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A. MEMORIA. Resumen de las actividades realizadas y de los resultados del proyecto
en relacion con los objetivos propuestos (maximo 2.000 palabras).
Destaque su relevancia cientifica y/o su interés tecnolégico.
En el caso de haber obtenido resultados no previstos inicialmente, indique su relevancia
para el proyecto.
En caso de resultados fallidos, indiquense las causas.

Objetivo 1. Estudio de las necesidades reales de micronutrientes en melocotonero.

Se proponia evaluar los balances de nutrientes en melocotonero, analizando las salidas de
nutrientes debidas a madera de poda, flores, frutos y hojas, y los nutrientes inmovilizados en
madera y raices. Asimismo, se proponia el disefio de un modelo de prediccion de demanda
de nutrientes.

Se han recogido los datos sobre flores, hojas, frutos y madera de poda como se habia
propuesto inicialmente. Se ha alargado la toma de muestras hasta la poda y extraccién de
arboles efectuada entre enero y febrero de 2010, ya que la primera toma de muestra se
realizé con las flores de 2007. De esta manera se dispondra de tres afios enteros de datos.
Asi pues, los datos finales de este Objetivo no estan completos y el modelo final no se
obtendra hasta que no se hayan analizado y procesado todas las muestras recogidas. Ya se
han efectuado los primeros estudios estadisticos para hallar las ecuaciones para relacionar
didmetro, marco de plantacién y biomasa.

A pesar de que ya se propuso el objetivo con la idea de obtener el modelo al final del
proyecto, se han presentado algunos resultados obtenidos sobre el balance de nutrientes
(resultados C-6 y C-15) y sobre el disefio del modelo de demanda de nutrientes (C-9 y C-
14). Se defendié una Tesis de Master en Enero 2009 con datos de pérdidas de nutrientes
recogidos durante casi 2 afos (T-4). En esta Tesis se presentdé un modelo preliminar de
demanda de nutrientes. Hay una Tesis Doctoral en curso que incluira este objetivo (T-3).

Ademas se ha trabajado sobre la localizacidon de los sitios de acumulacidon de Fe y otros
nutrientes en materiales deficientes (AC-5). Se han empezado a explorar distintas técnicas
de imagen para el estudio de metales en plantas (C-18), objetivo que se seguird
desarrollando en posteriores proyectos. Se han hecho los primeros estudios de microanalisis
elemental en melocotonero mediante SEM/EDXA en plantas con deficiencia de Fe (C-16 y
AD-3). Se ha seguido trabajando sobre relaciones de nutrientes y prognosis, estudiando
relaciones entre contenidos minerales en distintos tejidos en melocotonero y peral (C-12).

Objetivos 2 y 3. Estudio de los mecanismos de accion de los fertilizantes de
micronutrientes y estudio de la permanencia de los fertilizantes de micronutrientes
y su interaccién con otros micronutrientes.

En el Objetivo 2 se proponia el estudio del efecto de diferentes quelatos en la actividad Fe-
reductasa de raiz y hoja, la cinética de las reacciones de intercambio de ligando entre los
fitosiderdforos y los diferentes quelatos sintéticos, la caracterizacion de la desactivacion de
mecanismos de respuesta tras la aplicacion de fertilizantes y los cambios en xilema y
apoplasto tras la fertilizacion. En el objetivo 3 se proponia la determinacion de la presencia
de fertilizantes en matrices de agua, suelo y planta, después de desarrollar los métodos
adecuados y examinar los efectos de los agentes quelantes en la disponibilidad de otros
elementos tanto en planta como en suelo.

Se ha hecho una revision sobre las técnicas analiticas aplicadas al estudio de los efectos
bioldgicos y ambientales de la fertilizacidn con quelatos férricos (AC-7). Se ha seguido
trabajando en la optimizacién de metodologias de extraccion y caracterizacion de quelatos
férricos (especialmente Fe(III)-0,0EDDHA) en matrices complejas como distintos tejidos
vegetales (hoja, raiz y fruto) de varias especies remolacha, tomate, melocotonero, peral y
naranjo) para permitir su analisis por dicho método (AC-10, C-4, C-5, C-13 y AD-1). Se ha
estudiado el uso de diferentes estandares internos con la misma molécula marcada
isotdpicamente con Fe (Fe® y Fe®) 6 con una molécula estructuralmente andloga
desarrollando y validando un método especifico para la extraccién y determinacion del
quelato Fe(III)-o,0EDDHA en una diversidad de tejidos de diferentes especies vegetales (AC-
8). El mecanismo de accién del quelato férrico Fe(III)-EDDHA se ha abordado sintetizando el
quelato férrico con isétopos estables de Fe (Fe> y Fe®”) , alimentando plantas de remolacha
deficientes en Fe con dichos compuestos y midiendo la adquisicion y distribucién del Fe
dentro de la planta (AC-12, C-10 y C-17). Se ha estudiado la identificacion de impurezas en
compuestos de Fe (AC-10 y C-21). Se ha efectuado la caracterizacidén de la desactivacién de
mecanismos de respuesta tras la aplicacion de fertilizantes foliares y a la solucidn
hidroponica en cdmara de cultivo (C-7). Se ha caracterizado el metabolismo de acidos
organicos en una planta modelo afectada por deficiencia (AC-6) y el contenido en acidos
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organicos y Fe en xilema de plantas de remolacha deficientes en Fe y después de adicién de
este elemento (AC-9). Se ha hecho una revisién sobre el transporte a larga distancia de Fe
en plantas (CI-2). Se ha caracterizado la formacion de complejos metal-nicotianamina,
importantes en el transporte de metales en plantas (AC-3). Se ha caracterizado el complejo
transportador de Fe en xilema (AC-11 y C3). Se han puesto a punto las técnicas de
caraterizacién de proteoma y metaboloma de xilema, hojas y puntas de raiz en plantas
modelo: i, caracterizacion del metaboloma de xilema de plantas de tomate y altramuz (C-8);
ii, proteoma y metaboloma de raices de plantas de remolacha (CI-4, C-11 y AC-13) en
ambos casos en plantas control, deficientes en Fe y fertilizadas con quelatos férricos; v iii,
metaboldmica de distintos tejidos en caso de deficiencia de Fe (€C-20). Se han efectuado las
primeras tomas de muestra de savia de xilema en melocotoneros afectados por distintos
grados de clorosis y se estan llevando a cabo los correspondientes analisis. También se han
tomado muestras de xilema en arboles tratados con productos conteniendo Fe que estan
siendo analizadas. Se ha caracterizado la excreccién y acumulacién de riboflavina y sus
derivados inducida por deficiencia de Fe en una planta modelo (C-2 y C-22).

Se presentaran dos tesis Doctorales durante 2010 cuyos trabajos se enmarcan en estos
objetivos (T1y T2)

Objetivo 4. Estudio de la optimizacion de la aspersion foliar como método de
correccion de clorosis.

Se proponia un estudio sobre la aspersion foliar y los efectos en planta de la aplicacién de
distintas formulaciones asi como sobre su mecanismo de penetracion.

Se han establecido los avances recientes en formulaciones de aspersiones foliares de Fe (AC-
4, AD-2 y CI-1). Se ha caracterizado en campo y sobre melocotonero el comportamiento de
diversas mezclas de productos conteniendo hierro (FeSO4.7H,0, Fe(Ill)-citrato, Fe(III)-
EDTA, Fe(III)-DTPA y Fe(IlI)-IDHA) y varios surfactantes, comprobandose que hay
interacciones interesantes entre los diversos compuestos, que seran objeto de estudio en
proximas investigaciones (AC-1, AC-2 y C-1). También se han puesto de manifiesto los
efectos que los diferentes tratamientos causan en el balance nutricional de las hojas de
melocotonero (AC-2). Por otra parte, se han caracterizado las cuticulas de hojas de peral y
melocotonero en condiciones de campo en materiales control y afectados por deficiencia de
Fe, tanto a nivel de microscopia, éptica y electréonica de barrido, como de peso de ceras,
transpiracion y apertura estomatica (AC-2). Se presentd una ponencia invitada en relacién a
este objetivo en el VI International ISHS Symposium on Mineral Nutrition of Fruit Crops en
Faro, Portugal (CI-3). Se ha puesto a punto el método de obtencion de secciones
transversales en hoja para el estudio de gradientes de clorofila y nutrientes en remolacha
después de una fertilizacion foliar (C-19) y se esta analizando la composiciéon de dichas
secciones. Se estd trabajando en la posibilidad de adecuar esta técnica a hojas de
melocotonero.

Diseminacion
Se ha llevado a cabo la diseminacidén segun se habia propuesto inicialmente. Asi:

# Se han presentado ponencias en diferentes reuniones nacionales e internacionales en
temas relacionados con el proyecto.

# Se han redactado varias publicaciones en revistas cientificas incluidas en ISI.

# Se ha incluido informacién sobre los resultados del proyecto (publicaciones vy
presentaciones a congresos) en la pagina web del grupo (http://www.stressphysiology.com).

CONGRESOS (ORALES)

C-1) 2007 Isafruit Meeting. Bologna, Italia. Abadia J, Alvarez-Fernédndez A, Ferndndez V, Abadia A.
Recent developments in fruit tree Fe-fertilization: foliar spray formulations and Fe-chelate
analysis.

C-2) 2008 14th International Symposium on Iron Nutrition and Interactions in Plants (14th ISINIP),
Beijing, China. Rodriguez-Celma J, Alvarez-Fernandez A, Orduna J, Abadia A, Abadia J, Lopez-
Millan AF. Root excretion and accumulation of riboflavin derivatives in iron-deficient Medicago
truncatula.

C-3) 2009 XVIII Reunion de la Sociedad Espafiola de Fisiologia Vegetal-X Congreso Hispano-Luso de
Fisiologia Vegetal. Zaragoza, Espafia. Rellan-Alvarez R, lGiner—Martl’nez-Sierra J, Orduna J, Orera
I, Rodriguez-Castrilldn JA, Garcia-Alonso JI, Abadia J, Alvarez-Fernandez A. Iron is transported
as a tri-Fe(IIl), tri-citrate complex in plant xylem sap.



