)-EDDHA – a review

By I. ORERA, J. ABADÍA, A. ABADÍA and A. ÁLVAREZ-FERNÁNDEZ*
Department of Plant Nutrition, Aula Dei Experimental Station (CSIC), P.O. Box 13034, 50080
Zaragoza, Spain
(e-mail: ana.alvarez@eead.csic.es) (Accepted 22 July 2008)

SUMMARY
The most commonly used and efficient compound for iron (Fe)-fertilisation of fruit crops grown in calcareous soils is
the synthetic Fe(III)-chelate of ethylenediamine-N,N'-di-(ortho-hydroxyphenyl) acetic acid, usually known as
Fe(III)-o,o-EDDHA. However, the mechanism(s) of plant Fe uptake from this compound, and the environmental
implications of its use, are still not completely understood. This lack of information is due, in part, to the lack of
suitable analytical methods capable of determining the very low concentrations of this Fe(III)-chelate which may
occur in complex matrices such as plant tissues and fluids after Fe-fertilisation. In this report, the main issues for
studies on the biological and environmental implications of fertilisation with synthetic Fe(III)-chelates are discussed,
focussing on new possibilities offered by recently developed analytical technologies.

Despite of the relatively low Fe requirements of
plants and the high abundance of Fe in soils,

Fe-deficiency is a nutritional disorder that limits crop
yields in many agricultural areas of the World. Fruit tree
crops such as peach, pear, kiwifruit, apricot, plum, cherry,
and avocado are sensitive to shortages of Fe. The cause
of Fe-deficiency is generally a combination of limited
bio-availability of Fe in the soil, which occurs particularly
in calcareous and alkaline soils, and the use of
susceptible genotypes that have insufficient activation of
one or more Fe-deficiency defence mechanisms. Iron-
deficiency has an important economic impact on the fruit
sector because it can reduce fruit yield and quality
(Álvarez-Fernández et al., 2006), and also because
Fe-fertilisation is expensive (200 – 400 € ha–1 year–1;
Rombolà and Tagliavini, 2006).

Iron-fertilisation is the best and most commonly used
technique to correct for Fe-deficiency in established fruit
tree orchards. The active ingredients can be either
inorganic or organic Fe-containing compounds. Foliar
fertilisation with inorganic Fe compounds (e.g., FeSO4)
or some organic Fe complexes, including natural (e.g.,
citrate) and synthetic ligands such as ethylenediamine
tetraacetic acid [Fe(III)-EDTA; Figure 1A],
N-(2-hydroxyethyl) ethylenediaminetriacetic acid
[Fe(III)-HEEDTA; Figure 1B], and di-ethylenetriamine
pentaacetic acid [Fe(III)-DTPA; Figure 1C], could
alleviate Fe-deficiency, although this method is still not
very common (Abadía et al., 2004). Trunk injection with
liquid Fe fertilisers, or solid branch implants of Fe
compounds are even less frequent, in spite of the long-
lasting efficacy that can be obtained with one application
per year (Abadía et al., 2004). The most widely-used 
Fe-fertilisation technique for fruit crops grown in
calcareous soils is an annual soil application of expensive

synthetic Fe(III)-chelates such as ethylenediamine-N,N'-
di-(ortho-hydroxyphenyl) acetic acid [Fe(III)-o,o-
EDDHA; Figure 1D] and analogues such as
ethylenediamine-N-(ortho-hydroxyphenylacetic)-N’-

*Author for correspondence.

