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Background

Iron is an essential element for plants, since it participates in important processes such as chlorophyll
synthesis and photosynthetic electron transport. Iron deficiency is one of the major agriculture limiting
factors, in spite of being the fourth most abundant element in terrestrial crust. Iron deficiency is
induced by a low Fe soil bioavailability, especially in calcareous soils. Moreover, Fe deficiency can be
also associated to metabolic and physiological processes that lead to low Fe availability inside the
plant. On the other hand, Fe can be toxic, since it participates in the production of reactive species of
oxygen. Thus, plants must carefully regulate Fe acquisition, transport and partitioning within different
organ and cell compartments, in order to prevent excess accumulation while obtaining an adequate
intake.

The elucidation of the molecular identity of metal complexes in plant compartments is still one of the
biggest challenges in plant metal transport. In the case of xylem sap, Fe is assumed to be transported
as complexed forms. Iron xylem loading, transport and unloading studies have mainly used indirect
approaches: i) mutants that show an impaired synthesis of putative Fe ligands and transporter proteins
of ligands or complexes, ii) in silico chemical speciation of Fe in plant fluids. These studies proposed
different molecules as Fe carriers in the xylem: organic acids (e.g., citric acid), a non-proteinogenic
aminoacid like nicotianamine (NA) and phytosiderophores (e.g. mugineic acid). However, there was
still no direct determination of Fe-complexes with these ligands in plant fluids. Such determinations
require the use of analytical techniques that are: i) sensitive, since Fe concentrations in plant fluids are
usually very low and ii) selective, since plant fluids are complex matrixes. Moreover, the analytical
methodologies should maintain the original sample conditions (e.g., pH), since the Fe speciation can
be affected. The combined use of highly selective and sensitive molecular (e.g., ESI-MS) and metal-
specific (e.g., ICP-MS) mass spectrometry techniques can be used for the determination of metal
complexes, especially in plant fluids where direct analysis can be carried out.

The most characteristic Fe-deficiency symptom in plants is a decrease in chlorophyll levels in young
leaves, associated to a reduction in photosynthetic CO, fixation. Iron-deficient plants develop different
physiological and biochemical changes to maximize Fe mobilization and uptake form the soil. Iron
deficiency also causes increases in the root activity of phosphoenolpyruvate carboxylase (PEPC) and
several enzymes of the glycolytic pathway and the TCA cycle. This leads to an anaplerotic root
fixation of C, which is then exported as organic acids via xylem to leaves. This may allow maintaining
basic processes in Fe-deficient leaves, which have otherwise reduced photosynthetic rates. Most of the
metabolic changes induced by Fe deficiency have been characterized using traditional physiological
and biochemical studies, which cover a reduced group of metabolites and/or enzymes. The complete
set of metabolites (ca. 250.000 in plants) is the end product of the gen-transcript-protein-metabolite
chain, and is called “metabolome” by analogy with the terms genome and proteome. Metabolomics
aims to analyze simultaneously and un-biassedly as much metabolites as possible, and together with
genomics, transcriptomics and proteomics has broaden our knowledge of how plants acclimate to
different environmental conditions, including abiotic stresses. Although the study of Fe deficiency in
plants has been tackled by proteomics and genomics approaches, no metabolomics studies had been
carried out so far.

Objectives

The general objectives of this Thesis are: i) to develop and apply new analytical methodologies for the
determination of the Fe forms involved in long-distance Fe transport in plants, and ii) to study the
metabolite profile of plants grown under Fe-deficiency conditions.

In order to achieve these general objectives the specific objectives are:
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1. To study the formation of metal complexes with nicotianamine as affected by pH, ligand and metal
exchange by means of electrospray time-of-flight mass spectrometry (ESI-TOFMS).

2. To develop a method for the determination of naturally occurring Fe complexes in xylem sap, using
high performance liquid chromatography coupled to ESI-TOFMS and inductively coupled plasma
mass spectrometry (HPLC-ESI-TOFMS and HPLC-ICP-MS, respectively).

3. To develop an HPLC-ESI-TOFMS method for the determination of organic acids in plant tissues.

4. To characterize the changes induced in the metabolite profile of plant roots in response to Fe
deficiency and resupply, using gas chromatography coupled to mass spectrometry (GC-MS).

5. To characterize the changes induced in the metabolite profile of xylem sap and leaves of plants in
response to Fe deficiency and resupply, using GC-MS.

Concluding remarks

Formation of metal-nicotianamine complexes as affected by pH, ligand exchange with citrate and
metal exchange using ESI-TOFMS

We showed that Fe-NA complexes can be determined using ESI-TOFMS. We found that relatively
small changes in pH and changes in the concentrations of citrate and metals could have significant
effects in NA speciation in conditions similar to those present 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(Il) form. Our work and other recent
studies have shown the feasibility of using ESI-MS to study metal-complexes within plant fluids, but
some drawbacks inherent to the technique need to be addressed, including: i) the need to maintain as
much as possible the pH of the plant compartment under study through the whole extraction,
separation and analysis process, ii) the possible changes in metal speciation due to the complex metal-
ligand chemistry, iii) the difficulty to assess the true pH value in solutions which have a considerable
amount of organic solvent, and iv) the possibility that metal redox reactions may occur in the ESI
process. Our work also showed that in silico predictions may fail to accurately speciate NA in non-
equilibrium solutions such as plant fluids.

Identification of a tri-iron, tri-citrate complex in tomato xylem sap using an integrated mass
spectrometry approach

We reported the first direct and unequivocal identification of a natural Fe complex in plant xylem sap.
A tri-Fe(Ill), tri-citrate complex (Fe;Cit;) was found in the xylem sap of Fe-deficient Solanum
lycopersicum Mill. plants resupplied with Fe, by using an integrated mass spectrometry approach
based on exact molecular mass, isotopic signature and Fe determination and chromatographic
mobility. This complex was modeled as having an oxo-bridged tri-Fe core. A second complex, a di-
Fe(Ill), di-citrate complex was also detected in Fe-citrate standards along with Fe;Cit;, with the Fe-to-
citrate ratio driving the balance between the two complexes. These results provide evidence for Fe-
citrate complex xylem transport in plants. The consequences for the role of the Fe-to-citrate ratio in
long-distance Fe xylem transport were also discussed.

Development of an HPLC-ESI-TOFMS method to determine organic acids in plant tissue extracts

Carboxylates are possible candidates for playing a role in Fe homeostasis in plants. An HPLC-ESI-
TOFMS method was developed to determine organic acids (oxalic, cis-aconitic, 2-oxoglutaric, citric,
malic, quinic, ascorbic, shikimic, succinic and fumaric acids) in different plant tissues (xylem sap,
leaves and fruit juice) with high selectivity, sensitivity and reproducibility. Quantification was
accomplished using "*C isotope-labeled malic and succinic acids as internal standards. Limits of
detection were between 0.13 and 255 pmol. The intraday repeatability values were approximately 0.1
and 1.6 % for retention time and peak area, respectively whereas the interday repeatability values were



about 0.1 and 4.4%, respectively for retention time and peak area. Good recoveries (90-110%) were
obtained for most of the organic acids with the exception of oxalic, 2-oxoglutaric and ascorbic acids in
some plant tissues. Due to the importance of carboxylates in cellular metabolism, oxidative stress
response and possibly metal speciation, this method may permit to obtain useful information about the
plant responses to specific environmental stresses such as Fe deficiency and others.

Changes in the metabolite and protein profiles of sugar beet root tips as affected by Fe deficiency and
resupply using GC-MS

The protein and metabolite profiles of root tips from Beta vulgaris plants were found to be affected by
Fe deficiency and resupply. Two novel and major findings were the increases in DMRL synthase
protein concentration and gene expression, and some RFO sugars (e.g., raffinose and galactinol).
These findings give new perspectives to the knowledge of plant responses to Fe deficiency. Changes
found in glycolysis and TCA cycle metabolites and proteins confirmed previous studies.

Changes in the metabolite profiles of xylem sap and leaves of different plant species in response to Fe
deficiency and resupply using GC-MS

The main changes in the metabolite profile of xylem sap from Solanum lycopersicum and Lupinus
albus in response to Fe deficiency were an increase in TCA cycle metabolites and a decrease in
aminoacids and carbohydrates. The xylem sap metabolite profile of Fe-deficient Solanum
lycopersicum plants becomes similar to that of Fe-sufficient controls one day after Fe resupply. In
Solanum lycopersicum and Beta vulgaris Fe deficient leaves, the main changes in the metabolite
profile were the increases in TCA cycle metabolites, aminoacids and carbohydrates. A high correlation
between selected pairs of aminoacids and TCA cycle metabolites suggest that leaves of Fe-deficient
Beta vulgaris plants use aminoacids as a anaplerotic C source.
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Resumen

Antecedentes

El hierro es un elemento esencial para las plantas ya que participa en importantes procesos
metabdlicos como la sintesis de clorofila y el trasnporte electrénico en la fotosintesis. La deficiencia
de hierro es uno de los principales factores limitantes en la agricultura, a pesar de que este elemento es
el cuarto mds abundante en la corteza terrestre. La deficiencia de Fe es inducida por una baja
biodisponibilidad del Fe en el suelo, especialmente en los suelos calizos. Ademds, la deficiencia de Fe
también puede ser debida a procesos metabdlicos y fisiolégicos que conducen a una baja
disponibilidad de este elemento dentro de la planta. El Fe también puede ser t6xico, ya que participa
en la produccién de especies reactivas de oxigeno. Por lo tanto, las plantas deben regular
cuidadosamente la adquisicién de Fe, el transporte y su distribucién entre los diferentes 6rganos y
compartimentos celulares con el fin de evitar un exceso de dicho elemento y conseguir absorber una
cantidad suficiente.

La especiacion quimica de los metales en los diferentes érganos y compartimentos celulares de la
planta sigue siendo uno de los mayores retos en el transporte de metales en plantas. En el caso de la
savia de xilema, se asume que el Fe es transportado en forma de complejo. Los estudios realizados
sobre la carga, transporte y descarga de Fe en xilema han utilizado principalmente métodos indirectos
como: i) el estudio de mutantes que muestran una alteracion en la sintesis de posibles ligandos de Fe
y/o de proteinas transportadoras de ligandos o complejos metdlicos, ii) la especiacién quimica in silico
del Fe en fluidos vegetales. Estos estudios han propuestos diferentes moléculas como ligandos de Fe
en fluidos vegetales: dcidos orgédnicos (ej., citrato), el aminodcido no proteinogénicos nicotianamina
(NA) y fitosider6foros (ej., 4&cido mugineico). Sin embargo, atin no existe una determinacion directa de
complejos de estos compuestos con Fe en fluidos vegetales. Tales determinaciones requieren de
técnicas analiticas que sean: i) sensibles, ya que las concentraciones de Fe en fluidos vegetales suelen
ser bajos, ii) selectivas, puesto que los fluidos vegetales son matrices complejas. Ademads, las
metodologias de andlisis deben preservar las condiciones originales (por ejemplo, el pH) de la muestra
ya que los complejos de Fe son muy sensibles cambios de algunas de estas condiciones. La utilizacién
combinada de técnicas de espectrometria de masas, altamente selectivas y sensibles con especificidad
molecular (ej., ESI-MS) y atémica (por ejemplo, ICP-MS) podria resultar muy eficaz en la especiacién
de metales especialmente en la fluidos vegetales.

El sintoma mads caracteristico de la deficiencia Fe es la disminucién de los niveles de clorofila en las
hojas jovenes que estd asociada a una reduccion en la fijaciéon de CO, mediante la fotosintesis. En las
plantas deficientes en Fe, se producen diferentes cambios fisiol6gicos y bioquimicos con el fin de
maximizar la movilizacién y absorcién de Fe a nivel radicular y su transporte dentro de la planta. La
deficiencia de Fe también provoca un aumento en la actividad de la fosfoenolpiruvato carboxilasa
(PEPC) y en varias enzimas de la glic6lisis y del ciclo de Krebs. Esto lleva a una fijacién anaplerdtica
de C en raiz, que luego se exporta en forma de dcidos orgénicos a través del xilema a las hojas. Una
vez en las hojas, esta fuente de C permitiria el mantenimiento de procesos metabdlicos basicos en
hojas deficientes que tienen bajas tasas fotosintéticas. La mayor parte de los cambios metabdlicos
inducidos por la deficiencia de Fe en plantas, se han caracterizado mediante estudios fisiolégicos y
bioquimicos que cubren un reducido grupo de metabolitos y/o enzimas. El conjunto completo de
metabolitos (alrededor de 250.000 en plantas) es el producto final de la cadena gen-transcrito-proteina-
metabolito y se denomina metaboloma por analogia con los términos genoma y proteoma. La
metaboldmica pretende analizar de forma no sesgada y simultaneamente tantos metabolitos como sea
posible y, junto con la gendémica, la transcriptomica y la proteémica, estd ampliando nuestro
conocimiento de cdmo las plantas se aclimatan a diferentes condiciones ambientales, como los estreses
abioticos. Aunque el estudio de la deficiencia de Fe en las plantas ha sido abordado desde el punto de
vista de la protedmica y la gendmica, todavia no se han llevado a cabo estudios metabolémicos.



Objetivos

Los objetivos generales de esta tesis doctoral son: a) desarrollar y aplicar nuevas metodologias
analiticas que permitan la especiacién quimica del Fe en los fluidos vegetales involucrados en el
transporte a larga distancia de este elemento en plantas y b) estudiar el perfil de metabolitos de plantas
cultivadas en condiciones de deficiencia de Fe.

Para alcanzar estos objetivos generales se plantean los siguientes objetivos especificos:

1. Estudiar el efecto del pH y las reacciones de intercambio del metal o el ligando sobre la formacion
de complejos metélicos con nicotianamina mediante espectrometria de masas (MS) con analizador de
tiempo de vuelo (TOF) y fuente de electrospray (ESI).

2. Desarrollar un método que permita la determinacion de complejos naturales de Fe en plantas
involucrados en el transporte de este elemento via xilema mediante cromatografia liquida de alta
resolucién (HPLC) acoplada a ESI-TOFMS y espectrometria de masas con fuente de plasma de
acoplamiento inductivo (ICP-MS).

3. Desarrollar un método que permita la determinacién de 4cidos orgdnicos en tejidos vegetales
mediante HPLC-ES-TOFMS.

4. Caracterizar los cambios en el perfil de metabolitos que se producen en condiciones de deficiencia y
reaporte de Fe en las raices de las plantas mediante cromatografia de gases acoplada a espectrometria
de masas (GC-MYS).

5. Caracterizar los cambios en el perfil de metabolitos que se producen en condiciones de deficiencia y
reaporte de Fe en la savia de xilema y las hojas de las plantas mediante GC-MS.

Principales resultados y discusion

Formacion de complejos metdlicos con nicotianamina y efecto sobre los mismos del pH, y de las
reacciones de intercambio del metal o el ligando mediante ESI-TOFMS.

Se ha conseguido determinar los complejos de Fe-NA mediante ESI-TOFMS. Cambios relativamente
pequefios en el pH y en las concentraciones de citrato y metales podrian tener efectos significativos en
la especiacion de NA en fluidos vegetales como la savia de xilema y floema. En la savia de xilema, la
NA no es probable que forme complejos con Fe debido a reacciones de intercambio con citrato y con
metales, mientras que si podrifa quelar otros metales como el Cu y Ni. Sin embargo, en la savia de
floema, la NA, es un buen candidato para quelar Fe, especialmente Fe(II). Este estudio asi como el de
otros investigadores ha demostrado la viabilidad de la técnica de ESI-MS para el estudio de complejos
metdlicos en fluidos vegetales, pero es necesario considerar algunos de los inconvenientes inherentes a
la técnica, en concreto: i) la necesidad de mantener, en la medida de lo posible, el pH del fluido
vegetal en estudio durante todo el proceso de extraccidn, separacion, y andlisis, ii) los posibles
cambios en la especiacién de los complejos metélicos en estudio, iii) la dificultad para evaluar el
verdadero valor de pH en soluciones con una considerable cantidad de disolvente orgdnico, y iv) la
posibilidad de que ocurran reacciones redox en el proceso de ionizacién. Ademads, las predicciones in
silico pueden ser inexactas para especiar la NA en soluciones que no estdn en equilibrio, como los
fluidos vegetales.

ldentificacion de un complejo formado por tres moléculas de citrato y tres dtomos de Fe en xilema de
tomate utilizando espectrometria de masas elemental y molecular

Se ha logrado por primera vez la identificacién directa e inequivoca de un complejo natural de Fe en
savia de xilema. El complejo formado por tres moléculas de citrato y tres dtomos de Fe (Fe;Cit;) se
encontré en la savia del xilema de palntas de Solanum lycopersicum deficientes en Fe después de
haber realizado un reaporte de Fe, utilizando un enfoque integrado de espectrometria de masas basado
en la determinacién de la masa molecular exacta, la firma isotdpica y el Fe junto con la movilidad
cromatogréfica. Calculos in silico predicen que el complejo tiene un nicleo formado por tres dtomos
de Fe unidos por un O. Un segundo complejo, formado por dos dtomos de Fe y dos moléculas de
citrato (Fe,Cit,) también se detectd en soluciones estandar junto con con el Fe;Cit;. La formacién de
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uno u otro compuesto dependié de la relacién Fe:citrato. Estos resultados evidencian el papel del
citrato en el transporte xilemadtico de Fe. La importancia de la relacién Fe:citrato en el transporte de Fe
a larga distancia es discutida.

Desarrollo de un método de HPLC-ESI-TOFMS para determinar dcidos orgdnicos en extractos
vegetales

Los carboxilatos son moléculas que pueden tener un papel importantes en la homeostasis de Fe en las
plantas. Un método de HPLC-ESI-TOFMS con alta selectividad, sensibilidad y reproducibilidad fue
desarrollado para determinar dcidos orgdnicos (oxdlico, cis-aconitico, 2-oxoglutérico, citrico, mdlico,
4cido quinico, ascérbico, shikimico, succinico y fumdrico) en diferentes tejidos vegetales (savia de
xilema, hojas y jugo de frutas). La cuantificacién se realiza mediante la utilizacién como patrones
internos de 4cidos mdlico y succinico marcados isotépicamente con C. Los limites de deteccién
fueron entre 0.13 y 255 pmol. Los valores de repetibilidad fueron aproximadamente 0.1 y 1.6% para el
tiempo de retencién y drea del pico, respectivamente, mientras que los valores de reproducibilidad
estuvieron entre 0.1 y 4.4%, respectivamente, para el tiempo de retencion y el drea del pico. Los
porcentajes de recuperacion fueron aceptables (90-110%) para la mayoria de los 4cidos orgdnicos, con
la excepcién del dcido oxdlico, 2-oxoglutdrico y ascérbico en alguno de los tejidos. Debido a la
importancia de los 4cidos orgdnicos en el metabolismo celular y en la respuesta al estrés oxidativo y
posiblemente en la especiacion de metales este método puede ser aplicado para obtener informacién
sobre la respuesta de la planta a estreses ambientales especificos como la deficiencia de Fe entre
otros.

Estudio de los cambios en los perfiles de metabolitos y proteinas de raiz Beta vulgaris afectadas por
deficiencia y reaporte de Fe.

Los perfiles de proteinas y metabolitos de puntas de raiz de plantas de Beta vulgaris fueron afectados
por la deficiencia y reaporte de Fe. Los cambios mds relevantes fueron el incremento de i) la DMRL
sintetasa tanto a nivel de proteinas como de expresién génica y ii) algunos azicares de la familia de la
rafinosa (ej., rafinosa y galactinol). Estos hallazgo no habian sido descrito hasta ahora en plantas
deficientes en Fe y por consiguiente abren nuevas vias de estudio de este desorden nutricional.
Cambios en la glucdlisis y el ciclo de Krebs fueron también encontrados confirmando estudios
previos.

Estudio de los cambios en los perfiles de metabolitos de la savia de xilema y de las hojas de diferentes
especies de plantas en respuesta a la deficiencia y reaporte de Fe.

Los principales cambios en los perfiles de metabolitos de la savia del xilema de Solanum lycopersicum
y Lupinus albus en respuesta a la deficiencia de Fe fueron un aumento en los metabolitos del ciclo de
Krebs y una disminucién general de aminodcidos y carbohidratos. El perfil de los metabolitos de la
savia de xilema de las plantas de Solanum lycopersicum con deficiencia de Fe se acerca al de las
plantas control en tan solo 24h después de un reaporte de Fe. En hojas deficiente en Fe de Solanum
lycopersicum y Beta vulgaris los principales cambios en el perfil metabdlico fueron los aumentos en
los metabolitos del ciclo de Krebs, aminodcidos y carbohidratos. Correlaciones elevadas entre
aminodcidos y 4cidos organicos del ciclo de Krebs sugieren que en las hojas de plantas de Beta
vulgaris deficientes en Fe se producen reacciones anaplerdticas que utilizan aminodcidos como fuente
de C.
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Long Distance Iron Transport and Metabolism Changes in Iron Deficient
Plants. An Integrated Mass Spectrometry Approach.

Plant iron deficiency

Iron is an essential micronutrient for plants
because it is a component of different proteins
involved in processes such as chlorophyll
synthesis and the maintenance of chloroplast
structure (Terry and Abadia, 1986), respiration,
nitrogen fixation (Cléark, 1983) and in DNA and
hormone syntheses (Briat and Lobreaux, 1997).
In plants, 80% of Fe is located in the chloroplasts
and approximately 63% of Fe in leaves is
associated with proteins that can be classified in:
proteins with a hemo group, proteins with Fe-S
clusters and phytoferritin.

Iron is the fourth most abundant element on
earth crust. However, in calcareous and alkaline
soils Fe is mainly found as oxides and hydroxides
with a very low solubility. In this kind of soils
bioavailable Fe concentration is around 0.1 nM,
while the necessary levels for plants, are much
higher (0.1 M, Marschner, 1995). Once inside
the plants, Fe can reach sufficient concentrations
for normal plant development and, however,
some plants still can show Fe deficiency
symptoms because Fe is in inactive forms not
easily assimilated. This phenomenon is known as
Fe chlorosis paradox (Morales et al., 1998).
Different factors such as high phosphate
concentrations and high apoplastic pH could
cause Fe precipitation in the form of phosphates
or ferric hydroxides (Mengel et al., 1994) making
it not readily bio-available.

Iron  deficient plants show different
symptoms; among them the most common is the
yellowing of the younger leaves, known as Fe
chlorosis, due to a defective production of
chlorophyll and a general malfunctioning of the
different photosynthetic components (Abadia,
1992). If chlorosis is severe it can lead to leaf
necrosis. Iron deficiency has been described in a
great number of plant species with agronomical
interest such us fruit trees and, if not treated
properly, Fe deficiency can lead to reduced
number and size in fruits with the consequent
economical loss (Alvarez—Feméndez et al., 2003).

Almost 30% of cultivated plants are grown in
calcareous soils (Rombola and Tagliavini, 2006)
where Fe deficiency can represent a major
problem for plant productivity. In this type of
soils, one of the major costs for farmers is the use
of Fe fertilizers to alleviate low Fe soil

availability. Fe fertilizers cost is around 200-400
€ ha' and year in fruit trees (Rombola and
Tagliavini, 2006).

Plants with Fe deficiency also posse a
problem in the countries where human nutrition
is mainly based on plants that do not have
enough Fe concentration to fulfil Fe human
requirements. In fact almost one third of human
population is Fe deficient
(www .harvestplus.org/content/iron).

Plant iron uptake strategies

Two different strategies of Fe uptake have been
described in plants (see root part of Fig. 1). The
so-called reduction strategy (or Strategy 1),
mainly used by non graminaceous plants, relies
on the coordinated action of a membrane bound
Fe reductase (FRO2), that reduces Fe(Ill) to
Fe(Il) (Robinson et al., 1999), an Fe(Il) uptake
transporter (IRT, Eide et al., 1996) and an H'-
ATPase that lowers the pH of the rhizosphere
(Santi and Schmidt, 2009). The expression of
these genes is regulated by bHLH type proteins
(Yuan et al., 2005; Bauer et al., 2007). Other
possible components of this strategy have been
suggested recently. This is the case of PDR9, an
ABC type trasnporter that may efflux to the
rhizosphere phenols, organic acids or flavins
(Yang et al., 2010). The reduction strategy also
includes root morphological changes such as root
tip swelling, development of transfer cells and a
higher number of lateral roots, all of them
leading to an increase in the root surface in
contact with the medium (Landsberg, 1982,
1986). The so-called chelation strategy (or
Strategy 1), which is mainly found in
graminaceous plants, is based on the excretion of
phytosiderophores (PS; low molecular weight
compounds with a high affinity for Fe and other
metals) to the rhizosphere. Phytosiderophores are
synthesized from methionine and the components
of this biosynthetic pathway are strongly
upregulated under Fe deficiency, resulting in an
increased PS release (Kobayashi et al., 2006).
The first putative PS root plasma membrane
transporter, TOM1 (Transporter Of MA), has just
been recently described in rice (TOMI1) and
barley (HvTOM1); TOM1 is up-regulated by Fe
deficiency and plants over-expressing TOMI1
excrete more PSs without increasing the rate of
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synthesis  (Nozoye et al., [In press).
Phytosideropores chelate Fe(IIl) and the Fe(IlI)-
PS chelates are then subsequently transported
into the root cells through specific transporters of
the YSL family such as ZmYS1 or HVYSI1
(Curie et al., 2001; Murata et al., 2006). The
expression of these genes is regulated by a bHLH
protein (Ogo et al., 2007) also under the control
of another transcription factor (IDEF1)
(Kobayashi et al., 2007). Even though plants
have been traditionally divided in Strategy I or
Strategy II plants, recent research points to the
use of typical mechanisms of Strategy I plants by
graminaceous plants and vice versa. For example,
YSL transporters have been described to be up
regulated in Arabidopsis Fe-deficient roots
(Dinneny et al., 2008) and Fe(Il) transporters
(IRT) homologs have also been found in typical
Strategy II plants such us rice (Ishimaru et al.,
2006) and barley (Pedas et al., 2008). See the
root part of Fig. 1 for a representation of all the
transporters described here.

Long distance iron transport

Xylem loading

Iron xylem loading is still not very well
characterized and a lot of questions remain
unanswered, the major one being the chemical
form(s) and mechanism(s) in which Fe is loaded.
As it is commonly accepted, Fe in the cytosol is
chelated with the non-proteinogenic aminoacid
nicotianamine (NA) (von Wirén et al., 1999).
Iron-NA complexes could be loaded into the
xylem by an Fe-PS transporter from the YSL
family. AtYSL2, which is expressed in the lateral
membranes of xylem parenchyma cells, suggests
a role in lateral movement within the veins;
however there are contradictory results about its
ability to transport Fe-NA (DiDonato et al., 2004;
Schaaf et al., 2004). The rice ortholog, OsYSL2
also localizes to the lateral plasma membrane and
transports Fe-NA (Koike et al., 2004). Other Fe
transporter, IREG1 / FPN1 (Iron Regulatedl /
Ferroportinl), has also been proposed to play a
role in Fe xylem loading (Morrissey et al., 2009).
The loss of FPN1 results in chlorosis and FPN1-
GUS plants show staining in the plasma
membrane in the vasculature of the root
suggesting that FPN1 loads Fe into the
vasculature; however, yeast complementation
studies failed and no information on the Fe
chemical form transported, and most precisely if
Fe is transported as a complex or un-complexed,
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is available (Morrissey et al., 2009). There are
other components that may have a role in xylem
Fe loading. FRD3, a transporter from the
multidrug and toxin efflux family (MATE),
localizes to the plasma membrane of the
pericycle and the vascular cylinder. FRD3
mediates citrate efflux into the root vasculature
and has been described in Arabidopsis (Durrett et
al., 2007) and rice (Yokosho et al., 2009). Frd3
plants show reduced citrate levels in the xylem
and shoot, accumulate Fe in the root, are
chlorotic, and exhibit constitutive expression of
the Fe uptake components; therefore suggesting
that FRD3 is necessary for efficient Fe
translocation to the shoot, likely, as an Fe citrate
complex (Yi and Guerinot, 1996; Rogers and
Guerinot, 2002; Durrett et al., 2007; Yokosho et
al., 2009). However, the exact role of this citrate
transporters in Fe deficiency is not yet clear,
since the chlorosis showed by theses mutants
might be explained by a pleotropic effect due to
an impaired C (citrate and probably other organic
acids) transport to leaves (See the ‘Metabolism
changes induced by Fe deficiency’ section for a
more detailed description of this effect). The NA
synthase NAS4 gene is induced in the
Arabidopsis frd3 mutant and the double mutant
nas4x-2/frd3 showed impaired growth and no Fe
was measured in shoots (Schuler et al., 2010)
suggesting that increased NA-Fe may alleviate
the reduced citrate concentration in FRD3
mutants. Unfortunately, the form in which Fe is
loaded into the xylem sap as well as the exact
role that FRD3 plays in the process are still big
open questions. Whatever the transport system
might be, it seems clear that the Fe complex
originally present in the root cells is different of
the one found in the xylem sap. It is also
important to note that xylem pH is around 5.5
while the pH of root cells cytosol is around 7.2;
since the formation of Fe-NA complexes is
highly dependent on pH (von Wirén et al., 1999),
specially at this critic pH range, ligand exchange
reactions are expected to occur after Fe loading
into the xylem sap.
Xylem transport

Once Fe is loaded into the xylem stream it is
transported as a complex form, because free ionic
forms can be toxic and are also prone to undergo
precipitation at the neutral or slightly acidic pH
values typical of xylem sap. Nicotianamine has
been proposed to play a major role in symplastic
and phloem Fe chelation while the possible
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Figure 1. Acquisition and long distance Fe transport in plants. Represented are the main Fe uptake
strategies in roots, Fe loading and unloading mechanism and the expected Fe complexes in the
different plant compartments (Pictures taken by Saiil Vazquez).

involment of NA in long-distance metal transport
in the xylem is still being explored (Klatte et al.,
2009), see (Curie et al., 2009) for a review.
Nicotianamine has been observed in the xylem at
uM concentrations (Takahashi et al., 2003)
however, it does not seem to be essential for Fe
xylem transport since the NA-deficient tomato
mutant chloronerva, can accumulate Fe in old
leaves (Pich et al., 1994). Citrate has been
considered the most likely candidate for Fe
xylem transport since the early works of Tiffin
and Brown (Tiffin and Brown, 1962; Tiffin,
1966, 1966). The identity and occurrence of Fe—
Cit complexes in the xylem sap had 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 and protonation
constants of Fe-containing complexes, always
assuming that chemical equilibrium was
achieved. For example, [FeCitOH]' was
proposed to be the most abundant Fe complex in
the apoplast and xylem sap of control sugar beet
plants while in chlorotic samples the main Fe
species was [FeCit,]” in both plant fluids (LSpez-
Millan et al., 2000). However, when using
apoplast samples of Fe sufficient and Fe deficient
field cultivated pear trees the most abundant Fe

species found in both +Fe and -Fe samples was
[FeCitOH]". 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 NA were
ruled out as possible xylem Fe carriers (von
Wirén et al., 1999).

The elucidation of the molecular identity of
metal complexes in plant compartments is still
considered one of the biggest challenges in plant
biology and further investigation is needed to
speciate Fe (and other metals) in plant fluids such
as xylem sap (Hider et al., 2004). The recent
development of methodologies based on
integrated mass spectrometry techniques can help
to solve this problem (Meija et al., 2006). Metal
complex characterization by integrated mass
spectrometry is based in the coupling of different
separation techniques such us high performance
liquid chromatography (HPLC) to
complementary atomic (such us ICP-MS) and
molecular detection (such us ESI-MS)
techniques.  Multi-element  specificity  and
accurate quantification are the key features of
ICP-MS, whereas molecular weight
determination and structural information are
those contributed by ESI-MS(-MS). After the
metal-complex species have been detected and

13



14

identified using chromatography and MS
techniques, it is common practice to simulate the
chelation conditions using metal-ligand standard
solutions. This approach allows careful
exploration and characterization of the
complexation phenomena by controlling different
factors such us pH and also for signal
optimization of detection systems. One of the
main problems of this kind of approach is that
samples need to be extracted before separation
and analysis. This usually implies the
combination of the different cell compartments
into one single solution and since metal complex
formation is pH dependent, artefacts can occur
during the extraction process. Plant fluids such us
xylem sap do not have this problem, since no
tissue extraction is needed and in fact, a great
part of the metal complex identifications studies
are done with plant fluids such us xylem or
phloem. Other non destructive techniques based
on X-ray spectroscopy such as extended X-ray
absorption fine structure (EXAFS) and X-ray
absorption near edge structure (XANES) (Sarret
et al.,, 2002; Kipper et al.,, 2004), and
synchrotron ~ X-ray  fluorescence  (SXRF)
(Punshon et al., 2009) have also been used for
metal complex speciation. However, X-ray
techniques suffer from limited sensitivity
(usually in the ppm range) and metal complex
identification relies on comparison with metal-
complex standards. The sensitivity limitations of
X-TXRF have been recently improved by means
of multilayer monochromators and bending
magnet beamlines offering detection limits in the
femtogram range for transition  metals
(Szoboszlai et al., 2009). See in the same
publication a review of the application of this
technique in different plant extracts and exudates.
Xylem unloading

Iron is unloaded from the vasculature into
developed tissues through yet unknown
mechanisms. These processes could take place
via parenchyma cells and/or by passive diffusion
to the apoplastic space driven by transpiration.
The symplastic path could imply the participation
of YSL transporters for Fe-NA or a reduction
based mechanism for Fe-Cit complexes. Several
YSL, FROs and ZIP proteins have been localized
in the vascular cylinder and might play a role in
Fe unloading (Guerinot, 2000; Mukherjee et al.,
2006; Dinneny et al., 2008; Curie et al., 2009).
Iron deficiency is also associated with lower leaf
Fe reductase activities (Gonzalez-Vallejo et al.,
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1998). Recent studies also show that the whole
xylem system is not fully developed in chlorotic
leaves and is clearly different from that of the Fe
sufficient plants (Ferndndez et al., 2008; Eichert
et al., 2010). These morphological differences
between Fe sufficient and Fe deficient plants may
imply different unloading rates or mechanisms of
Fe unloading that could explain Fe
inmobilization in leaves of plants affected by Fe
deficiency.
Phloem transport

Iron phloem transport is supposed to occur at
least trough two main mechanisms. The first one
would be as a complex with NA. The neutral to
basic pH values of the phloem sap are suitable to
Fe-NA formation (von Wirén et al., 1999). Also
YSL transporters, that are able to transport Fe-
NA complexes have been described in
Arabidopsis and rice phloem vascular tissues, see
(Curie et al., 2009) for a review. In fact, some of
these transporters could be facilitating xylem-
phloem Fe exchange. The second mechanism
would involve an Fe transporting protein (ITP)
that has been described in the phloem sap of
Ricinus communis (Kriiger et al., 2002).

Metabolism changes induced by Fe deficiency

Any change in growth conditions (including Fe
deficiency) requires an adjustment of metabolic
pathways, aimed at achieving a new state of
homeostasis in a process that is usually referred
as acclimation. From the standpoint of
metabolites this implies at least four different
types of compounds: i) compounds involved in
the acclimation process such as antioxidants, ii)
by-products of stress that appear in cells because
of the disruption of normal homeostasis, iii)
signal transduction molecules involved in
mediating the acclimation response and iv)
molecules that enhance the acquisition an
transport processes such flavonoids. Under Fe
deficiency, different reducing and chelating
compounds (such as phenolics and flavins e.g.,
riboflavin; Rbfl) can be accumulated in the root
and/or released to the rhizosphere and may have
a role in Fe acquisition (Susin et al., 1993; Jin et
al., 2007; Cesco et al., 2010). For instance, Rbfl
and derivatives could act as a redox bridge for
electron transport to ferric reductases (Ldpez-
Millan et al., 2000; Marsili et al., 2008). This is
supported by the fact that root ferric chelate
reductase (FRO2) belongs to a superfamily of
flavocytochrome oxidoreductases (Robinson et



al., 1999) and by a recent study confirming that
the FRO2 protein contains FAD sequence motifs
on the inside of the membrane (Schagerlof et al.,
2006). Moreover, Fe deficiency perception and
Rbfl excretion has been described to occur
through basic helix- loop-helix (bHLH)
transcription factors in Arabidopsis thaliana
(Vorwieger et al., 2007) and Rbfl synthesis was
also found to be down regulated by Fe in
flavinogenic yeast strains and some bacteria
(Worst et al., 1998; Stenchuk et al., 2001). Other
Fe-deficiency mediated metabolic changes
occurring at the root level include an increase in
the activity of phosphoenolpyruvate carboxylase
(PEPC) and several enzymes of the glycolytic
pathway and the tricarboxylic acid (TCA) cycle
(Abadia et al., 2002; Lépez-Millan et al., 2009).
Phosphoenolpyruvate carboxylase increases the
rate of glycolysis by consuming
phosphoenolpyruvate, which has a negative
allosteric control on phosphofructokinase-1 and
aldolase (Plaxton and Podesta, 2006). The
increase in PEPC activity also induces an
anaplerotic production of TCA carboxylates,
mainly malate and citrate, in roots (Abadia et al.,
2002). These carboxylates could then be exported
to the xylem and might play an important role in
the transport of Fe and C (Lépez-Milldn et al.,
2000) to the shoots. In fact, increases of organic
acids have been found in xylem sap, leaves,
fruits, etc. of Fe-deficient strategy [ plants
(Abadia et al., 2002). The increase of organic
acids would also help to increase the biosynthetic
pathways (in particular the synthesis of amino
acids) and along with the accumulation of di-
tricarboxylic acid carrier (DTC) would increase
the communication between the cytosolic and the
mitochondrial pool of organic acids that maintain
a high turnover of reducing equivalents (Vigani
and Zocchi, 2009). The induction of C
metabolism in roots of Fe-deficient plants would
provide a source of reducing power, protons and
ATP for the Fe(Il) reductase and H'-ATPase
enzymes (L6pez-Milldn et al., 2000). The higher
energy requirements in Fe deficient root cells are
tackled by increasing mitochondrial oxidative
processes. For instance, roots from Fe-deficient
plants showed enhanced respiratory activities and
higher O, consumption rates (Lopez-Millan et al.,
2000; Vigani et al., 2009). However, the root
mitochondrial respiratory chain is strongly
affected under Fe-deficient conditions (Vigani et
al., 2009; Vigani and Zocchi, 2009), since some

of its components are Fe-containing enzymes. All
these processes can lead to an increase in reactive
oxygen species (ROS), and in fact ROS
detoxification strategies were enhanced in Fe-
deficient sugar beet roots (Zaharieva et al., 2004).
Furthermore, an increase in  anaerobic
metabolism has also been described in Fe-
deficient roots (Lopez-Millan et al., 2000),
probably as an strategy to oxidize all the reducing
power generated by glycolysis and TCA cycle
that can not be easily oxidized in the respiratory
chain.

In leaves, the most characteristic Fe-
deficiency symptom is the greenish-yellow
colour that is due to the fact that Fe deficiency
decreases the amount of light-harvesting
pigments, chlorophylls and carotenoids to
different extents, causing a relative enrichment in
carotenoids and also changes in the violaxanthin
cyle (Larbi et al., 2004; Timperio et al., 2007).
Leaves of Fe-deficient plants show a marked
decrease in photosynthetic rates and in
photosynthetic efficiency and electron transport
rates (Terry, 1980). Iron deficiency is known to
cause a reduction in the number of granal and
stromal lamellae per chloroplast, and in the
amounts of many thylakoid membrane
components, including proteins, electron carriers
and lipids (Abadia, 1992). The biochemical
processes taking place in leaves under Fe
deficiency is still not well study and the -omic
studies more abundant in the roots are still scarce
in leaves; most of them are proteomic studies and
focused on specific leaf compartments such as
thylakoids (Andaluz et al., 2006; Timperio et al.,
2007; Laganowsky et al., 2009). Thylakoid
proteomic changes of sugar beet and spinach Fe-
deficient plants showed a decrease in the proteins
involved in electron transfer, a reduction of large
complexes and supercomplexes, and aggregation
of proteins in small complexes (Andaluz et al.,
2006; Timperio et al., 2007). Iron deficiency also
lead to an increase in proteins participating in
leaf C fixation-linked reactions (Andaluz et al.,
2006) and in different antioxidant enzymes. At
the metabolite level, most of the works done so
far has been related with changes in leaf
pigments, see above, or with organic acids
(Lépez-Millan et al., 2001; Lopez-Millén et al.,
2009). However, no metabolomics studies in Fe-
deficient plant leaves have been done so far, even
though is clear that Fe-deficiency changes the C
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metabolism and a lot of compounds are expected
to be altered in these conditions.

Iron resupply to Fe deficient plants, leads to
increases in chlorophyll concentrations and
photosynthetic rates within few days or weeks
depending on the plant species (Larbi et al.,
2003; Larbi et al., 2004; Timperio et al., 2007)
and decreases the concentration of organic acids
in the whole plant (Lépez-Millan et al., 2001;
Lépez-Millan et al., 2001). Iron resupply short-
term effects (1-2 days) have been less studied but
there seems to be a lag phase between an increase
in Fe concentration (L6pez-Millén et al., 2001)
and Chl synthesis, although other leaf pigments
change more rapidly (Larbi et al., 2004).
Therefore, it is interesting to study in more detail
the metabolism changes that may occur after Fe-
resupply at very short times (hours to 1-3 days)
specially in the tissues that may respond more
quickly to Fe-resupply such as root tips and
xylem sap. In the case of xylem sap the lack of
information is even more accentuated since the
information available is limited to organic acid
changes (see Abadia et al. (2002) for a review)
and recent small RNAs studies about long
distance nutrient regulating signals (Buhtz et al.,
2010).

The most common approach used to study Fe
deficiency effects on the metabolism is to
analyze only a small number of genes, proteins
and/or metabolites. A more comprehensive
knowledge of the processes taking place in Fe-
deficient roots has been recently provided by the
application of modern techniques allowing for
the simultaneous and un-targeted analysis of
multiple genes (Thimm et al., 2001; Buhtz et al.,
2010; Yang et al., 2010), or proteins (Herbik et
al., 1996; Andaluz et al., 2006; Timperio et al.,
2007; Brumbarova et al., 2008; Li et al., 2008;
Laganowsky et al., 2009; Donnini et al., 2010;
Lan et al.,, 2010; Li and Schmidt, 2010,
Rodriguez-Celma et al., 2011, Submitted).
However, the changes in the metabolic profile
induced by Fe deficiency have not been studied
so far from a metabolomics approach.

Metabolites are the end products of cellular
regulatory processes, and their levels can be
regarded as the ultimate response of biological
systems to genetic or environmental changes. In
parallel to the terms ‘transcriptome’ and
‘proteome’, the set of metabolites synthesized by
a biological system constitute its ‘metabolome’
(Fiehn, 2002). Metabolomics aims at the
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comprehensive and quantitative analysis of wide
arrays of metabolites in biological samples.
These wide array of metabolites have very
diverse physico-chemical properties and occur at
different abundance levels. Consequently,
comprehensive metabolomics investigations are
primarily a challenge for analytical chemistry and
specifically MS has been widely used in this field
(Dettmer et al., 2007; Scalbert et al., 2009). The
most common approaches used in plant
metabolomics  research include metabolic
fingerprinting, metabolite profiling and targeted
analysis. Metabolic fingerprinting is used to
identify metabolic signatures or patterns
associated with a particular stress response
without identification or precise quantification of
all the different metabolites in the sample. Pattern
recognition analysis is then performed on the
data to identify features specific to a fingerprint.
Fingerprinting can be performed with a variety of
analytical techniques, including nuclear magnetic
resonance NMR (Krishnan et al., 2005), MS
(Goodacre et al., 2003), Fourier transform ion
cyclotron resonance (FT-ICR) MS or Fourier
transform  infrared (FT-IR)  spectroscopy
(Johnson et al., 2003). Metabolite profiling
pursues a simultaneous measurement of all (as
much as possible) or a set of metabolites in a
sample. Multiple analytical techniques can be
used for metabolite profiling (Sumner et al.,
2003). These techniques include NMR, GC-MS
HPLC-MS,  capillary  electrophoresis—mass
spectrometry (CE-MS) and FT-IR (Allwood and
Goodacre, 2010). Metabolite untargeted profiling
is particularly useful to obtain a global view of
the metabolism of cells or identify new
metabolites/pathways.  However  untargeted
profiling is semiquantitative, i.e. it provides
relative concentration data based on the use of
internal standards or just simple response ratios
based on the comparison of a given treatment
metabolite signal with the corresponding value in
the controls. These data have to be further
validated wusing targeted quantitative assays.
Targeted profiling is used when it is necessary to
determine the precise concentration of a limited
number of known metabolites and provides a
very low limit of detection. Targeted analysis has
been widely used to follow the dynamics of a
limited number of metabolites (organic acids,
aminoacids, hormones etc.) known to be involved
in a particular plant stress such us plant Fe
deficiency.
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Objectives

The general objectives of this Thesis are: i) to develop and apply new analytical methodologies for the
determination of the Fe forms involved in long-distance Fe transport in plants, and ii) to study the
metabolite profile of plants grown under Fe-deficiency conditions.