CONGRESOS (PANELES)

C-4) 2006 XIIth Symposium on Sample Handling for Environmental and Biological Analysis, Zaragoza,
Espafia. Orera I, Alvarez- Fernandez A, Abadia J, Abadia A. Determination of Fe(III)-chelates
used as fertilizers in agricultural matrices.

C-5) 2007 Complexing Agents between Science, Industry, Authorities and Users (CASIAU), Zurich,
Suiza. Orera I, Alvarez-Fernandez A, Abadia ], Abadia A. Developing an extraction procedure of
Fe(III)-EDDHA from plant tissues suitable for its determination by HPLC-ESI/MS.

C-6) 2008 VI International ISHS Symposium on Mineral Nutrition of Fruit Crops, Faro, Portugal. El-
Jendoubi H, Hammami S, del Rio V, Abadia J, Abadia A. Macro and micronutrient demand in
peach trees.

2008 14th International Symposium on Iron Nutrition and Interactions in Plants (14th ISINIP),
Beijing, China.
*+ C-7) Lopez-Millan AF, Moussaoui S, Fernadndez V, Abadia J, Abadia A. Deactivation of sugar
beet root responses to iron deficiency upon foliar iron application.
. C-8) Relldn-Alvarez R, Abadia A, Fiehn O, Abadia J, Alvarez-Fernandez A. Changes in the xylem
sap metabolome of tomato and lupin with Fe deficiency.
. C-9) El-Jendoubi H, del Rio V, Scandellari F, Abadia J, Tagliavini M, Abadia A. Nutrient
(including iron) demand model in peach trees.

* C-10) Orera I, Rodriguez-Castrillén JA, Garcia Alonso JI, Moldovan M, Abadia ], Abadia A,
Alvarez-Fernandez A. Iron uptake and distribution in sugar beet plants treated with racemic and
meso Fe(III)-o,0EDDHA isomers.

¢ C-11) Relldn-Alvarez R, Andaluz S, Lépez-Milldn AF, Alvarez-Fernéndez A, Fiehn O, Abadia J.
Proteomic and metabolic profiles of Beta vulgaris root tips: changes induced in response to iron
deficiency and resupply.

C-12) 2008 XXII Simposio Ibérico de Nutricion Mineral de las Plantas, Granada, Espafia. El-Jendoubi H,
Igartua E, del Rio V, Abadia J, Abadia A. Prognosis de la clorosis férrica en frutales a partir de
concentraciones de Fe en diversos materiales.

2008 Isafruit Meeting. Gerona, Espafia.

e C-13) Orera I, Abadia J, Abadia A, Alvarez-Fernadndez A. Determination of the xenobiotic
fertilizer o,0EDDHA in plant tissues by Liquid Chromatography-Electrospray/Mass Spectrometry.

. C-14) El-Jendoubi H, Scandellari F, Moreno MA, Abadia J, Tagliavini M, Abadia A. Nutrient
demand prediction model in peach trees.

. C-15) El-Jendoubi H, Hammami S, Abadia J, A Abadia. Macro and micronutrient demand in
peach trees.

2009 XVI International Plant Nutrition Colloquium. Sacramento, California, USA.

e C-16) Vazquez S, Pinto F, Abadia A, Abadia J. Elemental microanalysis in leaf transversal
sections of peach by SEM/EDXA: Influence of iron nutritional status.

2009 XVIII Reunién de la Sociedad Espafiola de Fisiologia Vegetal-X Congreso Hispano-Luso de

Fisiologia Vegetal. Zaragoza, Espafia.

. C-17) Orera I, Abadia A, Abadia J, Alvarez-Fernandez A. Study of the plant iron fertilization
with synthetic ferric chelates by mass spectrometry.

e C-18) Vazquez S, Abadia A, Abadia J. Image techniques: New approaches in metal
homeostasis.

e C-19) El-Jendoubi H, Lastra M, Vazquez S, Abadia A. Effects of foliar Fe-application on
chlorophyll concentration, mineral composition and Fe distribution in sugar beet leaves.

. C-20) Rellan-Alvarez R, Rodriguez-Celma J, Lépez-Milldin AF, Fiehn O, Alvarez-Ferndndez A,
Abadia A, Abadia J. Plant iron deficiency metabolomics.

. C-21) Orera I, Orduna ], Abadia J, Alvarez-Fernandez A. Identification of Fe-containing
impurities in commercial fertilizars by collision induced dissociation tandem mass spectrometry.

¢ C-22) Rodriguez-Celma ], Calvifio A, Alvarez-Ferndndez A, Orduna J, Abadia A, Abadia J,
Lopez-Millan AF. Root excretion and accumulation of riboflavin derivatives in iron-deficient
Medicago truncatula.

B. RESULTADOS MAS RELEVANTES ALCANZADOS EN EL PROYECTO (maximo 60
palabras).
Dentro de los logros del proyecto sefalados en el apartado anterior, resefie los mas
relevantes hasta un maximo de tres.

- Desarrollo de métodos de MS para la caracterizacion de metabolitos o xenobioticos en
plantas (i.e. identificacion por primera vez de un complejo Fe-citrato en xilema é uso de
isétopos estables en estudios en plantas).

- Estudio de las diferentes técnicas de microscopia que pueden ayudar en el estudio de
nutricién vegetal (i.e. superficies de las hojas de interés en fertilizacidn foliar).



C. RESUMEN DE LOS RESULTADOS DEL PROYECTO.
C1. Formacion del personal N°
Personal formado ( 3 licenciados o ingenieros)

Personal formado o en formacion que se ha transferido al sector industrial:

Doctores ( ) Titulados Superiores () Técnicos ()
C2. Tesis doctorales (3 ) 1 enredaccion final, 1 en escritura, 1 en
tercer afio
C3. Articulos cientificos en revistas () nacionales (11 ) internacionales
C4. Articulos de divulgacion en revistas (1) nacionales ( 2) internacionales
C5. Articulos de revisién en revistas () nacionales () internacionales
C6. Libros, capitulos de libros y monografias () nacionales () internacionales
C7. Conferencias en congresos (por invitacién) () nacionales ( 4) internacionales
C8. Patentes y otros titulos de propiedad () registrados () en explotacion
industrial () Espafia () extranjero

C1. FORMACION DE PERSONAL EN EL PROYECTO, describir brevemente.

Dentro de este proyecto se encuentra parcialmente el trabajo experimental (ya terminado)
de dos personas que defenderan su Tesis Doctoral en 2010 (I. Orera y R. Relldn). Hay un
becario mas (H. El-Jendoubi) realizando su Tesis Doctoral enmarcada en objetivos de este
proyecto.

Ademas, 2 técnicos contratados por el proyecto han recibido formacidon en el ambito de la
Nutricién Vegetal en el tiempo que han durado sus respectivos contratos.

C2. TESIS DOCTORALES REALIZADAS TOTAL O PARCIALMENTE EN EL PROYECTO
Indicar: Titulo, nombre del doctorado, Universidad, Facultad o Escuela, fecha de comienzo,
fecha de lectura, calificacion y director.

TESIS DE DOCTORALES
A defender en 2010:

T-1) Desarrollo y aplicacion de nuevas metodologias analiticas para el estudio de
fertilizantes férricos. Irene Orera Utrilla. Dpto. de Quimica Analitica de la Universidad de
Zaragoza.

T-2) Transporte de hierro a larga distancia y metabolémica de la deficiencia de hierro en
plantas. Rubén Rellan Alvarez. Dpto. de Biologia Vegetal de la Universidad Auténoma de
Madrid.

A presentar en 2011-2012:
T-3) Titulo a determinar. Hamdi El-Jendoubi. ETSIA Lleida.

TESIS DE MASTER

T-4) Necesidades de nutrientes minerales en melocotonero (Prunus persica L. Batsch).
Hamdi El-Jendoubi, Enero de 2009, IAMZ-CIHEAM/Universidad de Lérida.

C3. ARTICULOS CIENTIFICOS EN REVISTAS
Indicar: Autor(es), titulo, referencia de la publicacién, (adjuntar en formato digital la primera
pagina y aquella en la que se mencione a las entidades financiadoras del proyecto)

Ver: http://www.stressphysiology.com
AC-1) Fernandez V, del Rio V, Pumarifio L, Abadia ], Abadia A (2008) Foliar Fertilization of




peach (Prunus persica (L.) Bastch) with different iron formulations: Effects on re-greening,
iron concentration and mineral composition in treated and untreated leaf surfaces. Sci Hort,
117: 241-248.

AC-2) Fernandez V, Eichert T, del Rio V, Lépez-Casado G, Heredia-Guerrero ], Abadia A,
Heredia A, Abadia ] (2008) Leaf changes associated with iron deficiency chlorosis in
fieldgrown pear and peach: physiological implications. Plant Soil, 311:161-172.

AC-3) Rellan-Alvarez R, Abadia J, Alvarez-Ferndndez A (2008) Formation of metal-
nicotianamine complexes as affected by pH, ligand exchange with citrate and metal
exchange. A study by electrospray ionization time-of-flight mass spectrometry, Rapid
Commun Mass Sp, 22:1553-1562.

AC-4) Fernandez V, I Orera, ] Abadia, A Abadia (2009) Foliar iron fertilisation of fruit trees:
present and future perspectives. J Hortic Sci Biotech, 84:1-6.

AC-5) Jiménez S, Morales F, Abadia A, Abadia J, Moreno MA, Gogorcena Y (2009) Uptake,
transport, and 2D mapping of within-leaf nutrient variability in the GF 677 peach almond
hybrid. Preferential sites of iron accumulation in conducting tissues under iron deficiency.
Plant Soil, 315:93-106.

AC-6) Lbépez-Millan A-F, Morales F, Gogorcena Y, Abadia A, Abadia ] (2009) Organic acid
metabolism in iron deficient tomato plants. Journal of Plant Physiology, 166:375-384.

AC-7) Orera I, Abadia J, Abadia A, Alvarez-Fernandez A (2009) Analytical technologies to
tackle the biological and environmental implications of iron fertilization with synthetic ferric
chelates: the Fe(III)-EDDHA case. ] Hortic Sci Biotechnol, 84: 7-12.

AC-8) Orera I, Abadia A, Abadia J, Alvarez-Fernandez A (2010) Determination of 0,0EDDHA
-a xenobiotic chelating agent used in Fe-fertilizers- in plant tissues by liquid
chromatography-electrospray mass spectrometry: overcoming matrix effects. Rapid Commun
Mass Sp, 23: 1694-1702.