Journal of Horticultural Science & Biotechnology (2009) 84 (1) 7–12

FIG. 1
Chemical structures and abbreviated names of Fe(III)-chelating agents
(Panels A–I) allowed by current EU Commission Regulation
No. 162/2007 in Fe-fertilisers (Anon, 2007). CAS Numbers of the

compounds are indicated below the formulae.
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whereas only one recent study deals with the
photochemical and redox behaviour of Fe(III)-o,o-
EDDHA at different pHs (Gómez-Gallego et al., 2005).
At typical environmental pH values (4 – 8), the low
reduction potential of Fe(III)-o,o-EDDHA makes it
unreactive in photochemically- or chemically-induced
electron transfer processes, which invalidates
photodegradation as an alternative mechanism for
environmental elimination. The persistence of chelates in
the soil depends on their polarity and solubility (following
the order: Fe(III)-EDDHSA > Fe(III)-EDDCHA >>
Fe(III)-o,o-EDDHA > Fe(III)-o,o-EDDHMA), and this
controls the movement of Fe(III)-chelates to the lower
soil layers with an excess of water (Lucena, 2003).

Phytotoxicity studies are less common, and have been
based on the appearance of symptoms (e.g., necrosis,
necrotic spots, leaf malformations, etc.) and a decrease in
biomass, as well as changes in leaf mineral composition
(e.g., Fe, Mn, Zn, Cu, P, etc.). Although the concentration
of Fe in leaves usually increases in plants treated with

Fe(III)-chelates, a poor correlation is commonly found
between leaf Fe concentration and the severity of plant
toxicity symptoms (Broschat and Moore, 2004). Fe(III)-
EDDHA toxicity frequently causes a reddish stain in the
foliage. In bean plants, the phytotoxic level in the
nutrient solution was 4 mM Fe(III)-EDDHA (Wallace
and Wallace, 1983); whereas African marigold and zonal
geranium plants showed mild toxic effects at 1 mM, with
moderate toxic effects at 2 mM and 4 mM Fe(III)-
EDDHA (Broschat and Moore, 2004). This study also
found that Fe-EDDHA was less toxic than Fe-EDTA or
Fe-DTPA, and slightly more toxic than FeSO4.

The toxicological effects of EDDHA have been
studied mainly in medical applications, when this
chelating agent is used as a Fe chelating drug for patients
with hemochromatosis. The median lethal dose of
o,o-EDDHA (LD50) was 53 mg kg–1 for intervienal-
treated rats and mice (Rosenkrantz et al., 1986), and
0.30 mg cm–2 of soil for slugs’ (Deroceras reticulatum)
eggs exposed for 12 d (Iglesias et al., 2002).

FUTURE RESEARCH
Application of the most recent analytical techniques

offers an excellent tool to increase our knowledge on the
biological and environmental implications of fertilisation
with synthetic Fe(III)-chelates. A better understanding
of their mechanisms of action could rationalise their use,
improve efficiency, and minimise their environmental
effects. Finally, the presence of these xenobiotic
compounds in plants makes it necessary to study their
toxicological effects and persistence in edible plant parts.

This study was supported by the European
Commission (ISAFRUIT Project, Thematic Priority
5-Food Quality and Safety, of the 6th Framework
Programme of RTD; Contract No. FP6-FOOD-CT-2006-
016279), the Spanish Ministry of Science and Education
(Projects AGL2006-1416 and AGL2007-61948, co-
financed by FEDER), and the Aragón Government
(Group A03). Irene Orera was supported by a CONAID-
DGA predoctoral grant from the Aragón Government.
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FIG. 3.
Chromatogram (Panel A) and mass spectrum (inset, Panel B) of a xylem
sap sample extracted from tomato plants treated with
Fe(III)-o,o-EDDHA. The inset (Panel B) shows a zoomed mass

spectrum (409-416 m/z) at a retention time of 17.05 min.
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The Fe(III)-chelate of ethylenediamine-N,N(-bis(o-hydroxyphenylacetic) acid (o,oEDDHA) is gener-

ally considered as the most efficient and widespread Fe fertilizer for fruit crops and intensive

horticulture. The determination of the xenobiotic chelating agent o,oEDDHA inside the plant is a key

issue in the study of this fertilizer. Both the low concentrations of o,oEDDHA expected and the

complexity of plant matrices have been important drawbacks in the development of analytical

methods for the determination of o,oEDDHA in plant tissues. The determination of o,oEDDHA in

