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Introduccion

1. LA DEFICIENCIA DE HIERRO EN PLANTAS

El hierro (Fe) es un micronutriente esencial paa plantas, animales y otros
organismos, ya que es un constituyente indispeasiblun gran nimero de enzimas que
intervienen en algunas de las principales funcialesnetabolismo de los seres vivos. En
las plantas, el Fe participa en la sintesis deofilary es esencial para la fotosintesis y el
mantenimiento de la estructura del cloroplasto (Apat al, 2004). Ademas, interviene en
procesos como la respiracion, la fijacion de nigrdg (Clark, 1983) y en la sintesis de ADN
y hormonas (Briat y Lobreaux, 1997).

La deficiencia de hierro es una alteracion nutrialade las plantas muy extendida que
se conoce habitualmente con el nombre de clorésigd. El término clorosis, en sentido
general, significa falta de clorofila en un érgaregetal, lo cual produce una pérdida o
disminucion de su color verde (Figura 1-1). La @sis producida por deficiencia de Fe
(clorosis férrica) se manifiesta por un amarilleam® que aparece en las zonas
intervenales de las hojas jovenes, mientras quednsos permanecen verdes. La clorosis
puede ser causada también por la insuficiencia lesuministro de otros elementos
esenciales para la planta (Mn, Mg, Zn, etc). Aléisramente, puede ser debida, directa o
indirectamente, a situaciones de estrés como eitd@frico o el ataque de patdgenos.

)

Figura 1-1. Sintomas de la deficiencia de Fe enocotbnero Prunus persica izquierda) y tomate
(Lycopersicum esculentymierecha)

Esta alteracion nutricional afecta a una alta dadede especies y regiones geograficas
como Espafa, Francia, Italia, Turquia, EE.UU., et especies mas susceptibles a sufrir
clorosis férrica son la soj&(ycine ma¥k, cacahueteArachis hypogaeg frijol (Phaseolus
vulgaris), sorgo Sorghum bicoloy, arroz Qryza sativy, citricos, melocotonero, vid/{tis
vinifera) y tomate.La principal consecuencia de la deficiencia de Repkantas es la
disminucion en la produccion agricola que se delimestodo a la reduccion en la
produccién de fotosintatos necesarios para elrorento y desarrollo de la planta (Miller
et al, 1984). En el caso de arboles frutales, el efseshwe la produccion es especialmente
significativo, ya que disminuye tanto el nimero cota calidad del fruto (Alvarez-
Ferndndezt al, 2003; Alvarez-Fernandex al, 2006). Esto se debe a un acortamiento del
ciclo vital del arbol, ya que su etapa productieautta considerablemente inferior a la
normal. Otra consecuencia importante de esta dafi@a es que las plantas son la principal
fuente de Fe en la dieta de una gran parte dedagoén mundial, por lo que los bajos
niveles de Fe en plantas afectan también a la daludana. De hecho, segun la
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Introduccién

Organizaciéon Mundial de la Salud (OMS) 2 billones gkersonas en el mundo tienen
anemia (Santi y Schmidt, 2009).

Por dltimo, el impacto econdmico que supone laoslisrférrica en la agricultura es muy
importante, debido no solo al descenso en la padiniy valor nutricional de las partes
comestibles de la planta, sino también al elevadci@ de algunos fertilizantes férricos
(estimado en 200-400 € haara arboles frutales (Rombola y Tagliavini, 2006)

1.1 Causas de la deficiencia de Fe

La deficiencia de Fe es un problema complejo, cegasas se deben generalmente a la
combinacion de varios factores:

Baja disponibilidad de Fe en los suelos

Aunque los suelos normalmente contienen cantidaltles de Fe, la concentracion de Fe
disponible en solucion es muy baja. Esto ocurrecgpalmente en suelos alcalinos y
calizos (pH 7,5-8,5) en los que el Fe se encuamtrforma de 6xidos e hidroxidos de baja
solubilidad (Lindsay y Schwab, 1982). Se ha estonqde, aproximadamente, el 30% de
los suelos cultivados en el mundo son calcareosi(M699). Su elevado contenido en
caliza (CaC@) produce un efecto tampon que dificulta la sola@dion de los Oxidos e
hidroxidos de Fe. Por lo tanto, los factores queerddnan la disponibilidad de Fe en el
suelo son el pH, el tipo de mineral del que proaddee, ya que cuanto mas soluble sea el
mineral, mayor concentracion de Fe habra dispondslela solucién del suelo, y la
superficie especifica del mineral, ya que cuantoansea ésta mas lenta sera la liberacion
del Fe (Schwertmann, 1991).

La presencia del ion bicarbonato en los suelosuyefl negativamente en la
biodisponibilidad del Fe ya que puede afectar atianiento y metabolismo de las raices
(Yanget al, 1994), al transporte del Fe a la parte aéreéaydesponibilidad fisiologica del
Fe en las hojas (Alhendawt al, 1997). Ademas, la posible alcalinizacion del dgstio y
citoplasma, debida a la presencia de bicarbonaiede causar la precipitacion del Fe en
dichos compartimentos (Romeea al, 1992) y una disminucién de la actividad reductasa
férrica de la raiz (Susiet al, 1996).

Asimismo, otras caracteristicas del suelo comdeaada proporcion de arcilla, falta de
materia organica, alta humedad, poca aireaciomaétesalinidad y alta concentracion de
fosfatos, afectan negativamente a la disponibilidati Fe (Lindsay y Schwab, 1982;
Shenker y Chen, 2005).

Factores relacionados con la absorcion y metabolisndel Fe

Dentro de estos factores destacan los que i) inhébecrecimiento de las raices tales
como la compactacién y encharcamiento del suelcerfCh Barak, 1982), las bajas
temperaturas y la adicién de herbicidas (Chane§419 los que ii) inhiben la absorcién
del Fe como la presencia de fosfatos y metalesipegéucena, 2003).

Factores que afectan a la actividad del Fe dentroeda planta

Se ha observado en frutales crecidos en el campelquontenido de Fe en las hojas de
plantas deficientes puede ser similar o incluso algperior al de las hojas verdes vy, sin
embargo, presentar sintomas de deficiencia de $te. fEndmeno es conocido como la
“paradoja de la clorosis férrica” (Moralest al, 1998) y sugiere que el Fe podria
acumularse en alguna zona de la hoja (principaknemt los nervios principal y
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Introduccion

secundarios (Jiménext al, 2009)) en una forma no utilizable por la pladtdemas, se ha
propuesto que los fosfatos y un elevado pH del lagtippodrian provocar la precipitacion
del Fe en el exterior de la célula impidiendo slization (Mengel y Geurtzen, 1986).

1.2  Adquisicidon de hierro por la raiz en condiciones deleficiencia de
hierro

Las plantas toman el Fe directamente de la disotudel suelo mediante un proceso de
absorcion activa a través de las raices (Uren,)1884e es absorbido preferentemente en
forma de Fe(ll) por todas las plantas excepto fasmieas, que lo toman como Fe(lll)
quelado. Cuando la cantidad de Fe a disposiciofa ddanta es suficiente, las plantas
tienden a utilizar sistemas de transporte de Heagleafinidad y a absorber solo la cantidad
necesaria para un optimo crecimiento, previnienslouaa posible toxicidad. El Fe libre
puede ser altamente toxico, ya que reacciona cégena y forma radicales libres que
dafian componentes celulares como ADN, proteingislol y azucares (Hell y Stephan,
2003). Cuando la cantidad de Fe disponible parpldata no es suficiente, las plantas
pueden permanecer indiferentes (plantes eficientes o desarrollar mecanismos de
adaptacion para aumentar su capacidad de adquriddF suelo (plantagficiente’.
Dependiendo del mecanismo de adaptacion desawgdac adquirir Fe en condiciones de
deficiencia, las plantas se dividen en dos grupstintbs: plantas de Estrategia | y plantas
de Estrategia Il. Dentro de cada grupo el gradoedpuesta es diferente entre especies e
incluso entre genotipos.

1.2.1 Estrategia |

Las plantas dicotiledoneas y monocotiledéneas amigreas pertenecen a la Estrategia |
y se caracterizan por desarrollar en condicionetefieiencia de Fe una serie de respuestas
gue afectan a la fisiologia, estructura y morfaodg las raices, todas ellas encaminadas a
aumentar la capacidad de absorcion del Fe del.sielouanto a los cambios fisiol6gicos
destacan (Figura 1-2):

1. La reduccion del Fe(lll) a Fe(ll) por medio de lazima Fe(lll)-quelato reductasa
localizada en la membrana plasmética de las célidda raiz (FCR o FRO2 (Robinson
et al, 1999)).

2. Transporte del Fe(ll) al interior de la célulaavs del transportador IRT1 (Eideal,
1996; Vertet al, 2002).

3. Excrecion de Ha la rizosfera por medio de und-ATPasa con objeto de acidificar la
rizosfera y mejorar la solubilidad del Fe(lll) (SanSchmidt, 2009).

La enzima Fe(ll)-quelato reductasa (FRO2) es unatepha transmembrana que
pertenece a la familia del flavocitocrorho Su topologia ha sido descrita en Arabidopsis
(Arabidopsis thaliana(Schagerlofet al, 2006)) y consiste en 8 hélices transmembrana y
un “loop” citosadlico soluble que contiene motivas ahion a NADPH, FAD y secuencias
con homologias con oxidorreductasas. En el cagoa@dopsis se han descrito hasta siete
genes distintos pertenecientes a la familia FRO auhfican polipéptidos con sitios de
union para FAD y NAD(P)H, los cuales actian compatimres de electrones para reducir
el Fé* externo (Robinsogt al, 1999). Estos genes han sido también identificadostras
especies de Estrategia | incluyendo guisaRtsufn sativury) tomate y pepinoQucumis
sativus Jeong y Connolly, 2009). Curiosamente, miente@asexpresion deFRO2 en
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Introduccién

Arabidopsisesta restringida a las capas externas de la m@igistente con su papel de toma
de Fe del suelo, la expresion del gg0O1en guisante se ha visto a lo largo de toda la raiz
(incluyendo los nédulos) y hojas; sugiriendo que IBROs pueden estar ademas
involucrados en la distribucion del Fe en la plgdeong y Connolly, 2009).

Una vez reducido, el Fe(ll) es transportado alriotede las células epidérmicas de la
raiz mediante el transportador de metales divadeliR@1 (Morrissey y Guerinot, 2009).
Aunque el IRT1 puede transportar otros metales cémadvin, Co, Cd y Ni presenta una
alta afinidad por el Fe(ll) y se expresa bajo deficia de Fe. Ademas, si existe un aporte
suficiente de Fe, esta proteina se degrada evitartdgicidad (Connolletal., 2002).

La acidificacion de la rizosfera, al contrario degue ocurre con la reduccion férrica, no
es evidente en todas las especies de Estrategian gquellas especies que la muestran,
esta respuesta depende de muchos factores comoalahcé de incorporacion
cationes/aniones, la composicion de los exudadodadeiz y el tipo de nutricidn
nitrogenada. La acidificacion de la rizosfera saliza por medio de la HATPasa que
tiene como objeto, ademas de solubilizar el Fe(bh¢venir la repulsion de los quelatos de
Fe cargados negativamente de la pared celulaeevémtir en la regulacion de la expresion
de los genedRO2 e IRT1 (Santi y Schmidt, 2009). En Arabidopsis, se conot@
isoformas diferentes de la' #¥ATPasa, de las cuales la AHA2 es la principal saspble de
la acidificacion de la rizosfera y la AHA7 apareasociada al desarrollo de pelos
radiculares, que es un cambio morfoldgico indu@dorespuesta a la deficiencia de Fe
(Santi y Schmidt, 2009).

Rizosfera Membrana plasmatica Citoplasma

Reductasa férrica
Fe Fe(11I)-L NADPH /- NADH
( FRO2
, L <e— Fe(Il)-L NADP"/(NAD'

\—Fe )

Fe?t

Figura 1-2. Estrategia | (Modificada de (Buchae&al, 2000)). L representa un ligando organico.

Otro cambio fisioldgico que presentan las plantasandiciones de deficiencia de Fe es
la excrecion de compuestos de bajo peso molecalan, el fin de aumentar la
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Introduccion

biodisponibilidad del Fe del suelo por complejacif@rmacion de compuestos organo-
férricos solubles), o bien por reduccion de lasngés insolubles de Fe en el suelo (oxi
hidroxidos férricos). Entre los compuestos de Ipgjgo molecular excretados se encuentran
los acidos organicos, principalmente citrato y nogléos fenoles como el acido cafeico,
acido p-cumérico, acido fendlico y el acido clorogénicos lflavonoides y las flavinas
(Robin et al, 2008). La funcidén de los &cidos organicos coeset formar complejos
estables con Fe(lll) favoreciendo asi su solulilza en el suelo (Schmidt, 1999). A los
fenoles se les atribuyd inicialmente una funciéduotora del Fe(lll), sin embargo
recientemente se ha demostrado que tienen un ijpap&itante en la removilizacion del Fe
apoplastico de la raiz (Jet al, 2007). Los exudados de flavonoides como la geiniat
guercetina y campferol estan relacionados condac@on de Fe(lll) y en algunos casos,
como la miricetina y la quercetina, forman compegstables con Fe(lll) (Ceset al,
2010). En condiciones de deficiencia de Fe, algespscies acumulan y excretan flavinas,
principalmente la riboflavina y, en algunas plantasmo remolachaBeta vulgarisL.) y
espinaca$pinacia oleracea..), los sulfatos de riboflavina (Suséh al, 1993; Susiret al,
1994). El papel de las flavinas en la deficiencsa e es todavia desconocido aunque
existen hipotesis como que estos compuestos sed@ ipéegral de los sistemas de
reductasa férrica de las raices o tengan una aantimicrobiana en las proximidades de la
raiz, disminuyendo la posibilidad de que los micganismos del entorno compitan con la
planta por la adquisicion de Fe (Susiral, 1993).

Entre los cambios morfologicos de la raiz en candes de deficiencia de Fe destacan:
una disminucién en el crecimiento de la raiz ppgati (Rémheld y Marschner, 1981b), un
aumento en el niumero de raices laterales y pettisutares (Mooget al, 1995) y un
engrosamiento en las zonas subapicales de la kajze%-Millan et al., 2000). Estos
cambios morfolégicos van encaminados al aumentta deiperficie de contacto entre la
raiz y el suelo, incrementando de esta forma labjdad de adquisicion de Fe por la
planta.

1.2.2 Estrategia ll

Las plantas gramineas producen y secretan a lafeizocompuestos de bajo peso
molecular llamados fitosideréforos (PS). Debidauaba afinidad por el Fe, los PS quelan
y solubilizan de forma muy eficaz el Fe(lll) deletnyy formando complejos Fe(lll)-
fitosideroforo (Fe(lll)-PS) que son tomados pordé& a través de un sistema de transporte
de alta afinidad (Figura 1-3).