AC-9) Larbi A, Morales F, Abadia A, Abadia ] (2010) Changes in organic acid and iron
concentrations in xylem sap and apoplastic fluid of Beta wvulgaris in response to iron
deficiency and resupply. J Plant Physiol, 167: 255-260.

AC-10) Orera I, Orduna ], Abadia J, Alvarez-Ferndndez A (2010) Electrospray-Collision-
Induced Dissociation Mass Spectrometry: a Tool to Characterize Synthetic
Polyaminocarboxilate Ferric Chelates used as Fertilizers. Rapid Commun Mass Sp, 24: 109-
119.

AC-11) Relldn-Alvarez R, Giner-Martinez-Sierra J, Orduna J, Orera I, Rodriguez-Castrillén
JA, Garcia-Alonso JI, Abadia ], Alvarez-Fernédndez A (20010) Identification of a tri-iron(III),
tri-citrate complex in the xylem sap of iron-deficient tomato resupplied with iron: new
insights into plant iron long-distance transport. Plant Cell Physiology, 51: 91-102.

Articulos en revisidon 6 en preparacion

AC-12) Orera I, Abadia A, Abadia ], Alvarez-Fernéndez A. Iron and Fe(III)-chelate uptake
and distribution in plants grown in hydroponics and treated with racemic and meso Fe(III)-
0,0EDDHA isomers in the nutrient solutions. En prep.

AC-13) Relldn-Alvarez R, Andaluz S, Rodriguez-Celma J, Wohlgemuth G, Zocchi G, Alvarez-
Fernandez A, Fiehn O, Lépez-Millan AF, Abadia J. Changes in the proteomic and metabolic
profiles of Beta vulgaris root tips in response to iron deficiency and resupply. BMC Plant
Biology, en revision.

C4. ARTICULOS DE DIVULGACION EN REVISTAS
Indicar: Autor(es), titulo, referencia de la publicacion.

AD-1) Orera I, Abadia J, Abadia A, Alvarez-Ferndndez A (2009) Nuevas metodologias
aplicadas a la investigacion de quelatos de hierro sintéticos. Vida Rural, 1 septiembre 2009,
60-64.

AD-2) Toselli M, Scudellari D, Fernandez V, Abadia ] (2009) La nutrizione fogliare delle
colture arboree da frutto. Italus Hortus 13, 17-23.

AD-3) Vazquez S, Pinto F, Abadia A, Abadia ] (2009) Elemental microanalysis in leaf
transversal sections of peach by SEM/EDXA: Influence of iron nutritional status. En: The
Proceedings of the International Plant Nutrition Colloquium XVI. UC Davis (Electronic Journal,
http://www.escholarship.org/uc/item/9mc2h13p).




C5. ARTICULOS DE REVISION
Indicar: Autor(es), titulo, referencia de la publicacién, (adjuntar primera pagina en formato
digital).

C6. LIBROS, CAPITULOS DE LIBROS Y MONOGRAFIAS
Indicar: Autor(es), titulo, referencia de la publicacién, (adjuntar en formato digital portada e
indice donde figure la informacion).

C7. CONFERENCIAS EN CONGRESOS, SIMPOSIOS Y REUNIONES (POR INVITACION)
Indicar: Autor(es), nombre del congreso, lugar de celebracion, afio.

CI-1) 2006 XIV Congreso del “"Grupo de Fertilizacion Foliar” Wiirzburg, Alemania. Fernandez
V, Pumarifio L, Del Rio V, Abadia ], Abadia A. Re-greenning of chlorotic peach leaves: effect
of different iron sources and surfactants.

CI-2) 2007 X Congreso Hispano-Luso de Fisiologia Vegetal. Alcala de Henares, Madrid.
Abadia J, Alvarez-Fernandez A, AF Lépez-Millan, Orera I, Rellan R, Abadia A. Long-distance
metal transport in plants.

CI-3) 2008 VI International ISHS Symposium on Mineral Nutrition of Fruit Crops, Faro,
Portugal. Fernandez V, Abadia ], Abadia A. Foliar fertilisation: a reliable strategy to control
plant nutrient deficiencies?

CI-4) 2009 XVI International Plant Nutrition Colloquium. Sacramento, California, USA.
Relldn-Alvarez R, Andaluz S, Lépez-Milldan AF, Fiehn O, Alvarez-Fernédndez A, Abadia J.
Changes in the proteomic and metabolomic profiles of Beta vulgaris root tips in response to
iron deficiency and resupply.

C8. PATENTES Y OTROS TiTULOS DE PROPIEDAD INDUSTRIAL
Indicar: Autor(es), titulo, registro, entidad titular de la patente, afio, paises, clase.
Indicar cuales estan en explotacion.

C9. OTROS RESULTADOS EXTRAORDINARIOS NO INCLUIDOS EN LOS APARTADOS
ANTERIORES
Indicar Naturaleza y Autor (es). Describalo brevemente en un maximo de 50 palabras.

D. CARACTER DE LOS RESULTADOS DEL PROYECTO (seiialar hasta dos opciones)
( ) Tedricos ( X') Tedrico-practicos

() Practicos () De inmediata aplicacion industrial

E. COLABORACIONES

E1. SI EL PROYECTO HA DADO LUGAR A COLABORACIONES CON OTROS GRUPOS DE
INVESTIGACION, coméntelas brevemente.

Directamente relacionadas con el proyecto hay varias colaboraciones en curso, algunas ya
iniciadas en proyectos anteriores:

e con el grupo de Massimo Tagliavini (Universidad de Bolzano, Italia) en el estudio de
balances de nutrientes. Con este grupo se colabora en el proyecto ISAFRUIT financiado por la
Comision Europea (ref 016279, 2006-2010) (C-9 y C-14).

e con el grupo de Maribela Pestana (Universidad del Algarve, Portugal) en el estudio de
balances nutricionales y fertilizacion en materiales afectados por clorosis. La IP del proyecto
(A. Abadia) ha participado en dos proyectos financiados por la FCT-Portugal (ref PTDC/AGR-
ALI/66065/2006, 2007-2009, finalizado), y (ref PTDC-AGR-AAM/100115/2008, 2009-2011,
en curso) tambien en relacidn con clorosis férrica.

e con el grupo de Monji Msallem (Instituto de Olivicultura, Tunez) en el estudio de nutricion
clasica y aspersién foliar. Con este grupo se ha conseguido financiacion por medio de
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proyectos AECID (ref A/8333/07 y A/017280/08, 2008-2010), y con miembros de este grupo
se continuda publicando (AC-9).

e con el grupo de José Ignacio Garcia Alonso (Universidad de Oviedo) en la utilizacion de
isétopos estables en metrologia quimica. Se ha mandado una publicacién con miembros de
este grupo (AC-11y C-3) y otra esta en proceso de redaccion (AC-12 y C-10).

e con el grupo de Antonio Heredia (Universidad de Malaga) en el estudio de cuticulas foliares.
Se ha publicado un papel con actividades conjuntas (AC-2).

e con el grupo de José Manuel Andrés, (ICB-CSIC, de Zaragoza) en el estudio por
microscopia electrénica de las superficies cuticulares de peral y melocotonero. Con este
grupo se mantuvo un proyecto financiado por DGA (ref PM003-2006, 2006-2008).

e con la Dra. Damaris Ojeda de la Universidad de Chihuahua (Méjico) en el tema de nutricion
mineral. Esta persona ha efectuado dos estancias (2008 y 2009) en nuestro grupo, ambas de
la Fundacién Carolina (AECID).

También se han iniciado colaboraciones con otros grupos de investigacién, en las que una
parte de los trabajos que se estan desarrollando se refieren especificamente a este proyecto:

-para analisis de metabolitos con el Laboratorio de Metabolémica en el Genome Center (Dr.
Fiehn), UC Davis, USA (AC-13, C-8, C-11 y C-20).

-para algunas técnicas especificas de microscopia con el Research Institute for Bioresources
(Dr.Ma), Okayama University, Japdn.

-para estudios de ESI-MS/MS (Q-TOF) con el ICMA-CSIC (Dr. Orduna, Zaragoza, Espafia). Se
han mandado dos publicaciones conjuntas (AC-10, AC-11, C-2, C-3, C-21 y C-22).

E2. SI HA PARTICIPADO EN PROYECTOS DEL PROGRAMA MARCO DE I+D DE LA UE
Y/O EN OTROS PROGRAMAS INTERNACIONALES EN TEMATICAS RELACIONADAS
CON LAS DE ESTE PROYECTO, indique programa, tipo de participacion y beneficios
para el proyecto.

Mencione las solicitudes presentadas al Programa Marco de la UE durante la ejecucion del
proyecto, aunque no hayan sido aprobadas.

En 2009 hemos comenzado la participacion en un proyecto ERANET KBBE (Euroinvestigacion
EUI 2008-03618), relacionado parcialmente con el proyecto en algunos trabajos
complementarios. En este proyecto participan los Drs. Philippar (Universidad de Minchen),
Briat (Universidad de Montpellier), von Wirén (Universidad de Hohenheim) y Garcia-Mina
(Roullier Group) y esta liderado por la Universidad de Miinchen. El objetivo del proyecto es el
estudio de los procesos reguladores de la relacion en la homeostasis de Fe en el cloroplasto y
el citosol de células vegetales con los mecanismos de adquisicién y transporte de Fe. Este
proyecto ha sido evaluado en la UE, y ha recibido financiacién del Plan Nacional del MICINN.

F. PROYECTOS COORDINADOS '
Describa las actuaciones de coordinacion entre subproyectos, y los resultados de dicha
coordinacién con relacion a los objetivos globales del proyecto.

G. RELACIONES O COLABORACIONES CON DIVERSOS SECTORES

G1. SI EN EL PROYECTO HA HABIDO COLABORACION CON ENTES PROMOTORES
OBSERVADORES (EPO) PARTICIPANTES:

1. Describa en detalle la relacion mantenida con los EPO'’s, y la participacion concreta de
éstos en el proyecto, especificando, si procede, su aportaciéon al mismo en todos sus
aspectos. (Si se ha modificado la relacion y/o el apoyo del EPO, en relacién con lo
previsto a la aprobacion del proyecto, describalo brevemente).