In order to achieve these general objectives the specific objectives are:

1. To study the formation of metal complexes with nicotianamine as affected by pH, ligand and metal
exchange by means of electrospray time-of-flight mass spectrometry (ESI-TOFMS).

2. To develop a method for the determination of naturally occurring Fe complexes in xylem sap, using
high performance liquid chromatography coupled to ESI-TOFMS and inductively coupled plasma
mass spectrometry (HPLC-ESI-TOFMS and HPLC-ICP-MS, respectively).

3. To develop an HPLC-ESI-TOFMS method for the determination of organic acids in plant tissues.

4. To characterize the changes induced in the root metabolite profile in response to Fe deficiency and
resupply, using gas chromatography coupled to mass spectrometry (GC-MS).

5. To characterize the changes induced in the metabolite profile of xylem sap and leaves of several
plant species in response to Fe deficiency and resupply, using GC-MS.
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Objectives

Objetivos

Los objetivos generales de esta tesis doctoral son: a) desarrollar y aplicar nuevas metodologias
analiticas que permitan la especiacién quimica del Fe en los fluidos vegetales involucrados en el
transporte a larga distancia de este elemento en plantas y b) estudiar el perfil de metabolitos de plantas
cultivadas en condiciones de deficiencia de Fe.

Para alcanzar estos objetivos generales se plantean los siguientes objetivos especificos:

1. Estudiar el efecto del pH y las reacciones de intercambio del metal o el ligando sobre la formacion
de complejos metélicos con nicotianamina mediante espectrometria de masas (MS) con analizador de
tiempo de vuelo (TOF) y fuente de electrospray (ESI).

2. Desarrollar un método que permita la determinacion de complejos naturales de Fe en plantas
involucrados en el transporte de este elemento via xilema mediante cromatografia liquida de alta
resolucién (HPLC) acoplada a ESI-TOFMS y espectrometria de masas con fuente de plasma de
acoplamiento inductivo (ICP-MS).

3. Desarrollar un método que permita la determinaciéon de 4cidos orgdnicos en tejidos vegetales
mediante HPLC-ES-TOFMS.

4. Caracterizar los cambios en el perfil de metabolitos que se producen en condiciones de deficiencia y
reaporte de Fe en las raices de las plantas mediante cromatografia de gases acoplada a espectrometria
de masas (GC-MYS).

5. Caracterizar los cambios en el perfil de metabolitos que se producen en condiciones de deficiencia y
reaporte de Fe en la savia de xilema y las hojas de varias especies vegetales mediante GC-MS.
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FORMATION OF METAL-NICOTIANAMINE COMPLEXES AS AFFECTED BY PH,
LIGAND EXCHANGE WITH CITRATE AND METAL EXCHANGE. A STUDY BY
ELECTROSPRAY-TIME OF FLIGHT MASS SPECTROMETRY

Rubén Rellén-Alvarez, Javier Abadia and Ana Alvarez-Fernindez

Department of Plant Nutrition, Aula Dei Experimental Station (CSIC), P.O. Box 202, 50080 Zaragoza,

Spain.

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-mass spectrometry (Time Of
Flight) ESI-TOFMS to study the complexation
of Mn, Fe(Il), Fe(IIT), Ni, Cu by NA. The pH
dependence of the metal-NA complexes in
ESI/MS was 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 ir silico, and
this difference could be only partially
explained by  the estimated  error,
approximately 0.3 pH units, associated to
measuring pH in organic solvent-containing
solutions. Iron-NA complexes are less likely to
participate in ligand and metal exchange
reactions at pH 7.5 than at pH 5.5. Results
support that NA may be the ligand chelating
Fe at pH values usually found in phloem sap,
whereas in the xylem sap NA 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
compartments by ESI/MS are also discussed.

Introduction

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 (Hall, 2002). 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 (Noma et
al., 1971). 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(IIl)(Benes et al.,
1983; von Wiren et al., 1999), Mn(II), Co(II),
Ni(Il), Cu(l) and Zn(IlI) (Anderegg and
Ripperger, 1989; Stephan and Scholz, 1993). The
NA stability constants (log K) of the metal-NA
complexes with Fe(Ill), Cu(Il), Ni(Il), Zn(Il),
Fe(Il) and Mn(Il), are 20.6, 18.6, 16.1, 154, 12.8
and 8.8, respectively (Benes et al., 1983;
Anderegg and Ripperger, 1989; von Wiren et al.,
1999).
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Nicotianamine is thought to be important in
the speciation of soluble Fe in different plant
compartments,(Hell and Stephan, 2003) because
it is able to form stable complexes with both
Fe(Il) and Fe(Ill) at neutral and weakly alkaline
pH values (Stephan et al., 1996). Although the
Fe(III)-NA complex has a much higher stability
constant, the Fe(I[)-NA complex is also
kinetically stable under aerobic conditions (von
Wiren et al., 1999). Nicotianamine appears to be
ubiquitous in higher plants and is present in all
tissues (Scholz et al., 1992). For instance, NA
concentrations are relatively increased in root tips
of sunflower and barley in the regions of main
uptake and radial transport of Fe (Stephan and
Scholz, 1990). Also, both Fe-NA complexes
constitute non-toxic Fe pools, because they are
relatively poor Fenton reagents (von Wiren et al.,
1999). In the NA-lacking tomato mutant
chloronerva, enhanced activities of antioxidant
enzymes(Herbik et al., 1996) and precipitation of
Fe in vacuoles and mitochondria (Liu et al.,
1998) do occur.

The possible roles of NA in long distance
metal transport, both in the xylem and phloem
compartments, is  still  being  explored.
Nicotianamine has been observed in the xylem at
uM concentrations (Takahashi et al., 2003)
although it does not seem to be absolutely
necessary for xylem metal transport. For
instance, in the NA-deficient tomato mutant
chloronerva, Fe, Mn and Zn accumulate in old
leaves (Pich et al., 1994). Instead, Fe is thought
to be transported through the xylem complexed
with citrate (Tiffin, 1966; Lopez-Millan et al.,
2000). Recent findings support that the FRD3
protein transporter could import citrate into the
root vasculature, and frd3 mutants show
symptoms of Fe deficiency that could be
alleviated by external citrate supply (Durrett et
al., 2007). In young leaves, Fe-ligand exchange
(from citrate to NA) could occur during Fe
transfer from xylem to phloem, and Fe-NA could
pass through membranes by metal-NA complex
specific transporters as suggested by Takahashi et
al (Takahashi et al., 2003). Nicotianamine has
been observed in the phloem, and could be
involved in Fe phloem loading and unloading,
although a 17 kD polypeptide has been proposed
to be the Fe carrier in the phloem of Ricinus
(Maas et al., 1988; Schmidke et al., 1999; Kruger
et al., 2002). After the cloning of nicotianamine
synthase (NAS) new tools are available to

modulate the concentrations of NA in different
plant tissues (Herbik et al., 1999; Higuchi et al.,
1999; Ling et al.,, 1999). Nicotianamine
involvement in long distance transport is also
supported by the fact that the protein OsYLS2,
which can transport Fe(I[)-NA and Mn(I)-NA
complexes, is expressed in phloem companion
cells of rice leaves (Koike et al., 2004). The
protein ZmYS1, which transports both Fe(II)-NA
(Roberts et al., 2004) and Fe(III)-NA, (Roberts et
al., 2004; Schaaf et al., 2005) is able to rescue
Fe-deficient yeast mutants and also transports Fe-
NA complexes when expressed in Xenopus
oocytes. In addition to its role in long-distance
metal transport, NA might be involved in the
regulation of inter-cellular metal transfer
(Takahashi et al.,, 2003). Also, higher
concentrations of NA are required for flower and
seed development than for leaf development
(Takahashi et al., 2003).

Nicotianamine can also form complexes with
other metals apart from Fe. For instance, from in
silico studies it has been proposed that Cu xylem
transport could rely on complexation with NA
(von Wiren et al., 1999). In fact, the Cu
concentration in the xylem of NA-deficient
tomato mutant chloronerva was enhanced by NA
application, and a high supply of Cu resulted in
higher NA concentration (Pich and Scholz,
1996). It seems also clear that NA is involved in
Ni tolerance and hyper-accumulation. Vacchina
et al (Vacchina et al., 2003) identified the Ni(II)-
NA complex in the Ni hyper-accumulator species
Thlaspi caerulescens. Also, a high NAS
expression was found by microarray analysis in
the hyper-accumulator species Arabidopsis
halleri (Weber et al., 2004). Transgenic plants
over-expressing NAS have been constructed and
proved to be tolerant to high Ni concentrations,
most likely due to the higher constitutive levels
of NA (Douchkov et al., 2005; Kim et al., 2005;
Pianelli et al., 2005).

Until now, a large part of the current
knowledge on the role of metal-NA complexes in
micronutrient plant nutrition has been gained
using either indirect measurements or in silico
calculations (von Wiren et al., 1999). Further
investigation in this area should include direct
determination of the possible metal-NA
complexes, as suggested by Hider et al (Hider et
al., 2004). Recent examples of this approach
were the determination of the Ni(II)-NA complex
in the Ni hyper-accumulator T. caerulescens by



mass spectrometry (Vacchina et al., 2003;
Ouerdane et al., 2006), the identification of
different metal-phytosiderophores by zwitterionic
hydrophilic interaction liquid chromatography
(ZIC-HILIC) coupled to ESI-MS(Xuan et al.,
2006) and the characterization of Fe(II)/(III)-
phytosiderophore complexes by direct infusion
nano-ESI-Fourier transform ion cyclotron
resonance MS (Weber et al., 2006).

The aim of our work was to study the of
Mn(I), Fe(II), Fe(III), Ni(II), Cu(Il), Zn(II) and
Cd(I) complexation by NA, using ESI/TOF(MS)
at different pH conditions and comparing the
results with in silico estimations. Specifically, the
formation of Fe(I)-NA and Fe(Ill)-NA
complexes was analyzed in detail, by studying
ligand exchange reactions with citrate as well as
metal exchange reactions with Zn and Cu. These
studies were carried out using typical xylem and
phloem pH values, in an effort to get a better
insight on the possible roles of NA in long
distance metal transport in plants.

Experimental

Chemicals. All buffers and standard solutions
were prepared with LC-MS grade water (Riedel-
de Hiden, Seelze, Germany). Ammonium
bicarbonate (99.5%, Fluka), ammonium acetate
(99.99%, Aldrich), leucine-enkephaline (Tyr-
Gly-Gly-Phe-Leu, 98%, Sigma), methionine
(99%, Sigma), citric acid (99%, Sigma), formic
acid (50%, Fluka), acetonitrile and 2-propanol (in
both cases LC-MS grade, Riedel-de Héen) were
purchased from Sigma (St. Louis, MO, USA).
Iron(Il) chloride (98%, Aldrich), Ni(II) chloride
(99.9%, Sigma) and Cd(II) chloride (98%,
Sigma) were also purchased from Sigma.
Manganese(Il), Fe(Ill), Cu(Il) and Zn(II) were
Titrisol® metal standards (1 g of metal in 15%
HCI, Merck, Darmstadt, Germany). Glutathione
(99%) and nicotianamine (98%) were purchased
from Calbiochem (San Diego, Ca) and T.
Hasegawa Co., LTD. (Kawasaki, Japan),
respectively.

Preparation of standard solutions. Solutions
for tuning the mass spectrometer were (1) 10 mM
LiOH, 0.2% (vol/vol) formic acid and 50%
(vol/vol) 2-propanol, and (2) 1 uM leucine-
enkephaline, 20 M methionine, 5 uM
glutathione, 0.1% (vol/vol) formic acid and 50%
(vol/vol) 2-propanol. Stock solutions of 100 mM
ammonium acetate, 100 mM ammonium
bicarbonate, 1 mM metal, 1 mM NA and 1 mM

citric acid were prepared by dissolving or
diluting the starting products in water.

The ESI/TOF mass spectra of Mn(II)-NA,
Fe(II)-NA, Fe(lll)-NA, Ni(I)-NA, Cu(I)-NA,
Zn(II)-NA and Cd(II)-NA were obtained by
adding 1 mM NA solutions over 100 mM
ammonium bicarbonate pH 7.1 and then adding
the 1 mM metal standard. Just before ESI-
TOFMS analysis, samples were diluted with 50%
acetonitrile and the pH was measured again and
if necessary readjusted with NH,OH or HCI. A
Biotrode® pH microelectrode with Idrolyte®
electrolyte (Metrohm, Herisau, Switzerland),
which allows measurements in the presence of
organic solvents, was used. The final solution
contained 50 uM concentrations of both NA and
metal. All possible precautions in the preparation
of metal containing solutions were taken,
specially with Fe(Il) solutions, including N,
bubbling, protection from light and immediate
analysis to avoid oxidation of Fe(Il).

In order to study the effects of pH on the
formation of metal-NA complexes, solutions of
Mn(II)-NA, Fe(Il)-NA, Fe(I)-NA, Ni(II)-NA,
Cu(Il)-NA, Zn(II)-NA and Cd{dI)-NA were
prepared at different pH values (2.5 to 8.5) by
adding 1 mM NA solutions over 100 mM
ammonium acetate (when pH values were lower
than 7.0) or ammonium bicarbonate (when pH
was higher than 7.0), and then adding the 1 mM
metal standard. Just before ESI-TOFMS analysis,
samples were diluted with 50% acetonitrile and
the pH was measured again. The final solution
contained 50 M concentrations of both NA and
metal.

Ligand exchange experiments were carried
out with 50 uM solutions of Fe(II)-NA, Fe(IIl)-
NA and citric acid prepared in 50% acetonitrile.
Metal exchange experiments were carried out
with 50 M solutions of Fe(II)-NA, Cu(Il) and
Zn(II) prepared in 50% acetonitrile. Iron(II)-NA
and Fe(Il)-NA solutions were buffered at pH
values 5.5 and 7.5 as described above.

ESI-TOFMS analysis. Analyses were carried
out with a BioTOF® II (Bruker Daltonics,
Billerica, MA, USA) coaxial multipass time of
flight mass spectrometer (TOFMS) equipped
with an Apollo electrospray ionization source
(ESI). The maximum resolution of the mass
spectrometer detector used is 10,000 FWHM
(full width at half-maximum height).

BioTOF® II was operated with endplate and
spray tip potentials of 2.8 kV and 3.3 kV,
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respectively, in negative ion mode, and of 3.0 kV
and 3.5 kV, respectively, in positive ion mode.
Drying (N,) and nebulizer gas (N,) pressures
were kept at 30 psi. The mass axis was calibrated
using Li-formate adducts in negative ion mode
and a mixture of 1 M leucine-enkephaline, 20
#M methionine and 5 M glutathione in positive
ion mode. Spectra were acquired in the
mass/charge ratio (m/z) range of 100-700.

A syringe pump (Cole-Parmer Instrument,
Vernon Hills, IL, USA) operated at 4 ¢L/min was
used to introduce in the ESI chamber the
solutions containing metal-NA complexes at
different pH values. For ligand exchange
experiments, two syringe pumps operating at 4
uL min” were used, the first containing 50 uM
Fe(I)-NA (or Fe(II)-NA) solution and the
second containing 50 uM citric acid. Both
syringes were connected with a tee to the ESI
chamber. The syringe containing Fe-NA was run
until a stable [M-H]"' signal was obtained. Then,
the syringe containing citric acid was switched
on and both syringes were run until stabilization
of the signal. For metal exchange experiments,
the same set-up was used loading 50 pM Fe(Il)-
NA in the first syringe and 50 yM Cu(ll) or
Zn(II) in the second. A thorough mixing between
the content of the two syringes was obtained by
using a micro-static mixing PEEK- tee (internal
swept volume 0.95 ulL; reference M-540A,
Upchurch, Oak Harbor, WA, USA) that creates a
turbulent flow. Then, the fluid was directed to the
ESI chamber (at a 8 pL/min flow) through
PEEK:- tubing (0.127 mm inner diameter, 250
mm in length; reference 1535, Upchurch).
Therefore, the mixture was left to react for 0.5
min before entrance to the ESI chamber.

The system was controlled with the software
package BioTOF (version 2.2, Bruker Daltonics).
Data were processed with Data Analysis software
(version 3.2, Bruker DaltoniK GmbH, Bremen,

Germany).

Speciation  modelling. MINTEQA2 for
Windows (Version 1.50, Allison Geoscience
Consultants, Flowery Branch, GA and

HydroGeoLogic, Inc., Hermdon, VA, USA) was
used to carry out ligand and metal speciation in

solutions.  All thermodynamic database
equilibrium constants were determined in water.
Input parameters were metal and ligand

concentrations and pH values. NA protonation
constants and stability constants for metal-NA
complexes were taken from Benes et al (Benes et

al., 1983) and von Wirén et al (von Wiren et al.,
1999). Citrate protonation constants and stability
constants for metal-citrate complexes were taken
from Martell and Smith (Martell AE, 1974).

Results and discussion

Electrospray ionization of NA and metal-NA
complexes. Negative-mass spectra of NA and
different metal-NA complex solutions at pH 7.1
are shown in Figs. 1 and 2. Nicotianamine
showed a major peak corresponding to the
monoisotopic [M-H]"' ion at an m/z value of
302.1 (Fig. 1A). For all metal-NA complexes
analyzed, the only metal-NA species observed
were single charged species with 1:1 metal:NA
stoichiometry. Major peaks corresponding to the
signal of the metal isotope [M-H]"' ions were
observed at m/z values of 355.1 for Mn(II)-NA
(Fig. 1B), 356.1 for *Fe(I)-NA (Fig. 1C), 358.1
for ®Ni(I)-NA (Fig. 1E), 363.1 for “Cu(I)-NA
(Fig. 1F), 364.0 for “Zn(II)-NA (Fig. 1G), and
4140 for "Cd(I)-NA (Fig. 1H). Since Fe(III)
forms a neutral charge complex with NA, the
[M—H]" ion (m/z 355.2) was poorly ionized when
compared with the [M—H]"' ion of negatively
charged divalent metal-NA complexes. Major
peaks found in the mass spectrum of Fe(III)-NA
(Fig. 1D) were at m/z values of 356.2 and 311.2,
and could be assigned to the [M-H]' and
[Fe(IDNA-H-CO,]" ions of *Fe(I)-NA,
respectively. The peak at m/z value of 356.2
indicates that the complex Fe(III)-NA undergoes
a reduction to Fe(II)-NA that was apparent in all
tested ionization conditions, reaching a minimum
at a capillary exit voltage of 40 V (Fig. 1 in
supplementary material). Although this reduction
is not expected when considering the redox
potentials (Neubert et al., 2002), redox reactions
have been reported to occur in the electrospray
process, with reduction being more likely in the
negative mode (Blades et al., 1991). An alteration
of the oxidation state of Fe-NA complexes was
also found under nano-ESI conditions (Weber et
al., 2006) , although in that case it was possible
to optimize ionization conditions to eliminate Fe
oxidation state changes. The peak at m/z value of
311.2 indicates a reduction and concomitant
decarboxylation of Fe(III)-NA. Metal reduction
reactions followed by a ligand decarboxylation of
metal complexes with the concomitant oxidation
of amino (-N-) to imino N (-N=) have also been
documented in the literature (Pecoraro et al.,
1984). The signal attributed to the [Fe(I[)NA-H-
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Figure 1. ESI-TOF mass spectra of
nicotianamine (A) and the nicotianamine

complexes with Mn(Il) (B), Fe(Il) (C), Fe(Ill)
(D), Ni(Il) (E), Cu(Il) (F), Zn(1l) (G), and Cd(I)
(F), in negative ion mode. Data were acquired by
injecting 50 mM solutions of each analyte in 50
mM ammonium acetate, pH 7.1, and 50%
acetonitrile.

CO,]" ion was also found in the Fe(Il)-NA
spectrum (Fig. 1C), although with much lower
intensity than in the case of Fe(IlI)-NA (Fig. 1D).
Other minor signal at m/z 355.1 corresponding to
the monoisotopic [M-H]" ion of Fe(IlI)-NA was
also found in the Fe(I)-NA spectrum (Fig. 1-
2C). Ocxidation of Fe(Il)-species could occur
during the ESI process and/or the solution
preparation. However, oxidation reactions are
unlikely to occur during ESI ionization in
negative mode, whereas Fe(Il)-species are easily
oxidized by dissolved oxygen, light, etc during
the solution preparation. Presence of Fe(III)-NA
in Fe(II)-NA solutions was observed before

(Weber et al., 2006). A minor peak at m/z 302.1
corresponding to the monoisotopic [M-H]" ion of
NA was also found in Mn(II)-NA, suggesting
that complexation of Mn with NA was not fully
complete at the pH value of 7.1 used in this
experiment. A minor signal at m/z 302.1 was also
found in the MS spectra of Fe(III)-NA and
Cd(I)-NA.

The negative mass spectra were zoomed close
to the major signals (Fig. 2) to show in detail the
isotopic signatures of the main [M-H]' ions
found. Observed isotopic signatures (Fig. 2 A-D)
matched the theoretical ones (2a-2d). Metal
isotopic signatures (insets in Fig. 2) were well
preserved in metal-NA complexes, confirming
the possibility to use isotopic signatures to
identify metal-NA complexes in real samples.

Positive-mass spectra (not shown) showed
major peaks at m/z values of 304.1, 357.1, 358.1
360.1, 365.1, 366.1 and 416.0, corresponding to
the [M+H]"' ions of NA, “Mn(II)-NA, *Fe(II)-
NA, ®Ni(II)-NA, ®Cu(Il)-NA, *Zn(I)-NA and
"“Cd(IT)-NA, respectively. The mass spectrum of
Fe(III)-NA showed two major peaks at m/z
values of 357.0, 358.0 and 313.0, corresponding
to the [Fe(IIHNA+H]", [Fe(IDNA+2H]"' and
[Fe(IHINA-CO,+H]""  ions of  Fe(I)-NA
respectively.

The effect of capillary cone voltages (20-200
V) and drying gas temperatures (150, 200 and
250 reached a maximum intensity at
approximately 90 V, and decreased sharply at
higher voltage values. Cleaner spectra were
obtained in negative than in positive mode, since
in the latter case several unknown signals
(artifacts or traces of impurities) with quite large
intensities were observed. Signal intensities were
not significantly different between both polarity
modes, as it could be expected from the
zwitterionic character of the NA molecule, which
has carboxyl and amino positive mode,
respectively. Polarity affected groups that can be
easily ionized in negative and markedly Mn(II)-
NA ionization, which was studied in negative ion
mode, whereas in positive similar to that of other
metal-NA complexes ion mode a poorer
ionization was observed.

Therefore, the optimal operating conditions
chosen included negative ion mode, 200° C
drying gas temperature and 120 V capillary cone
voltage, except for NA and Cu(Il)-NA, where a
voltage of 90 V was used. Under these
conditions, Ni(II)-NA showed the highest the
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Figure 2. Experimental (upper case letters) and calculated (lower case) zoomed ESI-TOF mass spectra
of nicotianamine (A, a) and the nicotianamine complexes with Mn(Il) (B, b), Fe(II) (C, c), Fe(Ill) (D,
d), NidI) (E, e), Cu(l) (F, f), Zn(l) (G, g), and Cd{I) (H, h) in negative ion mode. Experimental
spectra are zoomed from those in Fig. 1. Insets in the calculated mass spectra show the theoretical

isotopic distribution of the corresponding metal.

highest intensity. Since all these compounds are
in low concentrations in real plant samples,
highly sensitive MS devices would be required.
In fact, the good ionization of the Ni(I[)-NA
complex, together with the use of plant Ni hyper-
accumulators, could explain why this metal-NA
complex has received more attention than others
(Schaumloffel et al., 2003; Vacchina et al., 2003;
Mari et al., 2006; Ouerdane et al., 2006).
Theoretical and experimental m/z values for the
most abundant isotopes of each compound
described above are shown in Table I of
supplementary material. Mass accuracy mean
values, using external calibration, were
approximately 15 + 10 ppm (mean + 3 SD) in
negative mode and 13 = 7 ppm in positive mode.
Effect of pH on metal-NA complexes. The pH
dependence of metal-NA complexes was studied
by ESI/MS in the pH range from approximately

2.5 to 8.5 (Fig. 3). Results shown are intensities
corresponding to the most abundant ions of NA
and metal-NA complexes (Fig. 3A-F). To assess
the metal-NA complex pH dependence, both the
NA and metal-NA complex signals must be used,
because changes in the intensities of both signals
with pH may be due either to metal-NA complex
formation or to direct changes in ionization
efficiency due to pH. Generally speaking, metal-
NA complexes were scarcely formed at acidic pH
values, partially formed around neutral values
and completely formed at basic pH values,
although some differences were efficiency of
NA, which instead increased at high pH values
(see Fig. II in supplementarymaterial). With
Mn(II)-NA, the signal corresponding to the
complex appeared at a pH of approximately 6.2
and increased until pH 8.4 (Fig. 3A). In this pH
range, the NA signal decreased until it was no
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Figure 3. Software calculated (upper case letters) and experimental (lower case) pH dependences of
the metal complexes of NA with Mn (A, a), Fe(Il) (B, b), Zn(Il) (C, c), Ni(Il) (D, d), Cu(Il) (E, ) and
Fe(Ill) (F, f). Experimental values (means = SE, n = 3) show NA (solid line and circles) and metal-NA
(dotted line and squares) major ion signal intensities obtained by ESI/MS analysis of a 50 uM metal
complex prepared by adding equimolar amounts of nicotianamine and metal chloride solutions, either
in 100 mM ammonium acetate (pHs lower than 7) or 100 mM ammonium bicarbonate (pHs higher
than 7). Samples were diluted with 50 % acetonitrile and pH was measured just before direct injection.
In silico calculated values show the concentrations of the species NA (solid line) and metal-NA(dotted
line) for NA and metal concentrations of 50 uM. When non coincident with NA values, the
concentration of free metal is also shown as dot-line-dot curve. Fe(Ill) hydroxides are shown as line-
space curves.

longer observed, suggesting that at pH 8.4 all NA
was present as Mn(II)-NA. With Cd(II)-NA, the
signal was minor at low pH values, and increased
markedly at pH values of 6.5 and above; at pH
8.0 the free NA signal was very small (Fig. III in
supplementary material). The signals of Fe(Il)-
NA and Zn(II)-NA complexes were first

observed at pH values much lower than those
found for Mn(II)-NA (Fig. 3B,C). The Fe(Il)-NA
and Zn(II)-NA signals sharply increased to pH
values of approximately 6.2, whereas the NA
signal decreased in the same pH range. At pH
values above pH 6.2, metal-NA complex signal
intensities did not change significantly and the
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Figure 4. Ligand exchange reactions between Fe(II)-NA and citrate at pH 5.5 (A) and pH 7.5 (C), and
between Fe(IIl)-NA and citrate at pH 5.5 (B) and pH 7.5 (D). Citrate and Fe-NA complex
concentrations of the initial solutions were 50 yM. Solutions were prepared in 100 mM ammonium
acetate (pH 5.5) or ammonium bicarbonate (pH 7.5) and 50% acetonitrile.

NA signal was no longer observed. These data
suggest that Fe(II)-NA and Zn(II)-NA complexes
were completely formed at pH values of 6.2 or
above. Ni(I)-NA and Cu(II)-NA signals were
observed at pH values more acidic than those
found for the other metal-NA complexes (Fig.
3D.E). In the case of Cu(ll)-NA, large signals
were observed even at pH values lower than 3.0
(Fig. 3E). In both cases no signal for NA was
found at pH values of 5.2 or above, suggesting
that metal-NA complexes were completely
formed at these pH values. A positive effect on
ionization at very high pH was found only in the
case of Ni(Il)-NA (Fig. 3D).In the case of
Fe(Il)-NA, a different pattern of metal-NA
complex formation was found when compared
with the rest of the metals (Fig. 3F). The NA
signal disappeared at approximately pH 5.3,
suggesting the total formation of the complex,
and reappeared at higher pH values. This is
possibly due to the formation of de-protonated
NA (both NA and de-protonated NA give the
same ion in MS spectra, see below). The two
daughter signals of the Fe(IIT)-NA metal complex
also increase its intensity until pH values close to
6.2, to decrease thereafter.

These experimental results can be compared
with in silico simulations obtained with
MINTEQA2 (Fig. 3a-f), which predict the
equilibrium composition of aqueous solutions.
However, some considerations should be made
when comparing both approaches. First, in silico
predictions are always done assuming that the

system has reached equilibrium, which is not
likely to occur in the ESI/MS experiments.
Moreover, the ESI process can induce
equilibrium shifts in metal-ligand reactions
(Wang and Agnes, 1999). Also, ESI/MS does not
allow for the determination of some species
predicted to occur by the in silico approach (i.e.
Fe hydroxides), and some of the species
predicted in silico, such as NA-H and NA, would
give the same signal in the negative ion mode.
Finally, all in silico predictions are done with
stability and protonation constants calculated
experimentally in aqueous solutions, whereas in
ESI/MS experiments an organic solvent is
generally needed to enhance the analyte signals,
and this may affect the chemistry of the metal-
NA complexes. Equilibrium constants used in the
Minteqa2  thermodynamic database  are
determined always in water, and constants in
other solvents or solvent mixtures are still rarely
available due to the scarce knowledge of organic
solvents physical properties (e.g. static dielectric
constant). In the last years, the extensive use of
organic solvent mixtures in chromatography has
driven research in this area, and for instance
static dielectric constants and density of
acetonitrile mixtures at different temperatures
and solvent concentrations have been only
recently determined (Gagliardi et al., 2007). The
use of both approaches led to similar conclusions,
although ESI/MS data indicate that the metal-NA
complexation processes do occur at lower pH
values (1-2 units) than those estimated in silico.



For instance, Mn(I[)-NA shows by ESI/MS a
similar behaviour to that predicted in silico,
although the signal of the Mn(II)-NA complex
appeared at a pH value almost 1 unit lower than
that predicted in silico. The same applies for
Fe(II)-NA, although in this case the difference
between the in silico predictions and the
experimental values was even larger. In the case
of Zn(II)-NA, Ni(I)-NA, Cu(I)-NA, the metal-
NA complexes were predicted to occur only at
pH values higher than of 4.0, 4.0 and 3.0,
respectively, whereas all these compounds were
seen by ESI/MS at lower pH values. In the case
of Fe(IlI), the observed increase in the signal of
free NA at neutral and basic pH could be due to
the occurrence of the NA-H species, also
predicted to occur in silico, which would give in
ESI/MS the same signal than NA. No software
simulation could be carried out for Cd(II)-NA,
because the stability constant for this complex is
not available.

These results indicate that the complex Fe(II)-
NA could occur at the acidic pH values usually
found in the xylem of the model plant species
sugar beet, around 5.5 (Lopez-Millan et al.,
2000), conversely to what is predicted in silico.
The complexes Fe(Ill)-NA, Cu(Il)-NA, Ni(Il)-
NA and Zn(II)-NA, would also occur at this pH,
as seen by MS and predicted in silico. These data
would support the role of NA in xylem transport
of Fe(Il), Fe(Ill), Cu(Il), Ni(II) and Zn(II). A role
for NA in the transport of Cu(Il) and Ni(II) had
already been proposed by other studies (Pich and
Scholz, 1996; Mari et al., 2006). At more neutral
and alkaline pH values, corresponding to the
typical pHs found in the cytosol and phloem, NA
would be able to complex all metals studied.

The results also show the importance of pH
when establishing extraction, separation and
determination methods for metal-NA complexes.
To determine what are the metal species
occurring in a specific plant cell compartment,
the pH of that compartment should be kept as
constant as possible throughout the whole
extraction and  determination  processes.
Lowering the pH could lead to the rupture of the
metal-NA complexes, whereas using pH values
significantly higher than those found in plant
samples may lead to the formation of metal-
complexes not occurring in the sample. One
example of this would be the determination of
Fe-NA complexes in xylem samples with an
HPLC method buffered at neutral pH, which

could result in the formation of Fe(I)-NA
complexes not present in the original sample.

Another issue is that organic solvent mixtures
are usually employed when determining metal
species with ESI/MS, and in these cases the pH
values measured by using electrodes calibrated
with aqueous buffers is not necessarily the true
pH value. There are two possible ways of
obtaining correct pH values with solvent/water
mixtures. First, pH can be assessed by calibrating
the pH electrode with buffers containing the
organic solvent in question and then measuring
the pH (;pH) in the organic solvent-containing
sample. A second option is to measure pH values
after electrode calibration with the aqueous
buffers (, pH ), and then calculate |pH as  pH
-0, with the coefficient 0 being estimated by
appropriate equations using the temperature
value and the specific composition of the buffer
(see for instance equation 12 in Gagliardi et al.
(Gagliardi et al., 2007) for acetonitrile/water
buffers). In our case, using 50% acetonitrile in
water and at 25 °C, the calculated pH values
would be 0.3 pH units higher than the measured

.~ pH (for this particular buffer composition, 9
has a negative value, see Gagliardi et al.
(Gagliardi et al., 2007.) This indicates that only
part, but not all, of the pH discrepancy in metal-
NA speciation between the experimental ESI/MS
data and the in silico calculated values could be
due to this issue. The pH difference issue should
be taken into account in the development of
chromatographic methods, especially if high
concentrations of any organic solvent are being
used. As an example, we have plotted the real pH
of solvent mixture entering the column at
different pH values in the method developed by
Xuan et al (Xuan et al., 2006) (Fig. 4 in
supplementary material). The percentage of
acetonitrile at approximately 15 min (a retention
time close to those of most metal complexes in
that method) would be approximately 70%,
leading to a d value of approximately -0.7 units.
Furthermore, the 9 value at the beginning of the
chromatographic run (in 90% acetonitrile) would
be -1.9 pH units, so that metal complexes would
be exposed to this pH value at the beginning of
the chromatographic run.

Exchange reactions of Fe-NA complexes with
metals and citrate. The signals of free NA and
the metal-NA complexes(Fe(I)-NA, Fe(III)-NA,
Cu(II)-NA and Zn(II)-NA) with the addition of
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Figure 5. Metal exchange reactions between Fe(II)-NA and Zn(Il) at pH 5.5 (A) and pH 7.5 (B), and
between Fe(I)-NA and Cu(Il) at pH 5.5 (C) and 7.5. Metal and Fe(I)-NA complex concentrations of

the initial solutions were 50 uM.

equimolar amounts of citrate, Cu or Zn, were
measured. All reactions were done at two
physiological relevant pH values, 5.5 as
representative of xylem sap and 7.5 as
representative of phloem sap.

The effect of citrate on the stability of the Fe-
NA complexes was assayed at equimolar
concentrations of citrate and Fe-NA. AtpH 5.5,a
major signal corresponding to the [M—-H]" ion of
Fe(I[)-NA can be seen in the ESI/MS spectrum
(Fig. 4A, left panel), although minor signals for
the [M—H]" ion of free NA and the [Fe(I)NA-
HCO,]" ion can also be observed. Once 50 uM
citrate is added, however, the Fe(II)-NA signal
was reduced significantly and the free NA signal
became approximately 4 times larger than that
found in the absence of citrate (Fig. 4A, right
panel). Assuming that Fe(I)-NA solutions can
contain a certain amount of Fe(IlI)-NA produced
during preparation, ligand exchange would take
place with any Fe-NA complexes and not
exclusively with Fe(II)-NA. In silico predictions
indicate that the amount of Fe(I)-NA complex in
these conditions would only account for a small
percentage of total Fe, 1.4%, with Fe-citrate
complexes accounting for 56% of total Fe, and
the rest of Fe occurring as free Fe(Il). No Fe-
citrate complexes were observed by ESI/MS, but
free citrate did show a very large signal at m/z
191 (out of the range shown in Fig. 4). Using
larger concentrations of citrate produced a major
inhibition in all signals, likely due to ionization
interferences. With  Fe(III)-NA, significant
signals of the two daughter ions can be seen in

the ESI/MS spectrum at pH 5.5 (Fig. 4B, left
panel), although the signal for free NA can also
be observed. However, once citrate was added,
the Fe(Il)-NA signals almost disappeared and
the NA signal became much larger than in the
absence of citrate (Fig. 4C, right panel).
Therefore, Fe(III)-NA seems to be more sensitive
than Fe(I[)-NA to the presence of citrate.
Conversely, in silico predictions indicate that the
amount of Fe(Ill) chelated by NA would be 33%
of the total, with Fe-citrate complexes accounting
for 56% of the total Fe, the rest of Fe occurring
as Fe hydroxide. These results would support the
current view that in the xylem, where quite large
concentrations of citrate are usually present (up
to the mM range),'® Fe-citrate complexes would
be the major Fe species (von Wiren et al., 1999;
Lopez-Millan et al., 2000). At pH 7.5, a large
signal of the Fe(II)-NA complex can be seen in
the ESI/MS spectrum (Fig. 4C, left panel), and
no signal for free NA was observed. When citrate
was added, the Fe(II)-NA complex signal was
reduced but no signal of the free NA at m/z 302
was observed (Fig. 4C, right panel), suggesting
that at this pH the Fe(II)-NA complex is still
stable in the presence of 50 uM citrate. Citrate
ionization could negatively affect Fe(II)-NA and
NA ionization, resulting in decreases in the
intensities of the [NA-H]"' and [Fe(III)NA-H]"
ion signals. In silico predictions also indicate that
the amount of Fe(I)-NA complex in these
conditions would account for 94% of total Fe,
with Fe-citrate complexes accounting for only
6% of total Fe. At pH 7.5, significant signals of



the two daughter ions of the Fe(III)-NA complex
were seen in the ESI/MS spectrum (Fig. 4D, left
panel), and the signal for free NA was also
observed. Once citrate was added, one of the
daughter signals (the [Fe(IDNA-HCO,]" ion)
almost disappeared, whereas the other did not
change much and the NA signal did not increase
(Fig. 4D, right panel). This indicates that the
Fe(III)-NA complex is less affected by citrate at
pH 7.5 than at pH 5.5. In silico predictions
indicated that the amount of Fe(IIl) chelated by
NA would be 82% of the total, with Fe-citrate
complexes being practically absent. It should be
taken into account that the citrate:Fe ratios in sap
could be much higher than 1:1 (in some cases as
high as 2000:1) (Abadia et al., 2002), and
therefore the real effects of citrate could be much
more extreme than those found here. Metal
exchange reactions between Fe(I)-NA, Zn(I)
and Cu(Il) were also studied. At pH 5.5, the only
major signal found with Fe(II)-NA was the one
corresponding to the [M—H]"' ion (Fig. 5A, left
panel). After addition of Zn(II), a good signal for
the Zn(II)-NA complex was observed, whereas
the signal of the Fe(I)-NA complex was reduced
to values lower than that of Zn(II)-NA (Fig. 5A,
right panel), indicating a rapid metal exchange in
agreement with the stability constant values of
these complexes (15.4 for Zn(Il) and 12.8 for
Fe(Il)). At pH 7.5 (Fig. 5B) the Fe(Il)-NA
complex seems to be quite stable in the presence
of Zn(Il), since only a small signal for the Zn(II)-
NA complex was observed while the Fe(I)-NA
signal was little decreased. In silico predictions,
however, indicate that most of the NA 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(Il) to the Fe(II)-NA
solution there was a large decrease of the Fe(Il)-
NA signal, although the signal of Cu(II)-NA was
not very large (Fig. 5C). 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(Il)-NA
complex can be explained by the voltage value
used in the experiment (120 V), since the optimal
voltage value found for the Cu(Il) complex was
90V (Fig. I in supplementary material). Also,
signals for free NA and the [M-H-CO,]" ion of
Fe(I)-NA were observed. At pH 7.5 a similar
behaviour was observed, although the peak at

m/z 311 corresponding to the [Fe(I)NA-H-CO,]
"ion was larger than at pH 5.5 (Fig. 5D). In silico
predictions indicate that most of the NA should
be chelating Cu(Il) 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(Il) form. Some metal-NA
complexes, including Fe(I)-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. But 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 chromatograpy is
mandatory. Direct determination of metal-NA
complexes in plant fluids may change the current
knowledge on the role of NA in plant nutrition.
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SUPPLEMENTARY MATERIALS
Supplementary Figure 1. lonization of the different metal-NA complexes at between 20 and 200 V in

negative and positive ion modes. Both modes were done at a drying gas temperature of 200 °C
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Supplementary Figure 2. ESI/MS pH dependence of NA. Capillary voltage used was 90 V. The rest
of parameters were the same described in the text for the rest metal-NA complexes.
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Supplementary Figure 3. ESI/MS pH dependence of Cd-NA. parameters were the same described in
the text for the rest metal-NA complexes.
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Supplementary Figure 4. pH corrected values of acetonitrile/water mixture in a typical HILIC
chromatographic run. Values in the graphic correspond to the initial s w pH values. pH axis is in the s
s pH scale. s w pH values were transformed to s s pH values with equation 1 after calculation of d with
equation 2.
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The identification of the Fe transport forms in
the plant xylem sap is crucial to understand
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 first
direct and unequivocal identification of a
natural Fe complex in plant xylem sap. A tri-
Fe(III), tri-citrate complex (Fe;Cit;) was found
in the xylem sap of Fe-deficient 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;Cit;, 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.

Introduction

The mechanisms of long-distance Fe transport in
plants have remained elusive until now. In the
case of the xylem sap, Fe is assumed to be
transported as complexed forms, because free
ionic forms (Fe(II) and Fe(IIl)) can be toxic and
are also prone to undergo precipitation at the
neutral or slightly acidic pH values typical of the
xylem  sap. Increases in  carboxylate
concentrations in plant xylem exudates with Fe
deficiency were reported in several papers
published in the 1960s by Brown and co-workers.
Iron was first suggested to be transported bound

with malate (Tiffin and Brown 1962), but later
citrate (Cit), which also increases markedly in
stem exudates of many plant species when Fe-
deficient (Brown 1966) and co-migrates with Fe
during paper-electrophoresis (Clark et al. 1973;
Tiffin 1966a, b, 1970), 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 (Rellan-
Alvarez et al. 2008; von Wirén et al. 1999) 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
has been recently found to play a role in long-
distance Fe transport by using molecular biology
techniques. Xylem sap loading of Cit is seriously
disrupted in two mutants, AtFRD3 (Durrett et al.
2007) and OsFRDL1 (Yokosho et al. 2009).
These mutants display increased Fe-deficiency
symptoms that have been associated to a
decreased efficiency of Fe translocation into the
root vasculature.

The Fe-Cit chemistry in aqueous solutions is
very complex and a large number of chemical
species may occur, depending on many factors
(Gautier-Luneau et al. 2005; Pierre and Gautier-
Luneau 2000; Spiro et al. 1967a; Spiro et al.
1967b). A direct proof of the presence of Fe-Cit
complexes in xylem sap has not been obtained so
far. Difficulties in detecting Fe-Cit species in
xylem sap may arise because of different reasons.

47



48

First, both pH and Fe:Cit ratio values are known
to affect markedly Fe-Cit speciation in standard
aqueous solutions (Gautier-Luneau et al. 2005).
Therefore, when analysis is carried out at pH
values too acidic or basic (e.g., during High
Performance Liquid Chromatography -HPLC-),
the speciation of Fe-Cit complexes could change
and species occurring in the original xylem
sample may be no longer present after
chromatography. Second, analytical techniques
such as mass spectrometry (MS), which have
been used successfully to identify other metal
complexes in the xylem sap (Ouerdane et al.
2006; Xuan et al. 2006), usually involve
ionization steps (with high temperatures and
voltages) that may be too harsh for relatively
labile compounds such as Fe-Cit complexes.
Furthermore, in most plant species the total Fe
concentration in the xylem sap is in the yM
range, and consequently the concentrations of the
possible Fe-Cit complexes are expected to be
very low.