Los PS son derivados del acido mugénico (Tak&Ji6)L En la Figura 1-4 se muestran
las estructuras de dos fitosideroforos. Su mecanidenexcrecion todavia no esta claro,
pero se ha sugerido que se produce a través drilassd canales anidnicos (Negishal,
2002). Una vez excretados a la rizosfera, los R$aquel Fe(lll) del suelo, formando el
complejo Fe(lll)-PS. La entrada del complejo F&RB al citoplasma de la célula se
realiza a través de una proteina especifica llanv&lalocalizada en las zonas apicales de
la raiz (Curieet al, 2001). Esta proteina estd formada por 682 amidosiccon 12
dominios transmembrana, y pertenece a una nuewsasalde la familia de transportadores
oligopeptidicos OPT (Curiet al, 2001). YS1 esta regulada por la deficiencia derréa
raiz y el tallo y permite también el transporte dedplejo Fe(ll)-nicotianamina (Fe(ll)-
NA), un importante transportador de Fe(ll) en lanph (Hell y Stephan, 2003). Una vez
gue el complejo se encuentra en el citosol, ellliFef$ liberado y el PS se degrada o se
excreta nuevamente al exterior. Se ha comprobagpbgio deficiencia de Fe, la velocidad
de absorcion del PS libre y el Fe(lll)-PS aumep&ap muestran diferente velocidades de
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absorcion, lo que sugiere que las células de zap@drian diferenciar entre el PS libre y el
Fe(lll)-PS (Kawai y Alam, 2006).

Rizosfera Citoplasma Metionina

Nicotianamina

f PS - Q Fitosideroforo (PS) \
P
C\‘b

e(TII)- c e(III)-

Particula
del suelo

S

Fe

Figura 1-3. Estrategia Il (Modificada de Buchartial, 2000)

Las plantas de Estrategia Il son menos sensiblpsl @el suelo que las de Estrategia I,
existiendo una alta correlacién entre la cantidadP& excretados y la resistencia a la
deficiencia de Fe (Morrissey y Guerinot, 2009). 8imbargo, algunas plantas gramineas
como el arroz combinan componentes de ambas egamt®e hecho, la cantidad de PS
gue excreta el arroz en condiciones de deficiedeifre es menor que la de otras plantas
gramineas como el maiZda maysL.) o la cebadaHordeum vulgarel..), pero se ha
observado una mayor expresion de los transportadigemetales divalentes OsIRT1 y
OSIRT2 (Morrissey y Guerinot, 2009).

COOH COOH COOH COOH COOH COOH

éN/\)\m/\)\OH éNA)\”A/J\NHZ

DMA NA

COOH COOH COOH

N u OH
OH MA

Figura 1-4. Estructuras de algunos fitosideréfoBddA: 4cido 2-desoxi mugineico. NA: nicotianamimdA:
Acido mugineico
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1.3 Correccion de la deficiencia de Fe

Existen diferentes técnicas de prevencion y traataide la clorosis férrica.

Antes de establecer el cultivo la mejora y seletgénética de cultivares resistentes a la
clorosis férricaes una herramienta muy Util que permite solvergtr @eficiencia mediante
el cultivo de cultivares resistentes, obtenidosatgnor técnicas tradicionales de seleccién
como mediante modificacion genética (Charlsbral, 2003). Sin embargo, es frecuente
gue las variedades tolerantes sean altamente mnailotros tipos de estrés (bidticos y/o
abidticos) o presenten menor productividad y cdlida los frutos (Tagliavini y Rombola,
2001). Por ello, la seleccion de cultivares suesponder mas a criterios de productividad y
aceptacion en el mercado que a su susceptibilidadfra clorosis férrica (Rombola y
Tagliavini, 2006).

En cultivos ya establecidos, el empleo de practcagcolas apropiadas resulta crucial
para prevenir la aparicion de la clorosis férrigatas practicas consisten en eliminar los
riesgos de compactacion, alcalinizacion y enchaieraim del suelo favoreciendo un buen
drenaje (Chen y Barak, 1982). Otra practica habinaarboles frutales y vifiedos, es su
cultivo junto con otras plantas anuales, reducieasiola compactacion y aumentando la
porosidad, filtracion y contenido de materia organdel suelo (Tagliavini y Rombola,
2001). Entre estas plantas anuales se incluyel@aae especies con Estrategia Il que
excretan fitosidero6foros capaces de aumentar ldbtidlad del Fe en el suelo (Rombola y
Tagliavini, 2006). La adicion de enmendadores cdmamateria organica (sustancias
hamicas) y acidificantes se lleva a cabo para foerla solubilizacion del Fe nativo no
disponible del suelo.

Actualmente, la adicion de productos fertilizargdseda técnica mas eficaz y comun para
corregir deficiencias de Fe en cultivos ya estatiec Estos se pueden clasificar en
compuestos de Fe inorganicos (FeS®e(SOy)s, piritas, etc.) y compuestos de Fe
organicos. Dentro de los compuestos de Fe orgamodsmos distinguir entre los de
origen natural y los sintéticos.

Los agentes complejantes de origen natural pesitjghra su uso en aplicaciones
foliares y en fertirrigacion en Espafia incluyendéeido lignosulfénico, acido glucénico,
acido heptaglucénico, sustancias humicas, aminogddiires y el acido citrico (Rodriguez-
Lucena, 2010). Los lignosulfonatos son polimerosunades que se obtienen como
subproducto de la industria del papel y pueden dorecomplejos con metales. Los
complejos comerciales de metales con lignosulf@asgohan aplicado frecuentemente en el
campo con resultados variables. Para el caso d#olasis férrica han demostrado ser
eficaces en peral cuando los complejos eran aplécpdr via foliar (Raese y Staiff, 1988).
Las sustancias humicas se originan a partir dealsformacién en el suelo de residuos
animales y vegetales. Son sustancias ricas en gfepdlicos y carboxilicos que pueden
formar complejos con el Fe. Estas moléculas hanodado ser eficaces recuperando
plantas de pepino (Estrategia I) y cebada (Esteatigdeficientes en Fe (Cesa al,
2002).

Los agentes quelantes sintéticos son los masadtiliz, a pesar de su elevado coste, para
corregir la deficiencia de Fe en cultivos estalolesj sobretodo en cultivos de alto valor
econdmico. La razén principal es que presentaneficacia extraordinaria a la hora de
suministrar Fe a la planta gracias a su elevadaca#gd de mantener el Fe en solucion
incluso a pH alcalinos. Los quelatos férricos masunes son el Fe(lll)-EDTA, Fe(ll)-
0,0EDDHA, Fe(ll)-DTPA, Fe(lll)-EDDHSA y Fe(lll)o,0EDDHMA. Sin embargo la
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creciente preocupacion ambiental de los ultimos afébido a su escasa biodegradabilidad
ha llevado a proponer y evaluar nuevos quelatogtgios mas biodegradables como
correctores de la clorosis férrica. Entre ellosecaestacar el &cido iminodisuccinico
(IDHA) y el &cido etilendiaminodisuccinico (EDDSp&iguez-Lucenat al 2010 y Villén

et al.2007).

2. QUELATOS FERRICOS SINTETICOS EN AGRICULTURA

Los quelatos férricos se usan en el campo paraipirey corregir la clorosis férrica de
cultivos sensibles y en fertirrigacion o hidropomiara mantener el Fe soluble en la
disolucién.

2.1 Caracteristicas de los quelatos férricos sintéticos

Los quelatos metalicos (incluyendo los férricogaedormados por aniones organicos
complejos, llamados agentes quelantes o ligandws,dos o méas grupos funcionales
capaces de compartir pares de electrones con umédalico central (Shenker y Chen,
2005). De esta manera, se forma una estructuriaacih la que el metal (en este caso el
Fe) queda retenido, mejorando asi su solubilidadtgbilidad y por consiguiente también
su biodisponiblidad.

Los agentes quelantes permitidos por la legisla@amopea (EU Regulations N°
162/2007; Anon, 2007) para su uso como fertilizamte Fe y otros micronutrientes son
derivados de los siguientes acidos poliaminocaticost

Acido etilendiaminotetraacéti EDTA

Acido 2-hidroxietiletilendiaminotriacéco HEEDTA
Acido dietilendiaminopentaacéti DTPA

Acido etilendiamin-di-(o-hidroxifenilacético 0,cEDDHA
Acido etilendiamino-N-¢-hidroxifenilacético)-N’-p- o,pEDDHA
hidroxifenilacético

Acido etilendaminc-di-(o-hidroxi-metilfenilacético 0,cEDDHMA

Acido etilendiamino-di-¢-hidroxi-metilfenilacético)-N’-p-hidroxi-  0,pEDDHMA
metilfenilacético

Acido etilendiamin-di-(5-carbox-2-hidroxifenilacétici) EDDCHA

Acido etilendiamino-di-(2-hidroxi-5-sulfofenilacét) y sus EDDHSA
productos de condensac

y se pueden clasificar dependiendo de la presenoiade grupos fendlicos en su estructura
(Figura 1-5). Por una parte se encuentran los agenielantes que tienen una estructura
similar a la del EDTA, que se denominaa fendlicos.Por otro lado estan los que se
parecen estructuralmentecgpbEDDHA, que se denomindendlicos

Estos agentes quelantes presentan al menos sqissgfuncionales donadores de
electrones en su estructura; en el caso de loatgsab fendlicosal menos cuatro grupos
carboxilicos y dos aminos, y en el caso de losaoglendlicosdos grupos carboxilicos,
dos aminos y dos fendlicos. Estos grupos donadteesectrones hacen que el Fe(lll) se
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coordine octaédricamente con los agentes queldmesdentados, obteniéndose un
compuesto con estructura ciclica que protege allFdé su precipitacion y del ataque de

agentes oxidantes. Algunos agentes quelatantentiésdmeros posicionales dependiendo
de si los grupos —OH se encuentran en posmitntrorto (0,0)u orto-para(o,p) (Figura 1-

5). En el caso de estos ultimos, el Fe esta unidlavés de solo 5 enlaces al ligando y la
sexta posicion la ocupa una molécula d®ld un OH dependiendo del pH, ya que el grupo
hidroxilo fendlico situado en posicigmara estd en una posicion que no le permie la
coordinarse con el Fe.

El EDDHA y sus compuestos homdlogos (EDDHMA, EDDH$ADDCHA) poseen,
ademas, isomeria optica ya que tienen dos carlboquicales que pueden ser (RR), (SS),
(RS) o (SR). Los isémeros (RS) y (SR) son imagespesculares superponibles, por lo que
se consideran la misma molécula, que se denomimaei® meso.Los isdbmeros (RR) y
(SS) son imagenes especulares no superponibledifigren Unicamente en la direccion
hacia la que desvian el plano de luz polarizadanf@meros). Debido a la dificil
separacion de estas dos moléculas por métodosapsingeneralmente, se les denomina
mezclad,l-racémica(de aqui en adelante la llamaremos isormacg@micq, si bien se ha
visto en los cristales de esta mezcla que el isBr8& contribuye menos del 1% a la
totalidad de la mezcld,I-racémica(Baileyet al, 1981).

Las diferencias entre los diastereocisomeros de egtelatos férricogdcémicoy meso
han sido estudiadas en el Fe(bBlpEDDHA y el Fe(ll)-0,0EDDHMA, basandose
fundamentalmente en su comportamiento cromatografitstalografico y su espectro UV-
visible. Ya en 1962, Hill-Cottingham separ6 medéantomatografia de papel el Fe(lll)-
EDDHA en dos bandas, una roja y otra violeta, laales se identificaron como los
isbmerosmesoy racémicq aunque no pudieron asignar cada banda a un is&oeacreto
(Hill-Cottingham, 1962). La separacion de ambosnes y la asignacion de cada pico a
su correspondiente isdmero se realizé por cromaftiagde intercambio aniénico (Barak y
Chen, 1987) y cromatografia de par i6nico (Lucebal, 1996). La separacion de los
isbmeros geométricos del Fe(lll)-EDDHMA se consigiambién por cromatografia de par
ionico (Deacoret al, 1994; Hernandez-Apaolaz al, 1997). Estudios de cristalografia
mostraron que la sal magnésica de Fe-EDDHA contem@dusivamente el isomero
racémico(Bailey et al, 1981), caracteristica que fue utilizada poster@rte para separar
de diastereoisémeros por precipitacion (Yuetal, 2003b). Los espectros de UV-vis de
estos quelatofendlicospresentan tres maximos de absorcion a aproximadaré0, 280
y 480 nm, que corresponden al anillo de bencengruglo hidroxilo erorto de dicho anillo
(Jaffe y Orchin, 1962) y al enlace Fe-fenolatopeesivamente (Alvarez-Fernandetal,
2002).
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Figura 1-5. Estructuras quimicas de los quelatascés autorizados segun la Regulacién Europea EU N
162/2007 (Anon, 2007). Por simplicidad de la Fignoase han representado los productos de condénsaci
del EDDHSA

La constante de formacion de un quelato deternairadihidad de la molécula de agente
guelante por el metal. Las constantes de estathitidaos diferentes agentes quelantes con
Fe se muestran en la Tabla 1-1.

Tabla 1-1. Logaritmo de las constantes de estabilifFeL]/[Fe][L]) del Fe(lll) con EDTA, DTPA y
HEEDTA (Martell y Smith, 1974) y con EDDHA, EDDHMMEDDHSA (Yuntaet al, 2003b).

Qgglgtrfb Log K Agente quelante Log K Agente quelante Log K
EDTA 25,C o,cEDDHA 35,1 0,cEDDHMA 34,4
DTPA 27,% racemi-o,cEDDHA  35,¢ racemi-o,cEDDHA 33,7
HEEDTA 19,¢ mes-0,cCEDDHA 34,1 mes-0,cCEDDHA 35,¢
0,;fEDDHA 28,7 EDDHSA 32,¢

Como se puede observar en la tabla, las constdatestabilidad de los quelatos férricos
fendlicosson mayores que las de los fendlicos Ademas, la estabilidad de los ligandos
hexadentados se incrementa con el numero de grdpoadores implicados en la
coordinacion del metal (denticidad). De ahi, queséimero Fe(lll)e,pEDDHA tenga
menor constante de estabilidad que el Fe@litj=DDHA.
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Sin embargo, cuando un quelato se aplica a unvouttidropdnico 0 en un sistema
suelo/planta, existen muchas reacciones que pugat=sr variar su estabilidad intrinseca,
como por ejemplo reacciones de intercambio de digago metal. Por ello, es mas
adecuado el célculo del pFe y la distribucion dedapecies, utilizando un sistema que
incluya la mayoria de los equilibrios que estars@mnées en las condiciones reales donde se
aplica el quelato férrico y que afectan a su elgiabi. Este calculo se realiza con ayuda de
los programas de especiacion quimica como el MINAEQon el que se pueden obtener
los diagramas de estabilidad de los quelatos franpéd en diferentes condiciones (Yunta
et al, 2003a; Yuntaet al, 2003c). Con estos estudios se ha podido vergjeonplo, que
los quelatos sintéticoso fendlicoscomo el EDTA y analogos, no tienen la estabilidad
necesaria para mantener suficiente Fe en la didaldel suelo a pH superiores a 6, ya que
el Fe puede ser desplazado por otros elementos ebAmg Mn o Ca. También se observo
que a concentraciones elevadas de Cu(ll) >M0), el Fe(lll)-0,p)EDDHA deja de ser
estable y el Fe es desplazado por el Cu (Yah#d, 2003a).

Una caracteristica comun y preocupante de estogemggquelantes sintéticos es su alta
persistencia en el medioambiente que puede afad@mmovilidad de otros metales del
suelo debido a su participacion en reacciones tlrcambio de metal y/o ligando,
alterando el equilibrio natural de los metales emedioambiente (Nowack, 2002). Un
estudio reciente sobre el potencial redox del FeglbEDDHA elimina la posibilidad de la
fotodegradaciéon como mecanismo a la eliminacioreste quelato en el medioambiente
(Gomez-Gallegoet al, 2005). Sin embargo, varios estudios han demastrid
fotodegradacion de quelatos férricos no fendliasiqularmente de EDTA y DTPA.