2. Describa, si procede, las transferencias realizadas al (los) EPO (s) de los resultados
obtenidos, indicando el caracter de la transferencia y el alcance de su aplicacion.

'A rellenar solo por el coordinador del proyecto.



3. Indique si esta colaboracidon ha dado lugar a la presentacién de nuevos proyectos o si
se tiene intencidn de continuarla en el futuro. En caso afirmativo, describa brevemente
cémo va a concretarse.

G2. Sl EL PROYECTO' HA DADO LUGAR A OTRAS COLABORACIONES CON EL
ENTORNO SOCIOECONOMICO (INDUSTRIAL, ADMINISTRATIVO, DE SERVICIOS, ETC.),
NO PREVISTAS INICIALMENTE EN EL PROYECTO, describalas brevemente.

Las distintas presentaciones sobre el tema del proyecto en Congresos y publicaciones han
dado lugar a la firma de varios convenios o contratos con empresas del sector. En todos los
casos se ha tratado de empresas extranjeras y dedicadas al sector de fertilizantes.



H. GASTOS REALIZADOS
H1. GASTOS REALIZADOS EN LA ULTIMA ANUALIDAD

Nota: Debe cumplimentarse este apartado independientemente de la justificacion
econdémica enviada por el organismo.

1.- Indique el total de gasto realizado en el proyecto:

Total gasto de la anualidad
Concepto (€)
Personal 31.497,56
Costes de ejecucion 24.511,58
TOTAL GASTO REALIZADO 56.009,14

2.- Comente brevemente si ha habido algun tipo de incidencia en este apartado que desee
resefiar.

H2. GASTOS REALIZADOS DURANTE TODO EL PROYECTO

Nota: Debe cumplimentarse este apartado independientemente de la justificacion
econdémica enviada por el organismo.

Euros
1. Gastos de personal (indicar numero de personas, situacion laboral y funcién desempefada)

-Victor del Rio, Titulado Medio-grupo 2 10/01/2007 al 31/08/2008 apoyo tareas campo
-Ménica Lastra, Titulado Medio-grupo 2 01/02/2009 al 31/12/2010 apoyo tareas campo
-Irene Orera, Titulado Superior-grupo 1 02/06/2009 al 05/07/2009 objetivos 2 y 3

Total 78.990,39 €

2. Material inventariable (describir brevemente el material adquirido)

Se ha comprado un Medidor de Clorofila SPAD, un ordenador portatil para la toma de
parametros de diversos aparatos y un tensiometro para medidas de tensién superficial.

Total 11.531,41 €

3. Material fungible (describir brevemente el tipo de material)

La financiacion se ha utilizado como se propuso inicialmente para compra de reactivos,
gases, diverso fungible de HPLC, MS y microscopia, mantenimiento de cultivos, material de
plastico o vidrio, etc.

Total 53.465,50 €

4. Viajes y dietas (describir brevemente)

Los viajes han sido los propuestos inicialmente, con las salvedades detalladas en informes
anteriores.
Total 8.746,57 €

5. Otros gastos (describir brevemente)



En otros gastos se incluyen actividades de difusién, analisis externos, trabajos externos de
campo, etc.
Total 12.266,14 €

6. Costes indirectos

21 % del total de gastos directos
Total 34.650,00 €

7. Dotacion adicional o complementos salariales, si procede

Total 0€

TOTAL GASTOS EJECUTADOS DEL PROYECTO 199.650,01 €

CON ESTE INFORME DEBERA ADJUNTARSE:

Fotocopia de reingreso al Tesoro Publico, si procede, de los fondos no utilizados.
Nota: Debe cumplimentarse este apartado independientemente de la justificacion
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I. INFORMACION CORRESPONDIENTE A LA ULTIMA JUSTIFICACION DE GASTO.

11. PERSONAL ACTIVO EN EL PROYECTO DURANTE EL ULTIMO PERIODO DE JUSTIFICACION.

En el cuadro siguiente debe recogerse la situacion de todo el personal del o de los Organismos participantes que haya prestado servicio en el
proyecto en la anualidad que se justifica, o que no haya sido declarado anteriormente, y cuyos costes (salariales, dietas, desplazamientos, etc.),

se imputen al mismo.
Si la persona estaba incluida en la solicitud original, marque “S” en la casilla correspondiente y no rellene el resto de casillas a la derecha.

Indique en la casilla “Categoria Profesional” el puesto de trabajo ocupado, el tipo de contratacién: indefinida, temporal, becarios (con indicacion del tipo de

beca: FPI, FPU, etc.), etc.
En el campo “Funcién en el proyecto” indique el tipo de funcidn/actividad realizada en el proyecto, (p. e., investigador, técnico de apoyo,...).

Recuerde que:

- En este capitulo sélo debe incluir al personal vinculado a los Organismos participantes en el proyecto. Los gastos de personal externo

(colaboradores cientificos, autonomos...) que haya realizado tareas para el proyecto debe ser incluido en el capitulo de “Varios”.
- Las “Altas” y “Bajas” deben tramitarse de acuerdo con las “Instrucciones para el desarrollo de los proyectos de I1+D” expuestas en la pagina web

del MEC.
Si no incluido en solicitud original:
Apellido1 | Apellido 2 | Nombre NIF/NIE Catg® Profesional |Incluido solicitud | Funcion en el proyecto | Fecha de Alta | Observaciones
original
Abadia Bayona Anunciacién | 17854929Y | Prof. Investigacion | S
Alvarez Fernandez | Ana Maria |09392534R | Cientifico Titular |S
Vazquez Reina Saul 50205647M | Postdoctoral JAE Obj.1,2y4 27-03-08
Orera Utrilla Irene 25187707Q | Becaria DGA S Finalizacion beca 31-12-08, baja
proyecto 11-2-09
Orera Utrilla Irene 25187707Q | Temporal Obj.2y3 02-06-09 Finalizacion 05-07-09
El Jendoubi Hamdi X7799529-E | Becario FPI Realizacion Tesis 01-08-07 Beca asociada al proyecto
Lastra Hernandez | Monica 13931192T | Temporal Técnico apoyo campo 01-02-09 Resolucion contrato 31-12-09
Fernandez | Fernandez | Victoria 11835405L | Contrato JdIC S Baja solicitada (4-2-09), denegada

(24-2-09). No ha participado en

ninguna actividad del proyecto

desde Abril de 2008
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12. GASTOS DE EJECUCI(')N: MODIFICACIONES DE CONCEPTOS DE GASTO CON RESPECTO A LA SOLICITUD ORIGINAL PARA EL ULTIMO
PERIODO DE JUSTIFICACION.

Recuerde que los trasvases entre gastos de personal y gastos de ejecuciéon deben tramitarse de acuerdo con las “Instrucciones para el desarrollo
de los proyectos de I+D” expuestas en la pagina web del MEC.

a) Equipamiento:
En el cuadro adjunto, rellene una linea por cada equipo adquirido incluido en la justificacion de gastos y no previsto en la solicitud inicial que dio lugar a

la concesion de la ayuda para el proyecto, y justifique brevemente su adquisicion. Si se ha adquirido un equipo en sustitucion de otro que figuraba en la
solicitud de ayuda inicial (por mejorar sus prestaciones, por obsolescencia del anterior...), indiquelo también en la casilla correspondiente.

Identificacion del equipo Importe Justificacion adquisicion Sustituye a ...(en su caso).

b) Viajes/Dietas:

En el cuadro adjunto se justificara la imputacion de gasto en viajes y dietas soélo en el caso de que este tipo de gasto no estuviera previsto en la solicitud
inicial

Sin cambios sobre peticion inicial
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c) Material fungible:

Se describira y razonara en el siguiente cuadro la adquisicion del material fungible incluido en la justificacion de gastos, sélo cuando este tipo de gasto no
estuviera previsto en la solicitud original.

Sin cambios sobre peticion inicial

d) Varios:

Se describiran en el siguiente cuadro los gastos varios mas relevantes incluidos en la justificacion de gastos y no previstos en la solicitud original,
justificando brevemente su inclusion. En este apartado se incluira, entre otros, al personal externo y, en el caso de que el gasto justificado se refiera a
colaboraciones cientificas, se identificara al colaborador.

Sin cambios sobre peticion inicial

FIN DEL INFORME FINAL
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A trial to assess the effects of applying several Fe-containing formulations on Fe-deficient (chlorotic)
peach leaves was carried out under field conditions. Solutions consisting of an Fe-containing compound
(FeS0O4-7H,0, Fe(Ill)-citrate, Fe(Ill)-EDTA, Fe(Ill)-DTPA or Fe(Ill)-IDHA) and one of five different
surfactant treatments (no surfactant, an organo-silicon, an ethoxylated oil, a non-ionic alkyl
polyglucoside and a household detergent) were applied to one half of the leaf via dipping, first at the
beginning of the trial and then after 4 weeks. The re-greening of treated and untreated leaf areas was
estimated with a SPAD apparatus, on a weekly basis, during 8 weeks. At the end of the experimental
period, leaves were detached, and tissue Fe, N, P, K, Ca, Mg, Mn, Zn and Cu concentrations were
determined in Fe-treated and untreated leaf areas. Treatment with Fe-containing solutions always
resulted in leaf chlorophyll (Chl) increases, which however significantly depended on the Fe-source, the
surfactant-type and the combination between both formulation components. Untreated leaf zones
experienced a Chl increase only in some cases, and this depended on the type of surfactant used. Iron
application significantly increased the Fe concentration of treated and untreated leaf areas, especially
with some formulations. Foliar treatment with Fe-containing solutions induced significant changes in the
concentration of several nutrients as compared to those found in Fe-deficient peach leaves, with changes
being similar in treated and untreated leaf areas, although in some elements the extent of the changes
was of a different magnitude in both materials. This indicates that some leaf mineral composition
changes typical of chlorotic leaves are dependent on leaf Fe concentration rather than on leaf Chl levels.
Results obtained are relevant to help understand the factors involved in the penetration and
bioavailability of leaf-applied Fe, and to assess the potential of foliar Fe fertilization to control Fe
deficiency in fruit trees.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

However, foliar Fe fertilization could also be an economical and
target-oriented strategy to cure plant Fe chlorosis, although recent

Iron (Fe) deficiency chlorosis can impair fruit quality and yield
and lead to early tree death (Alvarez-Fernandez et al., 2003, 2006).
To ensure adequate economic agricultural returns in areas where
soil conditions induce Fe chlorosis, plants must be treated with Fe-
containing compounds on a regular basis. Iron chelate supply via
fertigation or soil treatment is currently the most effective method
to control Fe chlorosis under field conditions (Lucena, 2006).