Molecular biology approaches have provided
a breadth of information about metal, metal
chelator and metal complex transporters (Briat et
al. 2007; Kim and Guerinot 2007; Palmer and
Guerinot 2009). However, the elucidation of the
molecular identity of metal complexes in plant
compartments is still one of the biggest
challenges in plant metal transport (Hider et al.
2004). The molecular identification of metal
complexes has been tackled by two different
types of techniques. First, the use of highly
selective and sensitive molecular and metal
specific techniques such as integrated mass
spectrometry (Meija et al. 2006) has been used
(Ouerdane et al. 2006; Xuan et al. 20006),
specially in plant fluids (e.g. xylem or phloem)
where direct analysis can be carried out. Second,
X-ray absorption spectroscopy -EXAFS and
XANES (Kiipper et al. 2004; Sarret et al. 2002)
and synchrotron X-ray fluorescence (SXRF)
(Punshon et al. 2009) techniques have been
applied to study metal speciation in some plant
materials. The combination of metal complex
elucidation techniques and molecular biology
approaches should give a better picture of plant
metal transport.

In this study we have used HPLC coupled to
Electrospray Time Of Flight Mass Spectrometry
(HPLC-ESI-TOFMS) and Inductively Coupled
Plasma Mass Spectrometry (HPLC-ICP-MS) to
detect naturally occurring Fe-complexes in xylem

Iron-citrate xylem transport

sap. Analysis conditions were kept as
conservative as possible in order to maintain
unaltered natural Fe species occurring in the
xylem sap. With this approach we have
succesfully identified a tri-Fe(Ill), tri-citrate
complex (Fe;Cit;) in the xylem sap of Fe-
deficient tomato plants after short-term Fe
resupply. This complex has been modeled as an
oxo-bridged tri-Fe(IIl) tri-Cit complex. A second
Fe-Cit complex, the binuclear Fe(IIT)-Cit species
Fe,Cit,, was only detected in Fe-Cit standard
solutions along with the Fe;Cit; complex, with

the balance between the two complexes
depending on the Fe:Cit ratio.

Results

Analysis of Fe-Cit standard solutions by

integrated mass spectrometry. A method to
separate and identify Fe-Cit complexes was
developed by analyzing Fe-Cit solutions with Fe
and Cit concentrations, Fe:Cit ratios and pH
values typical of xylem sap (5.5), using HPLC
and integrated mass spectrometry (ESI-TOFMS
and ICP-MS). In all experiments, ESI-TOFMS
spectra were searched for any molecular ion
having the characteristic Fe isotopic signatures,
including molecular ions previously detected by
ESI-MS in high concentration Fe-Cit solutions
(100 mM Fe:1 M Cit) (Gautier-Luneau et al.
2005). The four different Fe stable isotopes were
determined in the HPLC-ICP-MS runs. The
method to determine Fe-Cit complexes was
designed by optimizing first the electrospray
ionization conditions, and then developing
appropriate HPLC  separation  conditions.
Throughout this study we used **Fe, *’Fe and
"'Fe, the latter being Fe with the natural isotopic
composition: 5.85,91.75,2.12 and 0.28% of **Fe,
*Fe, “Fe and Fe, respectively. Electrospray
ionization conditions for Fe-Cit complexes were
optimized to avoid in-source fragmentation using
direct injection of a 1:10 " Fe-Cit solution (100
uM "™Fe). Optimal ESI values for capillary exit,
skimmer 1, and hexapole RF voltages were -57.1,
-39.1 and 145.2 V, respectively. These values
correspond to softer ESI conditions than those
usually applied to low molecular weight analytes
(in the 100-600 m/z range). In all conditions
tested, citrate gave a strong signal at the [CitH]
mass-to- charge ratio (m/z) of 1910
(Supplementary Fig. 1A and B; see inset for
isotopic signature). With these soft conditions, a
10-fold increase in ionization efficiency was
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Figure 1. HPLC-ICP-MS (A) and HPLC-ESI-TOFMS (B) chromatograms of a **Fe-Cit standard
solution (Fe:Cit ratio 1:10, 100 uM **Fe, pH 5.5, in 50% mobile phase B) showing peaks
corresponding to Fe complexes. HPLC-ESI-TOFMS traces (B) are the sum of molecular ions at m/z
values 24193 and 484.87 (£0.05; blue line) and 363.40 and 37240 (x0.05; green line).

achieved for a m/z 3664 signal that showed the
characteristic isotopic signature of a double
charged, 3 Fe atom-containing molecular ion.
This signal can be assigned to the
[Fe(Ill);Cit;H]* molecular ion (Supplementary
Fig. 1A and B; see inset for isotopic signature).
Furthermore, a second molecular ion with the
characteristic isotopic signature of a double
charged, 3 Fe atom-containing molecular ion was
detected at m/z 375.4 (Supplementary Fig. 1B;
see inset for isotopic signature). This signal can
be assigned to the [Fe(IlI);OCit;H;]* ion. The 9
m/z difference with [Fe(II),Cit;H]* was assigned
to correspond to a labile ligand such as aquo
OH,, hydroxo OH’, or oxo O* (Gautier-Luneau et
al. 2005). Both Fe-Cit molecular ions were

previously reported to occur at neutral pH values
and at similar Fe:Cit ratios (Gautier-Luneau et al.
2005). The relative intensities of the different
peaks did not match those found by Gautier-
Luneau et al. (2005), probably due to differences
in MS devices and solution pH values (at least
one pH unit of difference). Conversely, signals at
m/z 300.4 and 271.9 appeared under standard ESI
conditions (Supplementary Fig. 1A) but they
were significantly reduced after ESI optimization
(Supplementary Fig. 1B), suggesting that they
may correspond to in-source fragmentation
products (mainly due to decarboxylation
processes, very common in these kind of
compounds) of the Fe;Cit; produced at higher
voltage values.
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HPLC separation conditions were also
optimized to obtain a good separation of the Fe-
Cit complexes from other matrix components
(e.g. Cit) that could interfere in the ESI process.
The range of HPLC options available was
limited, since: i) both Cit and Fe-Cit complexes
are compounds with a high polarity; ii) it is
mandatory to maintain during chromatography
xylem sap typical pH values, and iii) the method
must be suitable for ESI-TOFMS and ICP-MS
detection. Different approaches, including several
column types, elution programs and eluents —
acetonitrile and methanol- were tested. The best
results were obtained with a zwitterionic
hydrophilic interaction column (ZIC®-HILIC,
Sequant, Sweden), previously used to separate
polar Fe-compounds such as Fe(II)-NA, Fe(Ill)-
deoxymugineic acid (Fe(IlI)-DMA) and others
(Xuan et al. 2006). Two parallel systems, a
HPLC-ICP-MS and a HPLC-ESI-TOFMS, were
used to gain knowledge about atomic and
molecular identity, respectively. Experiments
were carried out with **Fe-Cit and also with "Fe-
Cit.

HPLC-ICP-MS experiments were carried out
using **Fe-Cit solutions (100 zM **Fe:1 mM Cit)
to avoid ""Fe background from the HPLC system,
which could be significant when determining
very low concentrations of Fe by ICP-MS. Iron-
54 molar flow chromatograms showed only two
well defined Fe peaks at 32.1 and 38.3 min (Fig.
1A) that were also observed using UV detection
(Supplementary Fig. 2A). Using ESI-TOFMS

detection, only four molecular ions with
characteristic **Fe isotopic signatures (see below
for identification) were found in the

chromatogram, two of them at 27.1 min (241.9
and 484.9 m/z) and two more at 32.9 min (363 .4
and 372.4 m/z) (Fig. 1B), and an UV signal was
also found for these peaks (Supplementary Fig.
2B). The 5-min differences in retention time
between HPLC-ESI-TOFMS and HPLC-ICP-MS
analyses are due to the different HPLC devices
used (Waters and Agilent, respectively), as
judged by the shift in UV detection traces
(Supplementary Fig. 2). A 5 mM Cit solution was
also injected and no Fe-Cit complexes were
found in the HPLC-ESI-TOFMS chromatogram,
indicating that complexes found were not formed
de novo during the chromatographic run. With
this HPLC method a complete separation of
Fe-Cit complexes from Cit was reached, since Cit
eluted as a broad peak at 5-9 min (m/z trace at
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Figure 2. Experimental (A, C, E and G) and
theoretical (B, D, F and H) isotopic signatures of
the molecular ions associated to Fe,Cit, and
Fe,Cit;, [Fe,Cit,]* and [Fe;OCit;H;]*,
respectively. Experimental data are zoomed ESI-
TOF mass spectra of the Fe,Cit, and Fe;Cit;
chromatographic peaks found when using **Fe
(A, E) and ™Fe (C, G).
191.1, not included in Fig. 1B; Supplementary
Fig. 3A). Other Fe-complexes putatively
occurring in plant tissues, such as Fe(III)-NA and
Fe(III)-DMA, elute at retention times lower than
20 min (Supplementary Fig. 3B and C).
Identification of an Fe,Cit, complex in Fe-
citrate standard solutions. When using **Fe-Cit,
the Fe peak at 27.1 min in HPLC-ESI-TOFMS
showed signals at m/z 241.9 and 484.9 (Fig. 1B),
with Fe isotopic signatures characteristic of 2
**Fe atom-containing molecular ions, the first
double charged (Fig. 2A, Table I) and the second
single charged (Supplementary Fig. 4A). Based
on these exact mass and isotopic pattern data, the



Table I. Experimental ESI-TOFMS molecular ion data and parameters used to identify the molecular
formulae of the Fe-Cit complexes in standard solutions and tomato xylem sap.

Measured  *°Fe/**Fe (Fe b Molecular Calculated  Errorm/z  SigmaFit™ .
a Charge Molecular ion
m/z atoms) formula m/z (ppm) value
Standard solutions

2419362 - 2 Fe,C,H0,, 2419359 2.1 0.0234 [**Fe,Cit,]|*

484 8781 - -1 *Fe,C,H,0,,  484.8790 1.8 0.0157 [**Fe,Cit,H]

3724119 - 2 Fe,CH,0, 3724127 23 0.0273 [**Fe,Cit,H]>

363.4068 - 2 Fe,CH;0,  363.4074 14 0.0106 [**Fe;OCit,H,]*

2439311 74(2) 2 "Fe,C,H0,, 2439311 1.7 0.0165 ["Fe,Cit,]>

488.8705 7.1(2) -1 "Fe,C,H,0,,  488.8696 2.6 0.0214 ["Fe,Cit,H]

375.4047 52(03) 2 "Fe,CH ;0 3754057 1.7 0.0284 ["Fe,0Cit,H,]*

366.3994 5203) 2 "Fe,CH,0, 3664004 2.0 0.0294 ["Fe,Cit,H]>

Xylem sap

3724097 - 2 Fe,C,H,;0,, 3724057 82 0.0283 [**Fe;OCit,H,]”

3754045 556 (3) 2 "Fe,CH 0, 3754057 6.8 0.0197 ["Fe,0Cit,H,]*
Sigma Fit™ algorithm (Ojanperd et al. 2006) -
proposed 54F62C12H8014 and 54F62C12H9014 as the 1.2 FeZCItZ IcP 4 (TID-I
most accurate formulae, corresponding to the 2 b= " Fescfts IcP o)

. . . D
Fe-, 2 Cit- molecular ions [**Fe(IIl),Cit,]* and o 1.0 — Fezgtz Ezl I
. . —o0—

[**Fe(Il),Cit,H]', respectively (Table I); these 3 Fe,CILESL 13 &
molecular ions were previously found in e 08 o
concentrated Fe-Cit standards (Gautier-Luneau et = 06 5
al. 2005). The fit of the experimental and Q- 2z
theoretical ~ isotopic ~ signatures of  the g 0.4 %
[**Fe(111),Cit,]* molecular ion at m/z 241.9 is < , &
shown in Figs. 2A and B, respectively. A good fit 5 02 o)
was also found for the ion [**Fe(III),Cit,H] at m/z Q
4849 (Supplementary Fig. 4A and B). 0.0

Further confirmation of the molecular identity 1 1.10Fe'Ci1t-100 1:500

of the Fe,Cit, complex was obtained analyzing
"Fe-Cit standard solutions by HPLC-ESI-
TOFMS, taking advantage of the characteristic
"Fe isotopic signature. The Fe peak at 27.1 min
in HPLC-ESI-TOFMS showed signals at m/z
243.9 and 488.9, characteristic of 2 "Fe atom-
containing molecular ions, the first double
charged and the second single charged (Fig. 2C,
Supplementary Fig. 4C and Table I). The
differences in m/z values found using **Fe and
"PFe (92% °Fe) were those expected for 2 Fe
atom-containing molecular ions (2 and 4 m/z
difference for a double and a single charged ion,
respectively). The Sigma Fit™ algorithm
(Ojanperi et al. 2006) proposed "“Fe,C;,H O,
and "Fe,C,H,0,, as the most accurate formulae
corresponding to the molecular ions [Fe,Cit,]”
and ["™Fe,Cit,H]" (Table I). The fit of the
experimental and theoretical isotopic signatures
of the [™Fe,Cit,]* molecular ion (for the *°Fe
signal at m/z 243.9) is shown in Figs. 2C and D,
respectively. A good fit was also found for the
molecular ion ["Fe,Cit,H] (for the *Fe signal at

Figure 3. Effect of the Fe:Cit ratio on the Fe,Cit,
and Fe;Cit; balance. Data are chromatographic
peak maximum heights obtained with ICP-MS
and ESI-TOFMS detection. **Fe-Cit standard
solutions with Fe:Cit ratios of 1:1, 1:10, 1:100
and 1:500 (at 100 M **Fe, pH 5.5 in 50% mobile
phase B) were used.

m/z 488.9 m/z; Supplementary Fig. 4C and D).
Identification of an Fe;Cit; complex in Fe-
citrate standard solutions. The Fe peak at 32.9
min in HPLC-ESI-TOFMS analysis of **Fe-Cit
solutions (Fig. 1B) showed signals at m/z 3724
and 363.4, with isotopic signatures characteristic
of 3 **Fe atom-containing molecular ions, both of
them double charged (Fig. 2E, Supplementary
Fig. 4E and Table I). The algorithm proposed
*Fe,CxH 50, and *FeiC;H,50,, as the most
accurate formulae, corresponding to the 3 Fe-, 3
Cit- molecular ions  [**Fe;OCit;H;]* and
[**Fe,Cit;H]* (Table 1I). The fit of the
experimental and theoretical isotopic signatures
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Iron-citrate xylem transport
Table II. Xylem sap pH, Fe and citrate concentrations, Fe:Cit ratios and Fe;Cit; and Fe,Cit,
complexes (in % of the chromatographically eluted Fe), in Fe-sufficient (+Fe), Fe-deficient (-Fe) and
Fe-deficient tomato plants resupplied with Fe-0,0EDDHA for 12 hours (Fe-resupplied). Data are
means * SE of at least three independent samples.

Fe in solution

Fe status (M) pH Fe (uM) Cit (uM) Fe:Cit  Fe,Cit; (%) Fe,Cit, (%)
+Fe 45 5.840.1 19.9+2.6 11.6+6.6 1:0.6 bld* bld
-Fe 0+ HCO;y 5.840.0 54+44 165+9.2 1:31 bld bld
Fe-resupplied (0 + HCO;) + 45 5.5+0.1 121.0+13.7  172.2+12.6 1:1.4 71%° bld

Data are means + SE of at least three independent samples.
“bld: below detection limit.

*Since only 25 % of the total injected Fe was eluted from the column, this percentage corresponds to 16 % of the total injected Fe.

of the [**Fe;OCit;H;]* molecular ion at m/z 372 4
is shown in Figs. 2E and F, respectively. The
same occurs with the ion [**Fe;Cit;H]* at m/z
363.5 (Supplementary Fig. 4E and F).

Further confirmation of the molecular identity
of the Fe;Cit; complex was obtained analyzing
"Fe-Cit standard solutions. The peak at 32.9 min
shows signals at m/z 3754 and 3664,
characteristic of 3 ™Fe atom-containing
molecular ions (Fig. 2G and Table I); these
values were 3 m/z higher than those found using
**Fe. The algorithm proposed "Fe,CsH,s0,, and
"Fe,C,3H,;0,, and as the most accurate formulae,
corresponding to the 3 Fe-, 3 Cit- molecular ions
["Fe,OCit;H;]* and ["™Fe,Cit;H]* (Table I). The
fit of the experimental and theoretical isotopic
signatures of the ["™Fe;OCit;H;]* molecular ion
(for the *°Fe signal at m/z 375.4) is shown in
Figs. 2G and H, respectively. A good fit was also
found for the ion [*Fe;Cit;H]* (for the °Fe
signal at 366.4 m/z; Supplementary Fig. 4G and
H).

Iron to citrate ratios drive the balance
between Fe,Cit, and Fe;Cit; in standard
solutions. To assess the influence of the Fe:Cit
ratio on the balance of Fe-Cit complexes,
standard solutions with Fe:Cit ratios 1:1, 1:10,
1:100 and 1:500 (at 100 M Fe) were analyzed
by HPLC-ESI- TOFMS and HPLC-ICP-MS,
always at the typical pH value of the xylem sap.
Both detection systems show that high Fe:Cit
ratios favor the formation of Fe,Cit;, whereas
lower Fe:Cit ratios lead to the formation of
Fe,Cit, (Fig. 3). With Fe:Cit ratios higher than
1:10, Fe;Cit; would account for more than 75%
of the total complexed Fe, whereas with Fe:Cit
ratios lower than 1:75, Fe,Cit, would account for
more than 75% of the total. In the range between
these ratios, both complexes would be present. In
all cases, no other Fe-containing peaks different
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Figure 4. HPLC-ICP-MS (A) and HPLC-ESI-
TOFMS (B and C) typical chromatograms of
xylem sap samples from Fe-deficient, 12-h Fe-
resupplied tomato plants, showing the peak
corresponding to the Fe;Cit; complex. Plants
were resupplied with **Fe-0,0EDDHA (A and B)
or "Fe-0,0EDDHA (C). HPLC-ESI-TOFMS
traces were extracted at m/z values 372.40 and
375.40 (+0.05), corresponding to [**Fe;OCit,H,]*
and [*Fe;OCit;H;]*. Isotopic signatures of both
molecular ions are shown in insets in (B) and
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from Fe,Cit, and Fe;Cit; were found by HPLC-
ICP-MS or HPLC-ESI-TOFMS (Supplementary
Fig.5).

Quantification of Fe-Cit complexes in Fe-
citrate standard solutions. We attempted to
quantify the amount of Fe associated to the Fe-
Cit complexes found in **Fe-Cit solutions by
using HPLC-ICP-MS *Fe molar flow
chromatograms. The sum of the Fe-Cit
complexes Fe,Cit, and Fe;Cit; accounted for
approximately 60% (n=4) of the total injected Fe.
However, only 67% of the Fe was eluted from
the HPLC. Therefore, the Fe contained in the
Fe,Cit, and Fe;Cit; peaks accounted for 91% of
the eluted Fe. When the analysis was carried out
with longer run times a broad Fe peak eluted
approximately at 70 min, indicating that at least
an additional Fe form either occurred in the
original sample or was formed from Fe-Cit
complexes during the LC-run. The UV-visible
spectra of this peak suggests that it may
correspond to Fe-oxyhydroxides.

The Fe;Cit; complex is present in the xylem
sap of Fe-deficient tomato plants resupplied with
Fe. We analyzed xylem sap to look for the
presence of possible Fe-Cit complexes by the
optimized methodology described above. We
used xylem of Fe-sufficient, Fe-deficient and Fe-
deficient plants resupplied with Fe-0,0EDDHA
for 6, 12 and 24 h, where Fe concentrations were
199+2.6, 54444, 429+3.7, 121.0+13.7 and
43.5+9.1 uM (n=4), respectively (Table II). The
xylem sap of plants resupplied for 12 h was
chosen for further studies, since they have the
highest concentrations of Fe. These xylem sap
samples showed a major **Fe peak in HPLC-ICP-
MS at 39.5 min (Fig. 4A). When using HPLC-
ESI- TOFMS, an Fe peak eluted at 34.1 min and
showed signals at m/z 372.4 or 375.4 when the
Fe source was ‘Fe-0,0EDDHA or ™Fe-
0,0EDDHA, respectively (Fig. 4B and C). The
retention time difference between HPLC-ICP-MS
and HPLC-ESI-TOFMS was due to the use of
Different HPLC systems as explained above.
Based on these exact mass and the isotopic
pattern data (see insets of Fig. 4B and C), the
algorithm proposed Fe;CgH;s0,, as the more
accurate molecular formula (Table I; *°Fe signal
m/z error 6.8 ppm and SigmaFit™ value 0.0197),
corresponding to the Fe;Cit; molecular ion
[Fe;O(Cit);H;]* also found in the Fe-Cit
standard(Figs. 1 and 2). The approximately 1-min
difference in retention time for Fe,Cit; between

Figure 5. Proposed structure for the Fe;Cit;
found in plant xylem as an oxo-bridged tri-iron-
citrate complex. Iron, oxygen, carbon and
hydrogen atoms are shown in purple, red, green
and white, respectively.

xylem sap samples (Fig. 4) and standards (Fig. 1)
in both HPLC systems was likely due to matrix
effects. It should be noted that although the
Fe;Cit; complex was detected in standard
solution as a mixture of two ions [Fe;Cit;H]* and
[Fe;OCit;H;]*, in xylem sap only the latter was
found. No other Fe-containing molecular ions,
including Fe-NA, were found in the whole
HPLC-ESI-TOFMS run using these HPLC
conditions. However, using a HPLC-ESI-
TOFMS method designed for Fe-0,0EDDHA
analysis (Orera et al. 2009) a very low
concentration of this Fe chelate (0.320.1 uM;
n=4) was found. The Fe;Cit; complex was also
found in xylem sap of Fe-deficient plants
resupplied with Fe-EDTA for 12 h, as well as in
those of plants resupplied with Fe-0,0EDDHA
for 6 and 24 h (data not shown). However, no Fe-
containing compounds could be detected in the
xylem of Fe-deficient and Fe-sufficient plants.
We also attempted to quantify the amount of
Fe associated to the Fe;Cit; complex found in the
xylem of the *'Fe-0,0EDDHA 12h-resupplied
plants by using HPLC-ICP-MS **Fe molar flow
chromatograms (n=3). In these xylem samples
more than 95% of the total Fe was **Fe. Only
25% of the injected Fe eluted from the column.
The **Fe;Cit; peak accounted for the 71% of the
eluted Fe and 16% of the injected Fe (Table II).
Method sensitivity for the Fe;Cit; complex.
The sensitivity of the HPLC-ESI-TOFMS and
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HPLC-ICP-MS methods for the detection of the
Fe,Cit; complex in xylem sap can be estimated
from the signal to noise ratios (s/n). Limits of
detection and quantification are usually
considered as the analyte concentrations giving
s/n of 3 and 10, respectively. S/n found in xylem
sap samples with total Fe concentrations of
approximately 40 uM were 12 and 6 in HPLC-
ESI-TOFMS and HPLC-ICP-MS, respectively.
Therefore, in xylem sap with Fe:Cit ratios
favouring the formation of Fe;Cit; (lower than
1:10; Fig. 3), an Fe concentration of
approximately 25-30 uM will be needed for the
Fe,Cit; complex to be detected.

Molecular modeling of the Fe;Cit; complex:
an  oxo-bridged tri-Fe(Ill) core complex.
Molecular modeling of the Fe;Cit; complex was
carried out using the information gained from the
molecular identification in xylem sap samples of
Fe-deficient plants resupplied with Fe and on the
basis of the known basic structure of Fe(IIl)
carboxylates (Lippard 1988). The complex
Fe;Cit; has a molecular mass of 750.83 Da, a
molecular formula of Fe;C,3H;50,,, is composed
by 3 Cit molecules, 3 Fe atoms and 1 O atom and
has two negative charges. The complex was
modeled using Density Functional Theory (DFT),
that has become the standard method for
quantum chemical modeling of transition metals
including those of biological relevance ((Deeth et
al. 2009) and references therein), as a trinuclear
Fe(Ill)  oxo-bridged complex (Fig. 5,
Supplementary Fig 5). The 3 Fe atoms form an
equilateral triangle with an O atom in the center
bridging all of them. All Fe atoms have an
slightly distorted octahedral configuration. In
each of the 3 Cit molecules, both distal
carboxylate groups are bound to 2 Fe atoms. The
4 O atoms of the Cit distal carboxylate groups (2
from each Cit molecule) are in the same plane of
the Fe atom they complex. The 2 remaining
positions of the Fe atom are occupied by the
central carboxylate group of a Cit molecule and
the O of the oxo-bridged 3-Fe center. This
compact molecular geometry is further stabilized
by the formation of hydrogen bonds between the
hydroxyl groups and the free O atoms in the
central carboxylates. Until now, 6 Fe-Cit
complexes (3 mononuclear and 2 dinuclear found
in concentrated standard solutions, plus a
nonanuclear one) have been isolated and
structurally characterized in solid state ((Gautier-
Luneau et al. 2005) and references therein), and
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none of them has a central y;-oxigen coordinated
to three Fe atoms. The Fe,Cit, complex found
only in Fe-Cit standard solutions was also
modeled (see Supplementary Figures 7 and 8 and
Supplementary Table III) according to the known
structural characteristics found in solid state by
Gautier-Luneau et al. (2005) and references
therein.

Discussion

We report here the first direct and unequivocal
identification of a natural Fe complex in plant
xylem sap, Fe;Cit;. The complex was modeled as
having an oxo-bridged tri-Fe(IlI) core. This is the
first time that an Fe-Cit complex has been
identified in biological systems. The Fe;Cit,
complex was identified using an integrated mass
spectrometry approach, based on exact molecular
mass, isotopic signature, Fe content and retention
time. This complex was not predicted to occur in
previous in silico xylem speciation studies
(Lépez-Millan et al. 2000, 2001). A second Fe-
Cit complex, Fe,Cit,, was also found along with
Fe,Cit; in standard solutions at xylem typical pH
values, with their respective abundances being
tuned by the Fe:Cit ratio. The detection of Fe;Cit;
in the xylem sap was made possible by the use
of: 1) pH values similar to those of the xylem sap
throughout the analysis, ii) a zwitterionic
hydrophilic interaction column that allows for the
separation of Cit and Fe-Cit complexes, iii) high
resolution detection techniques such as ICP-MS
and ESI-TOFMS, and iv) stable Fe isotopes for
identification and quantification purposes.

The changes in Fe:Cit ratios in standard
solutions drive the balance between the Fe,Cit,
and Fe;Cit; complexes, with ratios above 1:10
favoring the formation of Fe;Cit; and ratios
below 1:75 favoring the formation of Fe,Cit,
(Fig. 3). In the xylem sap of Fe-deficient tomato
plants resupplied with Fe for 12 h, where the
Fe:Cit ratio was approximately 1:1 (Table II), the
only complex observed was Fe;Cit;. The xylem
sap Fe:Cit ratios in Fe-sufficient and Fe-deficient
plants were approximately 1:1 and 1:30, and
therefore the expected Fe-Cit complexes would
be Fe;Cit; and a mixture of the Fe,Cit, and
Fe,Cit; complexes, respectively. However, no Fe-
Cit complexes could be detected by HPLC-ESI-
TOFMS or HPLC-ICP-MS in the xylem of these
plants, likely because concentrations were below
the limit of detection, estimated in approximately
25-30 uM Fe-Cit. In fact, xylem total Fe



concentrations were approximately 20 and 5 yM
in Fe-sufficient and Fe-deficient plants,
respectively, much lower than the 43-121 uM
found in Fe-deficient plants resupplied with Fe
where the complex was detected. Limits of
detection (LODs) for these Fe-Cit complexes are
considerably higher than that reported, also in
xylem sap and with similar analytical techniques,
for the synthetic Fe chelate Fe(Ill)-o,oEDDHA,
which is below 1 uM (Orera et al. 2009). This
supports that further analytical efforts should be
done to improve the LODs for the determination
of Fe-Cit complexes in plant fluids, taking into
account that Fe-Cit complexes could be very
sensitive to the external conditions and may
decompose during chromatography. Also, since
the potential occurrence of other Fe-compounds
along with Fe-Cit complexes could explain the
mass balance results found in both standard
solutions or xylem sap, further analytical efforts
should be done to completely speciate Fe in
xylem sap.

The finding that at least an Fe-Cit complex,
Fe,Cit;, participates in long-distance xylem Fe
transport in plants is in line with what is known
to occur in other organisms. In humans most of
the Fe is usually chelated by transferrin, but the
serum of patients with Fe overload disorders may
have up to 10 xM Fe not bound to transferrin (at
pH 7.4, with 100 uM Cit and an Fe:Cit ratio of
1:10) (Evans et al. 2008). This Fe fraction was
proposed to consist in a mixture of oligomeric,
dimeric and possibly monomeric Fe species,
using a different approach from that used here.
The Fe:Cit ratio in serum has also been proposed
to control the balance between Fe-Cit species,
with Fe:Cit ratios higher than 1:10 leading to
oligomeric and polymeric Fe species and lower
than 1:100 leading to monomeric and dimeric Fe
species (Evans et al. 2008). This framework is
similar to the one we propose here for plant
xylem sap, with high Fe:Cit ratios leading to
Fe;Cit; and low ratios leading to Fe,Cit,. In the
bacterial plasma membrane a Fe,Cit, complex is
thought to be transported by the coordinated
action of FecABCDE proteins (Mahren et al.
2005) where Fe,Cit, binds to FecA in the outer
membrane and initiates two independent
processes, Fe-Cit transport into the periplasm and
transcriptional induction of the fecABCDE genes
(Yue et al. 2003). Fe-Cit transport by proteins of
the CitMHS family has also been recently
described in bacteria (Lensbouer et al. 2008).

The idea that Fe could be transported in the plant
xylem by organic acids was first suggested many
years ago (Rogers 1932), based on the ability of
Fe to form stable complexes with organic acids
and on the increase in these carboxylates with Fe-
deficiency (see Abadia et al. (2002) for a review).
Pioneering studies by Brown and co-workers
proposed that Fe and Cit were associated in some
way, in different plant species, from the co-
migration of Fe and Cit during electrophoresis
and the increase in xylem Cit concentration with
Fe deficiency (Brown and Tiffin 1965; Clark et
al. 1973; Tiffin 1966a, b, 1970). The first in
silico xylem Fe speciation studies also suggested
a major role for Cit in the complexation of Fe in
tomato and soybean (Mullins et al. 1986; White
et al. 1981a; White et al. 1981b). More recently,
in silico studies incorporating the stability
constants of other possible Fe chelators (e.g.
NA), also support that Cit, rather than NA, could
play a major role in Fe xylem transport (Lépez-
Millan et al. 2000, 2001; Rellan-Alvarez et al.
2008; von Wirén et al. 1999), and this was also
supported by ESI-TOFMS direct determination
of Fe-NA complexes in standard solutions
containing Fe, NA and Cit at typical xylem pH
values (Relldn-Alvarez et al. 2008). We have
reviewed previous studies reporting xylem Fe
and Cit concentrations to explore the likelihood
of finding the Fe-Cit complexes in xylem sap
(Supplementary Table I). Within a given plant
species, Fe:Cit ratios were generally higher in Fe-
sufficient than in Fe-deficient plants, and when
plants were resupplied with Fe even higher
Fe:Cit ratios were found (Supplementary Table
I). A comparison of these Fe:Cit ratios with the
threshold values proposed in this study with
standard solutions (1:10 for =75% Fe;Cit; and
1:75 for =75% Fe,Cit,) suggest that the Fe;Cit;
complex may occur in a wide range of species
regardless of Fe-nutrition status. On the other
hand, the Fe,Cit, complex may be prevalent in
xylem sap samples with Cit concentrations in the
mM range, such as those of some Fe-deficient
plant species (Supplementary Table I).

Recent molecular evidence also supports that
Cit may be involved in long distance Fe
transport. Two A. thaliana and rice mutants with
altered root vasculature Cit transporters show
decreases in the xylem sap concentrations of Fe
and Cit, increased Fe deficiency symptoms and
Fe accumulation in the root (Durrett et al. 2007,
Yokosho et al. 2009). Changes found in Fe and
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Cit concentrations do not support that changes in
Fe-Cit speciation may occur, since Fe,;Cit; would
be expected to occur both in the wild type and
mutant genotypes of both species
(Supplementary Table I). The phenotype of these
mutants could result from a hampered Fe xylem
transport, and/or from the decrease in xylem C
transport itself, that may in turn impair the ability
of the mutant plants to elicit root responses to Fe
deficiency. Carbon fixation in roots by
phosphoenolpyruvate carboxylase and export in
the xylem has been proposed to play a role in the
plant responses when leaf C fixation is decreased
by Fe deficiency (Ldépez-Millan et al. 2000;
Zocchi et al. 2007).

The central oxo-bridged tri-Fe(Ill) core
bridged by citrate ligands of the Fe;Cit; complex
proposed here to occur in the xylem sap is
structurally related to the active sites of
numerous polyiron—oxo proteins (Tshuva and
Lippard 2004). Di-Fe sites are found in a
functionally diverse class of proteins which are
activated by oxygen binding and catalyze
hydroxylation, desaturation, and epoxidation
reactions on a variety of alkyl and aryl substrates.
A di-Fe site in ribonucleotide reductase, which
participates in DNA biosynthesis, is responsible
for the formation of organic radicals, whereas
ferritins are important for Fe oxidation, storage
and transport (see (Tshuva and Lippard 2004)
and references therein). This is the first time that
a small molecule containing an oxo-bridged tri-
Fe center is reported in a biological system. We
may speculate that the oxy-bridge structure may
confer redox properties to this plant Fe transport
form. In fact, the lowest unoccupied molecular
orbital of the complex, obtained by DFT
calculations, displays an energy of 1.5 eV, which
is rather low for a dianionic species and supports
that the reduction of this trinuclear species could
be feasible.

The finding of this negatively double charged,
relatively large (750.83 Da) Fe;Cit; complex
opens new possibilities to re-examine the long-
distance transport of Fe in the plant xylem. Very
little is still known on the mechanisms of Fe
xylem unloading, although it is accepted that a
direct flow of Fe could occur through
plasmodesmata into xylem parenchyma cells, and
a second mechanism could proceed to the leaf
mesophyll apoplast (Kim and Guerinot 2007;
Palmer and Guerinot 2009). The molecular size
of Fe;Cits, 1.1 x 0.4 nm, would permit the direct
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passage through plasmodesmata, that usually
allows trafficking of molecules smaller than 2
nm. Once in the xylem parenchyma cytoplasm,
the prevailing pH change would favor ligand
exchange reactions with NA, leading to the
formation of Fe-NA complexes (Rellan-Alvarez
et al. 2008; von Wirén et al. 1999). Xylem Fe
unloading can also proceed directly to the
apoplast, where the Fe,;Cit; complex is also likely
to occur (considering the apoplast chemical
composition (Kim and Guerinot 2007; Palmer
and Guerinot 2009) and will probably function as
a suitable substrate for the mesophyll cell leaf
plasma membrane Fe(IIl) chelate reductase. As
mentioned above this complex is likely to have
redox activity, and the oxo-bridge may play a
role in the interaction with the reductase enzyme.
In fact, low Fe:Cit ratios -favoring the presence
of Fe;Cit;- seem to be optimal for leaf plasma
membrane Fe(Ill)-chelate reductase activity,
since 20-fold increases were observed when
Fe:Cit ratios increased from 1:500 to 1:5
(Gonzdlez-Vallejo et al. 1999). Also, the
complex may be a natural substrate of the root
Fe(III)-chelate reductase, since it is known that
root Cit excretion occurs in many plant species
under Fe deficiency (Abadia et al. 2002).

Experimental

Plant culture. Tomato (Solanum lycopersicum
Mill. cv. ‘Tres Cantos’) plants were grown in a
growth chamber with a photosynthetic photon
flux  density of 350 umol m? s
photosynthetically active radiation, and a 16/8 h
photoperiod, 23/18 °C day/night temperature
regime. Seeds were germinated and grown in
vermiculite for two weeks. Seedlings were grown
for an additional two-week period in half-
strength Hoagland nutrient solution with 45 yM
"“Fe(III)-ethylenediamine-tetraacetic acid
(EDTA), and then transplanted to 10 L plastic
buckets (18 plants per bucket) containing half-
strength Hoagland nutrient solution, pH 5.5, with
either 0 (Fe-deficient plants) or 45 uM Fe(IIl)-
EDTA (Fe-sufficient plants). Throughout this
study we use "Fe to refer to Fe with the natural
isotopic composition: 5.85, 91.75, 2.12 and
0.28% of **Fe, Fe, “'Fe and *Fe, respectively.
After 10 days, Fe-deficient plants were
resupplied with Fe by transfer to nutrient solution
with Fe (45 uM of either "Fe(Il)-
ethylenediamine-N-N’bis(o-

hydroxyphenylacetic) acid (0,0EDDHA),



**Fe(I11)-0,0EDDHA or ™Fe(IlI)-EDTA). Iron-54
was purchased as Fe,O, (98% Fe, 95% “'Fe;
Cambridge Isotope Labs, Andover, MA). Xylem
was sampled from Fe-deficient, Fe-sufficient and
Fe-deficient plants resupplied with Fe for 6, 12
and 24 h.

Xylem sap sampling. Tomato xylem sap was
sampled using the detopping technique (Lopez-
Millan et al. 2009). Plant shoots were cut just
below the first true leaf using a razor blade, and
xylem sap was left to exude. The sap of the first 5
min was discarded to avoid contamination, the
surface was washed with distilled water and
blotted dry, and sap was then directly collected
for 20 min using a micro-pipet and maintained in
Eppendorf tubes kept on ice. Immediately after
sample collection, the pH of the samples was
measured with a Biotrode® pH microelectrode
with Idrolyte® electrolyte (Metrohm, Herisau,
Switzerland), tested for cytosolic contamination
as indicated below and kept frozen at -80 °C until
further analysis. All samples were assessed for
cytosolic contamination using c-mdh (EC
1.1.1.37) as a cytosolic contamination marker
(Lépez-Millan et al. 2000), and no contamination
was found. Before analysis, samples were thawed
and diluted two-fold with 10 mM ammonium
acetate in methanol at pH 6.8. The actual pH
value of this organic mixture is estimated to be
5.5 (Canals et al. 2001). Then, samples were
vortexed, centrifuged at 12000g for 2 min and the
supernatant immediately analyzed.

Fe-Cit standard solutions preparation. Iron-
Cit standard solutions at different Fe:Cit ratios
were prepared by adding the appropriate amounts
of Fe ("Fe or *Fe) to Cit solutions prepared in
10 mM ammonium acetate at pH 5.5. Fe-Cit
solutions were gently vortexed, diluted two-fold
with 10 mM ammonium acetate in methanol at
pH 6.8 and immediately analyzed. The pH value
of this organic mixture is estimated to be 5.5
(Canals et al. 2001).

Analysis  of Fe-complexes by  high-
performance liquid chromatography coupled to
electrospray ionization mass spectrometry.
Chromatographic separation was performed on a
modified Alliance 2795 HPLC system (Waters,
Mildford, MA). The fluidics system, with the
exception of the pump head, was built with
PEEK™, and a Ti needle was used to minimize
metal contamination. Different HPLC conditions
were tested, including several column types,
elution programs and organic  solvents

(acetonitrile and methanol). Final HPLC analysis
conditions were as follows. The autosampler was
kept at 4 °C and the column compartment
temperature was set at 30 °C. Injection volume
was 20 uLL, and a ZIC®—pHILIC, 150 x 2.1 mm, 5
pm column (Sequant, Umea, Sweden) was used
with a flow rate of 100 L min". The mobile
phase was built using two eluents: A (10 mM
ammonium acetate in water at pH 5.5) and B (10
mM ammonium acetate in methanol at pH 6.8).
All mobile phase chemicals were HPLC-MS
grade (Riedel-de Haén, Seelze, Germany). For
separation, an initial equilibration time of 80% B
and 20% A (from min O to 5) was followed by a
linear gradient from 80 to 20% B (from min 5 to
20). This mobile phase composition was held for
15 min, then changed linearly to the initial
conditions for 10 min, and kept as such for
another 15 min. Total run time per sample was 1
h. The pH values during the HPLC-run ranged
from 5.3 to 6.2 depending on organic mixture
composition of the mobile phase (Canals et al.
2001). Injections of 5 mM Cit (20 uL) were
carried out between samples to minimize Fe
cross-contamination.

High-resolution mass spectrometry analysis
was carried out with a micrOTOF II ESI-TOFMS
apparatus (Bruker Daltoniks GmbH, Bremen,
Germany) in the 50-1000 m/z range. The
micrOTOF II was operated in negative mode at
3000 and -500 V capillary and end-plate
voltages, respectively. After optimization,
capillary exit, skimmer 1 and hexapole RF
voltages were set at -57.1, -39.1 and 1452 V,
respectively. Nebulizer gas (N,) pressure was
kept at 2.0 bar and drying gas (N,) flow was set
at 8.0 L min™ with a temperature of 180 °C. Mass
calibration was carried out with 10 mM Li-
formate solution using a syringe pump (Cole-
Parmer Instruments, Vernon Hills, IL). In each
HPLC run mass calibration was carried out by
on-line injection of 20 uL of Li-formate at
minute 2. Molecular formulae were assigned
based on i) exact molecular mass, with errors
below 10 ppm, and ii) the SigmaFit™ algorithm,
with a threshold tolerance value of 0.03
SigmaFit™ values (Ojanperd et al. 20006).
Appropriate isotopic abundances were used for
the calculations. The system was controlled with
the software packages MicrOTOF Control v.2.2
and HyStar v.3.2 (Bruker Daltonics). Data were
processed with Data Analysis v.3.4 software
(Bruker Daltonics).
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Analysis of Fe and Fe-complexes by
inductively coupled plasma mass spectrometry.
ICP-MS analysis was carried out with a Q-ICP-
MS instrument (7500ce, Agilent Technologies,
Tokyo, Japan). The instrument was fitted with an
octapole collision cell system located between
the ion lenses and a quadrupole MS analyzer for
removal of polyatomic interferences. In this
study He was used as a collision gas. In addition,
0, (7%) was added to the plasma by an
additional mass flow controller to remove C
excess, and to prevent it from condensing on the
interface and ion lenses due to the high organic
content of the mobile phase during HPLC
separation (Woods and Fryer 2007). Platinum
interface cones were used to allow the addition of
0O,. The Q-ICP-MS instrument was operated with
a RF power of 1500 W and cooling, sample and
make-up gas flows of 15, 0.9 and 0.2 L min™,
respectively. The collision cell was operated with
a He gas flow of 4.2 mL min™ and octapole bias
and QP bias voltages of -18.0 and -16.0 V,
respectively. The torch position and ion lens
voltage settings were optimized daily for
maximum sensitivity with a 1 ng ¢g" Li, Co, Y, Tl
and Ce mixture in 1% (w/w) HNO; solution. A
solution of 1% (w/w) HNO; was also used to
check the background level caused by polyatomic
Ar interferences. The possible contribution of
isobaric interferences of **Cr and **Ni in the
determination of the **Fe and **Fe isotopes was
corrected mathematically by measuring the ion
signals at masses 52 for Cr and 60 for Ni and
assuming natural abundances reported by IUPAC
(De Laeter et al. 2003). Mass bias correction was
carried out by measuring the isotope ratios of the
"Fe standard and calculating the mass bias factor
(K) with an exponential model (Rodriguez-
Castrillon et al. 2008). The ICP-MS instrument
was controlled with the software packages ICP-

MS ChemStation v.B.03.04 and ICP-MS
Chromatographic v.B.03.04 (Agilent
Technologies).