plant materials has been tackled in this study by liquid chromatography coupled to mass spectrom-

etry using several plant species and tissues. Two types of internal standards have been tested: Iron

stable isotope labeled compounds and a structural analogue compound, the Fe(III) chelate of

ethylenediamine-N,N(-bis(2-hydroxy-4-methylphenylacetic) acid (o,oEDDHMA). Iron stable isotope

labeled internal standards did not appear to be suitable because of the occurrence of isobaric

endogenous compounds and/or isotope exchange reactions between plant native Fe pools and the Fe

stable isotope of the internal standard. However, the structural analogue Fe(III)-o,oEDDHMA is an

adequate internal standard for the determination of both isomers of o,oEDDHA (racemic and meso)

in plant tissues. The method was highly sensitive, with limits of detection and quantification in the

range of 3–49 and 11–162 pmol g�1 fresh weight, respectively, and analyte recoveries were in the range

of 74–116%. Using this methodology, both o,oEDDHA isomers were found in all tissues of sugar beet

and tomato plants treated with 90mM Fe(III)-o,oEDDHA for 24 h, including leaves, roots and xylem

sap. This methodology constitutes a useful tool for studies on o,oEDDHA plant uptake, transport and

allocation. Copyright # 2009 John Wiley & Sons, Ltd.

Fertilizers containing Fe(III)-chelate derivatives from syn-

thetic aminopolycarboxilate strong binding chelating agents

have been used to alleviate Fe-deficiency problems in fruit

crops and intensive horticultural systems since the 1950s.1

Specifically, the synthetic Fe(III)-chelate of ethylenediamine-

N,N0-bis(o-hydroxyphenylacetic) acid, commonly known as

Fe(III)-o,oEDDHA, is considered by many authors as the

most efficient Fe(III)-chelate to control Fe chlorosis in crops

grown in calcareous soils.2 The presence of o,oEDDHA in

plants was first proposed from 14C measurements in plant

tissues treated with 14C-labeled Fe(III)-o,oEDDHA, including

leaves, roots, stems and xylem sap exudate from soybean,3,4

bean,4 pea, peanut, sunflower, millet, wheat and corn.5 In

spite of the wide use and high efficiency of these Fe(III)-

chelates, the mechanisms of plant uptake, transport and

allocation are not yet completely elucidated.6 This is in part

due to the lack of analytical methodologies capable of

determining, in a specific way, the very low concentrations of

Fe(III)-chelate occurring in complex matrices such as plant

extracts.

Few attempts have been made until now to determine

directly o,oEDDHA in plant tissue extracts. Extraction and

determination of Fe(III)-o,oEDDHA has been reported only

three times, carrying out quantification always by spectro-

photometric detection in the visible (VIS) spectral range.

First, Fe(III)-o,oEDDHAwas extracted from leaves and stems

of tomato with a mixture of water and amyl alcohol, and

quantified directly in the plant extract by spectrophotometric

detection at 480 nm.7 Using tobacco leaves, the same

extraction procedure for Fe(III)-o,oEDDHA was modified

by the addition of lead acetate to reduce interfering

components from plant tissues.8 More recently, o,oEDDHA

RAPID COMMUNICATIONS IN MASS SPECTROMETRY

Rapid Commun. Mass Spectrom. 2009; 23: 1694–1702

Published online in Wiley InterScience (www.interscience.wiley.com) DOI: 10.1002/rcm.4056
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used by Bienfait et al. apparently seem to facilitate a

preferential occurrence of the meso isomer.9

Results show for the first time that Fe(III)-o,pEDDHA is

also present in leaves, roots and xylem sap of plants treated

with commercial Fe(III)-EDDHA products (Fig. 3). However,

quantification was not possible because of the lack of

commercially available standards. Further research is

needed to design and validate an appropriate methodology

to determine this compound.