2.2  Aplicacion de los quelatos férricos sintéticos e lagricultura
La aplicacion de quelatos en la agricultura puedetse por cuatro vias:
» Aplicacion foliar

La efectividad de esta aplicacion depende de Iadtacion y el procedimiento
utilizados. En general, la absorcion del Fe viafahejora notablemente cuando el quelato
se adiciona conjuntamente con tensioactivos querareja penetracion del Fe en la hoja
(Fernandezt al, 2009). Sin embargo, la respuesta de los rocifml@es de Fe sigue
siendo muy variable, dependiendo principalmentdadéores relacionados con la planta
(especie, variedad, condiciones de crecimiento), &cmedioambiente (humedad relativa,
temperatura, luz, etc.) y factores fisico-quimi@eesrnandez y Ebert, 2005).

Algunos autores recomiendan el uso de aplicacifoi@ses de disoluciones acidas de
guelatos para corregir la clorosis férrica (CherBarak, 1982; Wallace, 1988). Sin
embargo, otros autores comprobaron que eran méaces los tratamientos foliares con
sales inorganicas de Fe (Fep@ue los de quelatos (Alvarez-Fernanadzal, 2004;
Fernandezt al, 2006). Ademas, el elevado precio de los agentekantes respecto a las
sales de Fe hace que la aplicacion foliar de queelfrricos no sea muy recomendable
(Modaihsh, 1997). Recientemente, se ha comparaddidacia de rociados foliares con
diferentes quelatos y complejos naturales obteonsmadnejores reverdecimientos para los
guelatos sintéticos y complejos de aminoacidosntrds que la movilizacion del Fe hacia
las raices solo ocurrio con los lignosulfonatoseé€Rodriguez-Lucenet al, 2010).
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* Inyeccion al tronco

Este tipo de aplicacion de quelatos férricos douétsolo es posible en arboles y cuando
su interés econdémico lo justifique. La inyeccion gieelatos férricos se lleva a cabo en
forma liquida, pero otro tipo de fertilizantes de FeSQ y citrato férrico) se pueden
anadir en forma sélida.

Los implantes soélidos de sales inorganicas (Re80® el tronco tuvieron un efecto muy
duradero, de hasta un afio en peral, en la corredei@lorosis férrica (Abadigt al, 2004;
Larbi et al, 2002). Asimismo, se comparé el efecto de inyemsoliquidas de quelatos
férricos de Fe-EDDHA y Fe-EDDHMA en olivo y meloookro encontrandose
recuperaciones de la clorosis en ambos tratamigntespecies, siendo el efecto mas
prolongado en el caso del Fe-EDDHMA (Fernandez-Bmcet al, 1993).

» Aplicacion al suelo o sustrato

Esta aplicacion es, junto con la adicion de quslattas aguas de riego, el método mas
comun y donde la aplicacion de quelatos férricasilte mas eficaz que otros productos
como las sales de Fe, acidificantes y humatos (lajcz003).

Los quelatos mas eficaces para suelos calizosldeerEDDHA y derivados, ya que el
Fe-EDTA y Fe-DTPA son inestables a pH alcalino. tBenle los quelatos férricos con
grupos fendlicos en su estructura, los diferentggdeos realizados muestran resultados
contradictorios. Asi, algunos autores obtuvieroryonaficacia con un producto de Fe-
EDDHMA frente a uno de Fe-EDDHA en plantas de t@maecidas en un sustrato calizo
(Alvarez-Fernandeet al, 1996). Sin embargo, se consiguié un efecto masdéuwo en
tratamientos con Fe-EDDHA que con Fe-EDDHMA en gpta(Helianthus annus
melocotonero y peral (Alvarez-Fernandsizal, 2005). Existen también discrepancias en
cuanto a la eficacia de los isébmeros de un misnemtagquelante como es el caso de los
isbmeros deo,0 y o,)EDDHA. Asi, se obtuvo mayor eficacia con el quel&e(lll)-
0,pEDDHA que con el Fe(lllp,0EDDHA en cultivos hidroponicos de soj@lycine max
L.) (Garcia-Marcoet al, 2006). Sin embargo, estudios en suelos calizostraron lo
contrario, concluyendo que el isdmero Fe(dJ)EDDHA es mejor fertilizante que el
Fe(lll)-o,,EDDHA (Rojaset al, 2008; Schenkevelet al 2008).

En solucion nutritiva se ha comparado la efica@acthco quelatos sintéticos (Fe-
EDDS, Fe-IDHA vy tres formulaciones comerciales de-BDTA) y diez complejos
(humatos, lignosulfonatos, aminoacidos, glicopras] polipéptidos, citrato y gluconato)
aplicados a plantas de soja con deficiencias déd=eresultados de este estudio indicaron
gue los quelatos sintéticos favorecian el crecitoide las plantas en mayor medida que los
complejos, asi como el incremento en la concerdtnade Fe y en el indice SPAD. Entre
los complejos, solo la transferina mostré6 una efecasimilar a la de los quelatos
(Rodriguez-Lucenat al, 2010).

* Adicion a las aguas de riego

Este tipo de aplicacion soélo es factible en riegealizado, como es el caso de la
fertirrigacion. Con este tipo de regadio normalredat clorosis se ve agravada ya que,
ademas del uso de aguas y sustratos calizos,itzs rde la planta se desarrollan poco lo
gue conlleva una menor superficie de contacto ¢@mustrato. Este hecho hace necesario
realizar un aporte regular de Fe en forma solublewdtivos fertirrigados. Ninguna sal
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inorganica puede ser utilizada en fertirrigacionquee pueden precipitar como 6xidos o
fosfatos de Fe que obturarian los goteros. Pomwtdos quelatos sintéticos son los
fertilizantes férricos mas empleados (Lucena, 2003)

2.3 Mecanismo de accion de los quelatos ferricos sinigs

Los quelatos férricos sintéticos se aplican prialoygnte a plantas de Estrategia |, ya
que las de Estrategia Il no suelen padecer deficiate Fe.

El mecanismo de accion propuesto para los queld@ogos sintéticos es igual al
representado en la Figura 1-2 para plantas detégimal y se compone de las siguientes
etapas (Shenker y Chen, 2005):

Adsorcidn del Fe(lll)-quelato en la raiz.

Reduccién del Fe(lll)-quelato a Fe(ll)-quelato [@oFCR.

Disociacion del quelato y liberacion del Fe(ll).

Transporte del Fe(ll) al interior de la célula avés del transportador de membrana
IRT1.

PoNE

La reduccion obligatoria de los Fe(lll)-quelatog filescrita por primera vez en plantas
de soja utilizando la formacién del complejo dellfepn acido batofenantrolindisulfénico
(BPDS; Chaneyet al, 1972). El agente reductor que se ha propuestm adonor de
electrones a la enzima FCR es el NAD(P)H, siendd-eflll)-quelato el aceptor de
electrones (Harrington y Crumbliss, 2009; Shenk&hgn, 2005). A modo de ejemplo, en
la Figura 1-6 se muestran los potenciales redoalgienos compuestos de Fe a pH 7. Sin
embargo, estudios recientes sobre el potenciakrddaalgunos quelatos como el Fe(lll)-
0,0EDDHA cuestionan esta teoria ya que este poteseiabnsidera demasiado negativo (-
497 V) para que la reaccion de reduccion sea termdodcamente favorable (Gomez-
Gallegoet al, 2005). Estos autores han propuesto que la espeejgora de electrones
desde la enzima FCR podria ser la especie protqra@idl)HL] en lugar de la [Fe(lll)L]

A
+ 940 0, /H)0,
Fe-citrato | +600

Fe SOD +270
Hemoglobina | +140
FeEDTA +120
FeDTPA +30 Fe(III) puede ser reducido por superéxido
- 160 0,/0,
'FC(IH) no puede ser reducido por superdxido
Fe(III) puede ser reducido por NAD(P)H
-324 NAD(P)H / NADP'
-400 semiflavina / dihidroflavina
Ferrioxamina B| - 450
FeEDDHA | - 497
Fe transferrina | - 500

Fe(IIT) no puede ser reducido por
agentes reductores biolégicos
v

Figura 1-6. Potenciales redox de Fe(lll)/Fe(IFap(modificada de (Pierret al, 2002)).
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Después de la disociacion del quelato, el agentéagte queda libre en la solucion del
suelo, pudiendo disolver el Fe nativo del suelaangportarlo hacia la rizosfera. Este
proceso es conocido como efecto “shuttle” (LuceP@06). Segun este mecanismo
propuesto el agente quelante queda fuera de laapjasdlo el Fe(ll) es incorporado al
interior. Ademas, el Fe(ll) producido por la FCRq absorbido por la planta tiene que ser
re-oxidado. Se ha propuesto que los propios ageqietantes pueden actuar como
catalizadores de la reaccion de re-oxidacion faienelo la formacion de nuevo del
guelato férrico (Lucena, 2006). Existen algunoddjas que han detectado el agente
guelante dentro de la planta. Asi, se ha encontradibl)-EDDHA en exudados de zinia
(Zinnia elegang girasol y soja (Tiffinet al, 1960), en hojas de tabacbli¢otiana
tabacum (Jeffreys y Wallace, 1968) y en tejidos de tomakpino y lechugal@ctuca
sativg (Bienfaitet al, 2004). En la Figura 1-7 se pueden ver a sim@g@vnanchas rojas
de Fe-EDDHA en hojas de tomates cloroticos tratado hidroponia con altas
concentraciones de Fe(lll)-EDDHA.

Y
F

Figura 1-7. Hojas de tomate clorético tratado endponia con 1000 uM Fe(lll)-EDDHA.

Estudios con is6topos radiactivosFe(lll)-**C-EDDHA (Tiffin y Brown, 1961) y
*Fe(Ill)-**C-EDDHA (Rémheld y Marschner, 1981a), confirmararehtrada de EDDHA
0, al menos de un subproducto de su degradacidto, ¢éa plantas de Estrategia | como de
Estrategia Il. En ambos trabajos no se encontrdiferencias en €f'C tomado por plantas
deficientes y suficientes en Fe, lo que indicalguentrada de agente quelante a la planta es
independiente del estado nutricional de ésta. Bivaego, la relacior’Fe‘C 0°°Fef“C en
las plantas de Estrategia | fue mucho mayor entgdadeficientes en Fe que en plantas
suficientes (aproximadamente valores de Fe/C dg @5respectivamente), lo que sugiere
una activacion del mecanismo de toma de Fe encg&tugs de deficiencia. En las plantas
de Estrategia Il la relacidtiFe/“C fue aproximadamente 1 independientemente del@sta
nutricional de la planta (R6mheld y Marschner, 981

En la Figura 1-8 se muestran las autorradiograd@mgplantas de soja deficientes y
suficientes en Fe tratadas cBRe*C-EDDHA. Como se puede observar, el contenido de
*Fe en la planta deficiente es mucho mayor que saofieiente, sin embargo, el contenido
de'C es muy similar en ambas plantas (Tiffin y Brod@61).

Las caracteristicas que idealmente debe tener alatqupara que su uso con fines
agricolas sea viable son las siguientes (Brown9;186enker y Chen, 2005):

El metal quelado no debe ser sustituido facilmeoteotro metal.

Debe ser estable frente a la hidrdlisis.

No debe descomponerse por la accion de los miaoagos del suelo.
Debe ser soluble en agua.
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No debe fijarse facilmente a la superficie de gipulas del suelo.
Debe estar en forma accesible para la planta.

No debe ser toxico en dosis adecuadas.

Debe estar en forma facilmente aplicable al sueldayplanta.
Debe ser barato.

Figura 1-8. Autorradiografias de plantas de so@atlas cor’*Fel“C-EDDHA. Las plantas de arriba
muestran etFe de una planta clorética (izquierda) y de undeéderecha). Las plantas de abajo muestran el
4C de una planta clorética (izquierda) y de una edderecha); (Tiffin y Brown, 1961).

3. LA ESPECTROMETRiA DE MASAS APLICADA AL ESTUDIO
DE COMPLEJOS METALICOS EN PLANTAS

Los iones metalicos son fundamentales en muchaegos bioldgicos. La formacion de
complejos con diversos ligandos puede servir patab#izar estructuras, desencadenar
mecanismos y controlar reacciormeslox Por ello, el interés en desarrollar técnicas que
permitan identificar esos complejos metalicos yeobt informacion sobre su naturaleza
guimica ha ido aumentando en los ultimos afios.| Eampo de la fisiologia y bioquimica
vegetal, la identificacion y cuantificacion de cdejps metalicos ha resultado
especialmente interesante en los siguientes cafiMmsicouet al, 2009):

i) La toma y biodisponibilidad de elementos esdasiasobre todo el Fe y Zn. El
principal objetivo de estos estudios radica en centa transferencia de estos metales a
las partes comestibles de las plantas para condatialnutricion que afecta a mas de la
mitad de la poblacion mundial, especialmente esgsaén desarrollo.

i) La hiperacumulacion de metales en plantas palaciones de fitorremediacion y

fitoextraccion. Algunas plantas, conocidas comoefdpumuladoras, son capaces de
almacenar metales en la parte aérea a concentaciue serian toxicas en otras
especies. La fitorremediacién utiliza este tipgldatas para favorecer la eliminacion de
metales pesados toxicos que se encuentren en extaselos y aguas. Por otra parte, la
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fitoextraccion puede resultar Gtil para recuperatates preciosos utilizando el mismo
tipo de plantas.

El estudio de complejos metalicos en muestras ¢icdS resulta muchas veces
complicado debido a que la extraccion del anakt®d entorno original conlleva el riesgo
de alterar su identidad. La espectroscopia de @ldsode rayos X (XAS) es una de las
técnicas mas atractivas para el andlisis directocalaplejos metalicos en muestras
biolégicas, ya que proporciona informacién del emtode coordinacion del metal y el
estado de oxidacién (Lombt al, 2010). Sin embrago, la elevada concentraciémetal y
el grado de pureza requeridos por esta técnica duaeeu aplicacion sea limitada a unos
pocos organismos como por ejemplo las plantas dgpenuladoras (Mounicoet al,
2009). Ademas, esta técnica soOlo puede cofirmaprésencia de especies metélicas
esperadas en una muestra pero no puede identifiGaras especies (Mounicai al,
2009).

El analisis de complejos metdlicos presentes aertraciones traza se puede llevar a
cabo mediante técnicas acopladas que combinenpfa®®dn con alta resolucion de la
cromatografia o la electroforesis con una detecsgnsible por espectrometria de masas
(MS) elemental o molecular. La MS se basa en lazamion de la muestra y en la
separacion y registro, segun su relacion masa/qang®, de los iones producidos. La
necesidad de una separacion previa al andlisisvigradica en proporcionar suficiente
resolucion para evitar la coelucion de varias éspamn el mismo elemento (en el caso de
MS elemental) o la supresion de ionizacion delismdebido a otras sustancias facilmente
ionizables que coeluyan con él (en el caso de M&oacutar). Sin embargo el uso de
técnicas acopladas necesita que las especies castaBan quimicamente inertes para que
no se intercambien con otros ligandos en el prodesandlisis. Por ello hay que tomar
precauciones tanto en la separacion cromatogrédice en la extraccion del analito de la
matriz biologica.