For the ICP-MS analysis of >'Fe-citrate
complexes in standard solutions and xylem sap
samples, a chromatographic separation was
performed on an Agilent 1100 chromatographic
system (Agilent Technologies) using the method
described for HPLC-ESI-TOFMS analysis. Iron-
54 and "Fe quantification was carried out by
post-column isotope dilution analysis (IDA)
(Rodriguez-Gonzélez et al. 2005) with a 20 ng g
*’Fe in EDTA solution continuously introduced at
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0.10 g min" through a T piece connected to the
end of the column and before the plasma
entrance. Iron-57 was purchased as Fe,O; (98%
Fe, 95% 'Fe; Cambridge Isotope Labs). The
ICP-MS intensity chromatograms (counts s™)
were converted into Fe molar flow
chromatograms (**Fe nmol min"') using the
isotope pattern deconvolution (IPD) equations
described elsewhere (Gonzilez Iglesias et al.
2009; Rodriguez-Castrillon et al. 2008). Accurate
isotope abundances of the *’Fe and **Fe enriched
solutions were determined by direct ICP-MS
injections and used for these calculations. Isotope
abundances (% *‘Fe, *Fe, “Fe and **Fe) were
0.14, 4.74, 9463 and 049 in *'Fe enriched
solutions and 99.67, 0.25, 0.01 and 0.06 in **Fe
enriched solutions.

Total **Fe and ™Fe determinations in xylem
sap samples were carried out by direct ICP-MS
injections and IDA, spiking known amounts of
the characterized *’Fe-enriched solution into the
samples acidulated with HNO;. Also, the
mathematical IPD procedure described elsewhere
(Gonzélez Iglesias et al. 2009; Rodriguez-
Castrillon et al. 2008) was used.

Other determinations. Citrate was analyzed by
HPLC (Waters Alliance 2795) wusing a
Supelcogel H 250x4.6mm column. Analyses
were performed isocratically at a flow rate of 200
uL min' and at a temperature of 30 °C. The
mobile phase was 0.1 % formic acid. Detection
was performed by ESI-TOFMS (micrOTOF II,
Bruker Daltonics) at 191.0 m/z. Quantification
was carried out by external calibration with
internal standarization (with *C4-L-malic acid,
Cambridge Isotope Laboratories). The Fe(Ill)-
chelate of ethylenediamine-N,N’-bis(o-
hydroxyphenylacetic) acid (0,oEDDHA) was
determined as described elsewhere (Orera et al.
2009).

Iron-citrate complex molecular modeling. All
theoretical calculations were performed by using
the Gaussian 03 program (Frisch et al. 2003). The
molecular geometry of (Fe;OCit;)>  was
optimized assuming C3h symmetry. The
chemistry model used consisted in the Becke's
three-parameter exchange functional combined
with the LYP correlation functional (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;OCit,)* species.
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Iron-citrate xylem transport
SUPPLEMENTARY MATERIALS

Supplementary Figure 1. ESI-TOFMS mass spectra of a "Fe-Cit standard solution (Fe:Cit ratio
1:10, 100 uM ™Fe, pH 5.5, in 50% mobile phase B) before (A) and after electrospray ionization

optimization (B). Isotopic signatures of the [CitH]", [Fe;Cit;H]* and [Fe;OCit;H;]* molecular ions are
shown in the panel insets.
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Supplementary Figure 2. HPLC-UV chromatograms obtained with Agilent 1100 (A) and Waters
2795 (B) HPLC systems of an Fe-Cit standard solution (Fe:Cit ratio 1:10, 100 uM Fe, pH 5.5 diluted
in 50% mobile phase B) showing peaks corresponding to Fe,Cit, and Fe;Cit; complexes.
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Iron-citrate xylem transport

Supplementary Figure 3. HPLC-ESI-TOFMS chromatograms of 5 mM citrate (A), 100 uM Fe(IlI)-
NA (B) and 100 M Fe(Ill)-DMA (C) standard solutions. Chromatograms show the [CitH]" (A),
[Fe(III)-NA+CI]" (B) and [Fe(II)-DMA] (C) ions at m/z values 191.0, 391.0 and 356.0 (x0.1),
respectively.
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Supplementary Figure 4. Experimental (A, C, E and G) and theoretical (B, D, F and H) isotopic
signatures of the molecular ions associated to Fe,Cit, and Fe,Cit;, [Fe,Cit,H]" and [Fe,Cit;H]*,
respectively. Experimental data are zoomed ESI-TOF mass spectra of the Fe,Cit, and Fe;Cit;
chromatographic peaks found when using **Fe (A, E) and ™Fe (C, G).
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Supplementary Figure 5. Effect of the Fe:Cit ratio on the Fe,Cit, and Fe;Cit; balance, HPLC-ICP-
MS (A-D) and HPLC-ESI-TOFMS (E-H) chromatograms of **Fe-Cit standard solutions with Fe:Cit
ratios 1:1, 1:10, 1:100 and 1:500 (100 uM **Fe, pH 5.5 in 50% mobile phase B) showing peaks
corresponding to Fe,Cit, and Fe;Cit; complexes. HPLC-ESI-TOFMS traces were extracted at m/z
values 241.93 and 484.87 (x0.05), corresponding to [Fe,Cit,]* and [Fe,Cit,H], respectively, (for
Fe,Cit,, solid line) and 363.40 and 372.40 (x0.05), corresponding to [Fe,Cit;H]* and [Fe,OCit;H;]*,
respectively, (for Fe;Cit;, dotted line).
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Supplementary Figure 6. Proposed structure for the Fe;Cit; indicating the center numbers (See atom
coordinates in Supplementary Table I). Iron, oxygen, carbon and hydrogen atoms are shown in purple,
red, green and white, respectively.
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Supplementary Figure 7. Proposed structure for the Fe,Cit, complex. Iron, oxygen, carbon and
hydrogen atoms are shown in purple, red, green and white, respectively.

Supplementary Figure 8. Proposed structure for the Fe,Cit, indicating the center numbers (See atom
coordinates in Supplementary Table III). Iron, oxygen, carbon and hydrogen atoms are shown in
purple, red, green and white, respectively.
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Supplementary Table I. Xylem sap pH, Fe and citrate concentrations, and Fe:Cit ratios found in
previous studies under different Fe status. The most likely Fe-Cit forms are indicated with @ symbols.

Fe Fe in solution Fe Cit

status® (M) pH (M) (M) Fe:Cit  Fe;Cit;* Fe,Cit,
Sunflower (Tiffin, +Fe 10+ 10 - 2 30 1:15 .
1966) -Fe/+Fe 0.01+10 - 31 890 1:29 ° .
Sunflower (Tiffin, -Fe 1+1 - 8 200 1:25 . °
1966) -Fe/+Fe 1+50 - 465 460 1:1.0 °
- -Fe 1+2 - 28 72 1:2.6 °
Tomato (Tiffin, 1966) g/ ke 1410 ; 131 135 1:10 .
g -Fe 1+05 - 10 400 1:40 ° °
Soybean (Tiffin, 1966) g, ke 1+ 10 - 290 710 1:2.5 o
Soybean (Tiffin, 1970) -Fe 1+2.5 - 34 120 1:3.6 °
Zea mays L WF9 (Clark Fe ) 57 120 12 o
etal., 1973)
Zea mays L ysl/ys2 18+0
(Clark et al., 1973) Fe - 9 430 1:48 ° °
Soybean (White et al., +Fe 6.1 6 1700 1:283 o
1981) 10
Tomato (White et al., 300 .
1981) +Fe 6.4 7 1:43 ° °
Faba bean (Nikolic and +Fe 100 35 12 100 I8 ¢
Rémheld, 1999) -Fe 2 55 4 2600 1:650 °
’ -Fe 1+ HCO; 55 3 2300 1:767 °
Sugar beet (Lopez- +Fe 45 6.0 6 200 1:36 ° °
Millan et al., 2000) -Fe 0 + HCOy 5.7 2 4700 1:2474 °
Pear trees (Larbi et al., -Fe 68 3 178 (? 1:260 ¢
2003) ) 6.5 4 1:118 °
Fel+Fe field-grown
. Fe & 6.6 2 250 1:125 .
Peach trees (Larbi et al., ) 40
2003) Fe/+Fe 6.4 5 1:8 °
A. thaliana WT (Durrett +Fe i 11 90 1:8 o
et al., 2007) 100
A. thaliana frd3-1 +Fe i 5 55 1:11 o o
(Durrett et al., 2007) )
0. sativa WT (Yokosho -Fe 2 - 6 185 1:31 ° °
et al., 2009) +Fe 10 - 13 135 1:10 . °
O. sativa FRDLI KO -Fe 2 - 5 80 1:16 ° °
(Yokosho et al., 2009) +Fe 10 - 9 55 1:65 ° °




Supplementary Table II. Atom coordinates of the Fe,Cit,complex. The center numbers are indicated
in Supplementary Fig. 6. All values are expressed in Amstrongs.

. Coordinates
Center number Atomic number X Y 7

1 8 0.000000 0.000000 0.000000
2 26 1.910259 0.007702 0.000000
3 26 -0.948460 -1.658184 0.000000
4 26 -0.961800 1.650482 0.000000
5 8 -2.478861 1.197270 1.251661
6 8 -1.916080 -0.994839 1.526843
7 6 -2.789751 -0.038554 1.417397
8 8 -2.478861 1.197270 -1.251661
9 8 -1.916080 -0.994839 -1.526843
10 6 -2.789751 -0.038554 -1.417397
11 8 0.096485 2.156794 1.526843
12 8 2.276297 1.548122 1.251661
13 6 1.361487 2435272 1.417397
14 8 2.276297 1.548122 -1.251661
15 8 0.096485 2.156794 -1.526843
16 6 1.361487 2435272 -1.417397
17 8 0.202565 -2.745392 1.251661
18 8 1.819596 -1.161955 1.526843
19 6 1.428264 -2.396718 1.417397
20 8 0.202565 -2.745392 -1.251661
21 8 1.819596 -1.161955 -1.526843
22 6 1.428264 -2.396718 -1.417397
23 6 2.561794 -3.405276 1.309731
24 1 3.240187 -3.292325 2.161717
25 1 2.181368 -4.430083 1.274604
26 6 2.561794 -3.405276 -1.309731
27 1 3.240187 -3.292325 -2.161717
28 1 2.181368 -4.430083 -1.274604
29 6 3411223 -3.161585 0.000000
30 6 1.668158 3.921217 1.309731
31 1 1231144 4.452247 2.161717
32 1 2.745881 4.104162 1.274604
33 6 1.668158 3.921217 -1.309731
34 1 1231144 4.452247 -2.161717
35 1 2.745881 4.104162 -1.274604
36 6 1.032402 4.534998 0.000000
37 6 -4.229952 -0.515941 1.309731
38 1 -4.927249 0.325922 1.274604
39 1 -4.471331 -1.159922 2.161717
40 6 -4.443624 -1.373413 0.000000
41 6 -4.229952 -0.515941 -1.309731
42 1 -4.927249 0.325922 -1.274604
43 1 -4.471331 -1.159922 -2.161717
44 6 4.288980 -1.772224 0.000000
45 8 3.822713 -0.553188 0.000000
46 8 5.545710 -2.022058 0.000000
47 8 4.404176 -4.226855 0.000000
48 1 5.277408 -3.731650 0.000000
49 6 -3.679281 -2.828253 0.000000
50 8 -2.390431 -3.033973 0.000000
51 8 -4.524009 -3.791697 0.000000
52 8 -5.862652 -1.700701 0.000000
53 1 -5.870407 -2.704545 0.000000
54 6 -0.609699 4.600477 0.000000
55 8 -1.432282 3.587160 0.000000
56 8 -1.021702 5.813755 0.000000
57 8 1.458476 5.927556 0.000000
58 1 0.592999 6.436194 0.000000
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A fast, sensitive and reproducible liquid
chromatography-electrospray ionization time
of flight mass spectrometry method HPLC-
ESI-TOFMS has been developed for the direct
and simultaneous determination of organic
acids in different plant tissue extracts and
exudates. This method permits the
simultaneous determination and
quantification of several organic acids (oxalic,
cis-aconitic, 2-oxoglutaric, citric, malic,
quinic, ascorbic, shikimic, succinic and
fumaric acids) in less than 15 min.
Quantification is accomplished using “C
labelled malic and succinic acids as internal
standards. Limits of detection were 255 pmol
for oxalic acid, 1.16 pmol for cis-aconitic acid,
0.13 pmol for 2-oxoglutaric acid, 1.27 pmol for
citric acid, 0.05 pmol for malic acid, 0.85 pmol
for quinic acid, 24.9 pmol for ascorbic acid.
1.0 pmol for shikimic acid, 0.42 pmol for
succinic acid and 10.8 pmol for fumaric acid.
The intraday repeatability values were
approximately 0.06 and 1.63 % for retention
time and peak area, respectively. The interday
repeatability values were about 0.14 and 4.37
% respectively for retention time and peak
area. The recoveries obtained for oxalic, 2-
oxoglutaric and ascorbic acids were below
90% probably due to potential interferences
in the matrix or degradation. For the rest of
them, analyte recoveries varied between 92
and 110 %. Due to the importance of organic
acids in cellular metabolism and oxidative
stress response, this method may be applied
for qualitative and quantitative analysis of
plant tissue extracts to obtain useful
information about the cellular status or
response to a specific environmental situation.

Introduction

Low molecular weight organic acids are involved
in essential pathways in plant metabolism and
catabolism. For instance, citrate, malate,
succinate, fumarate and 2-oxoglutarate are

carboxylate intermediates in the Krebs cycle, the
central energy-producing pathway of the cell.
This metabolic route not only provides reducing
power to the cell, but also supplies important
precursors  for the synthesis of other
biomolecules (Buchanan et al., 2000; McCleskey
et al., 2002). 2-oxoglutarate is also a key
metabolite for proper balancing of the
carbon/nitrogen metabolism (Labboun et al.,
2009), whereas shikimic acid is a precursor for
aromatic amino acids, flavonoids, alkaloids and
lignin (Herrmann, 1995), and ascorbate takes
part in cellular redox control and antioxidative
activities (Smirnoff, 1996). Oxalate, malate and
citrate are also involved in metal detoxification
(Ma, 2000) and/or transport (Relldn-Alvarez et
al., 2010). Organic acids also play important
roles in the metabolic response and adaptation of
plants to different micronutrient stresses such as
Fe (Abadia et al., 2002) and P deficiencies
(Vance et al., 2003). Furthermore, organic acids
determine the organoleptic properties of fruit
juices and other fresh produces (Saavedra and
Barbas, 2003).

Many methods have been developed for the
determination of carboxylates in a wide range of
matrices, including plant tissues (Li et al., 2003;
Pérez-Ruiz et al., 2004; Arnetoli et al., 2008;
Erro et al., 2009). Some of these methods tackle
the direct determination of organic acids in
sample extracts without any previous separation
step. For instance, enzymatic assays using UV-

Vis detection have been wused for the
determination of some organic acids; however,
these techniques wusually target a specific

compound and cannot be used to determine the
whole range of carboxylates in the sample
(McCleskey et al., 2002; Rassam and Laing,
2005). Most of the methods used nowadays
combine a first separation step and a second
detection one. Commonly used separation
techniques are capillary zone electrophoresis and
high-performance liquid chromatography
(HPLC), and the detection technique most often
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used is UV-Vis spectrophotometry. However,
UV-Vis has a poor specificity, due to the fact
that many compounds present in the complex
sample extract matrices, including carboxylates
and others, can have similar spectra (Zhanguo
and Jiuru, 2002). Due to the relatively low UV-
Vis extinction coefficient of organic acids,
derivatization has been used to improve
sensitivity (Rivasseau et al., 2006).

Recently, mass spectrometry (MS) detection-
based techniques have been used, coupled to gas
chromatography (GC) and HPLC. Mass
spectrometry  detection  provides  major
advantages over UV-Vis for the determination of
carboxylates in complex matrices that contain a
large number of interfering compounds. First,
selectivity is highly improved, especially in the
case of high-resolution MS detection techniques
such as Time-Of-Flight (TOFMS); the good
mass accuracy provided by high-resolution MS
allows for unambiguous elucidation of the
molecular formulae of small analytes such as
carboxylates. This technique has been used for
the determination of carboxylates in different
plant tissues and exudates (Avula et al., 2009;
Jaitz et al., 2010). Furthermore, sensitivity is also
frequently improved in MS detection as
compared to UV-Vis, as recently shown for
shikimic acid (Avula et al., 2009). Derivatization
has been used to further improve
chromatographic separation of carboxylates and
MS ionization efficiency, leading to sensitivity
and selectivity increases (Santa et al., 2009; Jaitz
et al., 2010). Also, derivatization with isotope
labelled tags has been recently used in
metabolome analysis with a focus on profiling
carboxylic acid-containing metabolites (Guo and
Li, 2010). When mass resolution is not sufficient,
the occurrence of isobaric compounds such as
citric and quinic acids (both having MW 192.1)
can make necessary either a previous separation
of these compounds or the use of selected
reaction monitoring (SRM) MS® techniques. For
instance, SRM has been used to determine
carboxylates by quadrupole ion trap MS in
different plant species and tissues (Erro et al.,
2009) and by triple quadrupole MS in natural
waters (Bylund et al., 2007).

Although some recent methods do not use MS
internal standards (Chen et al., 2008; Avula et
al., 2009; Fernindez-Ferndndez and Ld&pez-
Martinez, 2010), the use of such standards is
mandatory to assure the reproducibility and

HPLC-MS determination of organic acids

accuracy of any HPLC-ESI-MS analysis when
using complex sample matrices (Relldn-Alvarez
et al., 2006; Orera et al., 2009). This is due to the
nature of the ionization process required to
couple the HPLC and MS devices, since analyte
ionization efficiency is strongly affected by co-
eluting compounds and can also change during
day-to-day operation. Compounds used as
internal  standards should have chemical
characteristics as close as possible to those of the
analytes, and for this reason stable isotope-
labelled compounds are commonly used. For
instance, D-labelled succinic acid (Erro et al.,
2009) and "“C-labelled oxalic and citric acids
(Jaitz et al., 2010) have been recently used as
internal standards in HPLC-ESI-MS analysis of
carboxylates in different plant materials.

In this study, we have developed and validated
a new HPLC-ESI-MS method for the direct
determination of organic acids in plant tissue
extracts and fluids. The method does not include
a derivatization step, and is based on an isocratic
HPLC separation and a high-resolution TOFMS
detection, using “C-labelled malic and succinic
acids as internal standards. For many of the
carboxylates analysed the sensitivity of the
method is better than that of other recent HPLC-
MS based  methods for  carboxylate
determination. The method has been applied to
determine several carboxylates in different plant
tissue extracts and fluids (root and leaf extracts,
xylem sap and orange juice).

Materials and Methods

Reagents. Oxalic and 2-oxoglutaric acids were
purchased from Fluka (Sigma-Aldrich, St. Louis,
MO, USA); cis-aconitic, malic, quinic, shikimic
and fumaric acids were purchased from Sigma-
Aldrich; succinic acid was purchased from
Merck (Darmstadt, Germany); citric and ascorbic
acids were purchased form Riedel-de Hien
(Seelze, Germany). Two "“C-labelled organic
acids were used as internal standards: ["°C,]malic
acid (*C-malic) and [1,4-"°C,]succinic acid (*C-
succinic); both were purchased from Cambridge
Isotope Laboratories (Andover, MA, USA). All
solvents, extraction buffers and standard
solutions were prepared with analytical-grade
type I water (Milli-Q Synthesis, Millipore,
Bedford, MA, USA). Formic acid was purchased
from Fluka, and meta-phosphoric acid was
purchased from Sigma-Aldrich.



Standard solutions. Stock solutions containing
10 mM oxalic (M,, 126.1), cis-aconitic (M,
174.1), 2-oxoglutaric (M,, 146.1), citric (M,,
192.1), malic (M,, 134.1), quinic (M,, 192.2),
ascorbic (Mm 176.1), shikimic (M,, 174.1),
succinic (M,, 118.1) and fumaric (M,, 116.1)
acids, and the internal standards "*C-malic acid
(M,, 137.1) and “C-succinic acid (M,, 120.1)
were prepared in 0.1% (v/v) formic acid.
Aliquots of each stock were conserved at -20 °C
until analysis.

Plant material. Different plant materials were
used: commercial orange juice, xylem of tomato
(Solanum lycopersicum L.) and leaves of sugar
beet (Beta vulgaris L.) were chosen to cover a
wide range of analytes, analyte concentrations
and matrix composition. Plants were grown in a
controlled-environment growth chamber (16 h
light/8 h dark photoperiod, 24°C day/20°C night).

Sample extraction. Commercial orange juice
was diluted (1/20) with 1 mL of cold 4% (w/v)
meta-phosphoric acid (MPA). Tomato xylem sap
was diluted 1/5 with 1 mL of cold 4% MPA. The
internal standards '*C-malic (200 nmol) and “C-
succinic acids (200 nmol) were added at the
moment of sample dilution. Samples were
extracted by vortexing for 3 min, centrifuged at
15000g for 5 min at 4°C, and supernatants were
collected and then filtered through 0.22-ym
polyvinylidene fluoride (PVDF) membranes. The
filtered sample was taken to a final volume of 2
mL with 0.1% (v/v) formic acid and analysed
immediately. Leaves of B. vulgaris were frozen
in liquid N, and ground with mortar and pestle;
100 mg of dry powder were supplemented with
BC-malic and "C-succinic acids (200 nmol each)
and homogenized with a Restch MM301 ball
mill (Restch, Diisseldorf, Germany) for 3 min
with 1 mL of cold 4% MPA. Homogenates were
centrifuged at 15000g for 20 min at 4°C,
supernatants were collected and the pellets were
extracted again by vortexing with 4% MPA for 3
min; after centrifugation at 15000g for 5 min at
4°C, both supernatants were pooled and then
filtered through 0.22-ym PVDF membranes. The
filtered sample was taken to a final volume of 2
mL with 0.1% (v/v) formic acid and analysed
immediately. Extracts were carried out with five
replications.

HPLC-ESI-TOFMS analysis. Analyses were
carried out with a with a micrOTOF II ESI-
TOFMS apparatus (Bruker Daltoniks, Bremen,
Germany) coupled to a Waters Alliance 2795

HPLC system (Waters, Milford, MA, USA). To
optimize the MS signal, direct injection of 10
#M solution of all standards prepared in 0.1%
(v/v) formic acid were carried out using a syringe
pump (Cole-Parmer Instrument, Vernon Hills,
IL, USA) operated at 180 xl-min”'. All analyses
were done in negative mode. Drying and
nebulizer gas (N,) were kept at 1.6 psi and 8.0
L-min"'. The mass axis was calibrated using Li-
formate adducts ((10mM LiOH, 0.2% (v/v)
formic acid and 50% (v/v) 2-propanol). Spectra
were acquired in the mass/charge ratio (m/z)
range of 80-300. HPLC-ESI-TOFMS analyses
were carried out by injection of 20-¢1 aliquots of
standard solutions and sample extracts in a
Supelcogel H 250 x 4.6mm anion exchange
column packed with a matrix of sulphonated
polystyrene/divinylbenzene (Sigma).
Autosampler and column temperatures were 6 °C
and 30 °C, respectively, and samples were eluted
at a flow rate of 200 yI'min”. A 20 min isocratic
separation was carried out with a mobile phase
built with 0.1% formic acid and 5% isopropanol
in milliQ water. The system was controlled with
the software packages microTOF control 1.2 and
HyStar 3.0 (Bruker Daltoniks). Data were
processed with Data Analysis 3.4 software
(Bruker Daltoniks). The Sigma Fit™ (Bruker
Daltoniks) algorithm was used for molecular
formula determination (Ojanperi et al., 2006).

Validation was carried out using calibration
curves corrected with the internal standards "“C-
malic and "“C-succinic acids, to account for
possible losses during sample extraction and also
for possible variations in electrospray ionization.
BC-malic acid (100 xM) was used for the
quantification of oxalic, cis-aconitic, 2-
oxoglutaric, citric, malic, quinic and ascorbic
acids, and "*C-succinic acid (100 M) was used
for the quantification of shikimic, succinic and
fumaric acids. Limits of detection (LOD;
signal/noise (S/N) ratio of 3) and quantification
(LOQ; S/N ratio of 10), intra- and inter-day
repeatability, and analyte recovery were assessed
using standard techniques. Recovery assays were
carried out for oxalic, cis-aconitic, 2-oxoglutaric,
citric, malic, quinic, ascorbic, shikimic, succinic
and fumaric acids. Plant samples for recovery
assays were spiked with 200 nmol of each
organic acid and extracted as described above.

Results and Discussion
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HPLC-ESI-TOFMS analysis. Direct infusion
of a 10 #M standard solution of all organic acids
prepared in 0.1 % formic acid was used to
optimize  ionization  parameters. Optimal
parameter voltage values, leading to maximum
signal intensity for most of the organic acids
were (in V): -500 for end plate offset, 3000 for
capillary, -82.1 for capillary exit, -41.4 for
skimmer 1, and 80.0 for hexapole RF. Using
direct infusion and negative mode, individual
carboxylate standard solutions (10 M) gave
major [M-H]" ions at m/z values of 89.03 (oxalic
acid), 173.11 (cis-aconitic acid) 173.15 (shikimic
acid), 145.11 (oxoglutaric acid), 191.12 (citric
acid) 191.17 (quinic acid), 133.09 (malic acid),
175.12 (ascorbic acid), 117.09, (succinic acid),
115.07 (fumaric acid), 137.09 (”C-malic acid)
and 119.07 (®C-succinic acid).

The chromatographic separation of the different
organic acids is shown in Fig. 1. All the peaks
obtained were sharp, and a good separation was
obtained for all organic acids used, except for the
pairs succinic/shikimic and quinic/ascorbic acids,
which showed partial overlapping. The rest of
the organic acids had a near baseline separation.
The two isobaric couples —i.e., with near
identical m/z values- citric and quinic acids (with
m/z 191.12 and 191.17, respectively), and cis-
aconitic and shikimic acids (with m/z 173.11 and
173.15, respectively), were well separated in the
chromatographic run (Fig. 1). The two internal
standards co-eluted with the corresponding
unlabelled compounds (Fig. 1). Analysis time for
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Figure 1. Chromatograms of a mixture of
organic acid standards. Concentration of all
organic acids (including the internal standards)
was 100 uM.
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all compounds analysed was approximately 15
min.

Validation of the HPLC-ESI-TOFMS method.
Standard solutions of the different carboxylates
were prepared in the extraction solution for
validation of the method. Calibration curves
were corrected with the internal standards, and
intra-day-inter-day repeatability and LOD and
LOQ values were obtained. Calibration curves in
the 0.1-1000 M range, obtained for the different
organic acids, are shown in Supplementary Fig.
1; all correlation coefficients (R?) obtained were
higher than 0.992. Different ranges of linearity
were observed for the organic acids analysed,
with the best results being obtained for cis-
aconitic, 2-oxoglutaric, malic and succinic acids,
with linearity ranges from (0.15-0.25) to 1000
uM. In the cases of oxalic, citric, ascorbic and
fumaric acids, linearity ranges were from (0.14-
17) to 500 uM. The shorter linearity ranges
corresponded to quinic and shikimic acids, from
0.18 to 70 and from 038 to 100 uM,
respectively. The concentration of most of the
analysed organic acids is usually within the
linear ranges found in plant tissues (Fiehn et al.,
2000; Gout et al., 2001).

Limits of detection and LOQ values, defined
as the analyte amount that gives a S/N ratio of 3
and 10, respectively, are shown in Table I. LOD
values were between 0.13 (2-oxoglutaric acid)
and 255 pmol (oxalic acid), respectively, while
LOQs values ranged between 2.8 (citric acid)
and 337 pmol (oxalic acid), respectively. For
most of the organic acids measured, LODs and
LOQs were below 2 and 5 pmol, respectively
(Table 1), and method sensitivity is similar or
better to that of previous HPLC-MS methods
(Bylund et al., 2007; Chen et al., 2008; Erro et
al., 2009; Jaitz et al., 2010); see Supplementary

Table I. LODs and LOQs for the organic acids
using the LC-ESI/MS TOF method
LOD LOQ

uM pmol uM pmol
12.8 255 169 337
0.058 1.16 0.245 491
0.007 0.13 0.208 4.15
0.063 1.27 0.140 2.80
Malic acid 0.003 0.05 0.162 3.24
Quinic acid 0.043 0.85 0.184 3.68
Ascorbic acid 125 249 242 483
0.050 1.00 0.367 7.35
0.021 0.42 0.158 3.15
0.540 10.8 1.87 37.5

Organic Acid

Oxalic acid
Cis-aconitic acid
2-oxoglutaric acid
Citric acid

Shikimic acid
Succinic acid
Fumaric acid




Table 1).

The intra-day repeatability was assessed by
injecting a 100 M standard of all carboxylates
and internal standards in 10 consecutive
chromatographic runs; the variation in retention
time and peak area was analysed for each organic
acid is shown in Table II. The inter-day
repeatability was assessed by analysing the same
standard during five consecutive days. The
relative standard deviation (RSD) for peak
retention time was always lower than 0.2% in the
intraday test and 0.4% in the inter-day test. The
RSD for peak area was in the range of 0.5 to

2.8% in the intraday test; in the inter-day test, the
RSD was in the range of 1 to 4%, except for
ascorbic acid (RSD: 20%), a compound that is
known to be very labile and easily degraded with
time.

In the case of slight shifts in retention time,
when using the TOFMS detection proposed here
the identity of any given peak can be confirmed
from the molecular formula determination
derived from the isotopic pattern information in
combination with the Sigma Fit™ (Bruker
Daltoniks) algorithm (Ojanperd et al., 2006).

Table II. Intra-day (n=10) and inter-day (n=5) repeatability of the LC-ESI-TOFMS method. A 100-

puM  standard solution of all organic acids including internal standards was used.
Intra-day Inter-day
Mean SD RSD (%) Mean SD RSD (%)
. . RT 5.36 0.01 0.15 5.35 001 0.22
Oxalic acid
Ag/Ajg 0.06 0.00 1.56 0.05 0.00 3.70
. . . RT 5.87 0.00 0.08 5.87 0.00 0.06
Cis-aconitic acid
Ag/Ajg 1.15 0.02 1.47 1.04 0.03 3.19
) Lutari d RT 6.48 0.00 0.04 6.47 0.00 0.07
roxogiufaric act AgdA 0.61 0.01 228 0.66 0.01 227
. . RT 742 0.00 0.04 741 0.01 0.13
Citric acid
Ag/Ajg 1.74 0.03 1.62 1.73 0.02 0.99
. . RT 9.18 0.00 0.04 9.17 0.01 0.11
Malic acid
Ag/Ajg 0.82 0.02 2.32 0.85 0.02 291
L. . RT 9.64 0.00 0.05 9.64 0.01 0.08
Quinic acid
Ag/Ajg 1.06 0.01 0.84 0.88 0.04 4.14
A bi i RT 9.99 0.01 0.06 9.97 0.04 0.35
scorbieact AgdA 022 0.01 274 025 005 19.18
. . RT 12.21 0.00 0.03 12.20 0.01 0.10
Shikimic acid
Ag/Ajg 1.08 0.02 1.92 1.08 0.05 441
. . RT 12.02 0.01 0.05 12.01 0.01 0.10
Succinic acid
Ag/Ajg 0.53 0.00 0.52 0.51 0.01 1.36
. . RT 13.21 0.01 0.06 13.20 0.02 0.16
Fumaric acid
Ag/Ajg 0.73 0.01 1.11 0.72 0.01 1.52

RT: retention time; As: area of standard’s peak; AIS: area of internal standard’s peak.

Recovery assays. Recovery assays were carried
out for all organic acids in sugar beet leaf
extracts, tomato xylem and orange juice, by
spiking samples with known amounts of analyte
standards and isotope-labelled internal standards.
Recovery was calculated by dividing the amount
of analyte found in the spiked sample by the sum
of the amount originally found in the sample plus
the amount spiked. Good analyte recoveries were
found (in the range 92-110%; 99% average
value) for cis-aconitic, citric, malic, quinic,
succinic, shikimic and fumaric acids. However,
the recovery values for oxalic, oxo-glutaric and
ascorbic acids were lower, with average values

of 64, 60 and 61%, respectively (Table III).
Compounds present in plant tissues or saps, such
as metals, flavonoids, amino acids and sugars,
can  significantly  affect ascorbic  acid
measurements (Clydesdale et al., 1991).
Ascorbate is oxidized by light and air and it is
only detectable by ESI-MS when in reduced
state, so that recovery may be increased by
protecting samples during extraction by using a
cold chamber and a green safe-light (Relldn-
Alvarez et al., 2006). Regarding the low recovery
of oxalic acid in tomato xylem and orange juice,
some studies suggest that pH and Ca* have a
great impact in oxalic solubility, leading to the
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formation of insoluble precipitates that interfere
with its quantification (Rassam and Laing,
2005); however, oxalic acid recovery in sugar
beet leaves is good. In the cases of succinic and
malic acids, where isotope-labelled compounds
were used as internal standards, recoveries were
96-104% in all tissues tested. Therefore, it seems
likely that results could be improved by using the
corresponding isotope-labelled internal standard
for each analyte, although a compromise
between the number of expensive internal
standards and total analysis costs is needed; the
rationale is that a given internal standard may
provide coverage for carboxylates eluting within
a range of retention times. Therefore, the use of
one additional “C-labelled organic, eluting close
to oxalic and 2-oxoglutaric acids) would lead to

HPLC-MS determination of organic acids

improved recoveries for these carboxylates.
Also, regarding internal standards we have
preferred using "*C-labelled internal standards
over D-labelled ones (Erro et al., 2009) because
when wusing the latter compounds, proton
exchange reactions with the extraction media
and/or mobile phase can easily occur (Chavez-
Eng et al., 2002). The method explained in this
study has been already applied for the
determination of organic acids in peach roots
(Jiménez et al. In press) and roots, xylem sap and
leaves of sugar beet (Sagardoy et al., In press).

Conclusions
An HPLC-ESI-TOFMS method has been
developed and validated to  determine

Table III. Recoveries obtained for the different organic acids in tomato xylem sap, sugar beet leaf
extracts and commercial orange juice. All values with the exception of recovery are expressed in

pmol. Results are means = SE. (n=5)

Organic Acid Sample Sample amount Amount added Amount found Recovery (%)

Sugar beet leaf 29991 = 832.1 1780.7 = 9.3 337229 £431.0 107.8 3.6

Oxalic acid Tomato xylem 5499 £ 8.0 20457 = 15.1 1204.1 £ 23.1 465=+1.0
Orange juice 2433 0.0 20469 +=21.8 888.9 +20.1 389+10

Sugar beet leaf 94+03 19354 83 19255 257 992 =x1.7
Cis-aconitic acid Tomato xylem 80.2+0.0 20438 +11.3 21794 +41.2 1028 £2.3
Orange juice 000 14229 +7.8 9255=+17.8 958 £2.0

Sugar beet leaf 76+0.0 19248 +3.3 1279.8 £ 17.6 662+09

2-oxoglutaric acid Tomato xylem 77708 1961.5 = 12.1 1400.6 = 30.0 68.8 +1.8
Orange juice 26.7+0.5 19528 = 16.5 8683 +74 439+0.7
Sugar beet leaf 20763 +61.5 2275055 43299 =175 1000+ 1.8
Citric acid Tomato xylem 1078.8 = 6.3 19993 = 17.3 3367.5+51.0 109.6 +2.2
Orange juice 12426.7 £ 257.0 17510254 13667.7 £ 75.6 96715
Sugar beet leaf 1260.1 = 37.7 19489 5.7 33819269 104014
Malic acid Tomato xylem 17304 = 10.5 18251153 35747 £ 284 1006 £ 1.0
Orange juice 3087.5+253 18799 + 14.8 50164 £20.5 101.0+05

Sugar beet leaf 000 1841.7 2.1 17576 +6.8 98.0+x04

Quinic acid Tomato xylem 000 1487.3 = 10.8 1367.3 £26.7 96.7+24
Orange juice 252919 17699 = 17.5 19829+ 119 982 =14

Sugar beet leaf 296.6 9.1 1968.2 + 6.6 486.2+90 21504

Ascorbic acid Tomato xylem 459.1x00 2196.7 = 14 .4 22663 +41.5 855=%=19
Orange juice 913.7+82 21785+ 17.1 2362.6 +234 764 +0.5

Sugar beet leaf 0+0.0 18115+ 6.4 1830.1 = 11.2 103.2+0.8

Shikimic acid Tomato xylem 475+00 1660.6 =24 .4 16527 £21.2 974 £25
Orange juice 475+00 1641.8 = 33.1 15457 = 16.7 91919
Sugar beet leaf 1593 +4.8 1806.5+7.3 19730 = 14.7 1004 = 0.6

Succinic acid Tomato xylem 64.7+0.6 16972 +18.3 1698.1 £30.0 96.8 £2.5
Orange juice 592 +7.1 1690.2 +26.0 16769 = 11.5 964 £25

Sugar beet leaf 0+0.0 21623 +6.8 19894 = 12.7 93205

Fumaric acid Tomato xylem 000 21488 +31.6 19994 +34.6 948 £ 3.1
Orange juice 000 21428 £455 19699 = 12.8 935x2.7




simultaneously ten different low molecular
weight carboxylates in plant tissue samples.
Carboxylate analysis is carried out following a
rapid and easy extraction procedure, and neither
sample pre-purification nor derivatization time-
consuming steps are necessary. The method is
based on a separation with anion exchange
HPLC, followed by ionization of the sample by
electrospray and analyte detection with a TOFMS
device using two "C isotope-labelled internal
standards. The method is highly selective, with
the identification of carboxylates being
unequivocal, based both in retention time and
exact molecular mass. This method allows for the
simultaneous and accurate determination of
carboxylates in a variety of plant tissues and
extracts, such as orange juice, leaf and root
extracts and xylem sap, with an overall
sensitivity better than that offered by currently
available HPLC-ESI-MS methods.
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Supplementary Figure 1. Calibration curves of oxalic, cisaconitic, 2-oxoglutaric, citric, malic, quinic,
ascorbic, succinic, shikimic and fumaric acid obtained by analyzing a mixture of standards by the LC-
ESI/ TOF MS method.
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Background

Plants grown under iron deficiency show
different morphological, biochemical and
physiological changes. These changes include,
among others, the elicitation of different
strategies to improve the acquisition of Fe
from the rhizosphere, the adjustment of Fe
homeostasis processes and a reorganization of
carbohydrate metabolism. The application of
modern  techniques that allow the
simultaneous and untargeted analysis of
multiple proteins and metabolites can provide
insight into multiple processes taking place in
plants under Fe deficiency. The objective of
this study was to characterize the changes
induced in the root tip proteome and
metabolome of sugar beet plants in response
to Fe deficiency and resupply.

Results

Root tip extract proteome maps were obtained
by 2-D isoelectric focusing polyacrylamide gel
electrophoresis, and approximately 140 spots
were detected. Iron deficiency resulted in
changes in the relative amounts of 61
polypeptides, and 22 of them were identified
by mass spectrometry (MS). Metabolites in
root tip extracts were analyzed by gas
chromatography-MS, and more than 300
metabolites were resolved. Out of 77 identified
metabolites, 26 changed significantly with Fe
deficiency. Iron deficiency induced increases
in the relative amounts of proteins and

metabolites associated to glycolysis, tri-
carboxylic acid cycle and anaerobic
respiration, confirming previous studies.

Furthermore, a protein not present in Fe-
sufficient roots, dimethyl-8-ribityllumazine
(DMRL) synthase, was present in high
amounts in root tips from Fe-deficient sugar
beet plants and also gene transcript levels
were higher in Fe-deficient root tips. Also, a
marked increase in the relative amounts of the
raffinose family of oligosaccharides (RFOs)

was observed in Fe-deficient plants, and a
further increase in these compounds occurred
upon short term Fe resupply.

Conclusions

The increases in DMRL synthase and in RFO
sugars were the major changes induced by Fe
deficiency and resupply in root tips of sugar
beet plants. Flavin synthesis could be involved
in Fe uptake, whereas RFO sugars could be
involved in the alleviation of oxidative stress,
C trafficking or cell signalling. Our data also
confirm the increase in proteins and
metabolites related to carbohydrate
metabolism and TCA cycle pathways.

Background

Two different strategies of Fe uptake have been
described in plants. The so-called chelation
strategy (or Strategy II), which is mainly found in
graminaceous plants, is based on the excretion of
phytosideropores (PS) to the rhizosphere.
Phytosideropores rapidily chelate Fe(IIl), to form
Fe(IIl)-PS chelates that are subsequently
transported into the root cells trough a specific
tranporter. The so-called reduction strategy (or
Strategy 1) relies on the coordinated action of a
membrane bound Fe reductase, that reduces
Fe(III) to Fe(I) [1], an Fe(Il) uptake transporter
[2] and an H*-ATPase that lowers the pH of the
rhizosphere [3], is mainly used by non
graminaceous plants, including Beta vulgaris.
The  reduction  strategy  includes  root
morphological, physiological and biochemical
changes that lead to an increased capacity for Fe
uptake. Morphological changes include root tip
swelling, development of transfer cells and an
increase in the number of lateral roots, leading to
an increase in the root surface in contact with the
medium [4].

Some plants are able to accumulate and/or
release both reducing and chelating substances,
such as phenolics and flavins, which may have a
role in Fe acquisition [5, 6]. Iron has been shown
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to down-regulate riboflavin (Rbfl) synthesis in
flavinogenic yeast strains and some bacteria [7,
8]. In plants, Rbfl and derivatives are
accumulated and/or excreted in Fe-deficient roots
and could act as a redox bridge for electron
transport to the Fe(IIl) reductase [9]. Moreover,
FRO2 belongs to a superfamily of
flavocytochrome oxidoreductases [1], and a
recent study confirmed that the FRO2 protein
contains FAD sequence motifs on the inside of
the membrane [10]. Also, a connection between
Fe deficiency perception and Rbfl excretion has
been described to occur through basic helix-loop-
helix (bHLH) transcription factors in Arabidopsis
thaliana [11].

At the metabolic level, increases in the
activity of phosphoenolpyruvate carboxylase
(PEPC) and several enzymes of the glycolytic
pathway and the tricarboxylic acid (TCA) cycle
have been found in different plant species grown
under Fe deficiency [12, 13]. Transcriptomic [14]
and proteomic studies in Fe deficient plants [15-
17] have also reported increases in root transcript
and protein abundances, respectively, of enzymes
related to the glycolytic and TCA cycle
pathways, among others. Iron deficiency also
induces an accumulation of organic acids, mainly
malate and citrate, in roots [12]. The induction of
C metabolism in roots of Fe-deficient plants
would not only provide a source of reducing
power, protons and ATP for the Fe(Ill) reductase
and H"-ATPase enzymes, but also lead to an
anaplerotic root C fixation [18, 19]. Carbon
accumulated in roots is exported in the form of
organic acids via xylem [18, 20, 21] to leaves
[22], which have otherwise drastically reduced
photosynthetic rates when Fe-deficient. The
higher energy requirements in Fe-deficient root
cells are tackled by increasing mitochondrial
oxidative processes, and roots from Fe-deficient
plants show enhanced respiratory activities and
higher O, consumption rates [9, 23]. On the other
hand, the mitochondrial respiratory chain is
strongly affected under Fe-deficient conditions
[23, 24], since some of its components are Fe-
containing enzymes. Iron deficiency leads to an
enhancement of different ROS detoxification
strategies [25]. Furthermore, an increase in
anaerobic metabolism has also been described in
Fe-deficient roots [9], probably as an strategy to
oxidize all the reducing power generated by
glycolisis and TCA cycle that can not be easily
oxidized in the respiratory chain. When

Fe-deficient sugar beet root tips metabolomics

resupplied with Fe, Fe-deficient plants reorganize
its metabolism by readjusting metabolic cycles
and changing root morphology towards those
typical of Fe-sufficient plants [21, 26].

The most common approach used to study Fe
deficiency in roots is to analyze only a small
number of genes, proteins and/or metabolites. A
more comprehensive knowledge of the processes
taking place in Fe-deficient roots has been
recently provided by the application of modern
techniques allowing for the simultaneous and
untargeted analysis of multiple genes or proteins
[14-17]. The aim of this work was to characterize
the changes induced in the root tip proteome and
metabolome of sugar beet plants in response to
Fe deficiency and resupply, in order to provide a
holistic view of the metabolic processes
occurring in plants under different Fe status.