* Corresponding author. Tel.: +34 976716069; fax: +34 976716145.
E-mail address: victoria.fernandez@gmx.de (V. Fernindez).
1 These authors contributed equally to this work.

0304-4238/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.scienta.2008.05.002

reviews have shown that the response to Fe sprays could be
variable, depending on plant species and experimental conditions
(Fernandez and Ebert, 2005; Fernandez et al., 2005). The lack of
understanding of the many factors relating to penetration,
translocation and bioavailability of leaf applied, Fe-containing
solutions has hindered the development of suitable spray
formulations.

Aerial plant organs are covered by a continuous hydrophobic
cuticle, which constitutes the interface between the plant and the
surrounding environment (Schonherr, 2006). The cuticle is a
chemically heterogeneous membrane of variable structure and
composition, depending on many factors (Jeffree, 2006). It consists
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5. Conclusion

All Fe-compounds can be effective in promoting re-greening,
provided an adequate surface-active agent is used in the
formulation. In fact, the type of surfactant is a key factor in the
efficiency of the Fe foliar fertilizer, and three of them, i.e. the
organo-silicon, the ethoxylated oil and the non-ionic alkyl
polyglucoside, showed some efficacy depending on the Fe-
compound used. Foliar Fe application increased Fe concentrations
both in treated and untreated areas, whereas re-greening occurred
preferentially in treated versus untreated areas. Iron application
changed dramatically the mineral composition of Fe-deficient
leaves, both in Fe-treated and untreated areas, leading to element
concentrations fairly similar to those of Fe-sufficient leaves. Given
the complex scenario ruling the performance of Fe spray
formulations, more research efforts should be carried out in the
future to elucidate the mechanisms of foliar penetration, Fe
allocation and its metabolism within the plant.
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Abstract Plants grown in calcareous, high pH soils
develop Fe deficiency chlorosis. While the physiolog-
ical parameters of Fe-deficient leaves have been often
investigated, there is a lack of information regarding
structural leaf changes associated with such abiotic
stress. Iron-sufficient and Fe-deficient pear and peach
leaves have been studied, and differences concerning
leaf epidermal and internal structure were found. Iron
deficiency caused differences in the aspect of the leaf
surface, which appeared less smooth in Fe-deficient
than in Fe-sufficient leaves. Iron deficiency reduced
the amount of soluble cuticular lipids in peach leaves,
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whereas it reduced the weight of the abaxial cuticle in
pear leaves. In both plant species, epidermal cells were
enlarged as compared to healthy leaves, whereas the
size of guard cells was reduced. In chlorotic leaves,
bundle sheaths were enlarged and appeared disorga-
nized, while the mesophyll was more compacted and
less porous than in green leaves. In contrast to healthy
leaves, chlorotic leaves of both species showed a
significant transient opening of stomata after leaf
abscission (Iwanoff effect), which can be ascribed to
changes found in epidermal and guard cells. Results
indicate that Fe-deficiency may alter the barrier
properties of the leaf surface, which can significantly
affect leaf water relations, solute permeability and pest
and disease resistance.

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

Introduction

Iron (Fe) deficiency chlorosis is a common abiotic
stress affecting plants in many areas of the world. This
physiological disorder is mainly found in crops grown
in calcareous and/or alkaline soils and occurs as a result
of several causes acting simultaneously (Rombola and
Tagliavini 2006). Although Fe is very abundant in the
earth’s crust, its availability to plants is often
restricted by the very low solubility of Fe(Ill)-oxides
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Formation of metal-nicotianamine complexes as
affected by pH, ligand exchange with citrate and
metal exchange. A study by electrospray
ionization time-of-flight mass spectrometry
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Nicotianamine (NA) is considered as a key element in plant metal homeostasis. This non-
proteinogenic amino acid has an optimal structure for chelation of metal ions, with six functional
groups that allow octahedral coordination. The ability to chelate metals by NA is largely dependent
on the pK of the resulting complex and the pH of the solution, with most metals being chelated at
neutral or basic pH values. In silico calculations using pKa and pK values have predicted the
occurrence of metal-NA complexes in plant fluids, but the use of soft ionization techniques (e.g.
electrospray), together with high-resolution mass spectrometers (e.g. time-of-flight mass detector),
can offer direct and metal-specific information on the speciation of NA in solution. We have used
direct infusion electrospray ionization mass spectrometry (time-of-flight) ESI-MS(TOF) to study the
complexation of Mn, Fe(Il), Fe(III), 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 in silico, and this difference could be
only partially explained by the estimated error, approximately 0.3 pH units, associated with
measuring pH in organic solvent-containing solutions. Iron-NA complexes are less likely to partici-
pate in ligand- 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 compart-
ments by ESI-MS are also discussed. Copyright © 2008 John Wiley & Sons, Ltd.

Metals such as Mn, Fe, Ni, Cu or Zn are essential for plants,
since they participate in numerous metabolic processes in
different plant tissues and cell compartments. When these
metals are in short supply, plants show deficiency symptoms
such as growth reduction and reduced photosynthesis.
However, when metals are in excess oxidative stress and
other cellular disturbances occur, and plants develop toxicity
symptoms.! 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
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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.* 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(IID),>* Mn(II), Co(II), Ni(ID),
Cu(ll) and Zn(II).>® The NA stability constants (log K) of
the metal-NA complexes with Fe(Ill), Cu(Il), Ni(Il), Zn(ID),
Fe(Il) and Mn(I) are 20.6, 18.6, 16.1, 154, 12.8 and 8.3,
respectively.**°

Nicotianamine is thought to be important in the speciation
of soluble Fe in different plant Compartments,7 because it is

Copyright © 2008 John Wiley & Sons, Ltd.
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Figure 5. Metal-exchange reactions between Fe(ll)-NA and Zn(ll) atpH 5.5 (A) and pH 7.5 (B), and
between Fe(Il)-NA and Cu(ll) at pH 5.5 (C) and 7.5 (D). Metal and Fe(ll)-NA complex concentrations

of the initial solutions were 50 pM.

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(I)-NA signal, although the signal of Cu(II)-NA was not
very large (Fig. 5(C)). This supports the existence of metal
exchange, as it could be expected from the values of the
stability constants. The low intensity of the Cu(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(l) complex was 90V (Fig. I in the Supplementary
Material). Also, signals for free NA and the [M-H-CO,] lion
of Fe(II)-NA were observed. At pH 7.5 a similar behaviour
was observed, although the peak at m/z 311 corresponding
to the [Fe(I)NA-H-CO,] ' ion was larger than at pH 5.5
(Fig. 5(D)). In silico predictions indicate that most of the NA
should be chelating Cu(II) at both pH values.

CONCLUSIONS

Results indicate that relatively small changes in pH and
changes in the concentrations of citrate and metals can have
significant effects in NA speciation in plant fluids such as
xylem and phloem sap. In the xylem sap, NA is not likely to
complex Fe due to exchange reactions with citrate and other
metals, whereas it could chelate other metals such as Cu and
Ni. In the phloem sap, NA could still be a good candidate to
chelate Fe, specially in the Fe(Il) form. Some metal-NA
complexes, including Fe(II)-NA and Fe(IlI)-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

Copyright © 2008 John Wiley & Sons, Ltd.

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

SUPPLEMENTARY MATERIAL

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

(Accepted 22 July 2008)

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

strategy to control Fe-deficiency in fruit crops, is discussed.

Iron (Fe)-deficiency chlorosis is a widespread
physiological disorder affecting many fruit crops and
is a limiting factor for production, especially under
high pH, calcareous soil conditions, such as those
prevailing in many agricultural areas with a
Mediterranean climate. Typical symptoms of Fe-
deficiency include the development of interveinal
chlorosis, starting from the apical leaves, reduction of
shoot growth, defoliation during the growing season
and, ultimately, tree death (Rombola and Tagliavini,
2006). Iron chlorosis has deleterious effects on fruit
production, reducing the number of fruits per tree, fruit
size, total yield, and affecting fruit quality parameters
such as colour, firmness, or acidity (Alvarez-Ferndndez
et al.,2003; 2000).

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

Foliar Fe-fertilisation could be a cheaper and more
targeted strategy to correct plant Fe-chlorosis (Abadia
etal., 2002; Alvarez-Ferndndez et al., 2004; Fernandez

*Author for correspondence.

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

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

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

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

Usually, Fe(I1T)-chelates are prepared by addition of
FeCl; to the corresponding chelating agent, in this case
K,EDTA. Therefore, the hypothesis that CI” ions may be
responsible for the ionisation of the polymer was
subsequently tested. The mass spectrum of FeCl; plus
0.1% (v/v) Surfactant 1 is represented in Figure 2D. An
identical polymer to the one observed in Figure 2C was
formed. These results suggest that the Cl ions present in
the Fe(IlI)-chelate solution may induce ionisation of the
surfactant. The same polymer was observed in the mass
spectrum of Fe(III)-EDTA synthesised from Na,EDTA
and FeCl; with Surfactant 1 (data not shown).

In summary, ions derived from the synthesis of the
Fe(I1I)-chelate could induce ionisation of non-ionic
surfactants due to “salting out” effects (Mackay, 1997), as
shown above. This could affect the performance of
surfactants as adjuvants in foliar sprays. Research is in
progress to understand the interactions between
Fe-substances and surfactants suitable for foliar
application.