3.1 Identificacion de complejos metalicos por espectroatria de masas

Dentro de la MS molecular, el electrospray (ESI)pesbablemente el método de
ionizacion preferido para la identificacion de céejgs metalicos, aunque la ionizacion
guimica a presion atmosférica (APCI) y la ionizacpor desorcion laser asistida por una
matriz (MALDI) son también utilizadas. La ionizani@or ESI se basa, fundamentalmente,
en una electronebulizacién o electropulverizaciériadmuestra liquida que fluye a través
de un capilar al que se le aplica un potencialaglev En la Figura 1-9 se muestra un
mecanismo implicado en la formacién de iones pectedspray (Cole, 1997). La principal
ventaja del ESI es que el método de formacion desi@s suave, o que permite identificar
incluso moléculas con alta masa molecular sinragnientadas (Fenn, 2003).

La elucidacion de estructuras de complejos me&lE® puede abordar mediante la
comparacion de la masa exacta del ion moleculacumer y las masas de los iones
producto provenientes de la fragmentacion produeitida espectrometria de masas en
tandem (MS/MS). Para la determinacion de masa &eacimportante tener equipos de alta
resolucion, por ejemplo aquéllos con analizadotielapo de vuelo (TOF) o i6n-ciclotron
con transformada de Fourier (FT-ICR o FTMS). Ademaésa elevada resolucion permite
distinguir la huella isotépica del metal, lo cua ana herramienta muy util en la
identificacion de complejos metalicdsl analizador TOF se basa en medir el tiempo que
tarda un i6n en atravesar una distancia determieads espectrometro de masas. De esta
manera los iones menos pesados (con mardilegan antes al detector que los de mayor
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m/z. Este mecanismo requiere que los iones salgan tieetde de ionizacion de forma
pulsada lo que se suele conseguir focalizandolwssi ortogonalmente respecto al tubo de
vuelo y usando un campo eléctrico pulsado (GHaal, 2003; Bristowet al, 2003). El
analizador FT-ICRse basa en la precesion de los iones bajo un camgaético fuerte a
una determinada frecuencia caracteristica dens& Realizando un barrido rapido de
frecuencias se obtiene una sefal compleja de Ia&deducen las frecuencias individuales
mediante la transformada de Fourier. Posteriormestas frecuencias se transforman en
los correspondientes valores de/z Este analizador tiene muy alta resolucion y
sensibilidad pero un elevado coste.

Gas de secado

PRESION ATMOSFERICA v
1. Formacién de 3, Explosion || l VACIO
gotas cargadas de Coulomb 1 B _
Alto voltaje P e 11 Analizador
| / ; | | demasas
Y | ggl ; -

==
s

L(.‘—-»_’_; D

Gas de nebulizacion

m

e 2. Evaporacion Orificio
A

T

Gas de secado

Figura 1-9. Esquema de la formacion de iones pectmspray (modificada del tutorial de Applied
Biosystems).

La insuficiencia de la determinacion de masa expata la identificacion de algunos
compuestos en base a su férmula empirica ha sitpasada por la espectrometria de
masas en tandem (MS/MS) ya que da idea de losesntpimicos presentes en la molécula
(Mounicou et al, 2009). La MS/MS consiste en el acoplamiento,eketiempo o en el
espacio, de dos etapas de analisis de masas. ¢dptorde acoplamiento de MS/MS en el
espacio es ilustrado en la Figura 1-10 e involdossistemas de espectrometria de masas;
el primer sistema (MS-1) lleva a cabo la selecciéhion precursor o i6n padre a partir de
un haz de iones producido en la fuente de ionipackd continuacion, en una region
intermedia, se lleva a cabo la fragmentacion delpadre y en el segundo sistema de MS
(MS-2) se analizan los iones producto o hijos peiths en la regidn intermedia.
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~<«———— Selecion de masas » <«— Fragmentacion — <«— Analisis de masas ——
* Region
intermedia -
—» Vs | = 5 M T | s — |—
lones — — ¥ *\ — —
CID
Espectro Espectro
de MS [on padre de MS/MS

Figura 1-10. Esquema del principio basico de lzespmetria de masas en tandem. (Modificada de, Dass
2006)

La identificacion de complejos metalicos se pudeleal también a cabo mediante MS
elemental utilizando la fuente de ionizacion despla de acoplamiento inductivo (ICP-
MS). El ICP-MS carece de especificidad molecular, Ip que se suele acoplar a técnicas
de separacion como el HPLC. En un ICP la muestjgida es vaporizada e ionizada
gracias a un plasma, generalmente de Ar. El plaasnsustentado por medio de campos
eléctricos y magnéticos fluctuantes producidosupogenerador de radiofrecuencia a través
de una bobina de induccidén (Houk, 1986). Las dkasperaturas alcanzadas en la fuente
ICP aseguran una completa descomposicion de latrawess sus atomos constituyentes y
su posterior ionizacién, por lo que el ICP ha sldecrito como una fuente ideal de iones en
la identificacion de metales (Meig al, 2006). Una mejora importante sobre las técnicas
existentes ha sido el reciente desarrollo, diseftmnstruccion de un espectrometro de
masas MS-TOF que emplea simultdneamente las fudatemizacion ESI e ICP (Rogers
et al, 2009, 2010a,b). La aplicacién en un futuro de &po de instrumentos tendra gran
trascendencia en la identificacion de complejosahneis.

Figura 1-11. Foto de un plasma de argén (http://wpaingv.it/laboratori/tracce/elementi.html)

Encontramos numerosos ejemplos en la bibliograéiaidéntificacion de complejos
metalicos en plantas utilizando las técnicas dechbi8entadas hasta ahora. Por ejemplo, se
ha estudiado la estabilidad de los complejos dguitlatinas (oligopéptidos que secuestran
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metales pesados) con Cd usando el is6thfed y analizando los complejos por
cromatografia de par i6nico acoplada a ICP-MS (fLaeal, 2005). La cromatografia de
exclusién por tamafio (SEC) acoplada a ICP-MS hanitido estudiar procesos de
oxidacién del glutatién (GSH) con €uCd”* y PE* (Polec-Pawlalet al, 2007). En este
mismo trabajo, se utiliz6 SEC-ESI-MS para obseladormacion de complejos metalicos
con glutation disulfuro (GSSG) y definir la estemuetria metal:ligando mediante el patrén
isotopico de la molécula. Complejos metalicos deagiion-Pb-EDTA se han identificado
también por ESI-MS en plantas de vetivevetfveria zizanoidgs usadas para
fitorremediacion de suelos contaminados con Pbanéglitratamiento con EDTA (Anded
al., 2009). En estudios de complejos Fe(lll)-fitos@eros analizados con espectrometria
de masas con bombardeo con atomos acelerados (F®Bs&lobservo una reduccion de
estos complejos a Fe(ll)-fitosideréforos debidpraiceso de ionizacién (Kenny y Nomoto,
1995). Esta misma técnica junto con la resonanagnetica nuclear (NMR) ha sido
utilizada para identificar dos nuevos fitosider6fen plantas herbaceas perennes (lééno
al., 2007). El uso de un proceso de ionizacion masesgamo el ESI-MS permitio la
identificacion satisfactoria de complejos Fe(litpsideroforos y Zn(ll), Cu(ll) y Ni(ll)-
fitosideroforos en trigo Triticum aestivurh (Xuan et al, 2006). La espectrometria de
MS/MS se ha utilizado para caracterizar los espsate fragmentacién de quelatos férricos
de varios grupos distintos de sideroforos conocimws el objeto de ayudar a identificar
nuevos sideroforos (Majvat al, 2008). En el caso de quelatos férricos sintétiddizados
como fertilizantes, en 1998 se demostré que laNESlera una herramienta muy Util en la
identificacion de complejos metalicos de EDTA, inando el Fe-EDTA, utilizando la
huella isotdpica caracteristica de cada metal (Bgrdering, 1998). Mas tarde se utilizo la
misma técnica para la caracterizacion de fertiteafiérricos de EDTA, DTPA, EDDHA,
EDDHMA, EDDHSA y EDDCHA (Canterat al, 2002).

3.2  Cuantificacion de complejos metalicos por espetroniéa de masas

El metal presente en los complejos metalicos esémemente usado como diana para
la su cuantificacion mediante ICP-MS, debido a speeificidad isotopica, elevada
sensibilidad independientemente de la matriz dedastra, alto rango dinamico y facil
acoplamiento con técnicas de separacion (Moungtal, 2009; Meijaet al, 2006). Por
ejemplo, se ha utilizado ICP-MS acoplado a cromatfitgy de fase reversa para la
determinacion de complejos Cd-fitoquelatina (Cd-PCa-PC3 y Cd-PC4) en raices y
parte aérea de Arabidopsis obteniéndose limitedetieccion del orden de 50-100 i |
(Sadi et al, 2008). La misma técnica pero acoplada a cromafiegde intercambio
anionico se utiliz6 para cuantificar complejos de(lIQ-, Ni(ll)-, Cu(ll)-, Fe(ll)-
fitosider6foros (mugineico y desoximugineico) cémites de deteccion del orden de 0.1-
2.8 pmoles (Bakkaust al, 2006).

La cuantificacion de quelatos férricos sintéticeados como fertilizantes se ha llevado
a cabo tradicionalmente mediante la técnica de HBW&/is (Barak y Chen, 1987;
Deaconet al, 1994; Hernandez-Apaolazd al, 1997; Jen y Chen, 1992; Luceetal,
1996; Vande Gucht, 1994). Sin embargo, recienteendmtMS esta adquiriendo relevancia
en este campo como son las determinaciones deeaggmtlantes derivados de los &cidos
poliaminocarboxilicos (por ej. EDTA, CDTA, DTPA) pHPLC-ICP-MS llegando a
limites de deteccién del orden del nanomolar (Amma&902). La MS molecular también
tiene aplicaciones en el campo de la cuantificadénquelatos metalicos. Asi pues,
encontramos determinaciones de complejos de EDTA roetales (Cu, Pb, Cd, Al y
Fe(lll)) por ESI-MS con limites de deteccion eritr2 uM (Baron y Hering, 1998). Para el
mismo quelato pero con un método de cromatograiféca acoplada a ESI-MS, se
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consigui6é su cuantificacion con diferentes metat@®so el Al, Cd, Cu, Co, Mn, Ni, Pb y
Zn en solucion de suelo y savia de xilema, contdéisnile deteccion del orden de 0.1-1 uM
(Collins et al, 2001). Igualmente, se pudo determinar Fe(lll)-BREh aguas industriales y
residuales mediante cromatografia de fase revexgplagmla a ESI-MS con un limite de
deteccion de 1 pgt(Dodi y Monnier, 2004).

Recientemente, el desarrollo de métodos analitiees combinan ESI-MS e ICP-MS
esta adquiriendo especial interés ya que combmaspecificidad molecular de la ESI-MS
para la identificacidon inequivoca de los complejuetélicos y la elevada sensibilidad del
ICP-MS para la cuantificacién, obteniendo limites dbteccion muy bajos. Ejemplos de
esta combinacion de técnicas de MS es la deterdimade complejos de Zn-
aminopolicarboxilatos (HEDTA, NTA, EDTA y DTPA) esoluciones de suelo (Chext
al.,, 2009), la identificacién y cuantificacion de nasvespecies de As-fitoquelatinas en
raices, savia de xilema, tallos y hojas de giréRabbet al, 2005), la determinacion de Cd
y Pb-fitoquelatinas en guisante (Baralkiewatzal, 2009) y la reciente determinacion de
especies de Fe-citrato en savia de xilema de tofRaféan-Alvarezet al, 2010). Como ya
se ha comentado se estan disefiando y construyespkrt®metros de masas que
combinan ambas fuentes de ionizacion ESI e ICP €Rogtal., 2009, 2010a,b) lo que
supondra un gran avance en este tipo de analisis.

Los métodos de cuantificacion clasicos en MS sategbatron externo y el de estandar
interno. El método de patrén externo requiere dispde los patrones de las sustancias que
se quieren cuantificar y analizarlos de forma sspmra la muestra. El procedimiento a
seguir consiste en hacer una curva de calibradiéeeedtes concentraciones de patron y
ajustar los valores obtenidos generalmente a wta neediante minimos cuadrados (Skoog
et al, 2008). El método de estandar interno requiengodisr, ademas de los patrones de
las sustancias que se quieren cuantificar, de tAndar interno que se afiada a la muestra y
a los patrones de la curva de calibrado en cantidadcida. Un estandar interno tiene que
cumplir idealmente las siguientes condiciones (MWigl2002):

no estar presente en la muestra,

no reaccionar con ninguno de los componentes oeldstra,
ser estable en las condiciones de analisis y

ser de naturaleza parecida a la de los analitos.

La recta de calibrado es del tipo:

CSI

Sl

A =aC +b

donde A es el area o intensidad de sefial de los patrédngs| area o intensidad del
estandar interno, ¢ es la concentracion del estandar interno; yaCconcentracion del
analito. Este procedimiento es el que consigue mayecision y exactitud, ya que
compensa los errores en la inyeccion y las vam@sien las condiciones experimentales
(por ejemplo fluctuaciones del proceso de electeygp Como inconveniente puede
destacarse que la eleccion del estandar internguade no es una tarea sencilla.
Generalmente se suele utilizar como IS la molémadecada con is6topos estables como el
D, 13C, N, etc. Sin embargo, el uso e IS no siempre aseqaaespuesta constante de la
relacion analito/IS ya que los componentes de lkizaueden afectar de diferente manera
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a la ionizacién del analito y del IS (Taylor, 2005%)pueden aparecer reacciones de
intercambio entre isotopos, sobre todo el IS margawbn deuterio (Chavez-Ergg al,
2002). Ademas, algunos autores han demostradenteaiente la importancia de evaluar
la pureza del estandar interno antes de su uiiizag8ergeroret al, 2009)

Recientemente ha adquirido especial relevancia eantificacion por MS el analisis
por dilucién isotdpica (DI; Rodriguez-Gonzalet al, 2005; Schaumloffel y Lobinski,
2005; Rodriguez-Gonzalez y Carcia-Alonso 2010) Estnica analitica consiste en medir
las relaciones isotopicas de muestras que hanadidmadas en su composicion por la
adicion de una cantidad conocida de un trazadaquestido isotopicamente. El aspecto
novedoso de la dilucidn isotdpica es el uso dadowpos para cuantificar. Este hecho le
otorga una serie de ventajas Unicas con respetds atras formas de cuantificar y le
permiten proporcionar medidas de referencia. Lacpal ventaja de la DI es que no existe
“factor de sensibilidad” ya que, al usar siemprealioh&s relativas, compensa este efecto y
en la mayoria de los casos, no se observa en &bsAldemas, las relaciones isotopicas
pueden ser medidas de forma muy reproducible lo rggalta en una muy pequefia
incertidumbre en el analisis. Esta excelente pi@tisurge del hecho de que un isétopo de
un elemento es el estandar interno ideal de aitops de ese elemento ya que va a tener el
mismo comportamiento fisico y quimico. Por ello, d#ucion isotopica corrige
perfectamente estos efectos de deriva e inestathdil del equipo y la mayoria de los
efectos de matriz.