Results

IEF-PAGE electrophoresis. The polypeptide
pattern of root tip extracts was obtained by 2-D
IEF-SDS PAGE electrophoresis. Real scans of
typical 2-D gels are shown in Figure 1; an
average number of 141 and 148 polypeptides
were detected in Fe-sufficient and Fe-deficient
plants, respectively (Figure 1A and B). The total
number of spots detected was relatively low
when compared to other proteomic studies [16,
17]. Several causes may account for this
discrepancy, including i) protein extraction
method and amount of protein loaded in the gels,
ii) gel size, iii) pI range and iv) sensitivity of the
staining method. Averaged 2-D polypeptide maps
were obtained using gels of three independent
preparations, each from a different batch of
plants (gels obtained with different root tip
extract preparations isolated from different
batches of plants were very similar; data not
shown). To better describe polypeptide changes
we built a composite averaged virtual map
containing all spots present in both Fe-deficient
and control root tip extracts (Figure 1C and D).
Iron deficiency caused 2-fold increases in 29
spots (yellow marks in Figure 1C, p<0.10 student
T-test) and 2-fold decreases in signal intensity in
13 spots (green marks in Figure 1C, p<0.10
student T-test). Furthermore, 6 spots were only
detected in Fe-sufficient plant samples (blue
marks in Figure 1C) and 13 spots were only
detected in Fe-deficient plants (red marks in
Figure 1C). All polypeptides in the composite
averaged map are depicted again in Figure 1D, to



permit annotation of those polypeptides where
identification was achieved by MALDI TOF
(marked by squares in Figure 1D). These
polypeptides were labeled from a to v as
described in Figure 1D, and homologies found
are described in detail in Table 1.

From the 29 spots that showed increases in
signal in root tip extracts of Fe-deficient as
compared to Fe-sufficient controls, the 20 more
abundant were excised and analyzed by MALDI
MS. Since the sugar beet genome has not been
sequenced yet and few sequences are available in
the databases, identification was performed by
homology searches with proteins from other plant
species. From the 20 spots analyzed, 14 proteins
were identified (proteins labeled a to n in Figure
1D and Table 1). These include proteins related
to glycolysis such as fructose 1,6-bisphosphate
aldolase (spot a), triose-phosphate isomerase
(spot b), 3-phosphoglycerate kinase (spot c¢) and
enolase (spots d and e, respectively). Three spots
gave significant matches to malate
dehydrogenase (MDH; spots f~h), and two more
polypeptides presented homology with o and 8
subunits from F1 ATP synthase (spots i and j).
Other proteins increasing in root tip extracts from
Fe-deficient sugar beet plants as compared to the
controls were fructokinase (spot k) and formate
dehydrogenase (spot /). Also, one spot gave
significant matches to a cytosolic peptidase
At1g79210/YUP8HI12R_1 (spot m). Spot n gave
significant match to a glycine rich protein, which
possibly has a role in RNA transcription or
processing during stress conditions.

From the 13 new spots detected de novo in
proteome maps from root tip extracts of Fe-
deficient plants (Figure 1C), the 6 more abundant
were excised and analyzed by MALDI-MS,
resulting in only 2 positive matches (spots o and
p in Figure 1D and Supplementary Table 1).
These significant matches were found for
glyceraldehyde  3-phosphate  dehydrogenase
(GADPH; spot 0) and DMRL (spot p). Changes
in the amount of DMRL as well as DMRL gene
expression and flavin analysis were further
studied using root tip extracts of Fe-sufficient,
Fe-deficient and Fe-resupplied sugar beet plants
(see below).

From the 13 spots showing a decrease in signal
intensity in root tip extracts from Fe-deficient
plants as compared to controls (Figure 1C), 3
were identified by MALDI-MS. Spots g and r
(Figure 1D, Table 1) gave a significant match to

nucleoside diphosphate kinase I and to oxalate
oxidase-like germin, respectively. Spot s
presented homology with the At4g27270 protein
(Figure 1D) whose molecular function is to
interact selectively with FMN, and also presents
oxidoreductase activity.

From the 6 spots not detected in root tip
extracts from Fe-deficient plants as compared to
the controls (Figure 1C), 3 were identified by
MALDI-MS (spots #v in Figure 1D and
Supplementary Table 1). Proteins matched were
oxalate oxidase (spot f), peroxidase (spot u) and
caffeoyl CoA O-metyltransferase (spot v).

DMRL synthase gene expression andlisis.
To identify a putative DMRL synthase cDNA in
B. vulgaris, primers were designed based on
DMRL synthase sequence from the -closely
related specie S. oleracea (AF147203.1). A PCR
product of approximately 675 bp was amplified,
purified and sequenced (Supplementary Figure
1A). The translated amino acid sequence for the
DMRL synthase putatitive ORF had 224
aminoacids, a predicted MW of 23.7 kDa and a
pl of 8.26. The predicted protein displayed 90%
identity at the amino acid level with S. oleracea
DMRL (AAD44808.1), and homologies with
other known DMRLs sequences included in the
alignment analysis ranged from 50 to 56%
(Supplementary Figure 1B). Thus, we have
assigned the name BvDMRL to the
corresponding DMRL synthase gene of B.
vulgaris, and the sequence has been deposited in
GenBank as accession GQ375163.
Transcriptional regulation by Fe status of the
BvDMRL gene was assessed by semi-
quantitative RT-PCR. BvDMRL transcript
abundance was much higher in root tips from Fe-
deficient as compared to control plants (Figure
2A). The expression of BVDMRL was drastically
reduced 24 h after Fe-resupply to Fe-deficient
plants (Figure 2A) but it was still higher than that
observed in Fe-sufficient root tips. However,
transcript abundance in root tips sampled 72 h
after Fe-resupply, which showed two different
zones (white -WZ- and yellow -YZ-, see [26]),
had a low expression level, similar to that
measured in Fe-sufficient plants (Figure 2A).

DMRL synthase protein analysis
Real scans of the 2-D gel zone where DMRL
synthase protein is located (16 kDa, pl 6.6) are
shown in Figure 2B. The DMRL synthase protein
was detected not only in Fe-deficient root tip
extracts but also in extracts of root tip YZ

89



90

Fe-deficient sugar beet root tips metabolomics

pl pl 1IEF
5|0 5I5 6i0 7.0 5.0 5.5 6.0 7.0 g
kDa | | | | | g
wl A L B il &
T —— il - — . . a
| T peswen . e [T = ©
3 -G g PIR RGN e * e Y &
50 4 w.. ¢ - A i B ¥ - -a '\ ’!
3 . L%A A ) T 1§ 5 » kit o ]
'3 L. E ! | . - - .4
' -
' i > ¥ 3 -’ T ¥ ¢ .
25 - L — -
P . ‘ > - s
. *
: . .
- . .
15 - - . - o' L ]
| | | | | | | |
w{C D
g ot :o . W leg, 'e.d'. I
s .-_,'_‘_) L P ji-ii 'u i'l
b . p 9%, ) i@ ki a.gly
.. cLve e nmEEE Ef'
g
e ov
° . ot mE b @
25 ., O, s Or
0 e o . .
F] .
n
_ ) .
15 . 0 - & W
[ ]

Figure 1 - 2-D IEF-SDS PAGE proteome maps of root tips from Fe-sufficient and Fe-deficient
Beta vulgaris plants. Proteins were separated in the first dimension in linear (pH 5-8) IPG gel strips
and in the second dimension in 12% acrylamide vertical gels. Scans of real typical gels of root tips
from Fe-sufficient and Fe-deficient plants are shown in A and B, respectively. Virtual composite
images, showing all polypeptides present in root tips from Fe-deficient and Fe-sufficient plants are
shown in panels C and D. Statistical significance was assessed with a t-test (p<0.10), and a 2-fold
change in spot intensity between treatments was used as a threshold. Only spots that fit both criteria
are marked in panel C; spots whose intensities decrease or disappear completely with Fe deficiency
were labelled with green and blue marks, respectively, and those increasing with Fe deficiency or only
present in Fe-deficient gels were labelled with yellow and red marks, respectively C. In panel D,
polypeptides that had significant homologies with proteins in the databases (using MALDI MS and
MASCOT) are marked by squares and labelled. Homologies are described in detail in Table 1.

from plants resupplied with Fe for 24 and 72 h
(Figure 2B). Conversely, DMRL synthase was
not detected in extracts of the new WZ of root
tips from plants 72 h after Fe resupply, or in Fe-
sufficient root tip extracts (Figure 2B).

Flavin concentrations.Since DMRL synthase
is one of the key enzymes in flavin synthesis, we
also examined flavin concentrations in root tip
extracts from Fe-sufficient, Fe-deficient and Fe-
resupplied plants by HPLC. Riboflavin, FAD and
Rbfl sulphates were found in Fe-deficient and Fe-
resupplied root tip YZ extracts. Riboflavin
sulphates and Rbfl account for 98% and 2% of
the total flavin concentration, respectively, and
only traces of FAD were found. Rbfl sulphate
concentrations were 319, 384 and 488 nmol g‘l
FW in the root YZ of Fe-deficient plants and 24 h
and 72 h Fe-resupplied plants, respectively
(Figure 2C). Riboflavin concentration ranged
from 1.1-to 2.3 nmol g' FW in root YZ (Figure

2D). Only traces of these compounds were
present either in controls or in the WZ of 72 h
Fe-resupplied plants.

Metabolite Analyses. Changes induced by Fe-
deficiency and Fe-resupply in the root tip
metabolome where evaluated by non-biased GC-
MS metabolite profiling. A total of 326
metabolites were present in at least 80% of the
samples of at least one treatment, and 77 of them
were identified. Partial least square analysis
shows a good separation between +Fe and -Fe
root tips (Figure 3). Iron-deficient samples were
closer to the 24 h and 72 h YZ samples than to
the 72 h WZ ones. On the other hand, the 72 h
WZ samples were closer to the +Fe samples than
to the —Fe ones. Iron deficiency and/or resupply
caused significant changes (p<0.05) in the levels
of 62 out of the 77 identified metabolites.
Metabolite level data were normalized to the
mean response of the +Fe treatment; response



Table 1. Proteins identified by MALDI-MS in 2-D IEF-SDS PAGE gels

Spot ;[l‘lv 1:11 f/;(\l?)V E:Ip * Score™? Accession # Homology Species
Increased proteins in Fe-deficiency
a 39 7.6 42 59 76'  T48396 fructose 1,6-bisphosphate aldolase  A. Thaliana
b 27 55 35 54 143" il556171 triose-phosphate isomerase C. japonica
c 31 49 45 54 103" gil28172909  cytosolic 3-phosphoglycerate kinase T. Aestivum
d 49 5.6 59 55 188'  ¢ill087071 enolase M. crystallinum
e 49 5.6 58 54 123" T12341 enolase L. sativa
f 36 59 40 6.2 140' CAB61618  malate dehydrogenase B.vulgaris
g 36 59 40 5.8 77" CAB61618  malate dehydrogenase B.vulgaris
h 22 7.6 40 6.0 124" ¢il48375044 malate dehydrogenase N. tabacum
i 55 6.0 60 6.0 185" 078692 F1 ATPase o subunit B.vulgaris
Jj 49 5.1 58 53 170" gil4388533  F1 ATPase B subunit S. bicolor
k 36 52 49 55 299'  gill052973  fructokinase B.vulgaris
l 41 6.5 44 6.3 102"  gil38636526 formate dehydrogenase Q. robur
m 26 55 35 54 113" gil21689609  At1g79210/YUPSHI2R_1 A. thaliana
n 17 59 17 55 116> gil16301 glycine rich protein A. thaliana
New spots in Fe-deficiency
0 37 7.1 36 6.6 101" gil19566 glyceraldehyde 3-phosphate DH M. quinquepeta
p 23 8.7 16 6.6 65  Q9XH32 DMRL synthase S. oleracea
Decreased spots in Fe-deficiency
q 16 6.3 15 6.4 166"  gil3309053 nucleoside diphosphate kinase I M. crystallinum
r 23 6.4 30 6.8 217" gill1496133  oxalate oxidase-like germin 171 B.vulgaris
s 22 6.1 32 5.7 188"  gil34365651  At4g27270 A. thaliana
Missing spots in Fe-deficiency
t 23 6.4 34 5.7 217" gill1496133  oxalate oxidase-like germin 171 B.vulgaris
u 9 6.0 49 5.7 49 gil2956703 peroxidase S. oleracea
v 29 5.1 38 53 69%  gil5101868 caffeoyl CoA O-methyltransferase Z. Mays

Scores (equal to -10*Log P, P being the probability that the observed match is a random event) are based on: "MS1 Peptide
mass fingerprint data, with protein scores >76 being statistically significant (p<0.05), and ®MS2 ion sequencing data, with
individual ion scores >40 indicating identity or extensive homology (p<0.05). In both cases, protein scores are derived from
ion scores as a non-probabilistic basis for ranking protein hits. Proteins are separated in different groups depending on
whether they increased, decreased, appeared (new) or disappeared (missing) when compared to control plants.

ratios, defined as the level in a given treatment
divided by the level in the +Fe control, are
indicated in bold in Table 2. Iron deficiency
caused significant changes in the response ratios
of 26 metabolites. Large (>4-fold) increases were
found for some organic acids (citric, and aconitic
acid), some sugars (sucrose, myo-inositol and
those of the raffinose family of oligosaccharides -
RFOs-, namely galactinol and raffinose),
nicotianamine and 2-aminoadipic acid. The
response ratio of oxalic acid decreased markedly
in -Fe conditions, whereas those of other
aminoacids, N compounds, lipid metabolites and
others did not show large (>4-fold) changes when
compared to the Fe-sufficient controls.Twenty-
four hours after Fe-resupply, there was a
dramatic coordinated increase in the root tip
response  ratios of galactinol, raffinose,
lactobionic acid, cellobiose and nicotianamine

when compared to those found in Fe-deficient
roots, whereas the response ratios of sucrose,
myo-inositol, citrate and malate decreased.

Seventy-two hours after Fe resupply, the
response ratios of galactinol, raffinose,
cellobiose, nicotianamine and many other

compounds had decreased in the YZ areas,
whereas in the WZ the response ratio was very
low. The response ratio of many of the lipids

increased moderately in all Fe resupplied
samples. Metabolites in the coenzyme,
glycolysis, oxidative stress, pentose-

phosphatepathway and signaling categories did
not show large response ratio changes with Fe
resupply.

Regarding the unknown  metabolites,
significant changes (at p<0.01, with response
ratios >4) were found for 46 of the 269
metabolites with Fe deficiency and/or resupply
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(Supplementary Table 1). BinBase metabolite ID
211891 showed the largest response ratio (18,
146 and 70-fold, for —Fe, 24 h and 72 h YZ,
respectively). The response of this metabolite to
Fe status was very similar to that found for the
RFOs, and in fact its mass spectra and retention
index show a good similarity in BinBase to those
of other disaccharides such as leucrose,
suggesting that it could be a RFO related
compound (see 211891 mass spectra in BinBase).
Raffinose and galactinol concentrations
The concentrations of raffinose and galactinol in
root tips were determined by HPLC-MS.
Raffinose concentrations were 35.1, 504, 354,
80.8 and 4.2 nmol g FW™ in the -Fe, 24h, 72h
WZ, 72h YZ and +Fe tissues, respectively.
Galactinol concentrations were 75.6, 39.8, 16.1,
37.1 and 7.6 nmol g FW™ in the -Fe, 24h, 72h
WZ,72h YZ and +Fe tissues, respectively.

Discussion

The changes induced by Fe deficiency in the root
tip proteome and metabolome from sugar beet
plants grown in hydroponics have been studied.
More than 140 proteins (Figure 1) and 300
metabolites (Table 2 and Supplementary Table 1)
were resolved in sugar beet root tip extracts. Iron
deficiency resulted in significant and higher than
2-fold changes in the relative amounts of 61
polypeptides, and 22 of them were identified. Out
of 77 identified metabolites, 26 changed
significantly with Fe deficiency. In general, our
results are in agreement with previous
transcriptomic [14], proteomic [15-17] and
enzymatic [19] studies on Fe-deficient roots. Our
data confirm the increases previously found in
proteins and metabolites related to carbohydrate
metabolism and TCA cycle pathways [9, 13, 27].
Two major changes induced by Fe deficiency in
roots are described in this study for the first time:
the increase in DMRL synthase protein
concentration and gene expression, and the
increase in RFO sugars.

The largest change found in the proteome map of
root tip extracts from sugar beet plants grown in
Fe deficiency conditions corresponded to DMRL
synthase, which was detected de novo in Fe-
deficient root tips, and is the protein with the
highest concentration in these gels (spot p in
Figure 1D). This enzyme catalyses the fourth step
of Rbfl biosynthesis, and Rbfl is the precursor of
Rbfl sulphates, FMN and FAD, the last one being
a cofactor for the root plasma membrane Fe

Fe-deficient sugar beet root tips metabolomics
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Figure 2 - DMRL and flavin analysis. Semi-
quantitative RT-PCR analysis of the BvDMRL
and actin gene transcripts (A), zoom scans of
typical gels containing the BYDMRL protein (B)
and Rbfl sulphate (C) and Rbfl (D)
concentrations in sugar beet root tips from Fe
sufficient (+Fe), Fe-deficient (-Fe), 24 Fe-
resupplied, 72 h Fe-resupplied YZ and 72 h Fe-
resupplied WZ. Letters in (C) and (D) indicate
significant differences (n=6, p<0.05, Duncan
test).

reductase [10]. The expression of BvDMRL
decreased drastically 24 h after the addition of Fe
to Fe-deficient plants, whereas DMRL synthase
protein abundance and Rbfl and Rbfl sulphate
concentrations did not change significantly with
Fe-resupply in the YZ of root tips (Figure 2),
suggesting that the turnover of this protein is
slow. Accumulation in Fe-deficient roots of
flavin compounds, including Rbfl and Rbfl 3’-
and 5’-sulphate is a characteristic response of
sugar beet and other plant species [6]. The exact
role of flavins in Fe deficiency is unknown, and it
has been hypothesized, based on the similar
location of flavin accumulation and Fe reduction
and on the fact that the Fe reductase is a flavin-
containing protein, that free flavin accumulation
may be an integral part of the Fe-reducing system
in roots from Strategy I plants [9, 28]. On the
other hand, these compounds are secreted to the
growth media at low pH [6] and, assuming high
concentrations at the secretion site, they could
mediate extracelular electron transfer between
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Figure 3. Partial Least Square (PLS) analysis,
showing the score scatter plot of PLS vector 1
(t1) vs. PLS wvector 2 (t2) of identified
metabolites in sugar beet root tips from Fe
sufficient (+Fe, green circles), Fe-deficient (-Fe,
red circles), 24 Fe-resupplied (24h, blue squares),
72 h Fe-resupplied YZ (72 h YZ, grey squares)
and 72 h Fe-resupplied WZ (72 h WZ, orange
squares).

soil Fe deposits and root Fe reductase as it has
been described for flavin phosphates secreted by
some bacteria [29]. Moreover, excreted flavins
could also act as a plant-generated signal that
could influence rhizosphere microbial
populations, indirectly affecting Fe availability
[11].

A major change in carbohydrate metabolism
was the large increase in RFO compounds (34- to
16-fold changes in the response ratios of
galactinol and raffinose, respectively; Table 2)
that occurs in roots with Fe-deficiency. This
increase was higher than that found for sucrose
(5-fold). The total concentrations of raffinose and
galactinol were also determined by HPLC-MS,
and concentrations of both compounds in the 35-
80 nmol g FW™' range were found in Fe-deficient
and Fe-resupplied root tips (equivalent to
approximately 50 M), whereas concentrations in
the +Fe treatment were one order of magnitude
lower (see Results Section). The sum of the
raffinose and galactinol concentrations in the -Fe,
24h, 72hWZ, 72hYZ and +Fe tissues was 13.9,
74, 22, 51 and 0.6% of the total sucrose,
respectively, supporting the relevance of the
RFOs changes with Fe status. RFOs have diverse
roles in plants, including transport and storage of
C [30] and acting as compatible solutes for
protection in abiotic stresses [31, 32]. Other
explanation for the large increase in the relative

amounts of RFOs could be the ability to function
as antioxidants [33, 34]; galactinol and raffinose
have hydroxyl radical scavenging activities
similar to other soluble antioxidants such as
glutathione and ascorbic acid [33]. Since ROS
damage and ROS detoxification strategies have
been observed in Fe-deficient roots [25, 35], the
increase in RFO concentration could help to
alleviate ROS damage produced under Fe
deficiency. Moderate increases in sugars
commonly found in cell walls such as cellobiose,
xylonic acid and arabinose, which may indicate
cell wall modifications, were measured in sugar
beet Fe-deficient root tips. Changes in cell wall
metabolism have been also described in Fe-
deficient tomato roots [16]. On the other hand, it

has been described that cell wall damage
generates oligosaccharides that can act as
signalling molecules in stresses such as

wounding [36]. The increase in RFOs could act
as a long distance Fe-deficiency signal via
phloem sap transport. This is the first description
of RFOs accumulation in plants under Fe
deficiency, and the physiological implications of
this increase deserve further consideration.

Most of the proteins found to be up-
accumulated in sugar beet root tips by Fe
deficiency were identified as carbohydrate
catabolism enzymes, including 5 of the 10

glycolytic pathway enzymes (fructose 1,6-
bisphosphate aldolase, triosephosphate
isomerase, glyceraldehyde 3-phosphate

dehydrogenase, 3-phosphoglycerate kinase and
enolase), one of the citric acid cycle (MDH) and
fructokinase. Increases in the activities and
concentrations of several glycolytic enzymes in
root extracts with Fe deficiency have been
previously found, including fructose 1,6-
bisphosphate aldolase, enolase, triosephosphate
isomerase and GADPH [15, 16, 37-39]. Also,
increases in the activities and concentrations of
several enzymes of the citric acid cycle with Fe
deficiency have been previously reported in root
extracts, including MDH [9, 16, 38]. Results are
also in agreement with microarray gene analysis
in Fe-deficient A. thaliana roots [14]. Increases
in the amount of PEPC have been found at the
protein level [16, 40, 41], but this enzyme, with a
molecular mass of 110 kDa, was not in the range
(apparent molecular mass 10-100 kDa) used in
our 2-D gels. Up-regulation of carbohydrate
catabolism in roots of plants grown in Fe
deficient conditions is probably a result of an
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Table 2. Identified metabolite response ratios of the different treatments vs. +Fe

# metabolites -Fe 24h 72hYZ 72hWZ A. thaliana KEGG pathway number
Aminoacid and Nitrogen Metabolism

1 nicotianamine 79 118 29 2.1

2 2-aminoadipic acid 6.4 35 12.3 11.2 0300, 1100, 0310

3 2-hydroxyglutaric acid 3.8 4.1 23 1.3 0650

4 citrulline 3.6 14 29 1.7 0330, 1100

5 lysine 3.0 22 25 -12 0300, 1100, 0310, 0780, 0960, 0310

6 serine 24 17 18 18 0970, 1100, 0260, 0600, 0460, 0271, 0272, 0920,
0680

7 hydroxylamine 1.1 2.0 4.2 3.2 0910

8 urea 1.0 1.0 25 6.2 0330, 1100, 0230, 0240

9 arginine + ornithine 22 1.1 1.6 0.0 0330, 1100,0970

10 aspartic acid 10 13 14 11 0970, 1100, 0260, 0760, 0710, 0300, 0910, 0252,

0460, 0410, 0330,0770
11 glutamic acid 1.1 1.0 1.2 -1.0 0970, 1100, 0480, 0860, 0650, 0251, 0340, 0330
0970, 1100, 0260, 0480, 0730, 0310, 0230, 0120,

12 glycine -1.3 -1.3 1.3 -1.5 0460, 0860. 0680

13 phenylalanine 12 -1.1 12 -1.1 0970, 1100, 0400, 0966, 0960, 0360, 0940

14 tyrosine 2.1 -12 13 -1.3 0970, 1100, 0950, 0730, 0960, 0350, 0940, 0966

15 putrescine -1.1 -1.8 -13 -1.3 1100, 0960, 0480

16 ornithine 1.6 -12 12 -1.0 1100, 0330, 0480

17 tryptophan 1.0 -19 -1.2 24 1100, 0970, 0380, 0901, 0400, 0966

18 oxoproline -1.3 -19 -1.1 -12 0330

19 valine 12 1.0 14 22 0970, 0901, 0400, 0966, 0380, 1100

20 asparagine -1.0 -1.8 -12 24 1100, 0970, 0910, 0252, 0460

21 alanine -14 1.7 1.5 -34 1100, 0970, 0252, 0710, 0450, 0430, 0272, 0720

22 glutamine -1.6 -4.5 25 -3.8 1100, 0970, 0910, 0251, 0240, 0230
Carbohydrate metabolism

23 galactinol 337 86.2 232 7.6 0052

24 raffinose 16.3 59.7 9.7 99 0052

25 sucrose 4.7 23 1.9 22 0052, 1100, 0500

26 lactobionic acid 33 109 4.8 3.2

27  N-acetyl-D-mannosamine 21 1.5 2.0 1.6 1100, 0530

28 arabinose 21 14 22 14

29 xylonic acid 2.0 1.6 22 14

30 inulobiose 2.0 34 23 2.1

31 cellobiose 5.1 8.0 4.7 22 0500

32 mannitol -13 1.6 31 14 0052, 1100, 0053, 4070, 0562

33 xylitol 1.1 13 21 14 1100, 0040

34 fructose -1.8 -1.7 19 -13 0052, 1100, 0051, 0500

35 suberyl glycine 1.1 2.0 -1.1 -2.6

Co-enzymes and alkaloid biosynthesis

36 ribitol 5.6 54 29 20 1100, 0040, 0740
37 pantothenic acid 1.7 20 22 14 1100, 0410, 0770
38 nicotinic acid -1.3 13 2.6 1.8 1100, 0760, 0960
Glycolysis
39 glucose-1-phosphate 14 2.7 25 1.7 0052, 1100, 0010, 0500, 0040, 0520

40 glucose 1.1 -39 1.8 24 0052, 1100, 0010, 0500, 0030, 0901



41 fructose-6-phosphate -1.1 -1.3 1.2 1.2
42 glucose-6-phosphate 2 -1.3 -1.6 1.2 -1.1
43 3-phosphoglycerate -19 -1.3 15 1.2

0710, 1100, 0040, 0680, 0530
0500, 1100, 0562
0561,0260,0010,0710, 0630, 1100

Glyoxylate and dicarboxylate metabolism

44 glyceric acid 34 1.3 1.5 1.7 0561,0260, 0030, 0630, 1100
45 glycolic acid 29 20 3.1 3.6 0630, 1100, 0361
46 oxalic acid -10.9 52 -3.6 1.5 0630, 1100

Lipid metabolism
47 behenic acid 1.9 19 2.8 33 1040
48 y hexaric acid 1.6 3.8 32 1.7
49 stearic acid -1.2 2.8 4.1 33 0061, 1040
50 glycerol -12 22 39 38
51 cerotic acid -1.1 2.0 38 29
52 myristic acid 1.0 21 3.7 2.7 0061
53 palmitic acid -1.2 19 34 2.7 0061, 1040, 1100, 0062, 0071
54 phosphoethanolamine 1.7 1.7 1.5 1.7 0600, 0260, 1100, 0564
55 lauric acid -1.1 2.1 35 23 0061
56 capric acid -1.1 14 31 2.1 0061
57 pentadecanoic acid 1.0 1.2 29 30
58 pelargonic acid -1.2 1.1 2.5 1.8
59 linoleic acid -14 12 23 24 1040, 1100
60  glycerol-alpha-phosphate -1.0 1.0 1.5 1.5

Ocxidative stress
61 threonic acid 3.7 1.6 1.2 1.7
62 dehydroascorbate 33 14 2.8 14
63 2-hydroxypentanoic acid -1.2 1.5 35 1.9 0982
64 1,2 A-benzenetriol 15 30 4.5 4.6 1100, 0361, 0362, 0627
65 y pentonic acid 1.6 -14 -1.1 -1.8

Pentose phosphate pathway

66 ribose 15 1.7 1.6 19 1100, 0030
67 gluconic acid 1.6 1.7 25 1.6 1100, 0030, 0710, 0230
Signaling
68 myoinositol 53 22 33 24
69 GABA 1.8 44 45 15 1100, 0251, 0410, 0650
70  inositol-monophosphate -1.2 1.7 23 22 4070, 0562
TCA Cycle
71 aconitic acid 4.5 54 53 1.8 1100, 0020, 0720, 0630
72 citric acid 21.1 16.2 103 15 1100, 0020, 0720, 0630, 0251, 0252
73 malate 33 2.6 2.6 1.8 1100, 0020, 0720, 0630, 0251, 0252, 0710, 0620
74 succinic acid 14 15 3.7 22 (l)ég(z) 8(3)2(1) 8?58 8228 0251, 0252, 0350, 0650,
Others
75 acetohydroxamic acid 1.1 -1.6 5.0 3.7
76 phosphoric acid -13 -4.6 -1.5 38 1100, 0190, 0195, 0550
77 adenosine-5-monophosphate -1.3 -1.2 13 1.1 1100, 0230, 0908

When the response ratio (level in a given treatment divided by the level in the +Fe treatment) was lower than 1 the inverse
was taken and the sign changed. Values indicated in bold represent a t-test significance of p<0.05. The last column shows A.
thaliana KEGG pathway numbers where the metabolite is predicted to be involved; all KEGG pathway numbers are hyper-
linked to the corresponding KEGG website.
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increased demand of energy and reducing power
in roots needed to sustain the increased activity
of H*-ATPase and Fe reductase [14, 16, 19].
Also, two spots corresponding to different
subunits of F1 ATP synthase increased in 2-D
gels from Fe deficient root tips, further
supporting the higher energy requirement in these
roots. Moreover, our results show an increase in
the amount of formate dehydrogenase, an
enzyme related to the anaerobic respiration, in
Fe-deficient roots, confirming the results of
enzyme [9] and transcriptional [14] analysis.
Anaerobic respiration is an alternative pathway
for energy production when oxidative
phosphorylation is impaired.

Metabolite studies revealed large increases in
organic acids, including a 20-fold citric acid
increase. These increases in TCA cycle organic
acids with Fe deficiency are coupled with
increases in glycolysis [9, 16] and root C fixation
by PEPC [40, 41], and provide an anaplerotic,
non-autotrophic (via xylem) C source for leaves
which have otherwise reduced photosynthetic
rates [18, 22]. Malate and citrate could also be
pumped from the cytosol to the mitochondria via
a di-tricarboxylate carrier (DTC) where they
would allow a higher turnover of reducing
equivalents [23]. A significant decrease (-10.9) in
oxalic acid concentration was observed in Fe
deficient root tips, and similar decreases (ca. 10
times) have been reported in Fe-deficient tomato
roots [13]. The implications of oxalate
concentration decreases with Fe deficiency are
still not known, since the role of oxalic acid in
plants is quite different from that of the other
organic acids, and for a long time it has been
considered as a toxin or a metabolic end product
[42]. Regarding N and amino-acid compounds, a
large increase (8-fold) was measured for
nicotianamine, which has been described to play
a role in cytosolic Fe availability [43, 44].

A comprehensive representation of the
metabolomic and proteomic changes taking place
in root tips under Fe deficiency and resupply is
shown in Figure 4. Red and yellow symbols
indicate major and moderate increases in
metabolites (squares) and proteins (circles)
compared to the Fe-sufficient controls. Blue and
green symbols indicate major and moderate
decreases in metabolites (squares) and proteins
(circles) compared to the controls. Besides the
major increases in RFOs and DMRL, Fe
deficiency induced significant changes in root tip

Fe-deficient sugar beet root tips metabolomics

metabolism, mainly associated to increases in
carbohydrate catabolism, glycolysis and TCA
cycle and to a lesser extent in aminoacid and
nitrogen metabolism (Figure 4). Similar changes
were observed in the 24 and 72h YZ Fe-
resupplied roots, whereas the WZ of 72 h Fe-
resupplied plants did not show major changes
when compared to +Fe plants (Figure 4). On the
other hand, the relative amount of lipid
metabolism compounds did not change markedly
in Fe-deficient roots, whereas Fe resupply caused
a moderate increase in this type of metabolites
(Figure 4).

Conclusions

The proteomic and metabolic profiles of root tips
from sugar beet plants were affected by Fe
deficiency and resupply. Changes in the
glycolisis and TCA cycle metabolites and
proteins confirmed previous studies. Two novel
and major findings were the increase in i) DMRL
synthase protein concentration and gene
expression, and ii) some RFO sugars (raffinose
and galactinol). These new findings give new
perspectives to the knowledge of Fe deficiency.

Materials and Methods

Plant Material. Sugar beet (Beta vulgaris L.
“Monohil” and “Orbis” from Hilleshog,
Landskrona, Sweden and Syngenta, Madrid,
Spain, respectively) was grown as described
elsewhere [26]. “Monohil” was always used, with
the exception of raffinose and galactinol analysis,
that was carried out with “Orbis”. After seed
germination in vermiculite and 2 weeks in half-
strength Hoagland’s nutrient solution with 45 uM
Fe(III)-EDTA, plants were transferred into 20-L
plastic buckets (four plants per bucket)
containing half-strength Hoagland’s nutrient
solution with either 0 or 45 uM Fe(III)-EDTA.
The pH of the Fe-free nutrient solution was
buffered at approximately 7.7 by adding 1 mM
NaOH and 1 g L™ of CaCOs. In the Fe resupply
experiments, plants grown for 10 d in the absence
of Fe were transferred to 20-L plastic buckets
containing half-strength Hoagland’s nutrient
solution, pH 5.5, with 45 uM Fe(II)-EDTA. The
root subapical region from Fe-sufficient plants
(+Fe), Fe-deficient plants (-Fe), Fe-deficient
plants resupplied with Fe for 24 h (24h) and Fe-
deficient plants resupplied with Fe for 72 h (72h)
were collected with a razor blade and
immediately frozen in liquid N,. The specific
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Figure 4 - Changes in metabolic pathways as affected by Fe status

Pathways related to metabolites and proteins were integrated according to the KEGG database.
Statistical t-student tests were performed to both protein and metabolite data to show statistically
relevant changes between samples. Red squares indicate metabolites showing significant, marked
(more than 4-fold) up-accumulation compared to the controls, and yellow ones mean significant,
moderate (less than 4-fold) up-accumulation . Blue squares mean significant, marked (more than 4-
fold) down-accumulation, and green ones mean significant moderate (less than 4-fold) down-
accumulation. The same colour code was used with proteins, represented by circles. Red circles are
proteins detected only in Fe-deficient gels, and yellow ones mean significantly up-accumulated
proteins using a 2-fold threshold. Decreased (at least 50%) and missing proteins in the Fe-deficient
treatment were represented in green and blue respectively. Each number or letter corresponds to those
showed in the corresponding protein and metabolite tables (Table 1 and 2 respectively). Panels
correspond to root tip extracts from plants Fe-deficient (A), 24 h after Fe resupply (B), and 72 h after
Fe resupply (YZ in panel C and WZ in panel D).

regions of root sampled were: in the case of +Fe,
-Fe and 24 h plants, the first 10 mm from the root

apex (+Fe roots were thin and white, whereas -Fe
and 24 h roots were swollen and yellow); in the
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case of 72 h Fe resupplied roots two zones were
sampled separately, the first 5 mm from the root
apex, where a new white zone had developed
(72h WZ), and the next 5 mm, comprising the
still swollen and yellow root zone (72h WZ).
Samples were taken at approximately 4 h after
light onset in the growth chamber.

Protein extraction and analysis. Protein
extracts were obtained as described elsewhere
[45] and protein concentration was measured
with RC DC Protein Assay (Bio-Rad, Hercules,
CA, USA). A first dimension isoelectric focusing
(IEF) separation was carried out on ReadyStrip
IPG Strips (BioRad), using a linear pl gradient 5-
8. Strips were loaded in a PROTEAN IEF Cell
(BioRad) and focused at 20 °C, for a total of
14000 V.h. For the second dimension
polyacrylamide gel electrophoresis (SDS-PAGE),
IPG strips were placed onto 12% SDS-PAGE
gels to separate proteins between 10 and 100
kDa. Proteins were stained with Coomassie-Blue
R-250 (Sigma, Barcelona, Spain) and results
analyzed with the PDQuest 8.0 software
(BioRad) [46]. Gels were made from independent
root tip preparations from three different batches
of plants. In-gel digestion, sample preparation,
MALDI TOF-TOF peptide mass fingerprint and
database searching was carried out as described
in detail elsewhere [46]. Statistical significance
was tested with a t-Student test (p<0.10). A 2-
fold change in spot signal intensity between
treatments was taken as a threshold.

Metabolite extraction, analysis, data
processing and statistical analysis. Metabolite
extraction and analysis was carried out as
described previously [47]. Root tips (ca. 50 mg
FW) from eight different replicates per treatment
(one plant each) were used. After metabolite
extraction and derivatization, samples (1 pL)
were injected randomly in split-less mode with a
cold injection system (Gerstel, Miilheim an der
Ruhr, Germany) and analyzed by GC (Agilent
6890 San Jose, CA, USA) using a Rtx 5Sil MS
column (30 m x 025 mm, 025 gm film
thickness) and an integrated guard column
(Restek, Bellefonte, PA, USA). The GC was
connected to a Leco Pegasus IV time of flight
mass spectrometer controlled with Leco
ChromaTOF software v.2.32 (Leco, St. Joseph,
MI, USA). Initial peak detection and mass
spectra deconvolution were performed with Leco
Chroma-TOF software v.2.25. GC-MS
chromatograms were processed as described

Fe-deficient sugar beet root tips metabolomics

previously  [47]. Further analysis after
deconvolution was done using the semi-
automated workflow in the UC Davis Genome
Center metabolomics laboratory [48]. Metabolite
data were normalized using FW and the sum of
all metabolite heights in a single run to account
for small FW and GC injection variations [47].
Statistical analysis, including i) breakdown one-
way ANOVA univariate statistics (p<0.05), ii)
multivariate analysis supervised partial least
square (PLS) and iii) unsupervised principal
component analysis (PCA; data not shown) were
carried out with Statistica software (v.8.0.
StatSoft, Inc.). A 4-fold change in signal intensity
between treatments was taken as a threshold for
discussion.

DMRLs gene identification and expression
analysis. To identify putative dimethyl-8-
ribityllumazine (DMRL) gene sequences in sugar
beet, searches were performed with TBLASTX
[49] using previously identified DMRL synthase
sequences from A. thaliana (AF148649.1),
Nicotiana tabacum (AF422802.1) and Spinacia
oleracea (AF147203.1). Since the search gave no
hits in B. vulgaris, primers were designed based
on the DMRL synthase sequence from S.
oleracea (AF147203.1), the closest
phylogenetically related species. Primers used to
amplify the complete cDNA sequence were f-
ATGGCTTCATTTGCAGCTTCT and I-
TTAGGCCTTCAAATGATGTTC. Total RNA
from Fe-deficient root tips was isolated using the
RNeasy Plant Mini kit (Qiagen, GmbH, Hilden,
Germany) according to the manufacturer’s
instructions. The concentrations of RNAs were
assessed by UV-Vis. The structural integrity of
the RNAs was checked with non-denaturing
agarose gel and ethidium bromide staining. A
sample aliquot containing 3 pg total RNA was
subjected to reverse transcription with 25 yg mL-
1 oligo (dT) primer, 0.05 mM dNTP mix and 1
unit of Superscript II Reverse Transcriptase
(Invitrogen, Carlsbad, USA) in a final volume of
20 pL. PCR reactions were carried out with 2 uL
of resulting cDNA solution, using 0.5 uM of the
specific primers, 75 mM Tris HCI pH 9.0, 1.5
mM MgCl,, 50 mM KCI, 20 mM (NH,),SO,, 200
uM dNTP’s and 0.5 units DNA polymerase
(Biotools, Madrid, Spain). PCR cycling
conditions were as follows: 95 °C for 5 min, 30
cycles consisting of 95 °C for 45 s, 55 °C for 45 s
and 70 °C for 1 min, and a final period of 10 min
at 70 °C. The PCR product was purified with the



QIAquick gel extraction kit (Quiagen) and
sequenced (CNIO, Madrid, Spain). The
nucleotide sequence was translated, MW and pl
predicted by using the ExPASy server tools [50],
and multiple-sequence alignments done with
ClustallW v.2 [51]. Expression of the DMRL
gene in B. vulgaris root tips was analyzed by
semi-quantitative RT-PCR. One plant per
treatment was used to extract RNA, and two
different batches of plants were analyzed. RNA
extraction and RT-PCR reactions were carried
out as described above. Amplified products from
15 ul of PCR reaction were visualized on 1%
TBE agarose gel containing ethidium bromide.
Bands were photographed using the Quantity
One 4.5.1 Chemdoc EQ Software system (Bio-

Rad). Actin (DQ866829.1) was wused as
housekeeping gene. Primers used to amplify the
actin sequence were: f-
GGCAAACAGGGAAAAGATGA and r-
ACGACCAGCAAGATCCAAAC. RT-PCR

reactions were carried twice for each sample set.

Flavin analysis. Root material (ca. 100 mg
FW) was frozen in liquid N, and ground in a
mortar with 0.1 M ammonium acetate, pH 6.1.
Extracts were centrifuged for 5 min at 14000 g
and the supernatant stored at —-80 °C until
analysis. Flavins were determined by HPLC as
described by Susin et al. [6]. Six samples per
treatment from 3 independent batches of plants
were used for measurements.

Raffinose and galactinol analysis. Root tips
(ca. 100 mg) from 3 different plants per treatment
were extracted with 80% EtOH as described
elsewhere [52]. After ethanol evaporation,
extracts were resuspended in AcN-H,O and
analyzed by LC-ESI-MS as described in [53]
with some modifications. Chromatographic
separation was performed on an Alliance 2795
HPLC system (Waters, Mildford, MA, USA).
The autosampler was kept at 4°C and the column
compartment temperature was set at 25°C.
Injection volume was 10 pl, and a ZIC-pHILIC,
150 x 2.1 mm, 5 pm column (Sequant, Umea,
Sweden) was used with a flow rate of 200 pl min’
'. The mobile phase was built using two eluents:
A (5 mM ammonium acetate in 0.1 % formic
acid at pH 4) and B (AcN 0.1% Formic acid). All
mobile phase chemicals were LC-MS grade
(Riedel-de Haen, Seelze, Germany). For
separation, the initial solvent composition 90% B
and 10% A was taken to 10% B and 90% with a
19 min linear gradient. Then, the mobile phase

returned to initial conditions in 1 min and these
conditions were kept for another 10 min, to allow
column equilibration. Total run time per sample
was 30 min. MS analysis was carried out with a
micrOTOF 11 ESI-TOFMS apparatus (Bruker
Daltoniks GmbH, Bremen, Germany) in the 50—
1000 m/z range. The micrOTOF II was operated
in negative mode at 3000 and —500V capillary
and end-plate voltages, respectively. Capillary
exit, skimmer 1 and hexapole RF voltages were
set at -82.1, -41.4 and 80.0 V, respectively.
Nebulizer gas (N,) pressure was kept at 2.0 bar
and drying gas (N,) flow was set at 8.0 liter min™
with a temperature of 180°C. Mass calibration
was carried out with 10 mM Li-formate solution
using a syringe pump (Cole-Parmer Instruments,
Vernon Hills, IL, USA). The system was
controlled  with the software packages
MicrOTOF Control v.2.2 and HyStar v.3.2
(Bruker Daltonics). Data were processed with
Data Analysis v.3.4 software (Bruker Daltonics).
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SUPPLEMENTARY MATERIALS

Supplementary Figure 1. DMRL synthase sequence and alignment.

DMRL synthase sequence (A) in Beta vulgaris (GQ375163) and alignment (B) of DMRL synthase
protein from Beta vulgaris (Bv) and Spinacia oleracea (So; AAD44808.1), Nicotiana tabacum (Nt;
AAQO04061.1), Arabidopsis thaliana (At, AADA44810.1), Cucumis sativus (Cs; ABZ88150.1),
Solanum chacoense (Sc; ACB32230.1) and Oryza sativa (Os; ACS94980.1) and Zea mays (Zm)

A B
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Supplementary Table 1 - Unknown metabolite response ratios of the different treatments vs. +Fe
List of unknown metabolites with response ratios (level in a given treatment divided by the level in the
+Fe treatment) higher than 4 and a t-test significance of P<0.01 (indicated in bold). When the ratios
were lower than 1 the inverse was taken and the sign changed.