CONCLUSIONS

Themethod developed permits the determination byHPLC/

ESI-MS of the xenobiotic o,oEDDHA chelating agent used in

Fe fertilizers, with extreme selectivity, high sensitivity and

sufficient accuracy and reproducibility, in a wide range of

species and plant tissues. Samples tested include sugar beet

leaves and roots, tomato leaves and roots and peach leaves

and fruits. The results presented in this paper demonstrate

the need for a careful evaluation and proper choice of the

internal standard (IS) used for quantification in complex

matrices such as plant materials, when usingHPLC/ESI-MS-

based methods. Iron stable isotope labeled Fe-o,oEDDHA

does not appear to be a suitable IS, mainly because of the

occurrence of isotope exchange reactions during extraction

and/or sample treatment. An adequate ISwould probably be

any 13C-, 15N- or 17O-stable isotope labeled chelating agent

(o,oEDDHA), but they are not commercially available. A

structural analogue, one of the Fe(III)-o,oEDDHMA isomers,

has been confirmed to be an adequate IS for o,oEDDHA

determination in plant tissues by HPLC/ESI-MS, therefore

constituting a useful tool for studies on o,oEDDHA plant

uptake, transport and allocation. o,oEDDHAwas found in all

plant tissues tested in tomato and sugar beet plants treated

with moderate (90mM) Fe(III)-o,oEDDHA doses for only one

day.
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Sci. Biotechnol. 2009; 84: 7.
7. Batra PP, Maier RH. Plant Soil. 1964; 20: 105.
8. Jeffreys RA, Wallace A. Agron. J. 1968; 60: 613.
9. Bienfait HF, Garcı́a-Mina J, Zamareño AM. Soil Sci. Plant

Nutr. 2004; 50: 1103.
10. Collins RN. J. Chromatogr. A 2004; 1059: 1.
11. Nowack B. Environ. Sci. Technol. 2002; 36: 4009.
12. Matuszewski BK, Constanzer ML, Chavez-Eng CM. Anal.

Chem. 2003; 75: 3019.
13. Cantera RG, Zamarreño AM, Garcı́a-Mina JM. J. Agric. Food

Chem. 2002; 50: 7609.
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a b s t r a c t

In this study, the effects of Fe resupply on the composition of the xylem sap and apoplastic fluid of

Fe-deficient sugar beet plants were investigated. Experiments were carried out in growth chambers

with plants grown in hydroponics, and Fe resupply to Fe-deficient plants was carried out by adding

45 mM Fe(III)–EDTA to the nutrient solution. In the short term (within 24 h), Fe resupply caused marked

changes in the xylem sap and apoplastic fluid composition and in leaf physiological parameters when de

novo chlorophyll (Chl) synthesis was still beginning. Major changes included: (i) 10- and 5-fold

increases in Fe concentrations in apoplastic fluid and xylem sap, respectively; (ii) marked decreases in

the concentrations of organic acids in apoplastic fluid, but not in xylem sap and (iii) large decreases in

the citrate/Fe ratios, both in apoplastic fluid and in xylem sap. Two to four days after Fe resupply, xylem

sap and apoplastic fluid Fe and organic acid concentrations and pH reached values similar to those

obtained in Fe-sufficient leaves. Leaf mesophyll ferric chelate-reductase (FC-R) activities and

photosynthetic rates increased gradually during recovery from Fe deficiency.

& 2009 Published by Elsevier GmbH.

Introduction

Iron (Fe) is an essential nutrient for plants, and is required for a
wide range of biological functions (Marschner, 1995). In Fe-
deficient plants, plant growth and development are compromised
and leaves have low photosynthesis rates (Abadı́a, 1992; Larbi
et al., 2006). At the root level, Fe deficiency induces a number of
physiological and biochemical responses in many species, in what
is called ‘‘Strategy I’’ response (Hell and Stephan, 2003; Schmidt,
2006). Iron-deficient plants accumulate organic acids, mainly
citrate (Cit) and malate, in roots, xylem sap, leaf apoplastic fluid
and whole leaves (Nikolic and Römheld, 1999; López-Millán et al.,
2000b, 2001a, 2009). In roots of Fe-deficient plants, CO2 dark
fixation and organic acid synthesis increase, likely due to the
major increase in the activities of phosphoenolpyruvate carbox-
ylase (PEPC) and other enzymes (Rabotti et al., 1995; De Nisi
and Zocchi, 2000; López-Millán et al., 2000a; Rombol�a et al.,
2002). The changes induced by Fe deficiency on mitochondrial
structure and function also indicate increased communication
between the cytosolic and mitochondrial pools of organic acids
(Vigani et al., 2009).