Para cuantificar con DI sélo es necesario conozerexactitud las abundancias relativas
de todos los is6topos de un elemento (pot'Eg, *°Fe,*Fe y°%Fe) y la concentracion del
mismo en el trazador mediante el correspondientficado o mediante un analisis por
dilucion isotopica inversa con una disolucion de@anatural de concentracion conocida.
La ecuacion de la dilucion isotopica se ha expresigddiferentes formas en la bibliografia,
sin embargo para el presente trabajo se ha emplaadiguiente ecuacion (Rodriguez-
Gonzalezt al, 2005):

Ws, Awg AbSp Rn—Rsp

Cs=Cgp

donde G es la concentracion desconocida del elemento enulestra (s), & es la
concentracion del elemento en la disolucion isegginriquecida o trazador isotépico (sp),
Ws y Wsp son los pesos tomados de muestra y trazador tespaente, AWy Aws, Son
los pesos atdmicos del elemento en la muestra gl érazador, ﬂsp es la abundancia
isotopica en atomos por ciento (At%) del is6toptenencia en el trazador,®Aes la
abundancia isotopica (At%) del isotopo referenaml@ muestra, R y Rsp son las
relaciones isotopicas (isétopo a/isétopo b) en daala y en el trazador, respectivamente,
Rs es la relacion isotopica (isétopo b/isotopo ajeemuestra. En el caso del andlisis de
elementos con abundancias naturales solo se reedegéirminar experimentalmentg.R

Existe una herramienta matematica que simplificadvae los célculos de la DI y que se
denomina deconvolucion de perfiles isotopicos (IPB§ entiende por perfil isotdpico al
conjunto de abundancias isotopicas relativas desttmk is6topos estables de un elemento
(Garcia-Alonso y Rodriguez-Gonzaler) prensa El perfil isotopico de un elemento o
compuesto que se encuentra en la naturaleza, taptr en la mayoria de las muestras a
analizar, se denomina perfil isotdpico natural ypsede considerar constante e invariable
en toda la Tierra. Cuando se trata de un elementorpuesto enriquecido isotopicamente,
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se habla de un perfil isotopico alterado donde Handancia relativa de uno o varios
isétopos estables de dicho elemento o compuestdaesmente distinta a la natural.
Cuando se realiza un andlisis por dilucion iso@pse utilizan al menos dos perfiles
isotopicos distintos: un perfil isotopico naturaloyro/s alterado/s. Uno de los perfiles
isotopicos alterados (llamado trazador) es el quafade a la muestra en una cantidad
conocida para poder cuantificar el perfil isotépnedural. Si ademas la muestra fue tratada
previamente con un perfil isotopico alterado distidel trazador y del que, por tanto, se
desconoce su concentracion (por ej. un tratamidatplantas con Fe enriquecido en un
is6topo), el trazador permitira cuantificar tambl@mroncentracion de ese perfil alterado en
la muestra. El calculo matematico del IPD va portdaencaminado a determinar la
contribucion de cada perfil isotopico, natural tei@do, al perfil observado en la mezcla
mediante MS. Para ello se miden las relacionespsms de cada is6topo respecto del mas
abundante y con ello se calculan las abundancig§pisas y fracciones molares de cada
perfil en la muestra (Rodriguez-Castrilléhal, 2008a; Rodriguez-Castrilld@t al, 2008b).
Como la cantidad afadida del trazador se conogqeo&ble determinar directamente la
cantidad del elemento natural y de elemento altesatb hubiera.

El uso de la DI en la determinacion de la concentdratotal de un elemento ha sido bien
documentada en numerosos trabajos a lo largo détiows afios (Fassett y Paulsen, 1989;
Mann et al, 2003; Monperrust al, 2004; Yipet al, 2008). En el caso del Fe existen
también algunos trabajos que utilizan esta técrdea dilucion isotOpica para su
determinacion en plantas (Chat al, 2006; Rodriguez-Castrilléet al, 2008b; Sah y
Brown, 1997; Rellan-Alvaregt al 2010) y en otras matrices (Bustbal, 2006; Petrov y
Quetel, 2005; Takaket al, 2004; Wu, 2007). Varios ejemplos de la aplicacitin la
técnica de dilucidon isotépica a la cuantificacibe domplejos metalicos en muestras
biolégicas (incluyendo muetras vegetales) se puedegncontrar en la reciente revision de
Rodriguez-Gonzalez y Garcia-Alonso (2010).

3.3 Especiacion de complejos metalicos por espectromirde masas

Se sabe que las propiedades beneficiosas o todecasm elemento estan a menudo
relacionadas con la especie quimica en la que seeetra. Como consecuencia, la
determinacion de la concentracion total de un eioneo resulta adecuada para medir su
impacto en el medioambiente, biodisponibilidad xidiolad (Stewart, 1999), sino que es
necesario determinar las especies quimicas presdatese elemento. Lo mismo ocurre
con los complejos metélicos, siendo cada vez niégamte conocer el estado de oxidacion
del metal y la estequiometria metal:ligando del glejo.

El interés por desarrollar la ESI-MS como herransigrara estudiar la especiacion de
complejos metalicos aparecié con los primeras pabibnes que demostraban la
conservacion del estado de oxidacion de algunasioretalicos (Bladest al, 1990; Katta
et al, 1990) y de la forma molecular de especies lal§@aset al, 1989). Sin embargo, no
es raro encontrar reaccionesloxen los procesos de formacion del electrosprayglenabk
moléculas, siendo la reduccion del estado de oxidamas probable en el modo de
ionizacion negativo (Rellan-Alvarezt al, 2008). El uso de la MS/MS con analizador de
cuadrupolo-tiempo de vuelo (Q-TOF) permitid6 obsendiferentes estequiometrias
metal:ligando en la especiacion de Ni con malatenilate), citrato (Ni-citrat@, Nix-
citrato,), histidina (Ni-histiding), EDTA (Ni-EDTA) y nicotianamina (Ni-nicotianamiha
en extractos de tejido vegetal (Ouerdahal, 2006). Utilizando un analizador de masas de
mayor resolucion como el de i6n ciclotron con tfameada de Fourier y la fuente de
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ionizacion nano-ESI se consiguieron identificareesps de Fe-nicotianamina (Fe-NA) y
Fe-desoximugineico (Fe-DMA) en diferentes estadesodidacion (Fe(ll) y Fe(lll)).
Ademas se comprob0 en este estudio que la fuente @l no alteraba el estadedoxde

las especies (Webet al, 2006). En el campo de las fitoquelatinas, estud® ESI-MS-
TOF con diferentes genotipos de cebada tolerant€sl alemostraron que las diferentes
especies de Cd-fitoquelatinas presentes en lagpknain importantes para determinar su
tolerancia o no al Cd (Perssenal, 2006).
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ANALYTICAL TECHNOLOGIES TO STUDY THE BIOLOGICAL
AND ENVIRONMENTAL IMPLICATIONS OF Fe-FERTILISATION
USING SYNTHETIC FERRIC CHELATES: THE CASE OF Fe(lll )-
EDDHA - AREVIEW

Abstract: The most commonly used and efficient compoundrtor (Fe)-fertilisation of
fruit crops grown in calcareous soils is the synthd~e(lll)-chelate of
ethylenediamine-N,Ndi-(ortho-hydroxyphenyl) acetic acid, usually known as
Fe(lll)-o,cdEDDHA. However, the mechanism(s) of plant Fe uptaken this
compound, and the environmental implications of itse, are still not
completely understood. This lack of informationdise, in part, to the lack of
suitable analytical methods capable of determitiregvery low concentrations
of this Fe(lll)-chelate which may occur in complexatrices such as plant
tissues and fluids after Fe-fertilisation. In theport, the main issues in studies
of the biological and environmental implicationsfeftilisation with synthetic
Fe(lll)-chelates are discussed, focusing on newgipies offered by recently
developed analytical technologies.
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Despite of the relatively low Fe requirements @ s and the high abundance of Fe in
soils, Fe deficiency is a nutritional disorder thiatits crop yields in many agricultural
areas of the World. Fruit tree crops such as pegsedr, kiwifruit, apricot, plum, cherry, and
avocado are sensitive to shortages of Fe. The catidee deficiency is generally a
combination of limited Fe bio-availability in theois which occurs particularly in
calcareous and alkaline soils, and the use of ptibt® genotypes that have insufficient
activation of one or more Fe deficiency defence masms. Iron deficiency has an
important economical impact on the fruit sectorchese it can reduce fruit yield and quality
(Alvarez-Fernandeet al, 2006), and also because Fe-fertilisation is egiper(200 - 400 €
ha' every year; Rombola and Tagliavini, 2006).

Iron fertilisation is the best and most commonlgdisechnique to correct Fe deficiency
in established fruit tree orchards. The active edggnts can be either inorganic or organic
Fe-containing compounds. Foliar fertilisation wittorganic Fe compounds (e.g., FepO
or some organic Fe complexes, including natural (eitrate) and synthetic ligands such as
ethylenediamine  tetraacetic  acid (Fe(HDTA, Figure  2-11), N-(2-
hydroxyethyl)ethylenediaminetriacetic acid (Fe(HEDTA,; Figure 2-12) and di-
ethylenetriamine pentaacetic acid (Fef(DJPA; Figure 2-13), could alleviate Fe-
deficiency although this method is still not vergmamon (Abadiaet al., 2004). Trunk
injection of liquid Fe fertilisers, or solid brandmplants of Fe compounds are still less
frequent, in spite of the long-lasting efficientyat can be obtained with one application per
year (Abadieet al, 2004). The most widely used Fe-fertilisationhte@ique for fruit crops
grown in calcareous soils is an annual soil appboaof expensive synthetic Fe(lll)-
chelates such as ethylenediamine-NjN(ortho-hydroxyphenyl) acetic acid (Fe(l49,0-
EDDHA; Figure 2-14) and analogues such as ethylenediaminedh¢
hydroxyphenylacetic)-N'gara-hydroxyphenyl-acetic) acid (Fe(lp,p-EDDHA; Figure
2-15), ethylenediamine-N-N’bis(2-hydroxy-4-methylpheagktic) acid (Fe(llho,o-
EDDHMA; Figure 2-16), ethylenediamine-N-(2-hydroxy-4-methylphenylaciti’-(4-
hydroxy-2-methylphenylacetic) acid (Fe(Hb))p-EDDHMA; Figure 2-17),
ethylenediamine-N-N’bis(5-carboxy-2-hydroxyphengtc) acid (Fe(Il)EDDCHA,
Figure 2-18), and ethylenediamine-N-N’bis(2-hydroxy-5-sulfopliacetic) acid (Fe(llb
EDDSHA; Figure 2-19) (Lucena, 2006).

The number of Fe fertilisers available in Spaire thrgest European market for Fe
fertilisers, increased significantly from 1990 t60% (Garcia-Marco, 2005), although it
decreased in 2007 (Figure 2-2). Approximately 8G%hese fertilisers contained synthetic
Fe(lll)-chelates, and products containing Fe(@))-EDDHA as the active ingredient
accounted for 56-79% of the total (Figure 2-2). é@thnalogues of Fe(llp;0-EDDHA
accounted for a further 6-10% of the market indame time period.
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EDTA HEEDTA
HOOC—\ /—\ /—COOH HOOC—\ /—\ /—COOH
HOOC —/ \— COOH HOOC J \— CH,OH

A (CAS 60-00-4) B (CAS 150-39-0)
DTPA
HOOC—\ /\ /—COOH
N N N
HOOC—/ r / \—COOH
COOH

C (CAS 67-43-6)

0,0-EDDHA o,p-EDDHA
HOOC COOH HOOC COOH
?—NH HN—/( ?—NH HN—
D (CAS 1170-02-1) E (CAS 475475-49-1)
0,0-EDDHMA o,p-EDDHMA
HOOC COOH HOOC COOH
@ﬁ*NH HN—j ?—NH HN—
F (CAS 641632-90-8) G (CAS 641633-41-2)
EDDCHA EDDHSA
HOOC COOH HOOC COOH
HOOC ﬁ NH HN _j COOH HOs;S ﬁ NH HN b/ SOH
H (CAS 85120-53-2) I (CAS 57368-07-7)

Figure 2-1. Chemical structures and abbreviated esamf chelating agents allowed by current EU
Commission Regulation N° 162/2007 in Fe-fertilisédmon, 2007). CAS Numbers of the compounds are
indicated below the formulae.
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Figure 2-2. Number of Fe-fertilisers commercialis$edpain to correct Fe deficiency over the lastygdrs.
Data corresponding to 1990-2005 were taken fronti@aviarco (2005).

Despite the widespread use of these xenobiotic ystsd the biological and
environmental implications of this practice ardl st fully known. This is partially due to
a lack of analytical methods capable of determirtimg low concentrations of synthetic
Fe(lll)-chelates present in environmental matricBlse organic component of synthetic
Fe(lll)-chelates, the amino polycarboxylate chelgtagents, are also under scrutiny due to
their possible effects on metal availability andhality, because, once released, they can
remain in the environment for a long time (Nowa2@02). Synthetic Fe(lll)-chelates can
be involved in ligand and metal exchange reactionplant-soil systems, which could
affect the chemical behaviour and bioavailabilifyboth Fe and the synthetic chelating
agent. Therefore, to assess the effects of Féidation with synthetic Fe(lll)-chelates, the
identification and quantification of all chemicalrins of chelating agents are crucial steps.

This manuscript reviews the analytical techniquesrently used to examine the
biological and environmental implications of Fetilesation, with special emphasis on
Fe(lll)-o,0EDDHA. The limitations of the analytical techniquasplied so far, as well as
the improvements introduced through recent analyfidvances, are discussed, and some
relevant new experimental data are shown.

QUALITY OF SYNTHETIC Fe(lll)-CHELATES

Commercial synthetic Fe(lll)-chelate fertiliserse avbtained by first synthesising the
chelating agent, then incorporating Fe from andaaic salt. The amount of synthetic
Fe(lll)-chelate in commercial formulations may lmmsidered the main quality parameter.
Several analytical techniques have been used trrdigte this value: paper, gel or thin-
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layer chromatography, electrophoresis, gas chrognapdy and high performance liquid
chromatography (HPLC) have been used as sepatatibniques, combined to UV/VIS or
atomic absorption spectroscopy (AAS) as detectmhriques (see references in Alvarez-
Fernandezt al, 2007). Many of these methods were developed fmegon only one or a
few synthetic chelates [mainly Fe(lll)-EDTA]. Red¢ln more selective and sensitive
analytical techniques such as inductively-coupledssn spectrometry (ICP/MS) and
electrospray mass spectrometry (ESI/MS) coupledHRLC have been developed to
determine, simultaneously, the levels of most corsrak synthetic Fe(lll)-chelates in
environmental matrices (Alvarez-Fernanegal, 2007).

The quality of synthetic commercial Fe(lll)-chelafertilisers in Europe is tightly
regulated. A group of specific parameters, inclgdwater-soluble Fe content, total
chelated Fe content, and Fe content chelated bly aathorised chelating agent, were
recently established by the EU Regulation EC N°322@03 (Anon, 2003), later modified
by EU Regulations N° 2076/2004 (Anon, 2004), and 12/2007 (Anon, 2007).
Authorised chelating agents are listed in the tatesdification of the EU Regulation N°
162/2007 (Anon, 2007), which includes the corresipogn CAS (Chemical Abstracts
Service, American Chemical Society) Numbers, toidvany ambiguous molecular
description. The molecular structures of all autteat chelating agents are shown in Figure
2-1, with the exception of the EDDHSA condensapooducts (CAS Number 642045-40-
7). According to the EU Regulations, the minimunmnpi&ed content of water-soluble Fe is
5% (w/w), at least 80% of the water-soluble Fe nhestchelated, and 50% of the water-
soluble Fe must be chelated by authorised chelagents. In addition, fertiliser labels
must indicate the Fe contents described above athiorised chelating agents in the
product when they chelatel% of the water-soluble Fe, and the pH range thatantees
an acceptable stability of the chelated fractiothefFe.