BinBase Il\l/[)etabollte Fe 2%4h 2hYZ T2hWZ
199205 63 13.1 43 2.3
199242 2.3 7.5 7.1 3.1
200421 -1.9 2.7 6.8 -1.3
200463 2.7 2.5 4.8 1.5
200523 2.7 4.6 33 2.7
200624 30 -6.1 -1.5 2.0
200844 2.7 4.8 5.1 2.7
200925 74 20 1.0 2.2
201005 -1.7 -5.9 2.5 -6.3
202178 38 58 34 2.1
202293 8.2 21.7 6.7 2.7
202808 2.6 6.7 35 2.1
203241 14 1.7 4.0 2.2
207227 4.2 6.7 6.5 2.3
208770 1.7 2.6 4.0 4.0
211890 1.8 39 7.6 2.6
211891 17.6 1459 69.5 6.3
211991 325 5.1 44 2.0
212373 48 79 2.0 24
212672 37.5 7.7 31 1.7
217840 -8.1 -4.1 -1.2 -14
217841 1.1 1.3 4.5 1.8
218550 14 2.2 4.2 4.1
218596 14 2.1 4.6 4.6
218761 34 6.7 39 1.9
218766 1.2 24 4.9 2.0
218767 1.6 39 7.0 2.8
218769 45 41.7 5.0 6.0
218771 6.6 6.6 6.2 2.1
218773 1.2 4.0 8.3 4.1
218798 1.5 10.1 8.3 4.0
218824 2.1 -1.7 48 113
218829 3.1 33 2.8 6.1
218832 1.3 -1.5 -1.2 4.1
218834 3.1 3.8 9.7 5.1
218847 14 2.3 4.2 43
218852 2.7 3.6 9.7 54
218867 4.9 8.7 10.0 9.1
218986 -3.6 53 -1.2 1.3
218993 4.1 -6.9 -14 -1.3
218995 -1.1 1.8 4.1 2.3
219171 5.1 93 4.9 1.8
219181 2.0 2.1 43 1.5
219185 32 54 3.1 1.3
219513 42 11.0 3.8 2.1
220143 1.0 1.7 4.5 1.7
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Iron deficient plants do not synthesize enough
chlorophyll to maintain normal photosynthetic
rates. Therefore, under Fe-deficiency C
fixation through photosynthesis is impaired
and plants need to readjust their metabolism
to cope with this C shortage. This metabolic
adaptation to Fe deficiency includes increases
of organic acid concentration in all plant
tissues, in the activities of different enzymes of
the pentose phosphate pathway and TCA cycle
such as phosphoenolpyruvate carboxylase
(PEPC) activity and in the anaerobic
metabolism. All these metabolic adaptations
have been well characterized in Fe-deficient
roots of different species, using both
biochemical and -omic approaches. However,
Fe deficiency induced metabolic changes in
leaves and xylem sap have been less studied.
In this work we have characterized the
metabolite profile changes induced by Fe-
deficiency in leaves and xylem sap of several
strategy I plant species. The short-term effect
of Fe-resupply in the metabolite xylem sap
profile of Fe-deficient tomato plants was also
evaluated. We have identified between 60 to 90
metabolites in the different tissues studied.
The most relevant changes found were the
large increase of organic acids in xylem sap
and leaves and of free aminoacids in leaves.
Xylem sap analysis of Fe-deficient tomato
plants resupplied with Fe (24h) showed a fast
re-adaptation to control conditions. A good
correlation between aminoacids and
carboxylates of the TCA cycle indicate that
anaplerotic reactions using aminoacids as C
source may occur in Fe-deficient sugar beet
leaves.

Introduction

Iron is an essential micronutrient for plants
because it is a component of different proteins
involved in processes such as photosynthesis,
respiration and others (Marschner, 1995). In
calcareous and alkaline soils Fe is mainly found
as poorly soluble oxides and/or hydroxides, and
therefore the amount of Fe available to plants is

very low. Since 30% of cultivated plants are
grown in calcareous soils, Fe deficiency is a
major problem for crop productivity (Hansen et
al., 2006; Rombola and Tagliavini, 2000).

Upon sensing Fe shortage, many plant
species, with the exception of grasses, boost
different mechanisms included in the so-called
reduction strategy (Strategy I) to maximize Fe
mobilization and uptake from the soil(Abadia et
al., 20011, In press) . This strategy is based on
the reduction of rhizospheric Fe by means of an
Fe reductase enzyme (FRO; (Robinson et al.,
1999), and the subsequent cell Fe uptake by an
Fe(Il) transporter (IRT; (Eide et al., 1996). Iron
solubilization in the rhizosphere is enhanced by
an H*-ATPase that is up-regulated with Fe-
deficiency (Santi and Schmidt, 2009). Grasses
use a distinct strategy called chelation strategy
(Strategy II) that relies on the synthesis and
excretion of phytosiderophores (PS) to the
rhizosphere where they chelate Fe(Ill) (Abadia et
al., 20011, In press) the Fe(Il)-PS complexes are
then taken up by YSL-type transporters (Curie et
al., 2009).

Plant adaptation to Fe shortage involves
different metabolic changes occurring at the root,
xylem and leaf level. In roots, there are increases
in the activities of phosphoenolpyruvate
carboxylase (PEPC) (Andaluz et al., 2002) and
several enzymes of the glycolytic pathway and
the tricarboxylic acid (TCA) cycle (Herbik et al.,
1996; Brumbarova et al., 2008; Li et al., 2008).
The increased activity of PEPC leads to an
accumulation of organic acids (Abadia et al.,
2002), that may play important roles in the
transport of Fe and C (L6pez-Millan et al., 2000)
via xylem to the leaf. Organic acid concentrations
in xylem sap and leaf apoplastic fluid are
markedly increased in several Strategy I plant
species with Fe deficiency (Lépez-Milldn et al.,
2000; Lépez-Millan et al., 2001; Larbi et al.,
2003; Jiménez et al., 2007; Lépez-Milldn et al.,
2009). At the leaf level, the most characteristic
Fe-deficiency symptom is the greenish-yellow
colour of young leaves, caused by decreases in
the amount of the light-harvesting pigments,

107



108

Metabolomics of the xylem sap and leaves of Fe-deficient plants

specially chlorophyll (Chl), causing a relative
enrichment in carotenoids (Abadia, 1992; Larbi
et al., 2004; Timperio et al., 2007). Iron
deficiency-induced leaf chlorosis leads to
reduced photosynthetic efficiency and electron
transport, with less C being fixed via
photosynthesis (Abadia, 1992; Larbi et al., 2000).
Whereas most of these metabolic changes have
been revealed by physiological and biochemical
studies, the recent application of ‘-omic’
techniques, that allow for the simultaneous and
untargeted determination of a large amount of
compounds, has complemented previous studies
by providing new information. Iron deficiency
studies have been recently published involving
the use of transcriptomic (Thimm et al., 2001;
Buhtz et al., 2010; Yang et al., 2010), proteomic
(Herbik et al., 1996; Andaluz et al., 2006;
Timperio et al., 2007; Brumbarova et al., 2008;
Li et al., 2008; Laganowsky et al., 2009; Donnini
et al., 2010; Lan et al., 2010; Li and Schmidt,
2010; Relldn-Alvarez et al., 2010; Rodriguez-
Celma et al., 2011, Submitted) and metabolomic
studies (Relldn-Alvarez et al., 2010), with focus
on whole plants, roots and thylakoid membranes.
Iron resupply either to leaves or to roots leads to
a de-activation of some root Fe acquisition
mechanisms, including FRO and IRT (Loépez-
Millan et al., 2001; Enomoto et al., 2007; Abadia
et al.,, 20011, In press). Regarding metabolic
changes, root PEPC activity, organic acid
concentrations and the whole metabolite profile
reach control levels within a few days after Fe-
resupply (Relldn-Alvarez et al., 2010; Abadia et
al., 20011, In press). Also, Fe resupply leads to
increases in chlorophyll concentrations and
photosynthetic rates within few days or weeks
(Larbi et al., 2003; Larbi et al., 2004; Timperio et
al., 2007), as well as to decreases in the
concentration of organic acids in the whole plant
(Lépez-Millén et al., 2001; Lopez-Millan et al.,
2001). Xylem sap and leaf apoplastic carboxylate
concentrations were markedly reduced after Fe
resupply in Fe-deficient sugar beet (Larbi et al.,
2010) and fruit trees (Larbi et al., 2003).

The aim of this study was to characterize the
metabolite profile of the xylem sap and leaves of
different Strategy I plant species in response to
Fe deficiency. Metabolite profiles obtained using
gas chromatography mass spectrometry (GC-MS)
were obtained from xylem sap and leaves of
tomato, lupine, peach and sugar beet plants
grown in Fe-sufficient and Fe-deficient

conditions. Also, short-term effects (6-24 h) of
Fe resupply on the xylem sap metabolite profiles
of Fe-deficient tomato plants were studied.

Materials and Methods

Plant Material. Xylem sap and leaves were
obtained from four different Strategy I plant
species grown in controlled and field conditions
and with different Fe-nutrition status. Tomato
(Lycopersicon esculentum L. cv. ‘Tres Cantos’),
lupine (Lupinus albus cv. ‘Multolupa’) and sugar
beet (Beta vulgaris L. ‘Orbis’) plants were grown
in a growth chamber with a photosynthetic
photon flux density at leaf height of 350 mmol
m” s photosynthetic active radiation and a 16 h-
22 °C/8 h-19 °C, day/night regime. Seeds were
germinated and grown in vermiculite for 2
weeks. Seedlings were grown for 3 more weeks
in half-strength Hoagland nutrient solution with
45uM  Fe-EDTA. Then, seedlings were
transplanted to plastic buckets containing half-
strength Hoagland nutrient solution with either 0
(-Fe) or 45 uM Fe(lIl)-EDTA (+Fe). The pH of
the Fe-free nutrient solutions was buffered at
approximately 7.7 by adding 1 mM NaOH and 1
g L' of CaCO;. This treatment simulates
conditions usually found in the field that lead to
Fe deficiency (Susin et al., 1996). After growth
for 14 days in these conditions, xylem sap (lupine
and tomato) and young, fully developed leaves
(tomato and sugar beet) were sampled 4 h after
light onset from 6-8 plants per treatment (Fig.
1A-C, E-G). Also, a set of Fe-deficient tomato
plants were resupplied (at 4 h after light onset)
with Fe (45 uM Fe(ll)-EDTA in the nutrient
solution). Xylem sap samples were taken from
Fe-deficient and Fe-deficient, Fe-resupplied
plants at 6, 12, 18 and 24 h after Fe-resupply,
from 6-8 plants per treatment and sampling time.
Leaves were washed with distilled water, discs
were taken using a cork borer with a surface of
0.50 cm’, immediately frozen in liquid N, and
stored at -80 °C until metabolite extraction.
Fourteen year-old peach trees (Prunus persica
(L.) Batsch, cv. ‘Catherina’ grafted on ‘GF677’)
grown on a flood-irrigated calcareous soil
(Typical xerofluvent, clay-loamy texture, with
31% total CaCO;, 10% active CaCO,, 7 mg kg’
DTPA-extractable Fe, 2% organic matter and pH
8.0 in water) were used. The orchard was located
in Pefiaflor (Zaragoza, Spain), had a frame of 2.5
x 6 m, and was appropriately maintained in terms
of nutrition, pruning and pest and disease control.



Figure 1. Plants grown in Fe-sufficient (upper row) and Fe-deficient (lower row) conditions.
Xylem sap and/or leaf samples of tomato (A, E), sugar beet (B, F), lupine (C, G) and peach (D, H)
were taken from plants and analyzed by gas chromatography-mass spectrometry to study metabolite
changes induced by Fe deficiency.

Some trees did not receive any Fe fertilization for
2 years prior to the beginning of the trial. Tree Fe
status was monitored by estimating leaf Chl
concentration with a hand-held Chl meter
(SPAD-502, Minolta Corp., Ramsey, NJ) in the
3rd-4th leaves from the shoot tip. All SPAD data
presented were measured at sampling time. Five
trees were selected and grouped into two classes:
3 trees with no chlorosis symptoms in the
springtime season but with a slight chlorosis at
the sampling time (control trees, +Fe; SPAD 18-
32) and 2 trees with severe Fe-deficiency
symptoms (-Fe; SPAD 9-17, Fig. 1 D, H). Seven
current year branches (25-30 cm in length) were
taken from each tree in July 2008 between 7:00
and 8:00 AM (solar time). Leaf discs from the
3rd-4" leaf from the branch tip were sampled in
the field as described above (see below). Then,
sampled branches were protected with a wet
paper towel and immediately brought to the
laboratory for xylem sampling (see below).
Xylem sap sampling. Xylem sap from tomato
and lupine plants was collected by de-topping the
plants 3-4 cm above the cotyledons (Lépez-
Millan et al., 2009). Stumps were allowed to
bleed for 2-3 minutes, the first drops of sap were
discarded, the cut surface was wiped out with
paper tissue, cleaned with distilled water and
blotted dry. Then, xylem sap was collected with a
micro-pipette for 20 min in Eppendorf tubes kept

on ice. Extraction of peach xylem sap from
branches was made as described elsewhere (Larbi
et al.,, 2003) with some modifications. The
cutting was devoid of the basal bark (3-4 cm),
washed with distilled water and placed in a
Scholander chamber with the distal end,
including leaves, inside the pressure chamber.
Then, pressure was increased progressively from
5 to 22 bar (higher pressure values resulted in
cytosolic contamination). The first few drops of
sap were discarded to avoid contamination, and
xylem sap was collected for 4 min in Eppendorf
tubes kept on ice. Cytosolic malate
dehydrogenase c-mdh (EC 1.1.1.37) was used as
xylem sap cytosolic contamination marker
(Lépez-Millan et al., 2000) in all cases.

Metabolite extraction and derivatization.
Metabolite extraction was carried out as
previously described for xylem sap (Fiehn, 2003)
and leaves (Fiehn et al., 2008). The dried extracts
were derivatized as described elsewhere (Fiehn et
al., 2008).

Metabolite analysis by gas chromatography -
mass  spectrometry and data processing.
Derivatized samples (1 pL) were injected
randomly in split-less mode with a cold injection
system (Gerstel, Miilheim an der Ruhr, Germany)
and analyzed by a GC device (Agilent 6890, San
Jose, CA, USA) using a Rtx 5Sil MS column (30
m X 0.25 mm, 0.25 ym film thickness) and an
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integrated guard column (Restek, Bellefonte, PA,
USA). The GC was connected to a Leco Pegasus
IV time-of-flight mass spectrometer (TOFMS)
controlled with Leco ChromaTOF software
v.232 (Leco, St. Joseph, MI, USA). Peak
detection and mass spectra deconvolution were
performed with Leco Chroma-TOF software
v.2.25. GC-MS chromatograms were processed
as described previously (Fiehn et al., 2008).
Metabolite data were normalized using the sum
of all metabolite peak heights in a single run to
account for small GC injection variations. The
resulting data were multiplied by a constant
factor in order to obtain values without decimal
figures. Data were analyzed to check for possible
correlation between peak height values and peak
variance, and since a positive correlation was
found a loglO transformation of the data was
carried out to avoid the variance-mean
dependence (Chich et al., 2007).

Statistical analysis. Statistical analysis of the
normalized logl0 transformed data was carried
out with Statistica software (v.9.0. StatSoft, Inc.,
Tulsa, OK, USA). Six to eight biological replicas
per tissue, plant species and Fe treatments were
used.

Iron determination. Iron was determined by
graphite furnace atomic absorption spectrometry
(Varian SpectrAA with Zeeman correction). Each
sample was analyzed in triplicate with 6
biological replicates.

Results

After metabolite peak processing, normalization
and loglO transformation, xylem sap and leaf
metabolite data were subjected to different types
of analysis. A first glimpse of the metabolite
increases and decreases occurring with Fe
deficiency was obtained from 1-factor analysis of
variance (ANOVA) of the metabolite data for
each tissue and specie. Mean response ratios,
defined as the level in the Fe deficiency treatment
divided by the level in the Fe-sufficient controls.
Then, the clustering of the Fe-deficient and
control samples, as well as the metabolites
responsible of the separation between both
samples, were studied using multivariate analysis
(supervised partial least square, PLS). Using the
same techniques, the effects of Fe resupply in the
xylem sap metabolite composition of Fe-deficient
tomato plants were analyzed. Also, mean
response ratios for each metabolite were
compared using Duncan’s test at p < 0.05 in

order to find significant differences due to the Fe-
resupply time. Finally, the correlations between
different metabolites were analyzed to look for
possible reactions that may be relevant in Fe
deficiency.

Xylem sap metabolite profile changes in
response to Fe deficiency. The xylem sap from
tomato, lupine and peach Fe-deficient and control
plants was analyzed by GC-MS. In each species,
only those metabolites present in at least 80% of
either the Fe-deficient or the control samples
were selected for further analysis. From a total of
253, 233 and 251 metabolites detected in tomato,
lupine and peach, respectively, 77, 83, and 77
metabolites were identified. The levels of several
identified metabolites changed significantly (at p
< 0.05) in response to Fe deficiency. For this
group of metabolites, those with a mean response
ratio above 2.0 (41, 19 and 6 for tomato, lupine
and peach, respectively) are shown in Table 1.
The highest increases were found for the TCA
cycle carboxylates aconitate and succinate in
tomato and lupine, and citrate, malate and
oxoglutarate in tomato only. However, the only
metabolite that increased (>2-fold) in peach was
nicotianamine. Most metabolites decreased with
Fe deficiency, and the largest decreases were
found for polyamines such as putrescine (8- to
12-fold) and spermidine (2- to 7-fold) in tomato
and lupine. Aminoacids such as glycine, tyrosine
and alanine also decreased (2- to 4-fold) in both
tomato and lupine, whereas others decreased (2-
5-fold) only in lupine (B-alanine, tryptophan and
oxoproline) or tomato (lysine, leucine, isoleucine,
valine and serine). Decreases were also found for
carbohydrates such as glucose-6-P  and
myoinositol in both tomato and lupine and 3-
phosphoglyceraldehyde in both lupine and peach,
whereas other carbohydrates only decreased in
tomato (arabinose, inulobiose, fructose,
galactinol and sucrose), lupine (trehalose) or
peach (gluconate).

Cluster analysis of the metabolite profile of
Fe-deficient and Fe-sufficient xylem sap samples.
Score scatter plots obtained by Partial Least
Squares Analysis (PLS) were drawn for the
metabolite profiles of each species, including

both the identified and the unidentified
compounds (Fig. 2A-C). Iron-deficient and
control, Fe-sufficient samples were clearly

separated in clusters in the three species studied.
However, the separation between the Fe-deficient
and Fe-sufficient samples was more obvious in



Table 1. Xylem sap extracts identified metabolite response ratios of Fe deficient (-Fe) vs. Fe-sufficient
controls (+Fe). When the response ratio (level in the -Fe treatment divided by the level in the +Fe
treatment) was lower than 1 the inverse was taken and the sign changed. Only changes >2 and with t-
test significance of p<0.05 are shown. Numbers on the left correspond to those indicated inside the
different metabolite symbols in Fig. 5.

# Lupine # Peach # Tomato
Aminoacid and Nitrogen Metabolism
38 maleic acid 25 45 nicotianamine 24 57 suberyl glycine 7.1
60 shikimic acid -2.0 8 benzoic acid 23 68 tryptophan 6.4
42 spermidine 20 10 butane-2,3-diol 24 31 hydroxyglutaric acid 4.6
70 tyrosine -2.1 38 maleic acid 4.0
7 glycine -2.1 6 asparagine 2.5
68 tryptophan -2.2 59 serine -2.0
3 alanine -2.4 3 alanine -2.3
48 oxoproline -2.5 50 phenylalanine -2.8
9 beta alanine -2.6 71 urea -2.9
52 putrescine -7.6 72 valine -3.0
70 tyrosine -3.1
40 methionine -3.1
34 isoleucine -3.2
66 threonine -3.6
26 glycine -3.8
35 leucine -3.9
53 quinic acid -4.2
60 shikimic acid -4.3
36 lysine -5.1
61 spermidine -6.7
52 putrescine -11.8
TCA cycle
2 aconitic acid 2.6 47 oxoglutaric acid 91
62 succinic acid 24 39 malic acid 6.2
11 citric acid 5.7
62 succinic acid 4.7
2 aconitic acid 2.8
Carbohydrate Metabolism
67 trehalose 23 22 gluconic acid -2.1 16  N-acetyl-D-mannosamine -2.6
63 sucrose -2.7
73 xylose -3.8
21 galacturonic acid -4.1
24 glucuronic a -4.2
19 galactinol -4.7
14 fructose -5.2
33 inulobiose -5.2
5 arabinose -7.5
Glycolysis and Pentose Phosphate Metabolism
49 PGA 25 49 PGA -39 23 glucose-6-P -2.3
20 galactose-6-P -4.6 37 lyxytol -2.3
23 glucose-6-P -5.0 56 ribose -4.3
Others
28 guanosine -2.4 1 2-deoxyerythritol ~ -2.1 15 myo-inositol -2.5
18 GABA -2.7 54 ribitol -4.1
41 myoinositol -3.9 18 GABA -4.4
tomato and lupine than in peach. In fact, the cycle such as oxoglutaric, malic 2-

separation explained by the first vector (v1) was
53, 38 and 13% in tomato, lupine, and peach,

hydroxyglutaric, citric, succinic and aconititate
whereas those with the highest negative X-

respectively. The Fe-deficient and Fe-sufficient weights were aminoacids, other N related
cluster separation is associated to the metabolites compounds (spermidine, putrescine, glycine,
with the highest contribution (X-weights) to v1. shikimic acid and lysine) and carbohydrates
In tomato, the metabolites with the highest (arabinose, galacturonic acid, xylose and

positive X-weights were carboxylates of the TCA

inulobiose) (Supplementary Table 1). A similar
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pattern was found in lupine, where metabolites
with the highest positive X-weights were
carboxylates such as succinate, aconitate,
fumarate, maleate, oxoglutarate and malate,
whereas the metabolites with the highest negative
X-weights were aminoacids like tryptophan,
tyrosine, 3-alanine and oxoproline
(Supplementary Table 1). In peach, the
metabolites with the highest positive X-weights
were carbohydrates (glucose, arabitol and
sucrose) and glycolysis related compounds
(ribose and gluconate), whereas the metabolites
with highest negative X-weights were aminoacids
and other N related metabolites (2-
hydroxyglutarate, proline, phenylalanine),
carbohydrates (galactinol, galactonic acid and

threonine) and such as
fumarate.

Leaf metabolite profile changes in response to
Fe deficiency. From a total of 238, 128 and 375
metabolites detected (present in at least 80% of
either Fe-deficient or Fe-sufficient plants in each
species), 65, 82, and 92 metabolites were
identified in leaf extracts of tomato, sugar beet
and peach, respectively. The levels of several
identified metabolites changed significantly (at p
< 0.05) in response to Fe deficiency. For this
group of metabolites, those with a mean response
ratio above 2.0 (21, 34 and 4 in tomato, sugar
beet and peach, respectively) are shown in Table
2. Most of the metabolites increased with Fe
deficiency, with the largest increases found (2- to

some carboxylates

Table 2. Leaf extracts identified metabolite response ratios of Fe deficient (-Fe) vs. Fe-sufficient
controls (+Fe). When the response ratio (level in the -Fe treatment divided by the level in the +Fe
treatment) was lower than 1 the inverse was taken and the sign changed. Only changes >2 and with t-
test significance of p<0.05 are shown. Numbers on the left correspond to those indicated inside the

different metabolite symbols in Fig. 5.

# Sugar beet # Peach # Tomato
Aminoacid and Nitrogen Metabolism
26 glutamine 328 62 s- glycine 59 170 tyrosine 4.2
59 serine 19.6 6 asparagine 4.3 12 ethanolamine 3.8
34 isoleucine 13.7 34 isoleucine 2.0 38 maleic acid 2.1
72 valine 8.9 68 tryptophan 2.1
48 oxoproline 8.0 35 leucine 2
35 leucine 8.0 26 glutamine 2.2
38 maleic acid 7.7 7 aspartic acid -2.6
27 glycine 6.8 29 homoserine -5.7
70 tyrosine 6.1 32 hydroxylamine -13.6
66 threonine 6.0
69 tyramine 4.6
25 glutamic acid 35
3 alanine 2.5
52 putrescine -2.9
TCA cycle
11 citric acid 13.7 62 succinic acid 2.8
62 succinic acid 12.2
16 fumaric acid 2.9
Carbohydrate Metabolism
43 N-acetyl-D-hexosamine 58 22 gluconic acid 24 64 threitol 6.5
74 lactobionic acid 3.5 54 ribonic acid 4.1
44  N-acetyl-D-mannosamine 32 43 N-acetyl-D-hexosamine 3.8
75 xylonic acid 32 19 galactinol 2.5
76 arabitol 3.1 44  N-acetyl-D-mannosamine 2.1
21 erythronic acid 2.9 15 fucose + rhamnose 2
73 xylose 2.9 58 saccharic acid -4.0
28 xylitol 2.2
Glycolysis and Pentose Phosphate Metabolism
49 PGA -12.4 23 glucose-6-P -2.0
Others
17 g-tocopherol 17.3 51 phytol -2.3
13 FAD 2.9 30 hydroxycarbamate -8.0
4 alpha-tocopherol 2.7
65 threonic acid 2.6
42 myristic acid 2.1
51 phytol -3.9
46 oxalic acid -5.5




33-fold change) for aminoacids and N related
compounds: isoleucine in sugar beet and peach,
glutamine, serine, valine, oxoproline, leucine,
glycine, tyrosine, threonine, glutamate and
alanine in sugar beet, tyrosine, ethanolamine,
tryptophan and leucine in tomato, and suberyl
glycine and asparagine in peach. Other increases
were only found in tomato and/or sugar beet:
TCA cycle carboxylates (citrate, succinate and
fumarate) with 3- to 14-fold changes, and
carbohydrates (e.g., N-acetyl-D-hexosamine and
N-acetyl-D-mannosamine) with 2- to 6-fold
changes. A few metabolites decreased with Fe
deficiency, most of them in tomato, including
aminoacids and N related compounds
(hydroxylamine, homoserine, aspartate and
glutamine) and other metabolites such as
hydroxicarbamate. Other compounds that
decreased were phytol and oxalate in sugar beet
and gluconate in peach.

Cluster analysis of the metabolite profile of
Fe-deficient and Fe-sufficient leaf samples. Score
scatter plots obtained by PLS analysis for the leaf
metabolite profiles of each species, including
both identified and non-identified compounds,
are shown in Fig. 2. Iron-deficient and Fe-
sufficient samples are in separated clusters in the
three species (Fig. 2D-F), especially in tomato
and sugar beet. The separation explained by the
first vector (v1) was 35, 33 and 14% in tomato,

sugar beet and peach, respectively. In tomato, the
metabolites with the highest positive X-weights
are mainly aminoacids and N related compounds
(hydroxylamine, homoserine, citrulline,
aspartate, cyclohexylamine and glutamine),
whereas among the metabolites with highest
negative X-weights we found carbohydrates
(fucose + rhamnose, N-acetyl-D-hexosamine, N-
acetyl-D-mannosamine and myo-inositol), and
aminoacids and other N related compounds
(tyrosine,  2-isopropylmalate, leucine and
glutamate) (Supplementary Table 1). In sugar
beet, the metabolites with the highest positive X-
weights were mainly 3 types of compounds:
carboxylates (succinate and citrate)
carbohydrates (lactobionic acid, xylitol, N-acetyl-
D-hexosamine and N-acetyl-D-mannosamine)
and aminoacids (oxoproline, serine and
threonine) (Supplementary Table 1). In sugar
beet, metabolites with the highest negative X-
weights were glycolysis and pentose phosphate
pathway related compounds (PGA, fructose 6-P
and glucose 6-P), and aminoacids and other N
related compounds (putrescine and aspartate)
(Supplementary Table 1). In the case of peach,
metabolites with the highest positive X-weights
included aminoacids and N related compounds
(e.g, isoleucine, asparagine, serine,
phenylalanine, or threonine), whereas among the
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Figure 2. Score scatter plot of detected metabolites.

Partial Least Square (PLS) analysis, showing the

score scatter plot of PLS vector 1 (vl) vs. PLS vector 2 (v2) of detected metabolites in the different
tissues from control (green circles) and Fe-deficient (yellow circles) The percentage of variability

explained by each vector is also indicated.
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metabolites with highest negative X-weights we
found carbohydrates (erythronic acid and
erythrose) and glycolysis and pentose phosphate
pathway related compounds such as gluconate
and PGA.

Metabolite correlations between metabolites
involved in anaplerotic reactions. Since one of
the main response of Fe deficiency is the increase
of anaplerotic reactions such as PEPC, we
explored the possible occurrence of other
anaplerotic reactions occurring in leaf samples of
the three species by looking at the correlations
between aminoacids and the TCA cycle
carboxylates (Fig. 3A). Positive correlations
between the levels of aminoacids and
carboxylates were found in Fe-sufficient samples,
whereas the correlations were negative in Fe-
deficient samples. As an example, the
relationships between i) aspartate vs. citrate, ii)
glutamate vs. oxoglutarate and iii) tyrosine vs.
fumarate in Fe-deficient and Fe-sufficient sugar
beet samples are shown in Fig. 3B, C and D,
respectively. Similar correlations were found for
the pair aspartate/citrate in tomato and peach
leaves, although the in the latter case it was much
less obvious.

Metabolite profile changes and sample cluster
analysis of Fe-deficient tomato plants xylem sap
in response to Fe-resupply. The xylem sap Fe
concentrations of Fe-sufficient, Fe-deficient and
Fe-deficient resupplied tomato plants collected at
6, 12, 18 and 24 h after Fe-resupply were 2043,
5+4, 7444, 177+15, 156£19 and 66+3 uM (n=6),
respectively. Iron concentrations in the xylem sap
of Fe-sufficient plants remained constant at all
sampling times (Supplementary Fig. 1). The
changes in the tomato xylem sap metabolite
profile were investigated at 6, 12, 18 and 24
hours after Fe resupply with 45 yM Fe-EDTA.
From a total of 253 detected compounds (present
in at least 80% of the samples of at least one
treatment) 77 were identified. From these
metabolites, the mean response ratios of 44 (in
Fe-deficient plants), 47,26, 25 and 10 of them (at
6,12, 18 and 24 h after Fe resupply, respectively)
changed significantly (p <0.05) when compared
to the xylem of Fe-sufficient plants sampled at
the same sampling time points (Supplementary
Table 2). The largest increases at 6 h after Fe-
resupply were for TCA cycle metabolites (alpha-
ketoglutarate, citrate, malate, fumarate and
aconitate, with response ratios of 123, 30, 12, 7
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Figure 3. Metabolite correlations. TCA cycle with anaplerotic reactions that use aminoacids as C
source shown with red arrows (A). Metabolite correlations between citric and aspartic acid (B);
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Figure 4. Score scatter plot of detected xylem-
metabolites for the tomato resupply experiment.
Partial Least Square (PLS) analysis, showing the
score scatter plot of PLS vector 1 (vl) vs. PLS
vector 2 (v2) of identified metabolites in the Fe
treatments: control (+Fe), Fe-deficient (-Fe) and
Fe-deficient after 6 (R-6), 12 (R-12), 18 (R-18)
and 24 (R-24) hours of Fe resupply.

and 5, respectively) and some aminoacids and
other N related compounds (maleate, tryptophan,
aspartate and 2-hydroxyglutarate, with response
ratios of 19, 7, 6 and 6, respectively). At
thefollowing sampling times, the response ratios
for all these metabolites decreased, and 24 h after
Fe-resupply only two of the metabolites
(aconitate and citrate) showed significant
differences when compared with the control
values. Most of the metabolites that decreased
with Fe deficiency were still affected at a similar
level 6 h after Fe resupply, including some
aminoacids and N related compounds (e.g.
isoleucine, leucine, putrescine, tyrosine, valine)
and carbohydrates (e.g arabinose, fructose,
inulobiose and glucose). After this time point,
less metabolites remained affected, with 17, 12
and 6 the total showing negative response ratios
in the samples taken 12, 18, and 24 h after Fe-
resupply, respectively. Sample clusters were also
separated but at a lesser extent, indicating a rapid
adaptation of the xylem sap metabolite profile to
control values.

Discussion

We have studied the effects of Fe deficiency on
the metabolite profiles of xylem sap and leaves of
several Strategy I plant species using GC-MS
analysis. Iron deficiency led to important
alterations in the metabolite profile of both xylem
sap and leaves of three of the species analyzed,
sugar beet, tomato and lupin, whereas peach tree
showed less marked changes (Fig. 5). TCA cycle

metabolites were increased both in xylem sap and
leaves. On the other hand, carbohydrates and
aminoacids and N metabolism compounds
decreased in xylem sap and increased in leaves.
In sugar beet leaves, significant correlations were
found between selected pairs of aminoacids and
TCA cycle metabolites involved in known
anaplerotic reactions, and the sign of these
correlations was affected by Fe status. In tomato,
the xylem sap metabolite profile of Fe-deficient
plants was similar to that of Fe-sufficient plants
after one day of Fe-resupply.

The most relevant changes in the xylem sap
metabolite profile induced by Fe-deficiency were
the increases in carboxylates of the TCA cycle
(Table 1; Fig. 5). This is a typical effect of Fe-
deficiency (Abadia et al., 2002), and for example
24-, 17- and 20-fold citrate increases have been
reported to occur in xylem sap of Fe-deficient
sugar beet (L6pez-Millan et al., 2000), tomato
(Lépez-Millan et al., 2009) and peach tree plants
(Larbi et al., 2010), respectively. This has been
attributed to an increase in the activities of PEPC
and TCA cycle enzymes induced by Fe
deficiency in roots (De Nisi and Zocchi, 2000;
Loépez-Millan et al., 2000; Ollat et al., 2003). On
the other hand, TCA cycle carboxylates (mainly
citrate) can also function as a xylem sap Fe
carrier (Rellén—Alvarez et al., 2010), and mutant
plants not able to transport sufficient citrate to the
xylem sap show Fe-deficiency like symptoms
(Durrett et al., 2007; Yokosho et al., 2009).
Whether these Fe-deficiency symptoms are
caused by a decreased C transport to the shoots
or the inability of these mutants to effectively
chelate Fe with citrate is still an open question
(Abadia et al., 2011). Unlike TCA cycle
carboxylates, aminoacids and other N related
compounds and carbohydrates in the xylem sap
decreased in response to Fe deficiency (Fig. 5).
There is no data, to the best of our knowledge,
reporting aminoacid values in the xylem sap of
Fe-deficient  plants. However, the total
concentration of aminoacids increased with Fe
deficiency in the apoplastic fluid of sugar beet
plants (Lépez-Millan et al., 2000). Among the N
related compounds, the largest decreases in
xylem sap correspond to putrescine and
spermidine, and this could be associated with the
aminoacid decreases since the concentration of
these amines 1is correlated with those of
aminoacids (Mattoo et al., 2010). Xylem sap
carbohydrate decreases in response to Fe-
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deficiency are not in accordance to previous
results found in sugar beet (Lopez-Millan et al.,
2000). It should be taken into account that
carbohydrates are not expected to occur in the
xylem and they may be the result of
contamination and/or transfer with the phloem.

Most of the changes found in tomato and
lupine xylem sap metabolite profile did not occur
in peach. This could be explained by the fact that
peach trees used as controls at the beginning of
the growth-season (Fe-sufficient) became slightly
chlorotic (leaf SPAD values close to those of Fe-
deficient peach trees; see Material and Methods
section) at the sampling time. However, a
significant metabolite related with Fe transport,
nicotianamine, increased (2-fold) in peach xylem
sap with Fe deficiency. This could be due to the
possible distinct role of NA in peach and other
fruit tree species grown in the field, where the
xylem sap pH is in the range 6.5-7.5 (Larbi et al.,
2003), in comparison with the xylem sap pH of
other species, which is usually around 5.5. In
vitro chelation experiments (Rellan-Alvarez et
al., 2008) indicate that NA would be able to
chelate Fe at pH 7.5, whereas at pH 5.5 Fe-citrate
would still be the main xylem sap Fe form
(Relldn-Alvarez et al., 2010).

Iron-resupply to Fe-deficient tomato plants
induced progressive changes with time (0-24 h)
in the xylem sap metabolite profile (Fig. 4). After
24 h of Fe-resupply, the xylem sap metabolite
profiles were already more closely related with
those of the Fe-sufficient plants than with those
of the Fe-deficient plants (Fig. 4). However, all
resupplied plants still had similar leaf chlorosis
levels than those of Fe-deficient plants (Fig. 1),
whereas xylem sap Fe concentrations reached a
clear peak between 12 and 18 h after resupply. In
fact, a lag-phase between the increases of leaf Fe
concentrations and chlorophyll occurring after
Fe-resupply has been previously described
(Nishio and Terry, 1983; Thoiron et al., 1997;
Lépez-Millan et al., 2001; Larbi et al., 2004).
Another significant change induced by Fe-
resupply was a dramatic increase in the TCA
cycle metabolites in the xylem sap between 6 and
12 h after Fe-resupply, with concentrations
reaching higher values than those of Fe-deficient
plants. After 24 h of Fe-resupply, the levels of
these metabolites were similar to those of Fe-
sufficient plants, suggesting that the anaplerotic
root C supply occurring in Fe-deficient plants
ceased within this time. This is in agreement with

a 65% decrease of the root PEPC activity
reported in sugar beet Fe-deficient plants after
24h of Fe-resupply (Abadia et al., 20011, In
press). The metabolite levels of carbohydrates
and the aminoacids and N related compounds,
also altered by Fe-deficiency, changed
progressively towards Fe-sufficient values.

In leaves, the most relevant change induced
by Fe-deficiency was an increase in the TCA
cycle metabolites, in agreement with previous
data (Lopez-Millan et al., 2001, 2001; Abadia et
al., 2002). This is in line with the high levels of
carboxylates coming from the roots via xylem
sap. The high concentration of organic acids in
leaves cannot be the result of increased TCA
cycle and PEPC enzyme activities did not change
with Fe deficiency in sugar beet, pear trees and
tomato (Lépez-Milldn et al., 2001, 2001; Lépez-
Millén et al., 2009).

Aminoacid leaf levels also increased with Fe-
deficiency. Chlorosis induced by several factors
(including Fe deficiency) has been reported to
increase leaf aminoacid concentrations and
decrease the total protein content in several
species (DeKock and Morrison, 1958). Iron
deficiency induces decreases in root nitrite
reductase (5-fold, Rodriguez-Celma et al., 2011,
Submitted), xylem nitrate trasnport (2.6-fold,
Loépez-Millan et al., 2000) and aminoacid xylem
transport (Fig. 5, Table 1), so the increases in leaf
aminoacid levels should be the result of
processes occurring within the leaves. In roots,
increased levels of aminoacids were found in Fe-
deficient sugar beet plants (Relldn-Alvarez et al.,
2010), and an increase in protein turnover has
been recently described in Cucumis sativus Fe-
deficient roots (Donnini et al., 2010). This
suggest that the increase of free aminoacids
found in leaves maybe be the result of proteolysis
processes such as those occurring in roots.
Proteolysis could occur in old leaves (still green
and therefore with normal photosynthetic rates)
rather than in young leaves and the resulting free
aminoacids would be remobilized via phloem to
the young leaves. The same mechanism occurs
senescent plants, in fact is estimated that as much
as 43% of the amino acids in young leaves
(youngest leaf 7) would be supplied by N
partitioning via upflow of amino acids through
the phloem (Jeschke and Pate, 1991). The leaf-
levels of N carrier molecules such as glutamine,
glutamic and asparagine were largely increased
in response to Fe deficiency (Table 2), whereas
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Figure 5. Changes in metabolites of xylem sap (A) and leaves (B) as affected by Fe chlorosis.
Pathways related to metabolites and proteins were integrated according to the KEGG database.
Statistical t-student tests were performed and only metabolite data to show statistically relevant
changes (increases or decreases) between samples. Red and green indicate significant (p>0.01)
increases or decreases respectively. Triangles, circles, squares and octogone symbols correspond to
lupine, peach, sugar beet and tomato samples, respectively.

other N compound such as the polyamines
spermidine and putrescine were found to
decrease in xylem sap and leaves. One of the
enzymes (S-adenosyl-L-methionine synthetase)
involved in the biosynthesis of these polyamines
was also found to decrease in Medicago
truncatula Fe-deficient roots (Rodriguez-Celma
et al., 2011, Submitted).

As indicated above, Fe chlorotic leaves are in
need of C skeletons, because of the markedly
reduced photosynthetic rates. Iron-deficient
plants may fix C anaplerotically in the roots and
translocate it to the leaves via xylem sap to
maintain basic metabolic processes such as
respiration (Lépez-Milldn et al., 2000; Lopez-
Millan et al., 2000). There are other anaplerotic
reactions that can occur using aminoacids as a C
source (Owen et al., 2002). High correlations
between selected pairs of aminoacids and TCA
cycle metabolites involved in anaplerotic
reactions were found in sugar beet leaves (Fig.

3), and these correlations were positive in Fe-
sufficient plants and negative in Fe-deficient ones
(the increase of TCA carboxylates is correlated
with a decrease of aminoacids). This may suggest
that the increased aminoacid levels could
generate carboxylates, and consequently C and
reducing power through the reactions described
in Figure 3. Chlorotic plants would face a
“cellular effort” (Donnini et al., 2010) similar to
what occurs in mammal cells that degrade their
muscle proteins to fulfill their energetic
requirements once the glycogen reserves are
depleted if no carbohydrates are ingested. As
indicated above, the source for free aminoacids in
young leaves seems to be the old leaves. An open
question that needs to be addressed is if the
anaplerotic reactions occur in the young chlorotic
leaves or if the they occur in old leaves and both
and free aminoacids and carboxylates are
translocated to via phloem to the young leaves.
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We are currently designing new experiments to
test

Conclusions

The main changes in the metabolite profile of
xylem sap in response to Fe deficiency were an
increase in TCA cycle metabolites and a decrease
in aminoacids and carbohydrates. The xylem sap
metabolite profile of Fe-deficient tomato plants
becomes similar to that of Fe-sufficient controls
one day after Fe resupply. In Fe-deficient leaves,
the main changes in the metabolite profile were
the increases in TCA cycle metabolites,
aminoacids and carbohydrates. High correlations
between aminoacids and TCA cycle metabolites
levels suggest that some anaplerotic reactions
using aminoacids as a C source may occur in
Beta vulgaris leaves in response to Fe deficiency.
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SUPPLEMENTARY MATERIAL

Supplementary Figure 1. Iron concentrations (M) in Fe-sufficient and Fe-deficient plants
resupplied with Fe (45 yM Fe-EDTA) and sampled at different times alter Fe resupply. Fe-resupply
was done at 11:00 AM, 3 hours alter light onset.
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Supplementary Table 2: Identified metabolite response ratios of Fe-deficient (-Fe) and Fe-deficient
Fe resupplied plants at 6, 12, 18 and 24 hours after Fe resupply vs. Fe-sufficient controls (+Fe) and the
correspondent controls at each of the hours after Fe resupply respectively. When the response ratio
(level in the -Fe treatment divided by the level in the +Fe treatment) was lower than 1 the inverse was
taken and the sign changed. Values in bold indicate significant differences (p<0.005) with the
corresponding controls. Different letters indicate significant changes (p<0.005, ANOVA)

Metabolites -Fe 6h 12h 18 h 24 h KEGG
2-hydroxyglutaric acid 4.6 a 59 a 5.6 a 37 a 23 a C02630
2-ketoisocaproic acid -14 a -13 a 1.1 a -10 a 1.1 a C00233
alanine 23 a 22 a 23 a -17 a -16 a C00041
adipic acid 1.1 a 32 a -10 a 51 a 23 a C06104
azelaic acid -1.5 a -14 a -14 a 4.0 a 22 a C08261
asparagine 2.5 a 30 a 1.2 a 31 a 19 a C00152
aspartic acid 1.7 b 59 a 1.7 b -12 b 1.1 b C00049
beta alanine 1.5 b 18 ab 23 a 14 b 1.3 b C00099
glutamic acid -12 b 35 a 1.6 b 1.5 b 1.3 b C00025
glutamine -14 b -12 b -16 b 21 a 1.5 ab C00064
glycine 38 ¢ 27 bc -21 bc -20 ab -15 a C00037
hydroxylamine -1.1 a -16 a -19 a -1.1 a -12 a C00192
isoleucine 32 b 45 b -14 ab 12 a 1.2 a C00407
leucine 39 b 55 b -12 ab 11 ab 15 a C00123
lysine 51 b 49 b 20 b 14 a 1.2 a  C00047
maleic acid 4.0 b 192 a 39 b 24 b 2.1 b CO01384
methionine -3.1 a 22 a -14 a -13 a -13 a C00073
ornithine -1.8 b 1.7 a -1.1 ab 14 a 1.1 ab  C00077
quinic acid 42 ¢ -17 ab -27 bc -11 a -14 a C00296
phenylalanine 28 b 22 b -14 ab -1 ab 12 a C00079
putrescine -118 b 52 b 33 b -21 ab -13 a C00134
shikimic acid 4.3 c 22 bc 26 ¢ -13 a -1.5 ab (C00493
serine 20 b 1.1 a -16 ab -24 b -12 ab C00065
spermidine 67 ¢ -20 ab -30 bc -20 ab -16 a CO00315
threonine 36 b 38 b 23 ab -1.1 a -1.1 a CO00188
tryptophan 6.4 b 51 b 27 b 141 a 34 b C00078
tyramine -15 b -13 b 46 b 52 a 1.7 b C00483
tyrosine 31 b -46 b 10 ab 15 ab 24 a  C00082
urea -29 a -32 a -13 a -12 a 14 a  C00086
uric acid -5.1 a -13 a -12 a  -15 a 1.6 a C00366
valine 30 b 51 b -14 ab 1.1 a 14 a C00183
arabinose =75 c 53 bc -51 bc -34 ab -25 a C00216
fructose 52 b 52 b 69 b -19 a -3.0 ab C00095
galactinol major 47 b -15 ab -19 ab -1.1 a -10 a CO01235
galacturonic acid 4.1 ¢ 24 bc -25 bc -15 a -1.6 ab (C00333
glucuronic acid 42 b 26 b 25 b -16 b 1.8 a C00191
inulobiose 52 ¢ 37 bc 35 bc 21 a -27 ab CO1711
N-acetyl-D-hexosamine 19 a -15 ¢ -13 bc 1.8 ab 1.7 bc CO03136
N-acetyl-D-mannosamine  -2.6 ¢ 10 a -14 b -21 bc -15 b C00645
saccharic acid -7.1 c -14 a 27 bc 20 ab -16 ab C00818
suberyl glycine 7.1 a 14 b 2.1 b 24 b 1.2 b n/a

sucrose 27 ¢ 10 ab -12 b 14 a -12 b C00089
xylose -3.8 ¢c -15 ab -19 bc 10 a -1.5 ab C00181
glucose-6-phosphate 23 a -12 a -16 a -1.1 a -13 a C00092



glucose

lactic acid
1-hexadecanol
arachidic acid
behenic acid

butyl stearate

capric acid
glycerol-alpha-phosphate
heptadecanoic acid
lauric acid

myristic acid
octadecanol

oleic acid

palmitic acid
pelargonic acid
pentadecanoic acid
phosphoethanolamine
stearic acid

ribose

lyxitol
2-hydroxyvaleric acid
GABA

inositol-myo

aconitic acid

alpha ketoglutaric acid
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Conclusions

Complexes of nicotianamine (NA) with Fe(Il) and Fe(Ill) can be determined using electrospray
time-of-flight mass spectrometry (ESI-TOFMS).