Organic acid accumulation in Fe-deficient plants can improve
long-distance Fe transport (López-Millán et al., 2000a, 2001b),
and since the production of organic acids is protogenic, it could
also promote control of cytosolic pH and feed the increased
activity of the plasma membrane (PM) H+-ATPase (Zocchi, 2006).
Another possible function of the organic acid export from roots to
leaves is the use of C compounds for basic leaf maintenance
processes, such as respiration, when photosynthesis is impaired
(Abadı́a et al., 2002). Also, the excretion of organic acids from
roots to the rhizosphere can improve Fe availability (Tyler and
Ström, 1995; Jones, 1998).

Iron resupply to Fe-deficient plants leads to increases in
chlorophyll (Chl) concentrations and photosynthetic activity
within a few days in annual species (Nishio et al., 1985; Larbi
et al., 2004) and within weeks in trees (Larbi et al., 2003). Iron
resupply to Fe-deficient plants also decreases organic acid
concentrations, mainly Cit and malate, in roots, xylem sap
and whole leaves (López-Millán et al., 2001a, 2001c). In the
short term, the effects of Fe resupply have been less studied,
although there is a lag-phase of 1–2 d in which leaf Fe
concentrations increase rapidly (Thoiron et al., 1997; López-Millán
et al., 2001a), whereas Chl concentrations increase much
more slowly (Nishio and Terry, 1983; Larbi et al., 2004). Even
with the minor Chl increases found after 24 of Fe resupply,
a marked shift in the de-epoxidation state of the xanthophyll
cycle pigments occurs (Larbi et al., 2004), suggesting that
major changes in leaf metabolism occur a short time after Fe
resupply.
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known to decrease with Fe deficiency (De la Guardia and
Alcántara, 1996; Gónzalez-Vallejo et al., 2000; Rombol�a et al.,
2000; Larbi et al., 2001). The changes observed in the composition
of apoplastic fluid after 24 h of Fe resupply in this study could
enhance FC-R activities because: (i) higher FC-R activities will be
triggered by the increases in the concentrations of the unknown
Fe-containing substrate(s); (ii) the marked decreases in apoplastic
fluid Cit/Fe ratios (from approximately 1700 to 50; Fig. 6B) are
likely to improve Fe uptake by mesophyll cells, since leaf PM FC-R
activity increases 10-fold when the Cit/Fe molar ratio decreased
from 500 to 50 (González-Vallejo et al., 1999) and (iii) the optimal
mesophyll FC-R activity (measured in excised leaf disks
with 500 mM Fe-EDTA at pH 6.5) also increased by 10–20% after
24 h of Fe resupply (although this increase was only significant
at po0.10; Fig. 4), possibly due to increases in reducing
power availability associated with the increase in photosynthetic
rates (Fig. 5).

One day after Fe resupply, organic acid concentrations had
decreased in apoplastic fluid (this study) and whole leaves (López-
Millán et al., 2001a), but did not change markedly in xylem sap
(this study) and whole roots (López-Millán et al., 2001c). This
suggests that, at this short Fe resupply time, leaf organic acids are
actively consumed (depleting apoplastic and symplastic pools),
while the transport of organic acids from the roots to the shoots
via xylem (i.e., anaplerotic, non-autotrophic C export) is still
similar to that occurring in Fe-deficient plants. The reason for the
leaf organic acid consumption upon Fe resupply is not known,
although the rapid change that occurs in the thylakoid xantho-
phyll pigment de-epoxidation status upon Fe resupply (Larbi et al.,
2004) suggests drastic pH changes in the lumen and possibly
other leaf compartments. A decrease in the leaf activities of PEPC,
MDH and G-6-P-DH and an increase in the activity of fumarase

have also been observed after 24 h of Fe resupply in sugar beet
(López-Millán et al., 2001a).