Some Official Analytical Methods have recently beapproved to determine the
parameters required by EU regulations. The EU St@hd&EN 13366 (Anon, 2001a)
describes the determination of total chelated FAA$ or ICP after separation of chelated
Fe (anionic or neutral molecules) from non-chelaked (cations) in a cation exchange
column. This method has been recently comparedvaafably with an AOAC modified
method based on the precipitation of inorganic ®enpH 9 (Villéret al, 2007). Different
Official methods (EU Standards, EN) have been ape#l to determine authorised chelates
using HPLC coupled to UV/VIS spectrophotometry. 3danethods use anion exchange
chromatography for EDTA, DTPA, HEEDTA (EN 13368-Anon 2001b),0,0-EDDHA
ando,0-EDDHMA (EN 13368-2; Anon, 2001c), ion-pair reverseased chromatography
for EDDHSA (CEN/TS 15451; Anon, 2006a) and revgreased chromatography forp-
EDDHA (CEN/TS 15452; Anon, 2006b). The lack of amque official method for the
simultaneous determination of the authorized Fehlelates is due to the low specificity
of the detection technique (UV/VIS), that makes datary a very good chromatographic
separation, specially for compounds with similareoalar structure. The approval of EU
Official methods led to significant changes in 8ganish Fe(lll)-chelate fertiliser market,
since the amount of chelated Fe in commercialliiggts containing Fe(ll1p,0-EDDHA
and analogues increased from 2-4% in 1999 (80 sedlproducts) to 3-6% in 2003-2004
(121 analysed products) (Garcia-Marco, 2005).

The quality of commercial fertilisers is also atfet by the presence of impurities
coming from the chelating agent synthesis or tlatiag reagents. Although the first
procedures to synthesizeo-EDDHA and analogues produced very pure compouihgs,
prevalent synthesis processes in the industry teagroducts which contain often by-
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products (Lucena, 2006). For instance, in commefedilisers containing Fe(lllp,o-
EDDHA and Fe(lll)o,0cEDDHMA, 0,0-EDDHA condensation products and positional
isomers of the,0-EDDHA ando,o-EDDHMA (e.g.,0,p-EDDHA) have been identified by
one- and two dimensional nuclear magnetic resonétide and 2D-NMR) (Cremoninet

al., 2001; Alvarez-Fernandezt al, 2002), HPLC-UV/VIS (Gomez-Galleget al, 2002)
and ESI/MS (Hernandez-Apaolazt al., 2006). In commercial fertilisers containing
Fe(lll)-EDDHSA and Fe(lll)-EDDCHA, unreacted staugi reagents such ap-
hydoxybenzenesulfonic (8%) ammthydroxybenzoic acids (1.4-12.5%) were also found
using HPLC-UV/VIS (Alvarez-Fernandex al, 2002).

EFFICIENCY OF SYNTHETIC Fe(lll)-CHELATES

The efficiency of a synthetic Fe(lll)-chelate degeron the stability and persistence in
the soil and nutrient solutions, as well as on dbdity to supply Fe to plants (Lucena,
2006). Stability and persistence may be diminishetie soil solution by (i) replacement of
Fe by competing metals, (ii) sorption of the Fg{tdhelate onto soil surfaces, (iii)
degradation of the Fe(lll)-chelate or chelatingragand (iv) lixiviation from the root-soil
system. These processes have been studied by wielg@speciation in soil solution using
in silico calculations and also by direct determination efllif-chelates.In silico studies
try to predict the Fe bound to the chelating agéased on soil solution pH, nutrient
concentrations, and protonation and stability camist of the chelates with Fe and other
metals. The stability constants for most synth&&glll)-chelates have been calculated
using spectrophotometric data after base titrattth NaOH (Yuntaet al, 2003), whereas
stability constants for many metal chelates havé lmeen determined yeln silico
calculations can be put in question by the exiseoic kinetically slow metal-exchange
reactions that would result in a non-equilibriumegption, and also by the presence of
naturally occurring ligands that could compete wiltle chelating agents for available
metals (Nowack, 2002)n silico data predict substitution of Fe by Zn, Mn, or @athe
case of Fe(ll)-EDTA at pH values above 6, but mothe case of Fe(lllp,0EDDHA
(Lucena, 2006). This is in agreement with the hefficacy of Fe(lll)o,0EDDHA in
calcareous soils.

Studies using direct determinations in soil sohsgiasually measure Fe(lll)-chelate by
UV/VIS, with or without a previous chromatograplsieparation, and Fe by AAS and ICP.
Differences concerning the concentrations of selif@ and Fe(lll)-chelate in soil solutions
and the extent of Fe(lll)-chelate sorption ontd soirfaces after fertilisation were found
between synthetic Fe(lll)-chelates (even among &sjndepending on soil type. For
example, Fe(lll)-chelate efficiencies were EDDHSABDCHA > EDDHA > EDDHMA
> EDTA = DTPA in a 60 day-study (Garcia-Mird al., 2003), anadacemico,0-EDDHA >
meso-0,ceDDHA > EDDHA byproducts >,p-EDDHA in a 42 day-study (Schenkevedt
al., 2007). Among Fe(lllp,0-EDDHA isomers, the sorption on highly reactive soil
materials was higher for th@esoisomer than for theacemic one on ferrihydrite and
organic matter, whereas for the sorption on Ca-montlonite no differences were
observed between both isomers (Hernandez-Apaahad, 2001). Other studies applied
*Fe-labelled Fe(lll)-chelates to the soil, and shiweat metal isotope exchange between
the *Fe bound to the chelating agent and the naturbP%e did occur (Hill-Cottingham
and Lloyd-Jones, 1958). The degradation of Fe¢hi¢lates and chelating agents has
received so far little attention and it is dealthwin the environmental implications section.

The ability of Fe(lll)-chelates to supply Fe to éeficient plants is probably the most
studied aspect related to efficiency. Leaf chlogdptontent is the method better suited to
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assess the plant Fe status (Abagtial, 2004). However, other parameters such as plant
biomass and Fe concentrations in leaves are aldelymised to evaluate the efficiency of
Fe fertilisers. These parameters do not provideraguivocal assessment of the Fe plant
status. In some cases, similar leaf Fe contents haen found in Fe-deficient and Fe-
sufficient leaves, and this is called the “chlosgsaradox” (Moralegt al, 1998). Biomass
and chlorophyll concentrations can be also affebtedther biotic or abiotic stresses. The
time dependence of the re-greening of Fe-chloret&ves is a parameter often used to
assess fertiliser efficiency. Leaf re-greening dateation is traditionally based on UV/VIS
chlorophyll analysis in organic solvent leaf extsa@lthough this is being substituted by
other methods that use immediate, non-destrudtiveivo estimations (SPAD; Soil Plant
Analyzer Development device, from Konica-Minoltased on the transmittance of leaves
at two different wavelengths (Abadia et al., 200Mfpst of the studies are aimed to
compare the efficiency of one or several synthé&@ll)-chelates with other Fe fertilisers,
considering different plant species, applicationets and localization of the application. In
recent years, the comparison among Fe(lll)-EDDHAIl amalogues as Fe deficiency
correctors has received special attention. CommleFe(111)-0,0-EDDHA and Fe(lll)o,0-
EDDHMA had a similar efficacy to re-green Fe-defiai plants (sunflower, peach and pear
trees), both in a soil-less system and in fieldditions, whereas a longer lasting effect was
found with Fe(lll)0,0-EDDHA than with Fe(lll)o,0-EDDHMA (Alvarez-Fernandeet al,
2005). These experiments also indicated that FeEMIDHSA is a promising Fe fertiliser.
In studies with tomato and pepper plants, it wasébthat the concentration of theeso
isomer of Fe(lll)o,0EDDHA (the lowest stability isomer) in the nutriesblution
decreased more than that of taeemicisomer (Cerdéaet al. 2006).

When a commercial synthetic Fe(lll)-chelate is uysefficiency depends also on the
commercial formulation quality. For example, in Begn plants the ferric by-products
found in Fe(lll)-EDDHA commercial fertilisers havess long-lasting effects than Fe(lll)-
0,0-EDDHA, as well as less fast-action effects thar{lifeo,p-EDDHA (Hernandez-
Apaolazeet al., 2006).

MECHANISMS OF ACTION OF SYNTHETIC Fe(lll)-CHELATES

Plants take up Fe in the form of Fe(ll) igia protein transporters (Hall and Guerinot,
2006), whereas Fe in soils is in low-soluble F¢frms. Therefore, in order to acquire Fe,
all plants except the Poaceae family, reduce Fe@IFe(ll) via a plasma membrane, ferric
reductase enzyme (FCR). The obligatory reductioReffll)-chelates was first shown with
soybean, using the formation of the Fe(ll) compleixh bathophenanthrolinedisulfonic
acid (BPDS) (Chanegt al, 1972). The same methodology was used to invéstige role
of Fe(lll)-o,0-EDDHA and analogues as substrates of the FCR emapnie-deficient
cucumber plants (Lucena and Chaney, 2006). Autbonsluded that in the presence of a
Fe(ll)-chelator, the higher the stability of the(lH¢-chelate the lower the FCR reduction
rate, even when diastereoisomers were comparedtiieerate of reduction ohesoFe(lll)-
0,0-EDDHA isomer was larger than that of tteeemicisomer).

After the reduction of Fe(lll) by the FCR, the diaghg agent remains in the soil
solution, thus being able to dissolve soil native &d transport it again to the plant
rhizosphere. However, some studies have shownwhate Fe(lll)-chelates or synthetic
chelating agents can be also taken up by the giamill)-EDDHA was found in zinnia,
sunflower and soybean exudates (Tiféihal, 1960) and in tobacco leaves (Jeffreys and
Wallace, 1968) using UV/VIS. More recently, Fe(ddlp-EDDHA was found in tissues of
tomato, pepper and lettuce (Bienfaital, 2004), using an excess of Fe@ ensure the
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determination of the total amount ofo-EDDHA as Fe(lll)o,0-EDDHA with HPLC-
UV/VIS. Radioactivity assays witttFe(ll1)-**C-EDDHA (Tiffin et al, 1961) and°Fe(lll)-
YC-EDDHA (R6mheld and Marschner, 1981) confirmednplaptake of EDDHA and
Fe(lll)-EDDHA in soybean, sunflower, pea, peanutl @@me grasses (millet, wheat and
corn). No differences in*C uptake between Fe-deficient and Fe-sufficienntslavere
found. However, thé°Fe“C ratios were 250-fold higher in Fe-deficient ve-stfficient
soybean exudates and sunflower shoots, whereasssep thé’Fel’C ratio was always
approximately 1.0, irrespective of the plant FeéustaGrasses secrete low molecwarght
compounds, phytosideropores, that bind specificeylll), and then take up the whole
Fe(lll)-phytosideropore complex using a specifangport protein. Until now, it is not clear
whether the EDDHA/Fe(lIl)-EDDHA uptake in plants tisrough a passive or an active
pathway.

Recent analytical technologies can help to undedstae action mechanism of Fe(lll)-
chelates. The use of ICP/MS with collision celloals the quantification of very low
amounts of stable Fe isotopes in plant tissues r{Boeiz-Castrilloret al, 2009. The use
of *Fe-, >’Fe- and*®Fe-chelates makes possible to distinguish the Fplisd by the
chelate and the naturally occurritfife. When cucumber plants were treated wige(l11)-
0,0-EDDHA for 1 h they took up 5 ugFe g FW*, with 82%, 16% and 2% being allocated
to roots, leaves, and stems, respectively (Rodriiastrillonet al, 2009. In the same
study, a better Fe translocation was observed f&(l1)-0,0-EDDHA than for>"Fe(lll)-
o,p-EDDHA. Another technique recently applied to Famlresearch is HPLC-ESI/MS
using high-resolution detectors such as time-ghtli(TOF) devices. This technique makes
more reliable the determination of Fe(lll)-chelateside the plant, since both mass/charge
(m/2 ratios and isotopic signatures are very spepéiameters of each metal compound.
Also, this technique provides better detection tsrthan HPLC-UV/VIS (e.g., 15-fold
better for Fe(lll)o,0-EDDHA). For instance, Fe(llip;o-EDDHA was specifically
determined in tomato xylem sap by using an HPLCHAS(TOF) method (Alvarez-
Fernandezt al, 2007) using’Fe(lll)-0,0-EDDHA as internal standard (Figure 2-3). The
two stereoisomer forms of Fe(ll);0EDDHA (racemic and mesQ were separated
chromatographically, thus allowing monitorisatioh the amounts of the two isomeric
forms inside the plant. Thego-EDDHA bound to two different Fe stable isotoper a#so
be distinguished with this technique (see inseEgure 2-3 for the signals at/zvalues of
412.0 and 413.0 for°Fe(lll)- and >’Fe(lll)-0,0EDDHA, respectively). This technique
could also permit speciation of chelating agentDE{A) and metal (stable metal isotopes)
forms in plant tissues.
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Figure 2-3. Chromatogram (Panel A) and mass spacftoset, Panel B) of a xylem sap sample extracted

from tomato plants treated with Fe(lb)o-EDDHA. The inset (Panel B) shows a zoomed masstapa
(409-416m/2 at a retention time of 17.05 min.

ENVIRONMENTAL IMPLICATIONS OF SYNTHETIC  Fe(lll)-
CHELATES

The environmental implications of the use of syhth&e(lll)-chelates have been less
studied, and few studies are available on the enmental persistence, degradation and
toxicity. Photodegradation studies of Fe(lll)-cheta were carried out for EDTA and
DTPA, whereas only one recent study deals withptietochemical and redox behaviour of
Fe(lll)-o,0-EDDHA at different pHs (Gomez-Galleget al, 2005). At typical
environmental pH values (4-8), the low reductioteptial of Fe(lll)-0,0-EDDHA makes it
unreactive in photochemically- or chemically-inddoelectron transfer processes, which
invalidates photodegradation as an alternative ar@sim for environmental elimination.
The persistence of chelates in the soil dependpabarity and solubility (following the
order: Fe(lll)-EDDHSA > Fe(lll)-EDDCHA >> Fe(lllp,0-EDDHA > Fe(lll)-0,0-
EDDHMA), which controls the movement of the Fe(dthelates to lower soil layers with
an excess of water (Lucena, 2003).

Phytotoxicity studies are less common and are basethe appearance of the plant
toxicity symptoms (necrosis, necrotic spots, leafformations, etc.) and biomass decrease,
as well as changes in leaf mineral composition {fig,Zn, Cu, P, etc.). Although in plants
treated with Fe(lll)-chelates the concentrationFef in leaves usually increases, a poor
correlation between leaf Fe concentration and teeerstly of toxicity symptoms is
commonly found (Broschat and Moore, 2004). Iroo{EDDHA toxicity frequently causes
a reddish stain in the foliage. In bean plants ghgtotoxicity level was 4 mM Fe(lll)-
EDDHA in nutrient solution (Wallace and Wallace,889, whereas in African marigold
and zonal geranium plants showed mildly toxic d¢feat 1 mM Fe(lll)-EDDHA
concentrations, with moderately toxic effects appeat 2 mM and 4 mM (Broschat and
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Moore, 2004). This study also found that Fe-EDDHAess toxic than Fe-EDTA and Fe-
DTPA, and slightly more toxic than FegO

The toxicological effects of EDDHA have been maistydied in medical applications
when this chelating agent is used as a Fe cheldting for patients with hemochromatosis.
The 0,0-EDDHA median lethal doses (lsg) was 53 mg kg for intervenal treated rats and
mice (Rosenkrantet al, 1986) and 0.30 mg cfrof soil for slugs Deroceras reticulatum)
eggs exposed for 12 d (Igleskisal, 2002).