CONCLUSIONS AND FUTURE PERSPECTIVES
The performance of Fe-sprays is affected by many
plant-related, environmental, and physico-chemical
factors, which are currently not fully understood.
Research should focus on investigating the potential
interactions between formulation components using
modern analytical techniques such as those described
above. Efforts should be made to understand the

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

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

This study was supported by the European Commission
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and Safety, 6th Framework RTD Programme, Contract
No. FP6-FOOD-CT-2006-016279), the Spanish Ministry of
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AGL2007-61948, co-financed by FEDER), and the
Aragon Government (Group AO03). V. Ferndndez was
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Elemental 2-D mapping and changes in leaf iron
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Abstract Iron is an essential micronutrient for plant
growth and development, involved in key cellular
processes. However, the distribution of Fe in plant
tissues is still not well known. In the so-called Fe
chlorosis paradox, leaves of fruit trees grown in the
field usually have high concentrations of Fe but still
are Fe-deficient. Leaves of the Prunus rootstock GF
677 (P. dulcis*x P. persica) grown in hydroponics have
been used to carry out two-dimensional (2-D) nutrient
mapping by synchrotron radiation-induced X-ray
fluorescence. Iron-deficient leaves accumulated more
Fe in the midrib and veins, with Fe concentration
being markedly lower in mesophyll leaf areas. The
effects of Fe deficiency and Fe re-supply on leaf
chlorophyll concentration and on the distribution of
Fe and other nutrients within different plant tissues
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have been investigated in the same plants. After Fe re-
supply, leaf Fe concentrations increased largely in all
leaf types. However, whereas re-greening was almost
completely achieved in apical leaves, in some expand-
ed leaves the increase in chlorophyll concentration
was only moderate. Therefore, after Fe re-supply Fe-
deficient expanded leaves of the Prunus rootstock GF
677 had significant increases in Fe concentration but
were still chlorotic. This is similar to what occurs in
leaves of peach trees in field conditions, opening the
possibility that this system could be used as a model
to study the Fe chlorosis paradox.

Keywords Inactive iron - Iron chlorosis -
Iron deficiency - Iron re-supply - Leaf iron distribution -
Prunus

Abbreviations

Chl chlorophyll

EDTA ethylenediaminetetracetic acid

DW dry weight

u-SRXF  synchrotron radiation-induced X-ray
fluorescence

Introduction

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

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

In conclusion, Fe was located preferentially in the
midrib and veins in Fe-deficient leaves, and this could
explain why chlorosis is often interveinal in field-grown
chlorotic materials. This could be among the causes
leading to the appearance of the “Fe chlorosis paradox”.
Growing plants under Fe deficiency conditions for some
time and then re-supplying Fe could be a good method
to mimic the “Fe chlorosis paradox” in controlled
growth chambers, to better explain how plants transport
Fe in different plant tissues.
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Summary

The effects of Fe deficiency on different metabolic processes were characterized in
roots, xylem sap and leaves of tomato. The total organic acid pool increased
significantly with Fe deficiency in xylem sap and leaves of tomato plants, whereas it
did not change in roots. However, the composition of the pool changed with Fe
deficiency, with major increases in citrate concentrations in roots (20-fold), leaves
(2-fold) and xylem sap (17-fold). The activity of phosphoenolpyruvate carboxylase,
an enzyme leading to anaplerotic C fixation, increased 10-fold in root tip extracts
with Fe deficiency, whereas no change was observed in leaf extracts. The activities
of the organic acid synthesis-related enzymes malate dehydrogenase, citrate
synthase, isocitrate dehydrogenase, fumarase and aconitase, as well as those of
the enzymes lactate dehydrogenase and pyruvate carboxylase, increased with Fe
deficiency in root extracts, whereas only citrate synthase increased significantly
with Fe deficiency in leaf extracts. These results suggest that the enhanced C
fixation capacity in Fe-deficient tomato roots may result in producing citrate that
could be used for Fe xylem transport. Total pyridine nucleotide pools did not change
significantly with Fe deficiency in roots or leaves, although NAD(P)H/NAD(P) ratios
were lower in Fe-deficient roots than in controls. Rates of O, consumption were
similar in Fe-deficient and Fe-sufficient roots, but the capacity of the alternative
oxidase pathway was decreased by Fe deficiency. Also, increases in Fe reductase
activity with Fe deficiency were only 2-fold higher when measured in tomato root
tips. These values are significantly lower than those found in other plant species,
where Fe deficiency leads to larger increases in organic acid synthesis-related
enzyme activities and flavin accumulation. These data support the hypothesis that

Abbreviations: AOX, alternative oxidase; CS, citrate synthase; ICDH, isocitrate dehydrogenase; LDH, lactate dehydrogenase; MDH,
malate dehydrogenase; PDC, pyruvate decarboxylase; PEPC, phosphoenolpyruvate carboxylase; SHAM, hydroxy-salicylic acid.
*Corresponding author. Tel.: 34976 716056; fax: 34976 716145.
E-mail address: jabadia@eead.csic.es (J. Abadia).
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contrast with other species in which increases were
more marked and included other organic anions.
Malate and citrate increases in leaves from Fe-
deficient tomato can be explained by the contribu-
tion of two factors: first, the increases measured in
the activities of MDH and CS in the same leaves
(1.4- and 3.4-fold, respectively, significant at
p<0.10 and p<0.05), and second, an influx
of these acids from the root via xylem sap, as
proposed to occur in sugar beet and pear Fe-
deficient leaves (Lopez-Millan et al., 2000a, 2001).

In conclusion, this work adds further support to
the hypothesis that the extent of activation of
several metabolic pathways, including carbon fixa-
tion via PEPC, organic acid synthesis-related
enzymes and O, consumption is different among
species, and could determine Fe efficiency. Citrate
seems to be a central point in the responses of
plants to Fe deficiency, since large increases
of citrate concentrations in all plant tissues appear
to be conserved among species, whereas the
degree of elicitation of other responses could differ
considerably.
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SUMMARY

The most commonly used and efficient compound for iron (Fe)-fertilisation of fruit crops grown in calcareous soils is
the synthetic Fe(III)-chelate of ethylenediamine-N,N'-di-(ortho-hydroxyphenyl) acetic acid, usually known as
Fe(1ll)-0,0-EDDHA. However, the mechanism(s) of plant Fe uptake from this compound, and the environmental
implications of its use, are still not completely understood. This lack of information is due, in part, to the lack of
suitable analytical methods capable of determining the very low concentrations of this Fe(III)-chelate which may
occur in complex matrices such as plant tissues and fluids after Fe-fertilisation. In this report, the main issues for
studies on the biological and environmental implications of fertilisation with synthetic Fe(III)-chelates are discussed,
focussing on new possibilities offered by recently developed analytical technologies.

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

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

*Author for correspondence.

synthetic Fe(III)-chelates such as ethylenediamine-N,N'-
di-(ortho-hydroxyphenyl) acetic acid [Fe(IIl)-0,0-
EDDHA; Figure 1D] and analogues such as
ethylenediamine-N-(ortho-hydroxyphenylacetic)-N’-

EDTA
HOOC—, /— /—COOH
N X
Hooc—/ \—coon

A (CAS 60-00-4)

DTPA

HOOC— /—/\

HEEDTA
HOOC—, /— /—COOH
N X
Hooc—/ \—cHon

B (CAS 150-39-0)

P COOH

N N N
IIOOCJ r / \—COOII

COOH

C (CAS 67-43-6)

0,0-EDDHA

HOOC
/\ COOH
NH HN

OH HO

D (CAS 1170-02-1)

0,0-EDDHMA

/\ COOH
NH HN

HOOC

oH HO'
H;C CH;

F (CAS 641632-90-8)

EDDCHA
HOOC COOH

o,p-EDDHA

HOOC COOH

?—NH HN—
OH OH

E (CAS 475475-49-1)

0,p-EDDHMA
HOOC
/\ COOH
NH HN
OH OH
H,C CH,

G (CAS 641633-41-2)

EDDHSA
HOOC COOH

Hooc\d»m{ HNA/ COOH HOquNH HN_j SouH
OH HO OH HO

H (CAS 85120-53-2)

I (CAS 57368-07-7)

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


monona
Cuadro de texto
AC-7


1. ORERA, J. ABADIA, A. ABADIA and A. ALVAREZ-FERNANDEZ 11

- A 1B 412.0
r ] 413.0
o1 mlz =412.0 1705 —:
| = 15 ] *Fe(IIT)-meso- -
r X7 0,0-EDDHA "Fe(I1I)-meso-
L = T 0,0-EDDHA
Cis] 1531 5 '
= N 2
1 -
= I 0.5
= [ 3
§ 14 — 1 T 1 17 1 ' 1
K o 410 412 414 416
B mass/charge (m/z)
[ Fe(Ill)-racemic-
0.5 - 00-EDDHA Fe(II1)-meso-0,0-EDDHA
ol \
I R OO A G N [ SO | (N S (NN N AR (N L LI
10 15 20 25 30
Time (min)
FiG. 3.

Chromatogram (Panel A) and mass spectrum (inset, Panel B) of a xylem

sap sample extracted from tomato plants treated with

Fe(11I)-0,0-EDDHA. The inset (Panel B) shows a zoomed mass
spectrum (409-416 m/z) at a retention time of 17.05 min.

whereas only one recent study deals with the
photochemical and redox behaviour of Fe(III)-o,0-
EDDHA at different pHs (Gémez-Gallego et al., 2005).
At typical environmental pH values (4-8), the low
reduction potential of Fe(III)-o,0-EDDHA makes it
unreactive in photochemically- or chemically-induced
electron transfer processes, which invalidates
photodegradation as an alternative mechanism for
environmental elimination. The persistence of chelates in
the soil depends on their polarity and solubility (following
the order: Fe(III)-EDDHSA > Fe(llI)-EDDCHA >>
Fe(Ill)-0,0-EDDHA > Fe(Ill)-0,0-EDDHMA), and this
controls the movement of Fe(IlI)-chelates to the lower
soil layers with an excess of water (Lucena, 2003).
Phytotoxicity studies are less common, and have been
based on the appearance of symptoms (e.g., necrosis,
necrotic spots, leaf malformations, etc.) and a decrease in
biomass, as well as changes in leaf mineral composition
(e.g., Fe, Mn, Zn, Cu, P, etc.). Although the concentration
of Fe in leaves usually increases in plants treated with

Fe(I1I)-chelates, a poor correlation is commonly found
between leaf Fe concentration and the severity of plant
toxicity symptoms (Broschat and Moore, 2004). Fe(111)-
EDDHA toxicity frequently causes a reddish stain in the
foliage. In bean plants, the phytotoxic level in the
nutrient solution was 4 mM Fe(III)-EDDHA (Wallace
and Wallace, 1983); whereas African marigold and zonal
geranium plants showed mild toxic effects at 1 mM, with
moderate toxic effects at 2 mM and 4 mM Fe(I1I)-
EDDHA (Broschat and Moore, 2004). This study also
found that Fe-EDDHA was less toxic than Fe-EDTA or
Fe-DTPA, and slightly more toxic than FeSO,.