Changes in pH and the concentrations of citrate and metals can have significant effects in NA
speciation in plant fluids.

Nicotianamine is a candidate for chelating Fe at the pH usually found in the phloem sap, whereas
NA is not likely to be involved in xylem Fe transport, conversely to what occurs with other metals
such as Cu and Ni.

A tri-Fe(IlD), tri-citrate complex (Fe;Cit;) has been found in the xylem sap of Fe-deficient Solanum
lycopersicum Mill. plants resupplied with Fe, by using an integrated mass spectrometry approach.
High Fe-to-citrate ratios favour the formation of Fe-citrate polymeric forms and low ratios (such
as those found in Fe deficiency) favour dimeric or monomeric species.

An HPLC-ESI-TOFMS method has been developed to determine organic acids in different plant
tissues (xylem sap, leaves and fruit juice) with high selectivity, sensitivity and reproducibility.
Major increases in the raffinose family of oligosaccharide (RFOs) are elicited by Fe deficiency
and resupply in root tips of Beta vulgaris plants.

Increases in proteins and metabolites related to carbohydrate, TCA cycle and flavin synthesis have
been confirmed to occur in roots of Beta vulgaris plants grown under Fe deficiency.

The major changes in the metabolite profile of xylem sap from Solanum lycopersicum and
Lupinus albus in response to Fe deficiency are an increase in TCA cycle metabolites and a
decrease in aminoacids and carbohydrates.

The xylem sap metabolite profile of Fe-deficient Solanum lycopersicum plants becomes similar to
that of Fe-sufficient controls one day after Fe resupply.

The main changes in the metabolite profile of leaves from Solanum lycopersicum and Beta
vulgaris in response to Fe deficiency are increases in TCA cycle metabolites, aminoacids and
carbohydrates.

High correlations between aminoacids and TCA cycle metabolites levels suggest that some
anaplerotic reactions using aminoacids as a C source may occur in Befa vulgaris leaves in
response to Fe deficiency.
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Conclusions

Conclusiones

1. Los complejos de nicotianamina (NA) con Fe(Il) y Fe(Ill) se pueden determinar mediante
ionizacién por electrospray y deteccién por espectrometria de masas de tiempo de vuelo (ESI-
TOFMS).

2. Cambios en el pH y las concentraciones de citrato y metales pueden tener efectos significativos en
la especiacion de NA en fluidos vegetales.

3. La NA podria quelar Fe al pH caracteristico de la savia del floema, mientras que al pH
caracteristico de la savia de xilema quelaria preferentemente otros metales como el Cu y/o el Ni.

4. Un complejo de citrato con Fe formado por tres moléculas de citrato y tres dtomos de Fe (Fe;Cit;)
se ha encontrado en la savia del xilema de plantas de Solanum lycopersicum Mill. deficietntes en
Fe después de haber realizado un reaporte de Fe utilizando espectrometria de masas elemental y
molecular.

5. Las relaciones de Fe:citrato altas favorecen la formacién de especies poliméricas de citrato de Fe
mientras que relaciones bajas (como las que se encuentran en el xilema de plantas deficientes en
Fe) favorecen la formacion de especies diméricas o monoméricas.

6. Se ha desarrollado un método de HPLC-ESI-TOFMS que permite determinar dcidos orgénicos en
diferentes tejidos vegetales (savia del xilema, hojas y jugo de fruta) con alta selectividad,
sensibilidad y reproducibilidad.

7. Las concentraciones de oligosacaridos de la familia de la rafinosa (RFO) aumentan en puntas de
raiz de plantas de Beta vulgaris deficientes en Fe y también en puntas de raiz deficientes
sometidas a un aporte posterior de Fe.

8. Proteinas y metabolitos relacionados con los hidratos de carbono, el ciclo de Krebs y la sintesis de
flavinas aumentan en puntas de raiz de plantas de Beta vulgaris deficientes en Fe.

9. Los metabolitos del ciclo de Krebs aumentan mientras que, en general, aminodcidos vy
carbohidratos disminuyen en la savia de xilema de plantas de Solanum lycopersicum y Lupinus
albus deficientes en Fe.

10. El perfil metabdlico de la savia del xilema plantas de Solanum lycopersicum deficientes en Fe
revierte a valores de plantas control en tan solo 24h después de un reaporte de Fe.

11. Metabolitos implicados en el ciclo de Krebs, aminodcidos y carbohidratos aumentan en hojas de
planta s de Solanum lycopersicum y Beta vulgaris deficientes en Fe.

12. Correlaciones elevadas entre aminodcidos y dcidos orgénicos del ciclo de Krebs sugieren que en
las hojas de plantas de Beta vulgaris deficientes en Fe se producen reacciones anaplerdticas que
utilizan aminoédcidos como fuente de C.
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Abstract

A simple, highly selective, sensitive, and reproducible liquid chromatography-electrospray ionization/mass spectrometry (time of
flight) method has been developed for the direct and simultaneous determination of glutathione and related compounds such as homog-
lutathione in different plant tissues. These compounds are low-molecular mass antioxidants involved in cellular redox homeostasis in
plants, and efforts are being made to develop methods to determine the concentrations of oxidized and reduced forms of these compounds
and their ratio. Many of the methodologies developed so far, however, are time-consuming and complex; therefore, analytes can decom-
pose and their redox status can change during the analysis process. The method we have developed allows the simultaneous determina-
tion of reduced forms (glutathione [GSH] and homoglutathione [nGSH]) and oxidized forms (glutathione disulfide [GSSG]) of these
compounds and is also suitable for the determination of ascorbic acid (ASA) and S-nitrosoglutathione (GSNO). Quantification was done
using isotopically labeled GSH and ASA as internal standards. All compounds were base peak resolved in less than 6 min, and limits of
detection were 60 pmol for GSH, 30 pmol for hGSH, 20 pmol for GSSG, 100 pmol for ASA, and 30 pmol for GSNO. The intraday repeat-
ability values were approximately 0.4 and 7% for retention time and peak area, respectively, whereas the interday repeatability values
were approximately 0.6 and 9% for retention time and peak area, respectively. Analyte recoveries found were between 92 and 105%. The
method was used to determine the concentrations of GSH, GSSG, hGSH, and ASA in extracts from several plant tissues.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Ascorbate; Glutathione; Homoglutathione; Liquid chromatography; Mass spectrometry; Oxidized glutathione; S-Nitrosoglutathione

Reduced glutathione (GSH,' L-Y-glutamyl-L-cysteine-
glycine) and ascorbic acid (ASA) play an important role in
maintaining the intracellular redox status in plant cells.
Both metabolites act in the so-called ascorbate—glutathione
cycle, helping to prevent and/or minimize damages caused
by reactive oxygen species (ROS) [1,2]. ROS are produced

* Corresponding author. Fax: +34 976716145,
E-mail address: ana.alvarez@eead.csic.es (A. Alvarez-Fernandez).

in cell metabolism under normal conditions, but their pro-
duction in plants is enhanced when plants are submitted to
biotic and abiotic stresses. Both GSH and ASA are key
metabolites in the control of the redox-signaling cascades
that modulate a variety of metabolic processes [3]. GSH is
also implicated in the control of reactive nitrogen species

U Abbreviations used: GSH, reduced glutathione; ASA, ascorbic acid; ROS, reactive oxygen species; GSNO, S-nitrosoglutathione; NO, nitric oxide;
GSSG, glutathione disulfide; DHA, dehydroascorbic acid; hGSH, homoglutathione; HPLC, high-performance liquid chromatography; MS, mass spec-
trometry; HPLC-ESI/MS(TOF), high-performance liquid chromatography—electrospray ionization/mass spectrometry (time of flight); MPA, metaphos-
phoric acid; GSH*, isotopically labeled GSH; ASA*, isotopically labeled ASA; EDTA, ethylenediaminetetraacetic acid; PVPP, polyvinyl-polypyrrolidone;
miz, mass/charge ratio; LOD, limit of detection; S/N ratio; signal/noise ratio; LOQ, limit of quantification; hGSSGh, oxidized homoglutathione; RSD, rel-
ative standard deviation; FWHM, full width, half mass; FW, fresh weight.

0003-2697/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.ab.2006.05.032
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[4], and S-nitrosoglutathione (GSNO) seems to be a stable
transport form of nitric oxide (NO) [5]. When GSH and
ASA act as antioxidants in the ascorbate—glutathione cycle,
they are oxidized to glutathione disulfide (GSSG) and
dehydroascorbic acid (DHA), respectively. On the other
hand, GSH is implicated in the detoxification of xenobiot-
ics in conjunction with glutathione S-transferases, which
react with GSH via the nucleophilic sulfhydryl group of the
cysteine moiety [6]. Also, when plants are exposed to heavy
metals, GSH is used to synthesize phytochelatins, that is,
cysteine-rich peptides able to form complexes with several
metal ions [7]. In addition, GSH is the predominant form of
reduced sulfur in plants [8]. Homologues of GSH can be
found in different plant species, where some of the constitu-
tive amino acids differ from those found in GSH. For
instance, homoglutathione (hGSH, r-Y-glutamyl-L-cys-
teine-P-alanine) can be found in several tissues and organs
of legumes [9,10], whereas other less studied homologues
have been found in a number of plant species [11,12].

From a physiological point of view, the GSH/GSSG
ratio often is more relevant than the total concentration of
GSH in explaining the effects of different stresses [13,14].
For instance, the GSH/GSSG redox pair ratio could be
more influential in the control of gene expression and pro-
tein function than is the total concentration of GSH [15].
Under normal conditions, the glutathione pool usually is
reduced to a large extent, and the oxidized form (GSSG)
often is less than 5% of the total pool. The low concentra-
tions of GSSG make quantifying it accurately very difficult,
and consequently highly sensitive methodologies are
required.

Methodologies for the determination of both GSH and
GSSG have been reviewed recently [16,17]. The selectivity
and sensitivity of nonseparative techniques, such as UV—
Vis spectroscopy, spectrofluorometry, and amperometry,
often are inadequate. Improvements in selectivity and sensi-
tivity were achieved using chromatographic techniques
such as thin-layer chromatography and high-performance
liquid chromatography (HPLC). Recent methods have used
HPLC coupled to a variety of detection techniques, includ-
ing UV-Vis and diode array detection, fluorometry, elec-
trochemical detection, and mass spectrometry (MS). To
further enhance sensitivity, common procedures include
derivatization of the free thiol group in the GSH molecule
with chromophores, such as the Ellman’s reagent, or fluo-
rophores, such as monobromobimane. In general, GSSG is
measured by reducing it to GSH with the enzyme glutathi-
one reductase. The difference between the total (after reduc-
tion) and initial GSH values is used to estimate the GSSG
concentration in the sample. Using this procedure, the
GSSG concentration found in a given sample often could
be similar to the standard deviation between replicates. An
improved approach includes a preliminary step where the
thiol group of GSH is blocked with vinylpyridine [18]. Sub-
sequently, the derivatization reaction occurs only with
GSH formed during the in vitro GSSG reduction step. The
use of such complex procedures implies a very long analysis

time, and this may result in both losses in analyte concen-
tration and changes in redox status.

HPLC-MS techniques have been a major step toward
the determination of GSH and GSSG during recent years
[19-25]. These techniques improve selectivity, avoid the
GSSG reduction step, and generally have sufficient sensitiv-
ity to measure the low concentrations of these compounds
without derivatization. In HPLC-MS methods, the autoox-
idation of the GSH thiol group has been prevented by
blocking it with iodoacetic acid [19], Ellman’s reagent [20],
or N-ethylmaleimide [21,22]. So far, only two studies [23,24]
have attempted to simultaneously measure GSH and
GSSG by MS without blocking the GSH thiol group. Nor-
ris and coworkers [23] carried out the extraction of tissue
with a methanolic solution, which might not ensure the
absence of autooxidation or enzymatic degradation of the
thiol groups if they are not blocked [17]. Tissue extraction
with acidic solutions can stop Y-glutamyl transpeptidase
enzyme activity and prevent GSH autooxidation [17,26],
although it may induce ionization problems in MS tech-
niques [17]. The work of Gucek and coworkers [24] was the
first attempt to measure both forms of glutathione by
HPLC-MS in plant extracts, although information on lim-
its of detection and other validation parameters for GSSG
was not provided. Klejdus and coworkers [25] recently mea-
sured GSH in maize kernels by HPLC-MS, but quantifica-
tion of GSSG was not carried out.

Because of the reasons indicated above, new reliable
methods to accurately determine the reduced and oxidized
forms of GSH and its homologues in plant tissues should
be developed. The aim of the current work was to develop
and validate a new high-performance liquid chromatogra-
phy—electrospray ionization/mass spectrometry (time of
flight) (HPLC-ESI/MS(TOF)) method to simultaneously
measure the concentrations of reduced and oxidized forms
of glutathione and homoglutathione in extracts of different
plant tissues. The method also allows the simultaneous
determination of ASA and GSNO. An extraction proce-
dure with 5% metaphosphoric acid (MPA) was used, and
the analytes were measured in the same chromatographic
run and without any derivatization step. Isotopically
labeled GSH (GSH*) and ASA (ASA*) where used as inter-
nal standards to control factors affecting the process during
extraction, separation by HPLC, and ESI-MS.

Materials and methods
Chemicals

All eluents, extraction buffers, and standard solutions
were prepared with analytical-grade type 1 water (Milli-Q
Synthesis, Millipore, Bedford, MA, USA). Acetonitrile
HPLC-gradient grade was purchased from Panreac Qui-
mica (Barcelona, Spain); formic acid was purchased from
Fluka (Sigma—Aldrich, St. Louis, MO, USA); GSH and
GSSG were purchased from Calbiochem (San Diego, CA,
USA); hGSH was purchased from Bachem (Bubendorf,
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Switzerland); ASA, DHA, and GSNO were purchased from
Sigma-Aldrich (St. Louis, MO, USA); and labeled GSH
([glycine 1.2-1*C,'>N]GSH) and ASA ([1-3C]ASA) were
purchased from Cambridge Isotope Laboratories (Ando-
ver, MA, USA).

Standard solutions

Stock solutions containing 10mM GSH (M, 307.3),
GSSG (M, 612.6), hGSH (M., 321.4), ASA (M, 176.1),
DHA (M, 174.3), GSNO (M, 336.3), GSH* (M, 310.3),
and ASA* (M, 177.1) were prepared in 2.5% (w/v) MPA,
1 mM ethylenediaminetetraacetic acid (EDTA), and 0.1%
formic acid. Aliquots of the stock solutions were conserved
at —80°C. Aliquots were thawed only once to prepare the
standards and then were discarded. ASA solutions were
prepared in a cold chamber at 4 °C and under a green safe-
light to avoid degradation, as described in Ref. [26].

Plant material

Different plant species and tissues were used. Materials
were chosen to cover a range of different species and tissues
having different analytes and concentrations. Materials
used included leaves of Beta vulgaris, Prunus persica, Medi-
cago sativa, Hordeum wvulgare, Lycopersicon esculentum,
Oryza sativa, and Trifolium sp.; roots of Beta vulgaris; and
nodules of Medicago truncatula. B. vulgaris, L. esculentum,
and M. truncatula were grown in a growth chamber (16h
light/8 h dark photoperiod, 24 °C day/20 °C night). O. sativa
and H. vulgare were grown in a greenhouse during winter at
approximately 18°C day/10°C night. P. persica, M. sativa,
and Trifolium sp. leaves were collected in the field. All mate-
rial was collected at approximately 12 h solar time.

Tissue extraction

Tissue extraction was performed as described elsewhere
[26-31], with some modifications. Plant tissue (100-500 mg)
was frozen in liquid N,, stored at —80 °C until analysis, and
ground with mortar and pestle in liquid N,. GSH* and
ASA* were added at the moment of sample grinding. The
dry powder was homogenized with 200-1000 ul of cold
(4°C) extraction solution (5% (w/v) MPA and 1mM
EDTA in 0.1% formic acid), supplemented with 1% (m/v)
polyvinyl-polypyrrolidone (PVPP) just before use. Homog-
enates were centrifuged at 15,000g for 20min at 4°C.
Supernatants were collected, and the pellet was resus-
pended with 150-300 pul of the same extraction solution and
centrifuged again under the same conditions. The second
supernatant obtained was combined with the first and
taken to a final volume of 2ml with extraction solution.
The supernatants were filtered through 0.22-um polyvinyli-
dene fluoride filters and immediately analyzed or frozen in
liquid N, and stored at —80 °C until analysis. All steps were
done in a cold chamber at 4°C and under a green safelight
to avoid ASA degradation. All instruments (e.g., mortar,

pestle) were also precooled. Three replicates of each extract
were done.

Using an extraction solution of very low pH stops enzy-
matic activities, thereby avoiding the degradation of thiols,
and also prevents GSH autooxidation [28,30,32]. Extrac-
tion with organic solvents, often preferred to acid extrac-
tion when using MS for detection, might not prevent thiol
group GSH autooxidation [17]. The possible negative influ-
ence of MPA on the ionization of analytes was negligible
because the signals obtained with standard solutions pre-
pared with 0.1% formic acid or 5% MPA were similar (not
shown). This suggests that the effects of the high-ionic
strength acidic extraction solvent on ionization possibly are
limited to the first minute of the chromatographic run,
when the chromatographic front enters the electrospray
chamber.

HPLC-ESIIMS(TOF) analysis

Analyses were carried out with a BioTOF II (Bruker
Daltonics, Billerica, MA, USA) coaxial multipass time-of-
flight mass spectrometer (MS(TOF)) equipped with an
Apollo electrospray ionization source (ESI) and coupled to
a Waters Alliance 2795 HPLC system (Waters, Milford,
MA, USA).

The BioTOF II was operated with endplate and spray
tip potentials of 2.8 and 3.3kV, respectively, in negative ion
mode and of 3.0 and 3.5kV, respectively, in positive ion
mode. Drying gas (N,) pressure was kept at 30 psi. Nebu-
lizer gas (N,) pressure was kept at 30 and 60 psi in ESI/MS
and LC-ESI/MS experiments, respectively. The mass axis
was calibrated using Li-formate adducts in negative ion
mode and a mixture of 1pM leucine-enkephaline and
20 M methionine in positive ion mode. Spectra were
acquired in the mass/charge ratio (m/z) range of 100-700.

To optimize the MS signal, direct injection of 20-uM
solutions of all standards prepared in 0.1% (v/v) formic acid
were carried out using a syringe pump (Cole—Parmer
Instrument, Vernon Hills, IL, USA) operated at 2 plmin~".
Optimal parameter values after tuning included orifice volt-
age values of 90 and 120V in negative and positive ion
modes, respectively, and a drying gas temperature of 200 °C
in both cases. Orifice voltage values were chosen to maxi-
mize the GSSG signal without compromising GSH detec-
tion because in plant tissue extracts GSSG always occurs in
lower concentrations than does GSH.

HPLC-ESI/MS(TOF) analysis was carried out by inject-
ing 20-pl aliquots of standard solutions and sample extracts
in a reverse-phase monolithic column (Chromolith Perfor-
mance RP-18e, 4.6 x 100mm, Merck, Darmstadt, Ger-
many) fitted with a 4 x 30-mm precolumn packed with
Lichrospher RP Cy;, end-capped 5-pum spherical particle
size (Scharlau, Barcelona, Spain). Autosampler and column
temperatures were 6 and 30 °C, respectively. Samples were
eluted at a flow rate of 1mlmin~'. The exit flow from the
column was split with a T-connector (Upchurch Scientific,
Oak Harbor, WA, USA) that led 200 plmin~" (20% of the
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total efflux) from the HPLC into the ESI interface of the
MS(TOF) apparatus. The mobile phase was built using two
solvents: A (0.1% formic acid in Milli-Q water) and B (0.1%
(v/v) formic acid in acetonitrile). For separation of the ana-
lytes, a linear gradient from 0 to 10% B (0-5 min) was used.
Then, to wash the column, the concentration of B was
increased linearly from 10 to 50% from 5 to 6 min, and this
solvent composition was maintained until 9 min. Finally, to
regenerate the column, the solvent was changed linearly to
0% B until 11 min and then was maintained at 0% B until
15 min, when a new sample could be injected.

Validation was carried out by obtaining calibration
curves corrected with internal standards (100 uM ASA™* was
used for the quantification of ASA, and 75puM GSH* was
used for the quantification of GSH, hGSH, GSSG, and
GSNO), limits of detection (LODs, signal/noise (S/N) ratio
of 3), limits of quantification (LOQs, S/N ratio of 10), and
intra- and interday repeatability and recovery, using stan-
dard techniques (for a complete description, see Results).

The system was controlled with the software packages Bio-
TOF (version 2.2, Bruker Daltonics) and HyStar (version 2.3,
Bruker DaltoniK, Bremen, Germany). Data were processed
with Data Analysis software (version 3.2, Bruker DaltoniK).

257
Results
ESIIMS(TOF) analysis

In the negative ion mode ESI/MS(TOF) spectra, stan-
dard analyte solutions (20pM) showed major [M—H]™!
ions at m/z values 306.2 for GSH (Fig. 1A), 309.2 for GSH*
(Fig. 1B), 320.2 for hGSH (Fig. 1C), and 6114 for GSSG
(Fig. 1D). Minor peaks at m/z values 613.3 (Fig. 1A), 619.4
(Fig. 1B), and 641.4 (Fig. 1C) are due to the corresponding
dimer [2M—H]™! ions. Neither oxidation of GSH nor
reduction of GSSG was observed during the ionization
process (Figs. 1A and D). Moreover, neither single-labeled
GSSG (GSSG*, formed by one GSH and one GSH* mole-
cule, 614.4 m/z) nor double-labeled GSSG (GSSG™, formed
by two GSH* molecules, 617.4 m/z) was found in 200- and
1000-uM GSH*-spiked plant extracts, indicating that no
GSH oxidation occurs (data not shown). ASA, ASA*, and
GSNO spectra show major [M—H]™! ions at m/z values
175.1,176.1, and 335.2, respectively (Figs. 2A—C). Under the
conditions used, optimized for GSSG analysis, the GSNO
spectrum shows peaks at m/z values 304.2 and 6714,
corresponding to the [M—NO—2H]"! and [2M—H]~! ions.
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Fig. 1. ESI/TOF mass spectra of GSH (A), GSH* (B), hGSH (C), and GSSG (D) standards in negative ion mode. Data were acquired by injecting 20-pM
solutions of each analyte in 0.1% (v/v) formic acid and 50% isopropanol. Labeled atoms are indicated with an asterisk.

137



138

258
A
[M-H]-
104 5
= OH
HO
0.80 — =y g~
o070 OH
0.60 —
0.40 —
0.20 — ‘
0.00 = =
B ]
0.80 (M-H]
= OH
© HOI%JOH
~ A
060— T o0 oH
&
= p—
2z 0.40
7]
c
2
=
0.20 —
0.00 ‘ A La do
c O NH,
0.40 —
[M-H] HO
[M-NO-2H} & 0=N,
0.30 — g < S o
=3 NH
0= HF S
0.20 — i 5
)
HO
0.10 — <«
©
0.00 =L s kel b e [.1 )|
I||l|I||||I'||!IlllllllT[IIIIIII
100 200 300 400 500 600 700

m/z

Fig. 2. ESUTOF mass spectra of ASA (A), ASA* (B), and GSNO (C) stan-
dards in negative ion mode. Data were acquired by injecting 20-uM solu-
tions of each analyte in 0.1% (v/v) formic acid and 50% isopropanol.
Labeled atoms are indicated with an asterisk.

The signal obtained under the same conditions for the
[M—H] ™" ion of DHA was too low to permit analysis (see
below). In the positive ion mode, major ions found in the
MS spectra were at m/z values 308.2, 322.2, and 613.4 for
GSH, hGSH, and GSSG, respectively, and signals obtained
were slightly less intense (with a lower S/N ratio) than those
obtained in the negative ion mode (data not shown). In the
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positive ion mode, signals for the ASA and DHA [M+H]"!
ions were too low to permit analysis. Therefore, the nega-
tive ion mode was chosen for further experiments.

HPLC-ESIIMS(TOF) analysis

Analytes were separated with a linear solvent gradient in
a monolithic C;g column, and mass spectra were acquired
by ESI/MS(TOF) in the m/z range of 100-700 during the
whole chromatographic run, to obtain three-dimensional
(time, m/z, and intensity) chromatograms. Ion chromato-
grams were extracted for the exact m/z values correspond-
ing to the [M—H] ™! species of each analyte indicated above.
Results show that the HPLC-ESI/MS(TOF) method devel-
oped is capable of adequately resolving ASA, GSH, hGSH,
GSSG, and GSNO present in a mixed standard solution in
a single chromatogram, with retention times of 2.6, 3.2, 4.1,
44, and 4.9 min, respectively (Fig. 3). ASA* coeluted with
ASA, whereas GSH* eluted at 3.0 min, a slightly shorter
retention time than that of GSH (Fig. 3). Although a com-
mercial standard of oxidized homoglutathione (hGSSGh)
is not available, legume leaf extract chromatograms show
at 54min a peak with m/z 639.2, attributable to the
[M—H]™! ion of hGSSGh (Fig. 4). Analysis time for all
compounds analyzed was approximately 6 min, with col-
umn washing and regeneration time accounting for an
additional 9 min, leading to a total analysis time of 15 min
per sample.

Validation of the HPLC-ESIIMS(TOF) method

The HPLC-ESI/MS(TOF) method was validated pre-
paring solutions of available standards in extraction solu-

m[z
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] | o — GSH: 306.2
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Fig. 3. Chromatogram of a mixture of standards. ASA, ASA*, GSH*,
GSH, hGSH, GSSG, and GSNO were at concentrations of 200, 100, 25,
75,75, 25, and 75 puM, respectively, in 2.5% (w/v) MPA, | mM EDTA, and
0.1% (v/v) formic acid.
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Fig. 4. Chromatogram of a leaf extract from M. sativa showing peaks corresponding to ASA (175.1 m/z), GSH (306.2 m/z), h\GSH (320.2 m/z), a putative
hGSSGh peak (639.2 m/z), and peaks corresponding to ASA* (176.1 m/z) and GSH* (309.2 m/z) used as internal standards. Insets show zooms of the mass

spectra at retention times of 2.6 and 3.1 min.

tion (5% (w/v) MPA, 1mM EDTA, and 0.1% (v/v) formic
acid). Calibration curves corrected with internal standardi-
zation, LODs, and intra- and interday repeatability and
recovery were measured. Real plant extract samples were
also analyzed with the method developed.

Calibration curves corrected by internal standardization
were obtained by analyzing solutions of standards in the
ranges of 5-250 uM (GSH and hGSH), 1-15uM (GSSG),
25-750 uM (ASA), and 5 to 150 uM (GSNO). Internal stan-
dards used were GSH* for GSH, hGSH, GSSG, and GSNO

and ASA* for ASA. In all cases, a linear regression was
obtained (r* of 0.991-0.998) (Fig. 5).

LODs, defined as the analyte amounts giving an S/N
ratio of 3, were 100, 60, 30, 20, and 30 pmol for ASA, GSH,
hGSH, GSSG, and GSNO, respectively. Using a 20-ul
injection volume, these values are equivalent to analyte
concentrations in the injected sample solution of 5.0, 3.0,
1.5, 1.0, and 1.5pM for ASA, GSH, hGSH, GSSG, and
GSNO, respectively. LOQs, defined as the amounts giving
an S/N ratio of 10, were 300, 120, 80, 50, and 80 pmol for
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Fig. 5. Calibration curves of ASA, GSH, hGSH, GSSG, and GSNO obtained by analyzing a mixture of standards and internal standards by the ESI/

MS(TOF) method. LS., internal standard.

139



140

260

ASA, GSH, hGSH, GSSG, and GSNO, respectively. For
DHA, and possibly due to strong analyte fragmentation,
the LOD was higher than 500 uM, a value much larger than
the concentrations expected in plant tissue extracts.

The intraday repeatability of the HPLC-ESI/MS(TOF)
method was assessed from 10 consecutive chromatographic
runs using a standard solution with 75uM GSH, hGSH,
and GSNO; 25uM GSSG and GSH*; 200 uM ASA; and
100 uM ASA* in 2.5% (w/v) MPA, 1mM EDTA, and 0.1%
(v/v) formic acid. The variation in retention time and peak
area was tested for each analyte (Table 1). The interday
repeatability of the method was assessed by analyzing the
same standard solution for 5 consecutive days (Table 1).
The relative standard deviation (RSD) for peak retention
time always was lower than 0.41% in the intraday test and
0.95% in the interday test. The RSD for peak area was in
the range of 4.4-7.0% in the intraday test and 7.4-13.1% in
the case of the interday test.

Recovery assays were carried out for GSH, GSSG,
hGSH, ASA, and GSNO by spiking B. vulgaris leaf extracts
with known amounts of both analyte standards and labeled
analytes (GSH* and ASA*). Recovery was calculated by
dividing the amount of analyte found in the spiked sample
by the sum of the amount found in the sample plus the
amount added. Analyte recoveries found were between 92
and 105% (Table 2).

Analysis of plant tissue extracts

A chromatogram example of M. sativa leaf extracts is
shown in Fig. 4. Five peaks, corresponding to ASA, GSH,
hGSH, GSSG, and hGSSGh, were detected at retention
times of 2.6, 3.2, 4.1, 4.4, and 5.4 min, respectively, as shown
in Fig. 4 (in this figure, the internal standards ASA* and
GSH* show peaks at 2.6 and 3.0 min, respectively). No trace
of double-labeled (617.4 m/z) or single-labeled (614.4 m/z)
GSSG was found.

The resolution of the MS(TOF) detector used is higher
than 10,000 FWHM (full width, half mass). Therefore,
MS(TOF) spectra provide information on the elemental
isotopic distribution of any compound detected in the chro-
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Table 2
Recoveries obtained for GSH, hGSH, GSSG, ASA, and GSNO using
Beta vulgaris leaf extracts

Amount added (pmol) Amount found (pmol) Recovery (%)
GSH 0 2328 + 64

1704 + 56 36924178 91.5+3.7
hGSH 0 0

1722 £78 1724 £ 114 100.1 £4.5
GSSG 0 2042

60+4 78+t4 944+75

ASA 0 3264+ 90

9514 +£210 12,412 + 288 98.9+44
GSNO 0 0

1888 £214 1872 £ 52 1049+ 10.6

Note. Results are means + SE (n=15).

matographic run. An example can be seen in the insets of
Fig. 4, which show the MS resolution of the major ions of
ASA and ASA*, coeluting at a retention time of 2.6 min, as
well as that of GSH and GSH*, which have slightly different
retention times of 3.0 and 3.2 min, respectively, and coelute
at an intermediate retention time of 3.1 min.

Analyte concentrations found in these and other plant
tissues are shown in Table 3. Concentration ranges found
were 43-707nmolg™! FW (GSH), 47-2300nmolg~' FW
(hGSH), 6-47nmolg™' FW (GSSG), and 1470-
8700 nmol g~' FW (ASA), where FW is fresh weight. These
values are within the values reported in the literature for
plant tissues (Table 4).

Discussion

The relevance of the GSH/GSSG redox pair in different
plant metabolic processes makes necessary having reliable
methods to analyze these compounds with high sensitivity
while minimizing analyte decomposition and changes in
redox status from that originally occurring in the plant. In
this work, we have developed and validated an HPLC-ESI/
MS(TOF) method capable of measuring GSH, GSSG,
hGSH, ASA, and GSNO in plant tissue extracts. The
method is based in a separation with reverse-phase HPLC,
ionization by electrospray, and highly selective detection of
the analytes, using exact mass measurements with a TOF

Table 1
Intraday (n = 10) and interday (n = 5) repeatability of the LC-ESI/MS(TOF) method
ASA GSH hGSH GSSG GSNO
RT AJAg RT A Arg RT AJArg RT AJAg RT AJAqg
Intraday
Mean 2.57 2.10 3.17 4.66 4.08 499 4.39 3.02 493 3.56
SD 0.01 0.09 0.01 0.22 0.01 0.24 0.02 0.21 0.01 0.40
RSD (%) 041 4.35 0.33 4.67 0.28 491 0.37 6.99 0.29 11.20
Interday
Mean 2.57 2.13 3.17 4.60 4.08 5.63 4.39 4.03 493 3.99
SD 0.01 0.16 0.01 042 0.01 0.66 0.02 0.61 0.01 045
RSD (%) 0.61 7.36 0.81 9.10 0.62 11.66 0.95 13.11 047 11.35

Note. Retention times (RTs) and peak area ratios (sample area/area of internal standard [A4/As]) were obtained using 200 uM ASA, 75 uM GSH, 75 pM
hGSH, 25 uM GSSG, 75 uM GSNO (using 100 uM ASA*, and 25 uM GSH* as internal standards) in 2.5% (w/v) MPA, 1 mM EDTA, and 0.1% (v/v)

formic acid.
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Table 3

Contents of GSH, hGSH, GSSG, and ASA found in plant tissues using the LC-ESI/MS(TOF) method
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Plant tissue

GSH (nmol g~! FW)

hGSH (nmol g~! FW) GSSG (nmolg™' FW)

ASA (nmol g~! FW)

Beta vulgaris (leaf) 1522+8.8 ND 237402 2240+ 78
Prunus persica (leaf) 1554495 ND 58+0.1 8730 £ 225
Medicago truncatula (nodule) 202.8+21.7 474 +14.7 70£1.7 1471 £ 54
Medicago sativa (leaf) ND 13333+ 1528 ND 3523+ 68
Hordeum vulgare (leaf) 187.5+25.1 ND 229+£09 2344 + 51
Lycopersicon esculentum (leaf) 7073+ 544 ND 473+£55 4370 £ 306
Beta vulgaris (root) 92.1+14.8 ND 46.1 £10.1 ND
Trifolium sp. (leaf) 42.6+24.8 23322476 ND 7620 £ 106
Oryza sativa (leaf) 25214112 ND 129+04 7928 + 1288

Note. Values are means & SE (n = 3). ND, not detected (below LOD). FW, fresh weight.

Table 4
Plant tissue contents of GSH, GSSG, and hGSH found in the literature and the analytical techniques used for their determination
Tissue Analytical technique Content Ref.
Sugar beet roots GR-DTNB 30 and 10 nmol g~! FW for GSH and GSSG [33]
Vigna radiata leaves GR-DTNB 2000 and 200 nmol g~' FW for GSH and GSSG [34]
Tomato, potato, and broccoli leaves Amperometric inhibitor 20-321 ug GSH g~! FW [35]
biosensor
Sunflower leaves GR-DTNB 700 nmol GSH g~! FW [36]
Arabidopsis thaliana (protoplasts) mCB/mBB-CLSM/ 8-9nmol GSH g~! FW; 3-4mM in cells; 3 mM in cytoplasm [37]
TPLSC
Arabidopsis thaliana trichome cells mCB/mBB-CLSM 0.24 mM GSH in trichome cytoplasm; 0.08 mM GSH in base cell [38]
cytoplasm; 0.14 mM in GSH epidermic cell cytoplasm.
Arabidopsis thaliana root epidermic mCB-CLSM/TPLSM 2.7mM GSH in cytoplasmic trichoblasts; 5.5 mM GSH in cytoplasmic [39]
cells atrichoblasts
Arabidopsis thaliana root epidermic mCB-CLSM 6 mM GSH in external cell cytoplasm; 2-3 mM GSH in other cells [40]
cells
Populus tremula x Populus alba leaf mCB-CLSM and mCB/ 0.2-0.3 mM GSH in cytoplasm [41]
epidermis mBB-HPLC
Arabidopsis thaliana root apex mCB-CLSM 2-4mM GSH in cytoplasm [42]
Arabidopsis thaliana leaves HPLC-DTNB 200-800 nmol GSH g~! FW [43]
Tomato and azuki bean cells HPLC-DTNB 500-12,500 nmol GSH g~ cells [44]
Nodules, roots, and leaves from mBB-HPLC 150-820, 1-147, and 1-445 nmol GSH g’l FW in nodules, roots, and [10]
different legumes leaves, respectively; 0427, 0-235, and 0-887 nmol hGSH g~! FW in
nodules, roots, and leaves, respectively
Poplar leaves GR-DTNB 699-1239 nmol GSH g~! FW; [45]
mBB-HPLC 640-1169 nmol GSH g~! FW;
OPA-HPLC 668-1109 nmol GSH g~! FW

Note. GR, glutathione reductase; DTNB, 5,5'-dithiobis(2-nitrobenzoic acid); mCB, monochlorobimane; mBB, monobromobimane; CLSM, confocal laser

scanning microscopy; TPLSC, two-photon laser scanning microscopy; OPA, o-phthalaldehyde.

mass spectrometer. This method permits the direct and
simultaneous determination of all analytes in a very short
time, approximately 6 min, with high sensitivity.

This is the first time, to our knowledge, that GSH,
GSSG, ASA, hGSH, and GSNO are determined simulta-
neously and directly. The method represents significant
advantages over traditional methods for the determination
of GSH and GSSG. First, the identification of analytes is
unequivocal based on both its retention time and its exact
m/z ratio. Also, all compounds are measured directly
because no reduction step is needed to measure GSSG
(thereby reducing by half the number of analyses) and no
derivatization step is used. All of these features, along with
the short analysis time required for each sample and the
fact that the extraction process is carried out under safe
conditions (i.e., sample extracted with liquid nitrogen, dim
green light, acidic pH), allow a more precise and reliable
analysis of the GSH/GSSH redox status in plant tissues.

The method has been validated with respect to LODs,
LOQs, calibration curves, reproducibility and analyte
recoveries, always using isotopically labeled standards. Sen-
sitivity was good, with LODs for analyte concentrations
between 1 and 5uM. The LOD for GSSG, 1uM, is similar
to the best values obtained in plant analysis using capillary
zone electrophoresis (1 uM [30]) but not as good as those
found using electrochemical detection (0.02 uM [46]). The
LOD found for GSH, 3 uM, compares well with the LODs
of other methods based on MS [19-22] and other tech-
niques [17], which are in the ranges of 10nM to 0.82uM
and 5nM to 10 uM, respectively. LODs are in any case ade-
quate, considering that the content ranges for the analytes
in plant tissues are 6-47nmolg™' FW for GSSG, 43-
707nmolg~! FW for GSH, and 1470-8730nmolg™' FW
for ASA (Table 3). These contents would result in analyte
concentrations in the extracts in the range of 1.5uM to
2.3 mM, with the lower values being for GSSG. The method
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run-to-run interday reproducibility for chromatographic
time, with RSD values of 0.8-1.0% for GSH and GSSG,
respectively, is better than the reproducibility levels
reported previously for other HPLC-MS methods that are
in the range of 1.7-6.0% [16-19]. RSD values for peak area,
9 and 13% for GSH and GSSG, respectively, are within the
range of values found with other HPLC-MS methods that
are between 0.06 and 28.3% [19-23]. If needed in specific tis-
sues, improvements in peak area reproducibility, as well as
in LODs, could also be achieved using narrower columns,
where lower fluxes are used and no flow split is needed. The
recovery for analytes spiked in plant tissue extracts is
between 92 and 105%, compared with recoveries found
with other methods that are in the range of 70-120% [17].

The method has wide possibilities of application. So far,
it has been tested with different plant tissues (leaves, roots,
and nodules) from different plant species (B. vulgaris, P.
persica, Z. mays, M. sativa, M. truncatula, H. vulgare, L.
esculentum, Trifolium sp., and O. sativa), showing its suit-
ability to perform analyses in a variety of studies. In addi-
tion to GSH and GSSG, the redox pair hGSH and
hGSSGh (with the latter putatively assigned to the peak at
5.4 min with a 639.2 m/z) could also be analyzed in leaf and
nodule legume extracts [10], thereby providing a tool for
the study of their redox status [47]. Furthermore, the
method also seems to be suitable to analyze other plant thi-
ols such as hydroxymethylglutathione. Unfortunately, with
the conditions optimized for GSSG and GSH analysis, it
was not possible to determine oxidized ASA, DHA, sup-
porting previous findings that fragmentation occurs with
this compound even in mild ionization procedures such as
ESI [48].

Recent evidence has shown that micromolar concentra-
tions of GSSG could arise from oxidation of GSH during
blood denaturation in acidic conditions [22,49], although it
should be kept in mind that these authors did not use low
temperature for the extraction procedure. Under the extrac-
tion conditions used in this work, which involved the use of
liquid nitrogen (—196°C), low safelight, and low pH, no
GSH oxidation occurred during the ionization process and
no significant oxidation of GSH* spiked to the samples dur-
ing extraction was found. In fact, no signal at all was found
for single- or double-labeled GSSG (m/z values 617.4 and
614.4) in the samples spiked with 1 mM GSH* at the time of
extraction (data not shown). Because our LOD for GSSG
was 1 uM, this would imply that if any oxidation exists, it
would account for less than 0.2% of the GSH amount, a
value much lower than the 2-3% found in blood by Steg-
hens and coworkers [22]. Therefore, from the GSH and
GSSG values found in plant samples (Table 3), one can
estimate that less than 0.8-11.6% of the GSSG found may
come from GSH oxidation during extraction, depending on
the sample considered. This is lower than the interday RSD
for GSSG (Table 1). However, the possibility that GSH
oxidation may occur should be taken into consideration
when analyzing plant materials that cannot be frozen rap-
idly. For instance, plant fluids such as xylem of phloem
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require some time for collection and therefore are prone to
GSH oxidation by molecular oxygen and/or oxidizing sub-
stances in a similar way to the GSH oxidation mediated by
oxyhemoglobin in blood [22]. In this context, it should be
investigated whether changing the extraction conditions
may affect the GSSG/GSH ratios found in plant fluids.