After 2–4 d of Fe resupply, the characteristics of xylem sap
and apoplastic fluid approached those of the Fe-sufficient
plants. Xylem sap and apoplastic Fe and organic acid concentra-
tions had decreased towards values found in the controls,
whereas pH values had also increased to values only slightly
lower than those obtained in Fe-sufficient controls. Citrate/Fe
ratios remained stable at 2–4 d after Fe resupply both in xylem
sap and apoplastic fluid, with values similar to those of
Fe-sufficient plants (Fig. 6). The decrease in xylem C transport
at these longer Fe resupply times (2–4 d) is likely to be associ-
ated with the progressive decreases in root enzymatic activities
involved in organic acid metabolism triggered by Fe resupply
(López-Millán et al., 2001c). The gradual improvement of
leaf photosynthetic rates with re-greening after Fe resupply
would make non-autotrophic C export from roots to leaves
unnecessary.

In summary, Fe resupply to Fe-deficient sugar beet plants,
via increases in Fe concentrations in the nutrient solution,
caused marked changes within 24 h, when de novo Chl synthesis
was still beginning. Changes found include: (i) large increases in
Fe concentrations in apoplastic fluid and xylem sap; (ii) a marked
decrease in the concentrations of organic acids in apoplastic fluid,
but not in xylem sap; (iii) marked changes in the Cit/Fe ratios,
both in apoplastic fluid and in xylem sap and (iv) increases in leaf
mesophyll FC-R activities and photosynthetic rates. Later on,
2–4 d after Fe resupply, Fe and organic acid concentrations and pH
in xylem sap and apoplastic fluid shifted towards values similar to
those obtained in Fe-sufficient leaves.
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Fertilizers based on synthetic polyaminocarboxylate ferric chelates have been known since the 1950s

to be successful in supplying Fe to plants. In commercial Fe(III)-chelate fertilizers, a significant part

of the water-soluble Fe-fraction consists of still uncharacterized Fe byproducts, whose agronomical

value is unknown. Although collision-induced dissociation (CID) tandem mass spectrometry (MS/

MS) is a valuable tool for the identification of such compounds, no fragmentation data have been

reported for most Fe(III)-chelate fertilizers. The aim of this study was to characterize the CID-MS2

fragmentation patterns of the major synthetic Fe(III)-chelates used as Fe-fertilizers, and subsequently

use this technique for the characterization of commercial fertilizers. Quadrupole-time-of-flight

(QTOF) and spherical ion trap mass analyzers equipped with an electrospray ionization (ESI) source

were used. ESI-CID-MS2 spectra obtained were richer when using the QTOF device. Specific

differences were found among Fe(III)-chelate fragmentation patterns, even in the case of positional

isomers. The analysis of a commercial Fe(III)-chelate fertilizer by high-performance liquid chroma-

tography (HPLC) coupled to ESI-MS(QTOF) revealed two previously unknown, Fe-containing

compounds, that were successfully identified by a comprehensive comparison of the ESI-CID-

MS2(QTOF) spectra with those of pure chelates. This shows that HPLC/ESI-CID-MS2(QTOF), along

with the Fe(III)-chelate fragmentation patterns, could be a highly valuable tool to directly charac-

terize the water-soluble Fe fraction in Fe(III)-chelate fertilizers. This could be of great importance in

issues related to crop Fe-fertilization, both from an agricultural and an environmental point of view.

Copyright # 2009 John Wiley & Sons, Ltd.