The toxicological effects of EDDHA have been
studied mainly in medical applications, when this
chelating agent is used as a Fe chelating drug for patients
with hemochromatosis. The median lethal dose of
0,0-EDDHA (LDjy,) was 53 mg kg for intervienal-
treated rats and mice (Rosenkrantz et al., 1986), and
0.30 mg cm of soil for slugs’ (Deroceras reticulatum)
eggs exposed for 12 d (Iglesias et al., 2002).

FUTURE RESEARCH

Application of the most recent analytical techniques
offers an excellent tool to increase our knowledge on the
biological and environmental implications of fertilisation
with synthetic Fe(III)-chelates. A better understanding
of their mechanisms of action could rationalise their use,
improve efficiency, and minimise their environmental
effects. Finally, the presence of these xenobiotic
compounds in plants makes it necessary to study their
toxicological effects and persistence in edible plant parts.
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Determination of 0,0EDDHA - a xenobiotic chelating
agent used in Fe fertilizers — in plant tissues by liquid

chromatography/electrospray mass spectrometry:
overcoming matrix effects
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The Fe(III)-chelate of ethylenediamine-N,N’-bis(o-hydroxyphenylacetic) acid (o, 0EDDHA) is gener-
ally considered as the most efficient and widespread Fe fertilizer for fruit crops and intensive
horticulture. The determination of the xenobiotic chelating agent 0,0 EDDHA inside the plant is a key
issue in the study of this fertilizer. Both the low concentrations of 0,0EDDHA expected and the
complexity of plant matrices have been important drawbacks in the development of analytical
methods for the determination of 0,0EDDHA in plant tissues. The determination of 0,0EDDHA in
plant materials has been tackled in this study by liquid chromatography coupled to mass spectrom-
etry using several plant species and tissues. Two types of internal standards have been tested: Iron
stable isotope labeled compounds and a structural analogue compound, the Fe(IIl) chelate of
ethylenediamine-N,N’-bis(2-hydroxy-4-methylphenylacetic) acid (0,0EDDHMA). Iron stable isotope
labeled internal standards did not appear to be suitable because of the occurrence of isobaric
endogenous compounds and/or isotope exchange reactions between plant native Fe pools and the Fe
stable isotope of the internal standard. However, the structural analogue Fe(III)-0,0EDDHMA is an
adequate internal standard for the determination of both isomers of 0,0EDDHA (racemic and meso)
in plant tissues. The method was highly sensitive, with limits of detection and quantification in the
range of 3-49 and 11-162 pmol g ' fresh weight, respectively, and analyte recoveries were in the range
of 74-116%. Using this methodology, both 0,0EDDHA isomers were found in all tissues of sugar beet
and tomato plants treated with 90 uM Fe(III)-0,0EDDHA for 24 h, including leaves, roots and xylem
sap. This methodology constitutes a useful tool for studies on 0,0EDDHA plant uptake, transport and
allocation. Copyright © 2009 John Wiley & Sons, Ltd.

Fertilizers containing Fe(IlI)-chelate derivatives from syn-
thetic aminopolycarboxilate strong binding chelating agents
have been used to alleviate Fe-deficiency problems in fruit
crops and intensive horticultural systems since the 1950s."
Specifically, the synthetic Fe(Ill)-chelate of ethylenediamine-
N,N'-bis(o-hydroxyphenylacetic) acid, commonly known as
Fe(IlD)-0,0EDDHA, is considered by many authors as the
most efficient Fe(IIl)-chelate to control Fe chlorosis in crops
grown in calcareous soils.> The presence of 0,0EDDHA in
plants was first proposed from '*C measurements in plant
tissues treated with *C-labeled Fe(IIl)-0,0EDDHA, including
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E-mail: ana.alvarez@eead.csic.es

Contract/grant sponsor: Spanish Ministry of Science and Inno-
vation; contract/grant number: AGL2006-1416 and AGL2007-
61948, co-financed with FEDER.

Contract/grant sponsor: European Commission (Thematic
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gramme); contract/grant number: FP6-FOOD-CT-2006-016279.
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leaves, roots, stems and xylem sap exudate from soybean,>*
bean,* pea, peanut, sunflower, millet, wheat and corn.” In
spite of the wide use and high efficiency of these Fe(IID-
chelates, the mechanisms of plant uptake, transport and
allocation are not yet completely elucidated.® This is in part
due to the lack of analytical methodologies capable of
determining, in a specific way, the very low concentrations of
Fe(IlI)-chelate occurring in complex matrices such as plant
extracts.

Few attempts have been made until now to determine
directly 0,0EDDHA in plant tissue extracts. Extraction and
determination of Fe(Ill)-o,)EDDHA has been reported only
three times, carrying out quantification always by spectro-
photometric detection in the visible (VIS) spectral range.
First, Fe(III)-0,0EDDHA was extracted from leaves and stems
of tomato with a mixture of water and amyl alcohol, and
quantified directly in the plant extract by spectrophotometric
detection at 480nm.” Using tobacco leaves, the same
extraction procedure for Fe(Ill)-o,oEDDHA was modified
by the addition of lead acetate to reduce interfering
components from plant tissues.® More recently, 0,0EDDHA

Copyright © 2009 John Wiley & Sons, Ltd.
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used by Bienfait et al. apparently seem to facilitate a
preferential occurrence of the meso isomer.’

Results show for the first time that Fe(Ill)-opEDDHA is
also present in leaves, roots and xylem sap of plants treated
with commercial Fe(IIT)-EDDHA products (Fig. 3). However,
quantification was not possible because of the lack of
commercially available standards. Further research is
needed to design and validate an appropriate methodology
to determine this compound.

CONCLUSIONS

The method developed permits the determination by HPLC/
ESI-MS of the xenobiotic 0,0EDDHA chelating agent used in
Fe fertilizers, with extreme selectivity, high sensitivity and
sufficient accuracy and reproducibility, in a wide range of
species and plant tissues. Samples tested include sugar beet
leaves and roots, tomato leaves and roots and peach leaves
and fruits. The results presented in this paper demonstrate
the need for a careful evaluation and proper choice of the
internal standard (IS) used for quantification in complex
matrices such as plant materials, when using HPLC /ESI-MS-
based methods. Iron stable isotope labeled Fe-0,0EDDHA
does not appear to be a suitable IS, mainly because of the
occurrence of isotope exchange reactions during extraction
and/or sample treatment. An adequate IS would probably be
any "*C-, N- or '"O-stable isotope labeled chelating agent
(0,0EDDHA), but they are not commercially available. A
structural analogue, one of the Fe(IlI)-0,,)EDDHMA isomers,
has been confirmed to be an adequate IS for 0,0EDDHA
determination in plant tissues by HPLC/ESI-MS, therefore
constituting a useful tool for studies on 0,0EDDHA plant
uptake, transport and allocation. 0,0 EDDHA was found in all
plant tissues tested in tomato and sugar beet plants treated
with moderate (90 nM) Fe(III)-0,oEDDHA doses for only one
day.
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In this study, the effects of Fe resupply on the composition of the xylem sap and apoplastic fluid of
Fe-deficient sugar beet plants were investigated. Experiments were carried out in growth chambers
with plants grown in hydroponics, and Fe resupply to Fe-deficient plants was carried out by adding
45 pM Fe(IlI)-EDTA to the nutrient solution. In the short term (within 24 h), Fe resupply caused marked
changes in the xylem sap and apoplastic fluid composition and in leaf physiological parameters when de
novo chlorophyll (Chl) synthesis was still beginning. Major changes included: (i) 10- and 5-fold
increases in Fe concentrations in apoplastic fluid and xylem sap, respectively; (ii) marked decreases in
the concentrations of organic acids in apoplastic fluid, but not in xylem sap and (iii) large decreases in
the citrate/Fe ratios, both in apoplastic fluid and in xylem sap. Two to four days after Fe resupply, xylem

Keywords:
Apoplastic fluid
Iron deficiency

R )\ . . . . . L.
sz;?%get sap and apoplastic fluid Fe and organic acid concentrations and pH reached values similar to those
Xylem sap obtained in Fe-sufficient leaves. Leaf mesophyll ferric chelate-reductase (FC-R) activities and
photosynthetic rates increased gradually during recovery from Fe deficiency.
© 2009 Published by Elsevier GmbH.
Introduction Organic acid accumulation in Fe-deficient plants can improve

Iron (Fe) is an essential nutrient for plants, and is required for a
wide range of biological functions (Marschner, 1995). In Fe-
deficient plants, plant growth and development are compromised
and leaves have low photosynthesis rates (Abadia, 1992; Larbi
et al., 2006). At the root level, Fe deficiency induces a number of
physiological and biochemical responses in many species, in what
is called “Strategy 1” response (Hell and Stephan, 2003; Schmidst,
2006). Iron-deficient plants accumulate organic acids, mainly
citrate (Cit) and malate, in roots, xylem sap, leaf apoplastic fluid
and whole leaves (Nikolic and Rombheld, 1999; Lopez-Millan et al.,
2000b, 2001a, 2009). In roots of Fe-deficient plants, CO, dark
fixation and organic acid synthesis increase, likely due to the
major increase in the activities of phosphoenolpyruvate carbox-
ylase (PEPC) and other enzymes (Rabotti et al., 1995; De Nisi
and Zocchi, 2000; Loépez-Millan et al., 2000a; Rombola et al.,
2002). The changes induced by Fe deficiency on mitochondrial
structure and function also indicate increased communication
between the cytosolic and mitochondrial pools of organic acids
(Vigani et al., 2009).

Abbreviations: Chl, chlorophyll; FC-R, ferric chelate-reductase; PEPC,
phosphoenolpyruvate carboxylase; PM, plasma membrane
* Corresponding author. Tel.: +34 976 716056; fax: +34 976 716145.
E-mail address: jabadia@eead.csic.es (J. Abadia).
! Courier address: Av. Montafiana 1005, Aula Dei Experimental Station (CSIC),
Campus de Aula Dei, E-50059 Zaragoza, Spain.