In summary, the method developed permits the direct
and simultaneous analysis of GSH, GSSG and homo-
logues, ASA, and GSNO with extreme selectivity, high sen-
sitivity, and sufficient reproducibility. The rapidity of the
analysis allows for a high analysis throughput. Further-
more, the high resolution of the MS(TOF) spectrometer
used can give information on isotopic distribution (see
insets in Fig. 4), allowing its use as a tool in metabolic stud-
ies with stable isotopes. For example, plants can be fed with
stable isotopically labeled compounds to follow the analyte
metabolic pathways.
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Abstract

A hydroponic experiment was carried out to characterize the oxidative stress responses of maize seedlings
(Zea mays L. cv. Dekalb DK604) to cadmium (Cd) and mercury (Hg). Plants were grown hydroponically
for 7 days in a nutrient solution supplemented with several concentrations of Cd and Hg: 0.0 (control), 6 or
30 uM. Growth was inhibited by both metals. The effect was more severe in plants exposed to Hg.
Oxidative stress was caused by the exposure to the metals, as quantified by malondialdehyde and carbonyl
accumulation, by-products of lipid peroxidation and protein oxidation, respectively. The activity of
ascorbate peroxidase (APX) and superoxide dismutase (SOD), enzymes involved in the scavenging of
reactive oxygen species, were measured upon metal treatment. We found an activation of a cytosolic APX
isoform, as identified by using a specific polyclonal antiserum. However, there were negligible changes in
SOD activity. Analysis of thiol-peptides revealed that at 6 uM Cd a remarkable increase in root reduced
glutathione (GSH) content occurred, and little effect on the relative content of oxidised glutathione (GSSG)
was observed. However, at 30 uM Cd and in plants exposed to 6 and 30 uM of Hg, GSH root content
either remained stable or decreased significantly, while the proportion of GSSG increased. Moreover, only
Cd was able to induce accumulation of phytochelatins at both assayed concentrations. Apparently, Hg was
more toxic than Cd, as inferred from the magnitude of the changes found in the physiological parameters
tested.

Introduction

One of the major environmental problems caused
by industrialisation is the increment in the con-
centration of heavy metals in the air, land and
water (Nriagu, 1990). In particular, the area
around mine facilities in Almadén (Spain) has the
largest levels of environmental Hg in the world,
due to the extraction and processing of Hg-min-
eral ore for centuries (Berzas et al., 2003). In

* FAX No: +34 914978344.
E-mail: luise.hernandez@uam.es

opposition to other metals (i.e. Cu, Zn or Mn),
Hg and Cd are not essential nutrients in most
higher plants, and the exposure to relative low
concentrations results in serious toxicity (Salt
et al., 1995). One of the clearest phytotoxic symp-
toms induced by heavy metals is a diminution in
plant growth, which is associated with distur-
bance of several metabolic processes, alteration of
nutrient uptake and degeneration of cell ultra-
structure (Hall, 2000). Besides, the appearance of
oxidative stress has been well established (Schiitz-
endiibel and Polle, 2002). It is thought that accu-
mulation of reactive oxygen species (ROS)
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increases the cellular damages through oxidation
of lipids (Sandalio et al., 2001), proteins (Romer-
o-Puertas et al., 2002) and other macromolecules
(Hall, 2000), leading to an oxidative burst. Thus,
there is evidence of oxidative stress after exposure
of several plants to Cd (Lozano-Rodriguez et al.,
1997; Schiitzendiibel et al., 2002) and to Hg (Cho
and Park, 2000). Some of these stress responses
have been attributed to changes in the activities
of ROS scavenging enzymes, such as superoxide
dismutase (SOD) and ascorbate peroxidase
(APX; for a review see Sanita di Toppi and Gab-
brielli, 1999). Depending on the organ sampled,
the metal concentration and time of exposure,
there were increases or losses in the activities of
the referred enzymes, as summarized by Schiitz-
endiibel and Polle (2002).

On the other hand, reduced glutathione
(GSH) plays an important role in the defence
against oxidative stress in plant cells, being in-
volved in the complex enzymatic machinery that
controls the intracellular levels of H,O, (May
et al., 1998). Changes in the amount of GSH
compared with its oxidised form (GSSG) might
be used as stress maker to assess acclimation of
plants to their environment (Tausz et al., 2004).
There are several reports showing changes in the
levels of GSH and GSSG upon exposure of
plants to different heavy metals (Schiitzendiibel
and Polle, 2002). A common initial response
found in Cd-treated plants was a severe deple-
tion of GSH tissue content (Dixit et al., 2001;
Xiang and Oliver, 1998), which might recover
after prolonged exposure (Schiitzendiibel et al.,
2001). This recovery might have been the result
of increased GSH synthesis, probably through
the over-expression of genes coding for enzymes
of the glutathione synthetic pathway (Xiang and
Oliver, 1998). Indeed, the importance of GSH to
ameliorate Cd and Ni toxicity has been proved
using transgenic plants overexpressing serine ace-
tyltransferase (Freeman et al., 2004) or o-acetyl-
serine(thiol)lyase (Dominguez-Solis et al., 2001)
respectively, that resulted in elevated cellular lev-
els of GSH compared to wild-type plants. There-
fore, there is evidence pointing towards the
implication, at least partially, of GSH in the tol-
erance to heavy metals. The depletion of the cel-
lular pool of GSH in the presence of heavy
metals, due to accumulation of GSSG and/or its
polymerisation during phytochelatins (PCs) syn-

thesis, may result in an increase in oxidative
stress symptoms (Rauser, 1991; Xiang and Oli-
ver, 1998).

A characterisation of the oxidative burst in-
duced upon exposure to Hg in higher plants has
been described in few reports (Cho and Park,
2000), and very scarce data are available about the
content of GSH and GSSG. It is well known the
affinity of Hg? * for thiol residues in proteins and
peptides (Woolhouse, 1983), which might affect
the levels of GSH/GSSG in plant tissues. The aim
of the present work was to study physiological re-
sponses of maize seedlings to Hg, and compare
them with those induced by Cd, a toxic element
recurrently described in the literature. In particu-
lar, we considered very attractive to examine the
relationship between oxidative stress and the
depletion of GSH due to its oxidation to GSSG or
the synthesis of PCs. According to our preliminary
experience, these metals caused distinct phytotoxic
effects in maize and pea plants (Lozano-Rodriguez
et al.,, 1997; Hernandez et al., 1998). Several oxi-
dative stress indexes and ROS scavenging enzymes
were evaluated, as well as changes in GSH, GSSG
and other related non-protein thiols.

Materials and methods
Plant material

Maize (Zea mays cv. Dekalb DK604) seedlings
were cultivated hydroponically as described in
detail by Lozano-Rodriguez et al. (1997), using
the following nutrient solution adjusted to pH
6.0: 2.0 mM Ca(NOs),, 1.5 mM KNO;, 1 mM
Mg(NO3)2, 1.0 mM KH2P04, 0.5 mM MgSO4,
0.1 mM NaCl, 90 uM Fe-EDDHA, 23.5 uM
H;BO;, 18 uM MnSO,, 6 uM CuSOy4, 3 uM
ZnSO4, and 2 uM (NH4)sMo070,4. Seedlings
were kept in a long-day photoperiod (200 pumol/
m’s; 16 h light/8 h darkness) at 25/18 °C, respec-
tively. After 3 days of germination, selected seed-
lings grew for 5 days in control nutrient solution,
and then were transferred to a nutrient solution
supplied with Cd and Hg at three concentrations:
0.0 (control), 6 and 30 uM. Hypothetical specia-
tion of both heavy metals in the nutrient solution
was carried out by using Visual MINTEQ ver-
sion 2.30 software with Lindsay’s databases
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(Gustafsson JP, Dept. of Land and Water Re-
sources Engineering, KTH Stockolm, Sweden).
The concentrations calculated for Hg?" were 6
and 30 uM, and for Cd*>" were 5.4 and 27.0 uM.
Shoots and roots of maize were collected after 7
days treatment, frozen in liquid N, and stored at
—80 °C until analysis.

Analysis of cadmium and mercury

All samples were acid-digested prior to Cd and
Hg analysis. Approximately 0.2 g of frozen
ground tissue were placed in a boron-silicate
chromatographic vial with 4 mL of capacity
(capped with Teflon stoppers for digestion), and
dried at 60 °C for 48 h. After determination of
exact dry weight, samples were digested in auto-
clave (Presoclave-75, Selecta, Spain) for 30 min
at 125 °C, 24.5 x 10* N m™2, with an acid oxida-
tive mixture H,O:HNO;5:H-,O, (0.5:0.3:0.2, mL).
The volume of the digests was adjusted to 10 mL
following filtration. Cd concentration was
measured by atomic absorption spectrometry with
a hollow cathode Cd lamp using air—acetylene
flame ionisation (Perkin Elmer 4000). Hg was also
analysed by atomic absorption spectrophotometry
using the same spectrophotometer with a hollow
cathode Hg lamp, which was equipped with a
cold vapour chamber and a NaBH, reduction
reactor (Perkin Elmer MHS-20).

Lipid peroxidation assay

Lipid peroxidation was quantified as accumula-
tion of the by-product malondialdehyde (MDA),
according to Buege and Aust (1978). Prior to
analysis, the frozen sample was ground in liquid
N». 0.1 g of the powder was then homogenised in
1.0 mL of MDA reagent (15% w/v trichloroace-
tic acid, 0.37% w/v 2-thiobarbituric acid and
0.25 M HCl), and incubated at 90 °C for 30 min.
The supernatant was clarified by centrifugation
at 12,000 x g for 15 min, the absorbance read at
535 nm, and concentration calculated from the
extinction coefficient of 1.56 x 10° M~ cm™".

Protein oxidation

Carbonyl content was measured after protein
extraction as described by Romero-Puertas et al.
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(2002), with minor modifications. After incuba-
tion with 10 mM dinitrophenylhydrazyne, pro-
teins were precipitated with 20% TCA, washed
with 10% H,O in ethanol:ethyl acetate (1:1, v/v),
and the pellet disrupted. The suspension was
clarified by centrifugation at 12,000 x g for 5 min
prior to absorbance determination at 370 nm
(carbonyl concentration) and at 280 nm (total
protein concentration).

APX and SOD activities in non-denaturing gels
and Western-blot

After grinding the frozen samples in liquid N,
1 g of the powder was used to prepare an enzy-
matic extract with 2 mL of extraction buffer
(30 mM MOPS, 5 mM Na-EDTA, 10 mM DTT,
10 mM ascorbate, 0.6% (w/v) PVP at pH 7.5),
supplemented in fresh with 25 uL. 0.1 M PMSF
and 50 uL proteinase inhibitor cocktail (SIGMA,
USA). To maintain the integrity of APX, special
care was taken to add ascorbate in all extraction
steps, keeping also all material at 4 °C. The
homogenate was filtered and centrifuged
(14,000 x g for 15 min at 4 °C), and the superna-
tant was stored at —80 °C in several single-use
aliquots. Protein concentration of extracts was
determined (Protein Assay; BioRad, USA) to
load identical amounts of protein in native
PAGE (10% and 12% acrylamide for APX and
SOD, respectively).

For APX (EC 1.11.1.11) detection, 50 ug
protein was separated by -electrophoresis fol-
lowing essentially the protocol described by
Jiménez et al. (1998). After incubation of gels
with 4 mM ascorbate and 2 mM H>O, in
50 mM Na-phosphate buffer at pH 7.0 for
20 min, the presence of APX was detected in the
presence of 0.5 mM nitroblue tetrazolium (NBT)
and 10 mM TEMED in 50 mM phosphate at
pH 7.8. For SOD (EC 1.15.1.1) detection, a sim-
ilar procedure was followed, although ascorbate
was avoided in PAGE-native separation of pro-
teins and subsequent incubations. SOD was de-
tected following the procedure described by
Beauchamp and Fridovich (1971), after incubat-
ing the gels with 1.25 mM NBT. O,” was pro-
duced in situ by the photooxidation reaction of
50 uM riboflavine in the presence of 55 mM
methionine in 50 mM Na-phosphate at pH 7.8.

147



148

44

To identify the bands in the native PAGE ob-
served after in gel APX activity, we performed a
Western-blot assay using a specific anti-cytosolic
APX polyclonal antiserum (Dalton et al., 1996).
Following APX staining, gels were incubated for
30 min in semi-dry electroblotting transfer buffer
(50 mM Tris-HCI, 40 mM glycine, 1.5 mM SDS,
20% methanol, pH 8.4), and electrotransferred
onto a nitrocellulose membrane (Pall, USA)
using a Semi-dry Trans Blot SD (Bio Rad,
USA), following standard procedures and under
the conditions established by the manufacturer.
The bonafide of the transfer was analysed by
Ponceu’s staining (0.2% Ponceau S in 1% acetic
acid). The membrane was blocked with 1% BSA
in TBS, and incubated overnight with the anti-
cytosolic APX antibody (diluted 1/2000). A sec-
ond incubation was performed with an alkaline
phosphatase-conjugated secondary goat anti-rab-
bit antibody (Sigma, USA; diluted 1/2000), and
the immunolabelled protein bands were revealed
following standard protocols (Ausubel et al.
1987).

Images obtained were subjected to densito-
metric semi-quantification to determine changes
in band intensity. Scanned images (Scanlet
3300C Hewlett Packard, USA) or pictures taken
using a digital camera (Kodak 290, USA) were
processed by using the Kodak 1D Image Analy-
sis Software ver. 3.6. Regions of interest (ROI5s)
were of identical surface and pixel intensity was
adjusted to the background. Data are given rela-
tive to the intensity of control samples.

Non-protein thiols analysis by HPLC

Prior to extraction of non-protein thiols, the
plant tissue was ground in liquid N,. It is impor-
tant to avoid prolonged storage of ground frozen
samples at —80 °C, since we have observed alter-
ations in the GSH pool by using spikes of thiols
added to the samples. 100 mg of the frozen pow-
der was thoroughly mixed with 300 uL of 0.25 N
HCI, and a spike of N-acetyl cysteine was added
as internal standard (50 uM final concentration).
After centrifugation (12,000 X g, 15 min and at
4 °C), the clear extract was injected to a PLRP-S
C18 polymer column (250 x 4.6 mm; Polymer
Laboratories, U.K.), and eluted according to
Meuwly et al. (1995), using the following gradi-

ent program (as for % solvent B): 2 min, 0%;
25 min, 25%; 26 min, 50%; 30 min, 50%;
35 min, 0%, 45 min, 0%; in an Alliance 2695
HPLC system (Waters, USA). Solvent A was
2:98 acetonitrile:H,O (v/v) plus 0.01% TFA, and
solvent B 98:2 acetonitrile:H,O (v/v) plus 0.01%
TFA. Detection was achieved after post-column
derivatisation with Ellman’s reagent, as described
by Rauser (1991), and absorbance was measured
at 412 nm. Non-protein thiols were quantified
after integration of the peak area against that of
the internal standard of N-acetyl cysteine. Iden-
tity of cysteine and GSH peaks was achieved by
using commercially available standards.

The degree of GSSG was analysed by HPLC
coupled to electrospray-mass spectrometry (HPL-
C-ESI/MS-TOF; Rellan-Alvarez et al., 2005).
100-500 mg of frozen tissue was homogenized in
200-1000 uL of chilled extraction solution (5%
meta-phosphoric acid, 1 mM EDTA and 1%
polyvinylpolypyrrolidone in 0.1% formic acid).
After centrifugation (15,000 x g, 20 min at 4 °C)
the supernatant was filtered through 0.22 um
polyvinylidene fluoride (PVDF) filters, and con-
served at —80°C until further analysis. 20 uL of
filtered sample were injected onto a Chromolith
column (4.6 x 100 mm; Merck, Germany), and
eluted (flux of 1 mL/min) with the following lin-
ear gradient program (as for % solvent B):
5 min, 10%; 6 min, 50%; 9 min, 50%; 11 min,
0%; 15 min, 0%, in an Alliance 2795 HPLC sys-
tem (Waters, USA). Solvent A consisted of 0.1%
formic acid in Milli-Q water and solvent B of
0.1% formic acid in acetonitrile. After ionisation
with an Apollo electrospray ionisation source
(ESI), GSH and GSSG ions were detected in a
time of flight mass spectrometer (BioTOF II Bru-
ker Daltonics, USA), operated at 2.8 kV of end-
plate and at 3.3 kV spray tip potentials in
negative ion mode. Identification of peaks corre-
sponding to GSH and GSSG was achieved using
commercially available standards. Data of GSSG
were calculated as a percentage of total glutathi-
one (GSH + GSSG).

Statistics

One-way analysis of variance was performed
using the statistic software SPSS 11.0. Results
were expressed as the mean + S.D. unless noted
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otherwise, and the value of p < 0.05 was consid-
ered significant.

Results and discussion

Growth inhibition, analyses of oxidative stress
indexes and heavy metal content

Plants subjected to exposure to Cd and Hg suf-
fered clear symptoms of phytotoxicity, as the
fresh weight of shoot and root decreased signifi-
cantly (Table 1). Similar diminution of organ
growth was reported for Cd- (Guo et al., 2004;
Sandalio et al., 2001; Schiitzendiibel et al. 2001)
and Hg-treated plants (Cho and Park, 2000). In
parallel, Cd and Hg accumulated in plant organs
at increasing levels concomitantly with the metal
concentrations in the nutrient solution (Table 1).
Higher proportion of metals was found in roots
than in shoots. Thus, in plantlets exposed to me-
tal concentrations of 6 and 30 uM the ratio of
metal accumulated in roots to shoots was respec-
tively: for Cd, about 35 and 35, and for Hg, 115
and 300. Therefore, little Cd and even less Hg
were transferred to the aerial part of the plants.
We also calculated the ratio of the metals that
accumulated respectively in shoots and roots (Hg
vs. Cd; Table 1). Interestingly, in roots Hg accu-
mulated 2.3 and 3.8 times more than Cd, when
supplied respectively at 6 and 30 uM. However,
in shoots the ratio was 0.7 at both treatment
concentrations. On the other hand, hypothetical
speciation of Cd and Hg in the nutrient solution
revealed that only Cd*" had a slightly lower
concentration than expected: 5.4 uM instead of
6 uM, and 27.0 uM instead of 30 uM. This
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meant that the ratio of Hg?" to Cd>" concentra-
tion in the nutrient solution was 1.1. Taken
together our data, lead to conclude that Hg
accumulated in roots at a remarkably higher le-
vel than Cd, over the ratio of soluble cations
concentration in the nutrient solution.

The inhibition of growth was accompanied by
an increase in lipid peroxidation (MDA content)
and protein oxidation (carbonyl content) as a re-
sult of an oxidative stress (Table 2). Similar re-
sponses have been described for MDA in maize
(Lozano-Rodriguez et al., 1997), pea (Dixit et al.,
2001; Sandalio et al., 2001), poplar (Schiitzendii-
bel et al., 2002) and barley (Guo et al., 2004) un-
der Cd exposure; and in tomato (Cho and Park,
2000) under Hg treatment. Some differences were
observed with respect to the toxic effect caused
and tissue susceptibility. In shoots, lipid peroxi-
dation was clearly induced by both metals, but
the effect of Cd was more pronounced than that
for Hg. In roots, both metals caused a limited,
yet significant rise of lipid peroxidation (Ta-
ble 2). Protein oxidation was also enhanced by
both Cd and Hg in roots and shoots. However,
the effect of Hg was always larger than that of
Cd. In particular, there was a remarkable car-
bonyl accumulation in plants exposed to 30 uM
Hg, indicating an acute stress oxidation. The dis-
tinct action of each metal could be due to the
different chemical properties and/or to the differ-
ent rate of accumulation in plant tissues.

Ascorbate peroxidase and superoxide dismutase
activities

Several authors have highlighted the activation
of ROS scavenging systems to ameliorate the

Table 1. Fresh weight (g/plant) and tissue concentration of heavy metals (umol/g DW) in shoot and root from maize plants trea-
ted with Cd and Hg at the following concentrations (uM): 0.0 (control), 6 and 30 (n = 5) £ SD

Treatment Fresh weight (g/plant) Concentration of Cd (umol/g Concentration of Hg (umol/g Estimated Hg
DW) DW) to Cd ratio

Shoot Root Shoot Root Shoot Root Shoot Root

Control 0.83 £ 0.10a 047 £ 0.08 ¢ n.d* n.d. n.d. n.d.

6 uMCd 072 +0.08b 045+ 005a¢ 0.11 £ 00la 4.09 £ 1.20a

30 uM Cd 047 = 0.10c 035 £ 0.07h 043 £ 0.14b 2345 £ 2.57H

6 uM Hg 044 + 0.08¢ 0.27 £ 0.04 ¢ 0.08 £ 0.03a 922 £ 0.17a 0.7 2.3

30 uM Hg 0.38 = 0.05¢ 0.24 £ 0.05¢ 0.29 £ 0.05h 89.65 £ 5.11 5 0.7 3.8

*n.d. Not detected, below limit of sensitivity.

Values carrying different letters were significantly different at p < 0.05.

149



150

46

Table 2. Lipid peroxidation (nmol MDA/gFW) and protein oxidation (nmol carbonyl/mg total protein) in maize plants treated
with Cd and Hg at the following concentrations (uM): 0.0 (control), 6 and 30 (n = 3) £ SD

Lipid peroxidation

Protein oxidation

Shoot Root Shoot Root
Control 14.66 £ 1.12 a 6.58 + 041 a 1.71 £ 0.54 a 7.14 £ 0.85a
6 uM Cd 32,60 £ 334 ¢ 10.98 £+ 1.09 b 378 £ 0.84 b 9.21 £ 0905
30 uM Cd 4540 + 7.36 ¢ 1195 £ 0.61 b 323 £ 0.28b 13.19 £ 0.85 ¢
6 uM Hg 19.26 + 2.55 b 972 + 1.24 b 4.04 £ 1.055 10.58 + 2.78 b
30 uM Hg 33.62 £ 494 ¢ 12.30 £ 0.28 b 7.07 £ 1.0l ¢ 23.84 £ 4.85d

Values carrying different letters were significantly different at p < 0.05.
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Figure 1. APX activity and Western-blotting of extracts pre-
pared from shoot and root of maize treated with Cd and Hg
at the following concentrations: 0 (control), 6 and 30 uM. A
representative gel is shown out of least three replicates. Data
underneath each band represent pixel intensity relative to
control samples.

oxidative burst induced upon exposure of plants
to heavy metals. APX, SOD, catalase, and other
enzymes had been assessed under various metal
concentrations (Schiitzendiibel and Polle, 2002).
In maize, by using an in gel approach, we analy-
sed APX and SOD activities and found changes
in response to increasing concentrations of Cd
and Hg (Figures 1 and 2). APX staining resulted
in a major colourless band. Western-blot analysis
revealed that this major band corresponded to a
cytosolic APX isoform, as we used a specific
polyclonal antibody (Dalton et al., 1996). When
plants were exposed to Cd, shoot APX activity

SHOOT

ROOT

Figure 2. SOD activity of extracts prepared from shoot and
root of maize treated with Cd and Hg at the following con-
centrations: 0 (control), 6 and 30 uM. A representative gel is
shown out of least three replicates.

increased, probably due to an increase in cyto-
solic APX, as visualised by Western-blot. How-
ever, APX activity decreased in the presence of
30 uM Hg, the decrease being related to a dimi-
nution of cytosolic APX protein (Figure 1).
Higher activity was observed in roots than in
shoots, but there was a sharp activity loss in the
presence of 30 UM Hg. Again, that decrease in
activity was concomitant with a diminution of
APX cytosolic protein. This decline is in agree-
ment with the high degree of protein oxidation
observed in those samples (Table 2), and might
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reflect an extreme toxic damage. High concentra-
tion of Cd (up to 50 uM) also caused depletion
of several enzymes in pea leaf extracts, with a
simultaneous increase of protein oxidation (Ro-
mero-Puertas et al., 2002). Indeed, a similar pat-
tern in total peroxidase activity has been
reported for maize (Lagriffoul et al., 1998), pop-
lar (Schiitzendiibel et al., 2002) and pea (Dixit
et al., 2001) under Cd stress. It is conceivable
that at mild stress conditions, plants respond by
increasing APX activity, but under extreme toxic-
ity a general failure of the metabolism causes its
attenuation (Schiitzendiibel et al., 2001, 2002).
These effects could be also related to the amount
of metals that accumulated differentially in the
analysed tissues, at a much higher extent in roots
than in shoots (Table 1).

On the other hand, SOD activity was not
apparently affected by any of the metals, as no
consistent effect related to the treatments with
Cd or Hg appeared (Figure 2). The small activity
changes were similar for all the enzyme isoforms
present in each extract, indicating that those
changes were due to protein loading, in spite of
having tried to adjust protein concentration by
using the Coomassie blue reagent. Several au-
thors observed similar lack of response of SOD
in Cd-treated Scots pine seedlings (Schiitzendiibel
et al., 2001). Besides, in leaves of pea plants ex-
posed to concentrations of Cd over 40 uM only
a diminution in SOD activity was reported, when
plants suffered acute damage (Sandalio et al.,
2001). In addition, Cho and Park (2000) found
that SOD activity increased slightly in tomato
seedlings exposed for 10 and 20 days to 10 and
50 uM Hg. Therefore, non-consistent changes in
SOD activity might be observed upon exposure
to Cd and Hg, as inferred from the data reported
in the literature and our own results (Figure 2).

Non-protein thiols concentration

GSH and other non-protein thiols are known to
be affected by the presence of several metals
(Xiang and Oliver, 1998). Apart from being an
essential metabolite in the cellular redox homeo-
stasis (Noctor et al., 2002), GSH is the assem-
bling block of phytochelatins (PCs), a family of
cysteine-rich peptides that accumulate under me-
tal exposure (Rauser, 1991). In the presence of
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Cd and Hg, the thiol-peptide pattern was altered
(Figure 3). New thiol peaks appeared at longer
retention time only in Cd-treated maize seedlings
(Figure 3B). We have tentatively identified these
peaks as corresponding to PCs, according to the
retention time of the thiols accumulated upon
Cd exposure in maize tissues using a similar
chromatographic separation procedure (Meuwly
et al., 1995). Moreover, maize plants subjected to
prolonged treatment with 30 uM Cd (over
7 days) showed larger peaks of non-protein thiols
in root extracts with identical chromatographic
properties (data not shown), as it appears to be a
typical response to Cd (Rauser, 1991). In
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Figure 3. HPLC elution of thiol-peptides extracted from
roots of maize treated with control (a), 30 uM Cd (b) and
30 uM Hg (c). 1. Cysteine; 2. GSH and 3. N-acetyl cysteine
(internal standard). The solid black arrow indicates the
appearance of putative Cd-induced phytochelatins, which
were integrated as a unique peak.
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Table 3. Thiol-peptide concentration (nmol N-acetyl cysteine/gFW) and percentage of GSSG vs. total content of GSH (%) in
maize plants treated with Cd and Hg at the following concentrations (uM): 0.0 (control), 6 and 30 (n = 3) = SD

Shoot Root

Cys GSH PCs %GSSG Cys GSH PCs %GSSG
Control 149 £ 394 202.3 + 27.0 a n.d. 29.5 £ 0.1a 473 £ 21.8a 206.8 £ 44.7 a n.d. 23 +£03a
6 uM Cd 18.7 £ 5.7a 186.1 + 44.0 a n.d. 31.7 £ 1.5a 96.0 + 39.2ab 3852 + 53.7bh 12.7 £ 48 a 2.5 £ 04 a

30 uM Cd 36.9 £ 53 5 3832 + 16.6 b 122 +£ 0.7a 284 £ 04a 589 + 36.0a
76 £ 44a275+23a 789 + 41.2ab 2057 £ 10.0a < 2.5
244 + 72 a 1889 £ 26.6 ¢

6uM Hg 144 £ 524 155.1 + 88 ¢
30 uM Hg 192 + 6.8 a 2433 + 46.1a < 2.5

138.8 + 482 ¢ 379 £ 6.7b33 £0.7bH
49 £ 08 ¢

149.5 + 25.0 ¢ n.d. 76 £ 14d

*n.d.: not detected.

Values carrying different letters were significantly different at p < 0.05.

addition, lower amount of Cd-induced thiols was
observed in shoot extract only at the highest con-
centration of Cd (Table 3). Under Hg stress, we
could not detect peaks corresponding to PCs
(Figure 3C). Only in the shoot of plants exposed
to 6 uM Hg, we could detect a minor peak at the
same elution time as shown for Cd-treated maize
(Table 3). Our findings agree with the known
poor capability of Hg as a PCs synthesis induc-
tor, as has been observed in vitro with re-
combinant phytochelatin synthase (Ha et al.,
1999) or in vivo (Maitani et al., 1996). Therefore,
it is possible the PCs might play a side role in
Hg detoxification in maize seedlings.

On the other hand, GSH concentration varied
depending on the metal concentration and the
tissue analysed. In the shoot, GSH concentration
augmented only at the highest concentration of
metal supplied, being Cd a stronger inductor
than Hg (Table 3). However, this effect was not
accompanied with any significant change in the
percentage of GSSG. A similar increment in
GSH content was only found in roots of maize
treated with 6 uM Cd, while in plants exposed to
6 uM Hg there were no changes. Plants grown in
30 uM of Hg or Cd showed a significant diminu-
tion of GSH in roots, which was concomitant
with an increase in the percentage of GSSG (Ta-
ble 3). Apparently, there was a rise under mild
toxicity, but it declined when plants suffered
acute stress (i.e. in roots of plants given 30 uM).
These effects were also accompanied by an in-
crease in the content of cysteine only in the root
of plants exposed to 30 uM Hg (Table 3), tissue
that showed low concentration of GSH and high
GSSG percentage. Our results suggest that GSH
might have been accumulated in mild stressed

plants, according to the reported increases to lev-
els above those of controls, which is common in
prolonged Cd-exposure (Schiitzendiibel et al.,
2001; Voeli-Lange and Wagner, 1996; Xiang and
Oliver, 1998). However, above a certain toxicity
threshold the metabolism is unable to attain the
putative demand of GSH to keep redox homeo-
stasis under control. In fact, when plants showed
higher oxidative stress symptoms in the root
upon 30 uM Hg treatment, the proportion of
GSSG in root was almost three times that of
control plants (Table 3). These results indicate
that redox GSH/GSSG homeostasis was only
compromised in tissues and organs that were
severely affected, in agreement with Xiang and
Oliver (1998).

Conclusions

Hg showed a stronger toxic effect than Cd in the
root of maize seedlings, as inferred from the
found higher proportion of GSSG, enhanced car-
bonyl content and the negative effects on growth.
Similarly, it was also observed that accumulation
and activity of the cytosolic APX was severely
affected in plants exposed to 30 uM Hg. Under
this acute stress conditions, the pool of GSH was
reduced, clearly indicating that cellular homeo-
stasis might have been compromised. Only under
mild stress, plants could probably acclimate and
adjust its metabolism accordingly. It is possible
that the higher phytotoxicity caused by Hg might
be partially associated to its higher accumulation
in the root. In future work, it is important to
establish the thresholds of toxicity, either by low-
ering the metal doses or reducing the exposure
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times. Characterisation of the cellular compo-
nents interacting with the metals might also help
to determine different mechanisms underlying
metal toxicity and to understand the way plants
can cope with those stress conditions.
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Other collaboration articles

1- Ortega-Villasante C, Rellin-Alvarez R, Del Campo FF, Carpena-Ruiz RO, Hernidndez LE.
(2005) Cellular damage induced by cadmium and mercury in Medicago sativa. Journal of
Experimental Botany. 56 (418): 2239-2251.

Abstract:

Alfalfa (Medicago sativa) plantlets were exposed to Cd or Hg to study the kinetics of diverse stress
indexes. In the so-called beaker-size hydroponic system, plantlets were grown in 30 IM of Cd or Hg
for 7 d. Oxidative stress took place and increased over time, a linear response be- ing observed with
Cd but not with Hg. To improve the sensitivity of the stress assays used, a micro-assay system, in
which seedlings were exposed for 24 h, was developed. Phytotoxicity of metals, quantified as growth
inhibition, was observed well before there was any change in the non-protein thiol tissue
concentration. When measured with conventional techniques, oxidative stress indexes did not show
significant variation. To trace early and small plant responses to Cd and Hg, a microscopic analysis
with novel fluorescent dyes, which had not yet been exploited to any significant extent for use in
plants, was conducted. These fluorescent probes, which allowed minute cellular responses to 0, 3, 10,
and 30 IM of both metals to be visualized in the roots of the alfalfa seedlings, were: (i) 29,79-
dichlorofluorescin diacetate that labels peroxides; (ii) monochlorobimane that stains reduced
glutathione/ homoglutathione (GSH/hGSH); and (iii) propidium iodide that marks nuclei of dead cells.
Oxidative stress and cell death increased after exposure for 6-24 h to Cd and Hg, but labelling of
GSH/hGSH decreased acutely. This diminution might be the result of direct interaction of GSH/hGSH
with both Cd and Hg, as inferred from an in vitro conjugation assay. Therefore, both Cd and Hg not
only compromised severely the cellular redox homeo- stasis, but also caused cell necrosis. In plants
treated with 1 mM L-buthionine sulphoximine, a potent inhibitor of GSH/hGSH synthesis, only the
oxidative stress symp- toms appeared, indicating that the depletion of the GSH/ hGSH pool was not
sufficient to promote cell death, and that other phytotoxic mechanisms might be involved.

2- Ortega-Villasante C, Herndndez LE, Rellan-Alvarez R, Del Campo FF, Carpena-Ruiz RO.
(2007) Rapid alteration of cellular redox homeostasis upon exposure to cadmium and mercury in
alfalfa seedlings. New Phytologist., 176 (1): 96-107.

Abstract:

-Here, the kinetics of oxidative stress responses of alfalfa (Medicago sativa) seed- lings to cadmium
(Cd) and mercury (Hg) (0, 3, 10 and 30 uM) exposure, expanding from a few minutes to 24 h, were
studied. ¢ Intracellular oxidative stress was analysed using 2',7'-dichlorofluorescin diacetate and
extracellular hydrogen peroxide (H202) production was studied with Amplex Red. Growth inhibition,
concentrations of ascorbate, glutathione (GSH), homoglu- tathione (hGSH), Cd and Hg, ascorbate
peroxidase (APX) activity, and expression of genes related to GSH metabolism were also determined.

-Both Cd and Hg increased cellular reactive oxygen species (ROS) production and extracellular H,O,
formation, but in different ways. The increase was mild and slow with Cd, but more rapid and
transient with Hg. Hg treatments also caused a higher cell death rate, significant oxidation of hGSH, as
well as increased APX activity and transient overexpression of glutathione reductase 2,
glutamylcysteinyl synthetase, and homoglutathione synthetase genes. However, Cd caused minor
alterations. Hg accumulation was one order of magnitude higher than Cd accumulation.

-The different kinetics of early physiological responses in vivo to Cd and Hg might be relevant to the
characterization of their mechanisms of toxicity. Thus, high accu- mulation of Hg might explain the
metabolism poisoning observed in Hg-treated seedlings.

3- Marti MC, Camejo D, Fernandez-Garcia N, Rellan-Alvarez R, Marques S, Sevilla F, Jiménez
A, Effect of oil refinery sludges on the growth and antioxidant system of alfalfa plants. Journal of
Hazardous Material, 2009, 171: 879-885.

Abstract:
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The refining process in the petrochemical industry generates oil refinery sludges, a potentially contam-
inating waste product, with a high content of hydrocarbons and heavy metals. Faster degradation of
hydrocarbons has been reported in vegetated soils than in non-vegetated soils, but the impact of these
contaminants on the plants physiology and on their antioxidant system is not well known. In this
study, the effect of the addition of petroleum sludge to soil on the physiological parameters, nutrient
con- tents, and oxidative and antioxidant status in alfalfa was investigated. An inhibition of alfalfa
growth and an induction of oxidative stress, as indicated by an increase in protein oxidation, were
found. Also, the superoxide dismutase isoenzymes, peroxidase, and those enzymes involved in the
ascorbate—glutathione cycle showed significant activity increases, parallel to an enhancement of total
homoglutathione, allowing plants being tolerant to this situation. This information is necessary to
establish successful and sustainable plant-based remediation strategies.

4- Pascual I, Azcona I, Aguirreolea J, Morales F, Corpas FJ, Palma JM, Rellan-Alvarez R, Sanchez-
Diaz M. Growth, yield and fruit quality of pepper plants amended with two sanitized sewage sludges.
Journal of Agricultural and Food Chemistry 58: 6951-6959.

Abstract:

Organic wastes such as sewage sludge have been successfully used to increase crop productivity of
horticultural soils. Nevertheless, considerations of the impact of sludges on vegetable and fruit quality
have received little attention. Therefore, the objective of the present work was to investigate the
impact of two sanitized sewage sludges, autothermal thermophilic aerobic digestion (ATAD) and
compost sludge, on the growth, yield, and fruit quality of pepper plants (Capsicum annuum L. cv.
Piquillo) grown in the greenhouse. Two doses of ATAD (15 and 30% v/v) and three of composted
sludge (15, 30, and 45%) were applied to a peat-based potting mix. Unamended substrate was included
as control. ATAD and composted sludge increased leaf, shoot, and root dry matter, as well as fruit
yield, mainly due to a higher number of fruits per plant. There was no effect of sludge on fruit size
(dry matter per fruit and diameter). The concentrations of Zn and Cu in fruit increased with the
addition of sewage sludges. Nevertheless, the levels of these elements remained below toxic
thresholds. Pepper fruits from sludge-amended plants maintained low concentrations of capsaicin and
dihydrocapsaicin, thus indicating low pungency level, in accordance with the regulations prescribed by
the Control Board of “Lodosa Piquillo peppers” Origin Denomination. The application of sludges did
not modify the concentration of vitamin C (ASC) in fruit, whereas the highest doses of composted
sludge tended to increase the content of reduced (GSH) and oxidized (GSSG) glutathione, without
change in the GSH/GSSG ratio. There were no effects of sludge on the transcript levels of enzymes
involved in the synthesis of vitamin C, L-galactono-14-lactone dehydrogenase (GLDH) or in the
ascorbate-glutathione cycle, ascorbate peroxidase (APX), monodehydroascorbate reductase (MDAR),
and glutathione reductase (GR). Results suggest that the synthesis and degradation of ASC and GSH
were compensated for in most of the treatments assayed. The application of sanitized sludges to
pepper plants can improve pepper yield without loss of food nutritional quality, in terms of fruit size
and vitamin C, glutathione, and capsaicinoid contents.

5- Rodriguez-Celma J, Rellan-Alvarez R, Abadia A, Abadia J, Lépez-Milldn A-F. Changes induced
by two levels of cadmium toxicity in the 2-DE protein profile of tomato roots. Journal of Proteomics
73: 1694-1706

Abstract:

Tomato is an important crop from nutritional and economical points of view, and it is grown in
greenhouses, where special substrates and the use of recycled water imply an increased risk of Cd
accumulation. We investigated tomato root responses to low (10 pM) and high (100 uM) Cd
concentrations at the root proteome level. Root extract proteome maps were obtained by 2-DE, and an
average of 121, 145 and 93 spots were detected in the 0, 10 and 100 uM Cd treatments, respectively.
The low Cd treatment (10 uM) resulted in significant and higher than 2-fold changes in the relative
amounts of 36 polypeptides, with 27 of them identified by mass spectrometry, whereas the 100 uM Cd
treatment resulted in changes in the relative amounts of 41 polypeptides, with 33 of them being
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identified. The 2-DE based proteomic approach allowed assessing the main metabolic pathways
affected by Cd toxicity. Our results suggests that the 10 uM Cd treatment elicits proteomic responses
similar to those observed in Fe deficiency, including activation of the glycolytic pathway, TCA cycle
and respiration, whereas the 100 uM Cd treatment responses are more likely due to true Cd toxicity,
with a general shutdown of carbon metabolism and increases in stress related and detoxification
proteins.

6- Jiménez S, Ollat N, Deborde C, Maucourt M, Rellan-Alvarez R, Moreno MA, Gogorcena Y.
Metabolic response in roots of Prunus rootstocks submitted to iron chlorosis. Journal of Plant
Physiology doi:10.1016/].jplph.2010.08.010

Abstract:

Iron deficiency induces several responses to iron shortage in plants. Metabolic changes occur to
sustain the increased iron uptake capacity of Fe-deficient plants. We evaluated the metabolic changes
of three Prunus rootstocks submitted to iron chlorosis and their different responses for tolerance using
measure- ments of metabolites and enzymatic activities. The more tolerant rootstocks Adesoto
(Prunus insititia) and GF 677 (Prunus amygdalus X Prunus persica), and the more sensitive Barrier
(P. persica x Prunus davidiana) were grown hydroponically in iron-sufficient and -deficient
conditions over two weeks. Sugar, organic and amino acid concentrations of root tips were determined
after two weeks of iron shortage by proton nuclear magnetic resonance spectroscopy of extracts.
Complementary analyses of organic acids were performed by liquid chromatography coupled to mass
spectrometry. The major soluble sugars found were glucose and sucrose. The major organic acids were
malic and citric acids, and the major amino acid was asparagine. Iron deficiency increased root
sucrose, total organic and amino acid concentrations and phosphoenolpyruvate carboxylase activity.
After two weeks of iron deficiency, the malic, citric and succinic acid concentrations increased in the
three rootstocks, although no significant differences were found among genotypes with different
tolerance to iron chlorosis. The tolerant rootstock Adesoto showed higher total organic and amino acid
concentrations. In contrast, the susceptible rootstock Barrier showed lower total amino acid
concentration and phosphoenolpyruvate carboxylase activity values. These results suggest that the
induction of this enzyme activity under iron deficiency, as previously shown in herba- ceous plants,
indicates the tolerance level of rootstocks to iron chlorosis. The analysis of other metabolic
parameters, such as organic and amino acid concentrations, provides complementary information for
selection of genotypes tolerant to iron chlorosis.

7- Sagardoy R, Morales F, Rellan-Alvarez R, Abadia A, Abadia J and Loépez-Milldn AF. Carboxylate
metabolism in sugar beet plants grown with excess Zn. Journal of Plant Physiology in press.

Abstract:

The effects of Zn excess on carboxylate metabolism have been investigated in sugar beet (Beta
vulgaris L.) plants grown hydroponically in a growth chamber. Root extracts of plants grown with 50
or 100 pM Zn in the nutrient solution showed increases in several enzymatic activities related to
organic acid metabolism, including citrate synthase and phosphoenolpyruvate carboxylase, when
compared to activities in control root extracts. Root citric and malic acid concentrations increased in
plants grown with 100 pM Zn but not in plants grown with 50 uM Zn. In the xylem sap, plants grown
with 50 and 100 pM Zn showed increases in the concentrations of citrate and malate when compared
to the controls. Leaves of plants grown with 50 or 100 uM Zn showed increases in the concentrations
of citric and malic acid and in the activities of citrate synthase and fumarase. Leaf isocitrate
dehydrogenase increased only in plants grown with 50 uM Zn when compared to the controls. In
plants grown with 300 uM Zn the only enzyme showing activity increases in root extracts was citrate
synthase, whereas the activities of other enzymes decreased when compared to the controls, and root
citrate concentrations increased. In the 300 uM Zn grown plants, the xylem concentrations of citric
and malic acids were higher than those of controls, whereas in leaf extracts the activity of fumarase
increased markedly and the leaf citric acid concentration was higher than in the controls. Based on our
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data, a metabolic model of the carboxylate metabolism in sugar beet plants grown under Zn excess is
proposed.
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Espectrometria de Masas con Plasma 2009 Uo
de Acoplamiento Inductivo (ICPMS y HPLC-ICPMS)

Espectrometria de masas tindem (HPLC-ESI/MS-MSQ-TOF y Iontrap) 2009 [8[0)
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Cromatografia liquida de alta eficacia (HPLC-UV) 2002-2010 UA
Espectrometria de absorcion y emisién atomica 1993-2000 Uuo
Electroforesis capilar 1996-2000 Uuo
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