Iron is an essential micronutrient for plants, required for

important metabolic processes such as respiration, photo-

synthesis, nitrogen fixation and the synthesis of DNA and

hormones.1 Iron deficiency (also called Fe chlorosis) is a

widespread nutritional disorder that limits crop yields in

many agricultural areas of the world. Since the incidence of

Fe-deficiency in crops has increased markedly in recent

years,2 the use of Fe-fertilizers is now greater than ever. The

efficiency of Fe-fertilizers derived from synthetic polyami-

nocarboxylate Fe(III)-chelates has been known since the

1950s. The application of these Fe(III)-chelates is considered

to be the most effective way to control Fe-deficiency and, in

spite of the high cost, these fertilizers are now commonly

used in soil-less horticulture as well as in high value field-

grown crops.3

The synthetic polyaminocarboxylate compounds used to

produce Fe-fertilizers are strong binding chelating agents

from the ethylenediaminecarboxylic acid family, and include

ethylenediaminetetraacetic acid (EDTA), diethylenetriami-

nepentaacetic acid (DTPA), N-(2-hydroxyethyl)ethyl-

enediaminetriacetic acid (HEEDTA), cyclohexane-1,2-dia-

minetetraacetic acid (CDTA), ethylenediamine-N,N0-bis(o-

hydroxyphenylacetic) acid (o,oEDDHA), ethylenediamine-

N,N0-bis(2-hydroxy-4-methylphenylacetic) acid (EDDHMA),

ethylenediamine- N,N0-bis(5-carboxy-2-hydroxyphenylace-

tic) acid (EDDCHA) and ethylenediamine- N,N0-bis(2-

hydroxy-5-sulphophenylacetic) acid (EDDHSA). All these

compounds have high denticity (5 to 8 donor groups

available for metal chelation), high affinity for Fe(III), and

a structure that allows the formation of highly stable Fe(III)-

chelate complexes via simultaneous coordination of several

donor groups in a given chelating agent molecule to a single

Fe(III) atom. Therefore, the most common coordination

arrangement described for the chelation of Fe(III) by these

chelating agents is a mononuclear Fe(III)-chelate complex

with 1:1 stoichiometry, where Fe is generally found in a six-

coordinate, roughly octahedral field, with the chelating agent

coordinating as a sexadentate one.

In spite of the wide use of these fertilizers, the biological

and environmental implications of this agronomical

practice are still not fully known, with most of the studies

being focused on Fe(III)-EDTA and Fe(III)-DTPA. These

RAPID COMMUNICATIONS IN MASS SPECTROMETRY

Rapid Commun. Mass Spectrom. 2010; 24: 109–119

Published online in Wiley InterScience (www.interscience.wiley.com) DOI: 10.1002/rcm.4361
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(persistence, mobility, metal mobilization, etc.) points

of view.

SUPPORTING INFORMATION

Additional supporting information may be found in the

online version of this article.
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28. Álvarez-Fernández A, Orera I, Abadı́a J, Abadı́a A. J. Am.

Soc. Mass Spectrom. 2007; 18: 37.
29. Orera I, Abadı́a A, Abadı́a J, Álvarez-Fernández A. Rapid
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 The identifi cation of Fe transport forms in plant xylem sap is 
crucial to the understanding of long-distance Fe transport 
processes in plants. Previous studies have proposed that Fe 
may be transported as an Fe–citrate complex in plant xylem 
sap, but such a complex has never been detected. In this 
study we report the fi rst direct and unequivocal identifi cation 
of a natural Fe complex in plant xylem sap. A tri-Fe(III), 
tri-citrate complex (Fe 3 Cit 3 ) was found in the xylem sap of 
Fe-defi cient tomato ( Solanum lycopersicum  Mill. cv. ‘Tres 
Cantos’) resupplied with Fe, by using an integrated mass 
spectrometry approach based on exact molecular mass, 
isotopic signature and Fe determination and retention time. 
This complex has been modeled as having an oxo-bridged 
tri-Fe core. A second complex, a di-Fe(III), di-citrate complex 
was also detected in Fe–citrate standards along with Fe 3 Cit 3 , 
with the allocation of Fe between the two complexes 
depending on the Fe to citrate ratio. These results provide 
evidence for Fe–citrate complex xylem transport in plants. 
The consequences for the role of Fe to citrate ratio in long-
distance transport of Fe in xylem are also discussed.  