0176-1617/$ - see front matter © 2009 Published by Elsevier GmbH.
doi:10.1016/j.jplph.2009.09.007

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

Iron resupply to Fe-deficient plants leads to increases in
chlorophyll (Chl) concentrations and photosynthetic activity
within a few days in annual species (Nishio et al., 1985; Larbi
et al., 2004) and within weeks in trees (Larbi et al., 2003). Iron
resupply to Fe-deficient plants also decreases organic acid
concentrations, mainly Cit and malate, in roots, xylem sap
and whole leaves (Lopez-Millan et al., 2001a, 2001c). In the
short term, the effects of Fe resupply have been less studied,
although there is a lag-phase of 1-2d in which leaf Fe
concentrations increase rapidly (Thoiron et al., 1997; Lopez-Millan
et al, 2001a), whereas Chl concentrations increase much
more slowly (Nishio and Terry, 1983; Larbi et al., 2004). Even
with the minor Chl increases found after 24 of Fe resupply,
a marked shift in the de-epoxidation state of the xanthophyll
cycle pigments occurs (Larbi et al., 2004), suggesting that
major changes in leaf metabolism occur a short time after Fe

resupply.

Please cite this article as: Larbi A, et al. Changes in iron and organic acid concentrations in xylem sap and apoplastic fluid of iron-
deficient Beta vulgaris plants in response to iron resupply. ] Plant Physiol (2009), doi:10.1016/j.jplph.2009.09.007
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Fig. 6. Citrate:Fe ratios in xylem sap (A) and leaf apoplastic fluid (B) after adding
Fe to the nutrient solution. Citrate:Fe xylem sap and apoplastic fluid in Fe-
sufficient plants (solid square on the right side), Fe-deficient plants (open square at
day 0) and Fe-deficient plants resupplied with Fe (open squares). Data are
means + SE of 3 replicates. Values with the same letter were not significantly
(Duncan’s test) different at the p <0.05 probability level.

known to decrease with Fe deficiency (De la Guardia and
Alcantara, 1996; Gonzalez-Vallejo et al., 2000; Rombola et al.,
2000; Larbi et al., 2001). The changes observed in the composition
of apoplastic fluid after 24 h of Fe resupply in this study could
enhance FC-R activities because: (i) higher FC-R activities will be
triggered by the increases in the concentrations of the unknown
Fe-containing substrate(s); (ii) the marked decreases in apoplastic
fluid Cit/Fe ratios (from approximately 1700 to 50; Fig. 6B) are
likely to improve Fe uptake by mesophyll cells, since leaf PM FC-R
activity increases 10-fold when the Cit/Fe molar ratio decreased
from 500 to 50 (Gonzalez-Vallejo et al., 1999) and (iii) the optimal
mesophyll FC-R activity (measured in excised leaf disks
with 500 M Fe-EDTA at pH 6.5) also increased by 10-20% after
24 h of Fe resupply (although this increase was only significant
at p<0.10; Fig. 4), possibly due to increases in reducing
power availability associated with the increase in photosynthetic
rates (Fig. 5).

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

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

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

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

mass spectrometry: a tool to characterize synthetic

polyaminocarboxylate ferric chelates used as fertilizers
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Fertilizers based on synthetic polyaminocarboxylate ferric chelates have been known since the 1950s
to be successful in supplying Fe to plants. In commercial Fe(III)-chelate fertilizers, a significant part
of the water-soluble Fe-fraction consists of still uncharacterized Fe byproducts, whose agronomical
value is unknown. Although collision-induced dissociation (CID) tandem mass spectrometry (MS/
MS) is a valuable tool for the identification of such compounds, no fragmentation data have been
reported for most Fe(ID)-chelate fertilizers. The aim of this study was to characterize the CID-MS?
fragmentation patterns of the major synthetic Fe(III)-chelates used as Fe-fertilizers, and subsequently
use this technique for the characterization of commercial fertilizers. Quadrupole-time-of-flight
(QTOF) and spherical ion trap mass analyzers equipped with an electrospray ionization (ESI) source
were used. ESI-CID-MS? spectra obtained were richer when using the QTOF device. Specific
differences were found among Fe(III)-chelate fragmentation patterns, even in the case of positional
isomers. The analysis of a commercial Fe(III)-chelate fertilizer by high-performance liquid chroma-
tography (HPLC) coupled to ESI-MS(QTOF) revealed two previously unknown, Fe-containing
compounds, that were successfully identified by a comprehensive comparison of the ESI-CID-
MS*(QTOF) spectra with those of pure chelates. This shows that HPLC/ESI-CID-MS*(QTOF), along
with the Fe(III)-chelate fragmentation patterns, could be a highly valuable tool to directly charac-
terize the water-soluble Fe fraction in Fe(III)-chelate fertilizers. This could be of great importance in
issues related to crop Fe-fertilization, both from an agricultural and an environmental point of view.

Copyright © 2009 John Wiley & Sons, Ltd.

Iron is an essential micronutrient for plants, required for
important metabolic processes such as respiration, photo-
synthesis, nitrogen fixation and the synthesis of DNA and
hormones.' Tron deficiency (also called Fe chlorosis) is a
widespread nutritional disorder that limits crop yields in
many agricultural areas of the world. Since the incidence of
Fe-deficiency in crops has increased markedly in recent
years,” the use of Fe-fertilizers is now greater than ever. The
efficiency of Fe-fertilizers derived from synthetic polyami-
nocarboxylate Fe(III)-chelates has been known since the
1950s. The application of these Fe(IlI)-chelates is considered
to be the most effective way to control Fe-deficiency and, in
spite of the high cost, these fertilizers are now commonly
used in soil-less horticulture as well as in high value field-
grown crops.’

The synthetic polyaminocarboxylate compounds used to
produce Fe-fertilizers are strong binding chelating agents
from the ethylenediaminecarboxylic acid family, and include
ethylenediaminetetraacetic acid (EDTA), diethylenetriami-
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nepentaacetic acid (DTPA), N-(2-hydroxyethyl)ethyl-
enediaminetriacetic acid (HEEDTA), cyclohexane-1,2-dia-
minetetraacetic acid (CDTA), ethylenediamine-N,N’-bis(o-
hydroxyphenylacetic) acid (0,,EDDHA), ethylenediamine-
N,N'-bis(2-hydroxy-4-methylphenylacetic) acid (EDDHMA),
ethylenediamine- N,N’-bis(5-carboxy-2-hydroxyphenylace-
tic) acid (EDDCHA) and ethylenediamine- N,N’-bis(2-
hydroxy-5-sulphophenylacetic) acid (EDDHSA). All these
compounds have high denticity (5 to 8 donor groups
available for metal chelation), high affinity for Fe(III), and
a structure that allows the formation of highly stable Fe(III)-
chelate complexes via simultaneous coordination of several
donor groups in a given chelating agent molecule to a single
Fe(Ill) atom. Therefore, the most common coordination
arrangement described for the chelation of Fe(Ill) by these
chelating agents is a mononuclear Fe(IIl)-chelate complex
with 1:1 stoichiometry, where Fe is generally found in a six-
coordinate, roughly octahedral field, with the chelating agent
coordinating as a sexadentate one.

In spite of the wide use of these fertilizers, the biological
and environmental implications of this agronomical
practice are still not fully known, with most of the studies
being focused on Fe(Ill)-EDTA and Fe(Ill)-DTPA. These

Copyright © 2009 John Wiley & Sons, Ltd.


monona
Cuadro de texto
AC-10


(persistence, mobility, metal mobilization, etc.) points
of view.

SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article.
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The identification of Fe transport forms in plant xylem sap is
crucial to the understanding of long-distance Fe transport
processes in plants. Previous studies have proposed that Fe
may be transported as an Fe—citrate complex in plant xylem
sap, but such a complex has never been detected. In this
study we report the first direct and unequivocal identification
of a natural Fe complex in plant xylem sap. A tri-Fe(lll),
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(lll), 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.

Keywords: Iron deficiency e Iron-citrate ® Mass spectrometry o
Xylem sap @ Iron transport.

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

This paper is dedicated to the memory of Dr. Arthur Wallace,
a pioneer in the study of plant iron nutrition.

The mechanisms of long-distance Fe transport in plants have
remained elusive until now. In the case of xylem sap, Fe is assumed
to be transported as complexed forms, because free ionic forms
[Fe(ll) and Fe(lll)] can be toxic and are also prone to undergo
precipitation at the neutral or slightly acidic pH values typical of
xylem sap. Increases in carboxylate concentrations in plant xylem
exudates with Fe deficiency were reported in several papers
published in the 1960s by Brown and co-workers. Iron was first
suggested to be transported bound to 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
(Tiffin 1966a, Tiffin 1966b, Tiffin 1970, Clark et al. 1973), was
considered the most likely candidate for Fe transport.

The identity of Fe—Cit complexes in the xylem sap has only
been hypothesized by means of in silico calculations using total
concentrations of possible Fe complexing agents (including
carboxylates) and Fe, and the known stability constants of
Fe-containing complexes, always assuming that chemical
equilibrium was achieved. Using this approach, several Fe-Cit
species were predicted to be the most abundant Fe complexes
in the xylem sap whereas other potential plant metal chelators
such as nicotianamine (NA) were ruled out (von Wirén et al.
1999, Relldn-Alvarez et al. 2008) as possible xylem Fe carriers.
NA function as an Fe chelator might be restricted to the
cytoplasm and in Fe phloem loading (Curie et al. 2008). Citrate
recently has been found by using molecular biology techniques
to play a role in long-distance Fe transport. Xylem sap loading
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Iron-citrate complex molecular modeling

All theoretical calculations were performed by using the
Gaussian 03 program (Frisch et al. 2003). The molecular geom-
etry of (Fe;OCit,)>~ was optimized assuming C;, symmetry. The
chemistry model used consisted in the Becke’s three-parameter
exchange functional combined with the LYP correlation func-
tional (B3LYP) (Becke 1993) and the LanlL2DZ 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.

Supplementary data

Supplementary data are available at PCP online.
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