FUTURE RESEARCH

Application of the most recent analytical technisj@éfer an excellent tool to increase
the knowledge concerning the biological and envitental implications of fertilisation
with synthetic Fe(lll)-chelates. A better undersliawg of the action mechanisms could
rationalise its use, improving efficiency and mirgmg environmental effects. Finally, the
presence of these xenobiotic compounds in plantkemanecessary to study of the
toxicological effects and persistence in ediblenpfzarts.

This study was supported by the European Commig$®AFRUIT project, Thematic
Priority 5-Food Quality and Safety of th® Eramework Programme of RTD; Contract no.
FP6-FOOD-CT-2006-016279), the Spanish Ministry ofeS8ce and Education (projects
AGL2006-1416 and AGL2007-61948, co-financed by FEHRPE and the Aragon
Government (Group A03). Irene Orera was supportedi CONAID-DGA predoctoral
grant from the Aragén Government.
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DETERMINATION OF SYNTHETIC FERRIC CHELATES USED AS
FERTILIZERS BY LIQUID CHROMATOGRAPHY-
ELECT(I:?OSSPRAY/MASS SPECTROMETRY IN AGRICULTURAL
MATRICE

Abstract: A high performance liquid chromatography-elegray ionization/mass
spectrometry (time of flight) method has been depetl for the simultaneous
determination of synthetic Fe(lll)-chelates usedeaslizers. Analytes included
the seven major Fe(lll)-chelates used in agricaltue(lll)-EDTA, Fe(lll)-
DTPA, Fe(ll)-HEDTA, Fe(ll)-CDTA, Fe(lll)o,0EDDHA, Fe(lll)-
0,pEDDHA and Fe(lll)-EDDHMA, and the method was valiei using isotope
labeled®’Fe(lll)-chelates as internal standards. Calibratiorves had R values
in the range 0.9962-0.9997. Limits of detection guodntification were in the
ranges of 3-164 and 14-945 pmol, respectively. yteatoncentrations could
be determined between the limits of quantificateord 25 pM (acemic and
meso Fe(lll)-o,0dEDDHA and Fe(lll)-EDDHMA) or 50 uM (Fe(lll)-EDTA,
Fe(lll)-HEDTA, Fe(lll)-DTPA, Fe(lll)-CDTA and Fe(l)-o,)EDDHA). The
intraday repeatability values were approximately &nd 5% for retention time
and peak area, respectively, whereas the interdpgatability values were
approximately 0.7 and 8% for retention time andkpaea, respectively. The
method was validated using four different agria@tumatrices, including
nutrient solution, irrigation water, soil soluticend plant xylem exudates,
spiked with Fe(lll)-chelate standards and their blgta isotope-labeled
corresponding chelates. Analyte recoveries foundewe the ranges of 92-
101% (nutrient solution), 89-102% (irrigation wateB2-100% (soil solution)
and 70-111% (plant xylem exudates). Recoveriesrdiggbon the analyte, with
Fe(lll)-EDTA and Fe(lll)-DTPA showing the lowesta@veries (average values
of 87 and 88%, respectively, for all agriculturahtnices used), whereas for
other analytes recoveries were between 91 and 10h%.method was also
used to determine the real concentrations of HefHelates in commercial
fertilizers. Furthermore, the method is also capatd resolve two more
synthetic Fe(lll)-chelates, Fe(lll)- EDDHSA and RB(EDDCHA, whose
exact quantification is not currently possible doethe lack of commercial
standards.

Keywords: EDDHA; EDTA; ferric chelates; fertilizers; irrigan water; liquid

chromatography; mass spectrometry; nutrient salutiplant xylem; soil
solution
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1. INTRODUCTION

Iron deficiency is a widespread plant nutritionelallder in many areas worldwide [1-2],
causing decreases in the yield and quality of cf2f and being also a major problem in
human nutrition [4]. The use of synthetic Fe(lljetates has been proven to be a
successful way to provide Fe to plants since thBOK9 In spite of their high cost,
fertilizers containing synthetic Fe(lll)-chelatese anowadays commonly used in soil-less
horticulture as well as in high value, field-groarops affected by Fe deficiency. Synthetic
Fe(lll)-chelates used as fertilizers are generallgrivatives from the family of
ethylenediamine-carboxylic acids, and include theflIF-chelates of ethylenediamine
tetraacetic acid (EDTA) 1), di-ethylenetriamine pentaacetic acid (DTPA), (N-(2-
hydroxyethyl)ethylenediaminetriacetic acid (HEDTA) (3), ciclohexane-1,2-
diaminetetraacetic acid (CDTAJ) ethylenediamine-N-N’bisthydroxyphenylacetic) acid
(0,0EDDHA) (5), ethylenediamine-Nethydroxyphenylacetic)-N’-hydroxyphenylacetic)
acid (©,pEDDHA) (6), ethylenediamine-N-N’bis(2-hydroxy-4-methylphesagtic) acid
(EDDHMA) (7), ethylenediamine-N-N’bis(5-carboxy-2-hydroxyph&metic) acid
(EDDCHA) (8 and ethylenediamine-N-N’'bis(2-hydroxy-5-sulfopliaetic) acid
(EDDHSA) ) [5]. These compounds can be applied either tadbé system (via soil or
nutrient solution) or to the plant shoots (via dolispray or trunk injections). The
effectiveness of these compounds is mainly baseti@nability to maintain Fe in soluble
forms in aerobic environments at the pH values oowy in soils and plant tissues. These
chelates are stable in different pH ranges, depgnain the specific formation constant of
each compound and the presence of cations otheF@ll) [5].

Aminopolycarboxylate chelating agents such as thuitsel above are currently under
scrutiny due to their influence on metal availapitknd mobility, and in particular due to
their high persistence in the environment [6-7]weéwer, the mechanisms by which plants
take up Fe from these compounds and the time-spamew presence in the plant-soil-
environment system are still matter of speculatidhis is in part due to the lack of
analytical methods able to determine in a speciBtigble and direct way the very low
concentrations of synthetic Fe(lll)-chelates whmtcur in environmental matrices as a
result of Fe fertilizer applications.

Up to now, methods developed to determine simuttasly several synthetic Fe(lll)-
chelates have focused mainly on the analysis gplsirsolutions or commercial fertilizers.
Various analytical techniques have been used, sashpaper, gel and thin-layer
chromatography, electrophoresis, gas chromatographg high performance liquid
chromatography (HPLC), all of them combined to Uis&Vor atomic absorption
spectroscopy [8-13]. All these methods permit kéadetection provided very good
chromatographic separations are achieved, usindytenah detection techniques with
relatively low selectivity. These methods have &®ulion getting analysis times as short as
possible, using pH, buffer and solvent conditiomms affecting Fe-complexation during
separation. However, little attention has been mivatil now to obtain low limits of
detection and to avoid interferences in the anslydireal samples, both issues being
crucial for quantifying accurately these analytesomplex matrices.
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Recently, more selective and sensitive analyteghmiques such as inductively coupled
mass spectrometry (ICP/MS) and electrospray masstrgpnetry (ESI/MS) have been
used, permitting to differentiate among differengtat species co-eluting within a given
chromatographic peak. These techniques allow fer shmultaneous determination of
several elements (ICP/MS) or metal-chelate molec(lS1/MS). ICP/MS is less selective
than ESI/MS, but offers higher sensitivity and egéa dynamic range [14]. A problem
when using ESI/MS in the analysis of environmemnatrices is the poor tolerance to non-
volatile salts, which may reduce sensitivity. B&tHP/MS and ESI/MS are usually coupled
to separation techniques, mainly HPLC or capilalgcteophoresis, to add molecular
specificity (ICP/MS and ESI/MS) and to increaseed#bn limits in salt-rich environmental
matrices (ESI/MS). Most of the methods developedasousing these techniques have
generally focused on EDTA and DTPA, generally igngrother chelates and agricultural
matrices [6]. For instance, metal-EDTA, -DTPA a@DTA complexes, including Fe(lll)-
EDTA, were determined in nutrient solutions andyiound and surface waters by HPLC-
ICP/MS [15-16]. ESI/MS has been proven to be aful$eol in the examination of metal-
EDTA complexes, including Fe(lll)-EDTA [17]. Met&IDTA complexes were also
analyzed by HPLC-ESI/MS in soil solution and plamtem samples, although Fe(lll)-
EDTA could not be detected because Fe from FeflDFA precipitates as an Fe oxide at
the very high (9.9) mobile phase pH used [18]. HFEEI/MS was also used to determine
EDTA in industrial effluents by forming the Fe(HBDTA complex [19], as well as to
determine EDTA and DTPA in influents and effluenfswastewater treatment plants by
measuring the [M - H} ions and the corresponding Fe(lll) adducts [20}e Themical
characterization of fertilizers containing synthetre(lll)-chelates of EDTA, DTPA,
EDDHA, EDDHMA, EDDHSA and EDDCHA has been tackleding HPLC-ESI/MS
[21], although this study provided very limited gni@al information, reporting only
chromatographic retention times amdzvalues for the [M - H} ions of each chelate. Also,
HPLC-ESI/MS was used to characterize Fe(lll)-EDDH&Anmercial fertilizers, finding a
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peak withm/zattributable to an Fe(lll)-EDDHSA condensationgwot along with the peak
of the active ingredient (Fe(lll)-EDDHSA) [22].

The aim of this work was to develop and validatelmble, direct and sensitive method
to determine simultaneously different synthetic IFe¢helates being currently used as
fertilizers. The method developed is capable ofyamag the seven major Fe(lll)-chelates
used in agriculture, which account for a very lapgetion of the Fe(lll)-chelate fertilizer
market (247 out of the 263 products in the 2005ketain Spain). The method has been
validated for its use with four agricultural ma&sc nutrient solution, irrigation water, soil
solution and plant xylem exudate. Furthermore,rtiehod is also capable to resolve two
more synthetic Fe(lll)-chelates, Fe(lll)-EDDHSA ark(l11)-EDDCHA, whose exact
guantification is not yet possible due to the latkommercial standards.

2. EXPERIMENTAL
2.1 Chemicals and reagents

All eluents, buffers and standard solutions wereppred with analytical grade type |
water (Milli-Q Synthesis, Millipore, Bedford, MA, 8A). Reagent-grade glacial acetic
acid, hydrochloric acid (35%), calcium carbonate ammonium hydroxide (25%) were
purchased from Panreac Quimica S.A (Barcelona,ngpAmmonium acetate (99.99%,
Sigma), Li hydroxide monohydrate (99.995%, Aldriclethionine (99%, Sigma), leucine
enkephalin (Tyr-Gly-Gly-Phe-Leu, 98%, Sigma), focnaicid (50%, Fluka), and methanol
and 2-propanol (both LC-MS grade, Riedel-de-Haéedenpurchased from Sigma-Aldrich
(St. Louis, MO, USA). Glutathione (99%yas purchased from Calbiochem (San Diego,
CA, USA).

Chelating agents used were;NaEDTA-2H,0O (99%, Merck, Barcelona, Spain), DTPA
(99%, Merck), NeHEDTA (99%, Merck), CDTA-HO (99%, Merck),0,0cEDDHA (98%,
LCG Promochem, Barcelona, Spain), EDDHMA (98%, L@@&mochem) and Fe(lll)-
EDDCHA and Fe(lll)-EDDHSA (both 5.9% w/w Fe), proed by Prof. J. M. Garcia-Mina
(Universidad de Navarra, Spain),0-EDDHA enriched inracemic form, o,0EDDHA
enriched inmesoform ando,pEDDHA (94.7%) were kindly provided by Prof. J.J.dema
(Universidad Auténoma de Madrid, Spain). Labeléee oxide (FgOs, 98% Fe, 95.06%
’Fe) was obtained from Cambridge Isotope LaboradAamdover, MA, USA).

2.2 Standard preparations

Solutions for tuning the mass spectrometrer werEdiymM LIiOH, 0.2% (v/v) formic
acid and 50% (v/v) 2-propanol, and ii) 1 uM leueerkephalin, 20 M methionine, 5 uM
glutathione, 0.1% (v/v) formic acid and 50% (v/vétimanol.

Stock solutions of’Fe-labeled (0.5 mM) and non-labeled (1.0 mM) FegHelates
were prepared by adding slowly acidic Fe soluti@&mM Fe or 9 mM’Fe in 15% HCI;
in 5% excess over the molar amount of chelatinghggever high-pH chelating agent
solutions [13]. During the Fe addition, the solatipH was maintained in the range 6-8 by
adding NHOH. Then, solutions were neutralized (to pH 7.0hwiNH,OH and HCI),
equilibrated overnight in the dark and at room terafure, filtered through a 0.45 um
PVDF membrane and finally made up to volume witHIiN) water. Stock solutions of
>’Fe-labeled and non-labeled Fe(lll)-chelates weoeest in the dark at 4 °C. Iron(lll)-
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chelate standard solutions of concentrations Iatvan 100 UM were prepared daily from
the stocks.

2.3 Agricultural matrices

In order to validate the method, recovery assaye warried out for each Fe(lll)-chelate
using four agricultural matrices (nutrient solutiamigation water, soil solution and plant
xylem exudate). The nutrient solution matrix wa#-srength Hoagland nutrient solution
[23] supplemented with 1 g'ICaCQ, without Fe, pH 7.2. Irrigation water was sampled
from the “Bardenas” irrigation channel, which iatgs a large agricultural area in Aragon,
Northern Spain. Main irrigation water charactecstivere pH 8.5, 0.35 dS hrelectrical
conductivity and 1.33, 2.15, 0.42, 0.03, 0.44, 2(882, 0.61 mg1 of C&*, Mg?*, Na, K*,
COs%, HCOy, SO and CI, respectively. A saturated-paste soil solution wlztsined after
water incubation of a soil sampled in a peach orthecated in Alcafiiz (Teruel, Spain).
Main soil characteristics were silt-sandy textyH, in water 8.0, 30.5% total CaG@nd
0.8% organic matter. Plant xylem exudates wereaiedl from commercial peach trees
grown in the field, following the Scholander chambeethod [24]. All agricultural
matrices were filtered through a 0.45 pum PVDF fiiieeviously to their use.

2.4 Commercial fertilizers

Eight commercial fertilizers, containing at least sgnthetic Fe(lll)-chelate, were
analyzed. The following compounds were used: prodycontaining Fe(lll)-EDTA and
13% soluble Fe; product B, containing Fe(lll)-DTRAd 0.3% soluble Fe; product C,
containing Fe(lll)-HEDTA and 4.1% soluble Fe; pratgiD, E and F, containing Fe(lll)-
EDDHA and 6% soluble Fe; product G, containing FeEDDHMA and 6% soluble Fe,
and product H, containing Fe(lll)-EDDHSA and 6% wié Fe. All soluble Fe contents
indicated are those shown in the label and arengme a w/w basis. Fertilizer stock
solutions (10 mM Fe) were prepared by dissolvirgghoducts in Milli-Q water. Solutions
were filtered through a 0.45 pm PVDF membrane amekd in the dark at 4 °C.