  Keywords:   Iron defi ciency  •  Iron-citrate  •  Mass spectrometry  •  
Xylem sap  •  Iron transport  .  

   Abreviations  :    B3LYP  ,    hybrid density functional method   ;     DFT  , 
   density functional theory   ;     ESI-MS  ,    electrospray ionization-mass 
spectrometry   ;     EXAFS  ,    extended X-ray absorption fi ne structure   ; 
    HILIC  ,    hydrophilic interaction liquid chromatography   ;     HPLC  , 
   high performance liquid chromatography   ;     IDA  ,    isotope dilution 
analysis   ;     IPD  ,    isotope pattern deconvolution   ;     LOD  ,    linits of 
detection   ;     NA  ,    nicotianamine   ;     Q-ICP-MS  ,    quadrupole-
inductively coupled plasma-mass spectrometry   ;     TOF  ,    time of 
fl ight   ;     XANES  ,    X-ray absorption near edge structure   ;     SXRF  , 
   synchroton X-ray fl uorescence.         

  This paper is dedicated to the memory of Dr. Arthur Wallace, 

a pioneer in the study of plant iron nutrition.  

 Introduction 

 The mechanisms of long-distance Fe transport in plants have 
remained elusive until now. In the case of xylem sap, Fe is assumed 
to be transported as complexed forms, because free ionic forms 
[Fe(II) and Fe(III)] can be toxic and are also prone to undergo 
precipitation at the neutral or slightly acidic pH values typical of 
xylem sap. Increases in carboxylate concentrations in plant xylem 
exudates with Fe defi ciency were reported in several papers 
published in the 1960s by Brown and co-workers. Iron was fi rst 
suggested to be transported bound to malate (Tiffi n and Brown 
 1962 ), but later citrate (Cit), which also increases markedly in 
stem exudates of many plant species when Fe-defi cient (Brown 
 1966 ) and co-migrates with Fe during paper electrophoresis 
(Tiffi n  1966a , Tiffi n  1966b , Tiffi n  1970 , Clark et al.  1973 ), was 
considered the most likely candidate for Fe transport. 

 The identity of Fe–Cit complexes in the xylem sap has only 
been hypothesized by means of in silico calculations using total 
concentrations of possible Fe complexing agents (including 
carboxylates) and Fe, and the known stability constants of 
Fe-containing complexes, always assuming that chemical 
equilibrium was achieved. Using this approach, several Fe–Cit 
species were predicted to be the most abundant Fe complexes 
in the xylem sap whereas other potential plant metal chelators 
such as nicotianamine (NA) were ruled out (von Wirén et al. 
 1999 , Rellán-Álvarez et al.  2008 ) as possible xylem Fe carriers. 
NA function as an Fe chelator might be restricted to the 
cytoplasm and in Fe phloem loading (Curie et al.  2008 ). Citrate 
recently has been found by using molecular biology techniques 
to play a role in long-distance Fe transport. Xylem sap loading 
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 Iron–citrate complex molecular modeling 
 All theoretical calculations were performed by using the 
Gaussian 03 program (Frisch et al.  2003 ). The molecular geom-
etry of (Fe 3 OCit 3 ) 2−  was optimized assuming C 3h  symmetry. The 
chemistry model used consisted in the Becke’s three-parameter 
exchange functional combined with the LYP correlation func-
tional (B3LYP) (Becke  1993 ) and the LanL2DZ basis set as 
indicated in the Gaussian 03 program (Frisch et al.  2003 ). 
In order to achieve the convergence of the wavefunction, an 
initial guess was obtained using the same chemistry model on 
the closed shell (Fe 3 OCit 3 ) 2−  species.    

 Supplementary data 

 Supplementary data are available at PCP online.   
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