2.5 HPLC-ESI/MS(TOF) analysis

Analyses were carried out with a BioTOF Il (Brukealtonics, Billerica, MA, USA)
coaxial multipass time-of-flight mass spectromgfdS(TOF)) equipped with an Apollo
electrospray ionization source (ESI), and coupted Waters Alliance 2795 HPLC system
(Waters, Mildford, MA, USA). The resolution of ttS(TOF) detector used is higher than
10,000 FWHM (full width at half-maximum height).

The BioTOF Il was operated with endplate and spiayotentials of 2.8 kV and 3.3
kV, respectively, in negative ion mode, and of Bvsand 4.0 kV, respectively, in positive
ion mode. Drying gas (N pressure was kept at 30 psi. Nebulizer gag fiXessure was
kept at 30 and 60 psi in ESI/MS and LC-ESI/MS ekpents, respectively. The mass axis
was calibrated using Li-formate adducts in negatowe mode and a mixture of 1 uM
leucine-enkephaline, 5 pM glutathione and 20 puM hmogine in positive ion mode.
Spectra were acquired in the mass/charge nailg) (ange of 100-800.

To optimize the MS signal, direct injection of 1®1 solutions of all Fe(lll)-chelates
were carried out using a syringe pump (Cole-Pardmsrument, Vernon Hills, IL, USA)
operated at 2 pl mih Optimal parameter values after tuning includedatiee polarity,
orifice voltage value of 120 V and drying gas tenapgre of 200 °C. These parameters

60



Capitulo 3

were chosen to maximize all signals without compsimg the detection of any of the
analytes.

High-performance liquid chromatography was perfatmeéth a Waters Alliance 2795
HPLC system (Waters) equipped with on-line degassetosampler module and column
oven. Different chromatographic conditions werdddsand those described below were
the best to obtain i) the best possible MS sigoahfl analytes in the shorter analysis time,
i) the best possible separation between analygesy the samen/zand iii) no changes in
Fe(lll)-complexation during separation. The colunsed was an analytical HPLC column
(Symmetry® C18, 15 cm x 2.1 mm i.d., 5 pum sphernpaaticle size, Waters) protected by
a guard column (Symmetry® C18, 10 mm x 2.1 mm Bdb, um spherical particle size,
Waters). Autosampler and column temperatures weaad630 °C, respectively. Injection
volume was 50 ul and flow rate was 100 ul Tifthe mobile phase was built using three
solvents: A (Milli-Q water), B (methanol) and C (M ammonium acetate in Milli-Q
water, pH 6.0). The initial conditions of the gradli program (93% A, 2% B and 5% C)
were held for 3 min, followed by a linear gradiem40% A, 55% B and 5% C until 7 min,
and an isocratic step with the latter compositiotild7 min. Then, in order to return to the
initial conditions, a new linear gradient to 93% 2 B and 5% C was run until 20 min,
followed by a 10-min re-equilibration with the samebile phase composition. The HPLC
apparatus was coupled to the ESI/MS(TOF) throug@spum i.d. PEEK tube (Upchurch
Scientific, Oak Harbor, WA, USA).

The system was controlled with the software packadg@TOF (version 2.2, Bruker
Daltonics) and HyStafversion 2.3, Bruker DaltoniK, Bremen, Germany).t®avere
processed with Data Analysis software (version BrRker DaltoniK).

Validation was carried out by obtaining calibratioarves (in each case corrected by
using the correspondinyFe-labeled, Fe(lll)-chelate as an internal starydithits of
detection (LODs, signal/noise (S/N) ratio of 3pnilis of quantification (LOQs, S/N ratio of
10), intra- and interday repeatability and reccee®rin different matrices using standard
techniques (for a complete description, see Rgsults

3. RESULTS
3.1 ESI/MS(TOF) analysis

Mass spectra of non-labeled Fe(lll)-chelate stathdatutions were obtained under the
ESI/MS conditions described in Materials and Methd#lig. 3-1). Major peaks found
correspond to thé®Fe signal of the [M - H} ions atm/z values 344.0 for Fe(ll)-EDTA
(Fig. 3-1a), 445.0 for Fe(ll)-DTPA (Fig. 3-1b), @® for Fe(lll)-HEDTA (Fig. 3-1c),
398.0 for Fe(lll)-CDTA (Fig. 3-1d), 412.0 for FeljHo,oEDDHA and Fe(lll)o,p)EDDHA
(Figs. 3-1e and 3-1f, respectively), and 440.0 Fe(lll)-EDDHMA (Fig. 3-1g). Minor
peaks atm/z380.0 for Fe(lll)-EDTA (Fig. 3-1a), 366.0 for FH{HEDTA (Fig. 3-1c) and
448.0m/zfor Fe(lll)-o,pEDDHA (Fig. 3-1f) correspond to th&Fe signal of the chloride
adduct [M + CIJ* ions. Also, a minor peak at 35410zfor Fe(l1l)-CDTA (Fig. 3-1d) is due
to the®®Fe signal of the mono-decarboxylation of the amaliyt - H - CQ] ™.

In the positive ion mode, major peaks found inMfe spectra were ah/zvalues 346.0,
447.0, 332.0, 400.0, 414.0, 414.0 and 442.0 cooredipg to the’’Fe signal of the [M +
H]** ions (for Fe(ll)-EDTA, Fe(lll)-DTPA, Fe(lll)-HEDR, Fe(lll)-CDTA, Fe(lll)-
0,0EDDHA, Fe(lll)-o,pEDDHA and Fe(lll)-EDDHMA, respectively, not showryignals
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obtained in positive mode were slightly less inee(with a lower S/N) than those obtained
in the negative ion mode (data not shown). Alsothia positive ion mode diluted acids
(formic or acetic) had to be used to assist inftinmation of positively charged gas phase
ions, which may compromise the stability of thelfFethelates. Therefore, the negative
ion mode was chosen for further experiments.

| a Fe(l}EDTA || b Fe(lll)}-DTPA
6
4450 [M-H]-
4]
1 3440 m-1-
24
380.0 [M +Cl]- 1
0 n Mo
{c Fe(lllFHEDTA d 39890 FenycoTa
[M-H]-
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£ 13300 M-HI- T
2,] :
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Figure 3-1. ESI/TOF mass spectra of Fe(lll)-EDTA ge(lll)-DTPA (b), Fe(lll)-HEDTA (c), Fe(lll)-CDRA

(d), Fe(lll)-0,0EDDHA (e), Fe(ll)o,pEDDHA (f) and Fe(lll)-EDDHMA (g) in negative ion ni@. Data
were acquired by injecting 5 uM solutions of eadalgte in water, except for Fe(llo;pEDDHA, where
solution concentration was 20 uM.

3.2 HPLC-ESI/MS(TOF) analysis

Analytes were separated with a solvent gradiemtHa6.0 in a Gg column, and mass
spectra were acquired by ESI/MS(TOF) in tinéz range of 100-800 during the whole
chromatographic run, to obtain three-dimensional€fm/z,and intensity) chromatograms.
For each Fe(lll)-chelate, the ion chromatogram wisacted at then/zof the*°Fe isotope
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signal of the [M - HJ' molecular ion with a +0.2n/z precision range, except for Fe(lll)-
0,pEDDHA, for which both them/z of the*°Fe isotope signal of the [M - HJion and that
of the [M + CIJ* ion were used ([M - H] and [M + CI]* were the two major main ions in
the Fe(lll)o,p)EDDHA spectra). Results show that the HPLC-ESI/M3kJ] method
developed has high selectivity, allowing to resohdequately all Fe(lll)-chelates tested
(Fig. 3-2a). Retention times were 4.9 min for A@TPA, 5.1 min for Fe(ll)-EDTA, 5.3
min for Fe(lll)-HEDTA, 12.0 min for Fe(lll)-CDTA, 4.6 min for racemic Fe(lll)-
0,0EDDHA, 15.7 min for Fe(lll)o,pEDDHA, 16.1 min for a first stereocisomer of Fe(ll)
EDDHMA, 16.7 min formesoFe(lll)-0,0EDDHA and 17.9 min for a second stereoisomer
of Fe(lll)-EDDHMA. The two peaks of Fe(lll)-EDDHMAre likely theracemicandmeso
forms, but they could not be assigned becauseeofattk of standards. Although they have
the saman/z the three Fe(lll)-EDDHA compounds (Fe(Ib)pEDDHA, racemicandmeso
Fe(Ill)-0,0EDDHA) were adequately separated by HPLC. In afles®’Fe isotopically-
labeled Fe(lll)-chelates co-eluted with their cepending unlabeled Fe(lll)-chelates (Fig.
3-2b). Times for separation and column stabilizatieere approximately 20 and 10 min,
respectively, thus leading to a total analysistmne of 30 min per sample.
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Figure 3-2. Chromatograms of simple solutions ofi-tabeled (a) and the corresponditife-labeled (b)
Fe(lll)-chelates. Non-labeled Fe(lll)-chelates wateconcentration of 20 uM, except for Fe(lll)-EDBIA,
used at concentration of 10 pNlFe-labeled Fe(lll)-chelates were at concentratibrb uM, except for
Fe(lll)-DTPA, used at concentration of 25 uM. Swos were made in the mobile phase used at theddtar
the elution gradient (1 mM ammonium acetate, pH %0 (v/v) methanol).
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3.3 Validation of the HPLC-ESI/MS(TOF) method

The HPLC-ESI/MS(TOF) method was validated prepasogutions of Fe(lll)-chelate
standards in initial mobile phase (1 mM ammoniurataie, pH 6.0, 2% (v/v) methanol).
Calibration curves corrected with internal standamtion, LODs, intra- and interday
repeatability, and recovery in agricultural matsiegere measured.

Calibration curves corrected by internal standatthn were obtained by analyzing
solutions of standards in the ranges of 2-50 uMI(FEDTA and Fe(lIl)-HEDTA), 5-50
UM (Fe(ll)-DTPA), 0.5-50 uM (Fe(ll)-CDTA and Fd{)-o,pEDDHA), and 0.25 to 25
EM (racemic and meso Fe(lll)-0,0EDDHA and Fe(lll)-EDDHMA). The corresponding
Fe-labeled Fe(lll)-chelates were used as intertaidards. The peak area at tiéz
corresponding to the [M - H]the®'Fe-chelate also include a small contribution ofriba-
labeled Fe(lll)-chelate, because the natural isotammposition of the analyte. To
calculate the peak area ratios (sample area/aretheointernal standard) used in the
calibration curves, the natural contribution of trem-labeled analyte at tne/z[M - H] ™ of
the >’Fe-labeled internal standard was subtracted frandtal peak area. In all cases, data
were fitted to a linear regression (R of 0.996200:8 (Fig. 3-3) indicating that the analytes
could be determined in those ranges of concentratio

125 Fe(III)-EDTA a | Fe(III)-DTPA b | Fe(1l1)-HEDTA C
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R = 0.9984 R = 0.9994 R = 0.9962
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50t L L
25 | // .
0 . . . , . . . 8 .
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125 | FedID d| Fe(III)- 0,0EDDHA € | Fe(111)- 0,0EDDHA f
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R = 0.9993 R = 0.9995 R = 0.9997
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Figure 3-3. Calibration curves of Fe(lll)-EDTA (&e(lll)-DTPA (b), Fe(ll)-HEDTA (c), Fe(lll)-CDTA(d),
racemic Fe(lll)-o,0EDDHA (e), mesoFe(lll)-0,0EDDHA (f), Fe(lll)-o,pEDDHA (g), isomer 1 of Fe(lll)-
EDDHMA (h) and isomer 2 of Fe(lll)-EDDHMA (i) obtaed by plotting the peak area ratio (sample
area/area of the internal standard; As/AIS; Y-axis) the Fe(lll)-chelate concentration injectedetnal
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standards were at a concentration of 5 pM, exaapt Fe(ll)-DTPA, used at a concentration of 25 uM.
Solutions were made in the mobile phase used attire of the elution gradient (1 mM ammonium aeeta
pH 6.0, 2% (v/v) methanol). Bars are SE for trigtee measurements.

LODs, defined as the analyte amounts giving an 1aihd of 3, were between 3 to 164
pmol, the lowest value corresponding to the sedeather of Fe(lll)-EDDHMA and the
highest to Fe(lll)-DTPA (Table 3-1). Using a 504mjection volume, these values are
equivalent to analyte concentrations (in the igdcsolution) in the range of 0.1-3.3 pM.
LOQs, defined as the amounts giving an S/N ratid®@franged from the lowest value of
14 pmol for the second isomer of Fe(lll)-EDDHMA tlee highest value of 945 pmol for
Fe(lll)-DTPA (Table 3-1).

Table 3-1. Limits of detection (LOD) and quantificea (LOQ) for several synthetic Fe(lll)-chelatesed as
fertilizers.

Analyte (|orhgl)['°3 (pr;glgg
Fe(lll)-EDTA 12< 32¢
Fe(lll)-DTPA 164 94t
Fe(lll)-HEDTA 87 29t
Fe(lll)-CDTA 10 50
Fe(lll)- o,o0EDDHA

racemic 4 19

mes( 4 19
Fe(lll)-o,pEDDHA 4 17
Fe(lll)-EDDHMA

Isomer : 5 17

Isomer : 3 14

®LOD, defined as the analyte amount giving a sigruade (S/N) ratio of 3.
PLOQ, defined as the analyte amount giving an St f 10.

The intraday repeatability of the HPLC-ESI/MS(TOmethod was assessed from 6
consecutive chromatographic runs, using two leeélsoncentration for each analyte: 10
and 50 uM for Fe(ll)-EDTA, Fe(lll)-HEDTA and Fe(jto,pEDDHA, 20 and 75 uM for
Fe(lll)-DTPA, 2 and 20 uM Fe(lll)-CDTA, and 1 an@ uM for mesoandracemicFe(lll)-
0,0EDDHA and Fe(lll)-EDDHMA. The variation in retenticdcime and peak area ratio was
assessed for each analyte (Table 3-2). The interejagatability of the method was also
assessed, by analyzing the same standard solotisixfconsecutive days (Table 3-2).
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Table 3-2. Intra- (n = 6) and interday (n = 6) r&adility (RSD %) of the HPLC-ESI/MS(TOF) method.

Intraday Interday
Concentratior R.T. R.T.
Analyte (M) (min) As/AIS (min) As/AIS
Fe(ll)-EDTA 1C 0.1 8.€ 1.4 9.8
5C 0. 5.C 1.1 5.2
Fe(ll)-DTPA 2C 1.2 5.6 1.2 6.8
75 1.1 2.5 0.8 4.1
Fe(lll)-HEDTA 1C 0. 3.0 0. 5.7
5C 0.8 2.4 1.3 4.2
Fe(lll)-CDTA 2 0.€ 6.2 0.€ 10.€
2C 0.4 4. 0.8 8.2
Fe(lll)-0,0EDDHA
racemic 1 0.€ 6.€ 04 10.2
1C 0. 5.¢ 0.€ 9.8
mest 1 0.1 7.4 0.3 9.4
1C 0.2 4.8 0.4 8.2
Fe(lll)-o,pEDDHA 1C 0.2 8.2 1.3 8.¢
5C 0.1 7. 1.C 10.2
Fe(lll)-EDDHMA
Isomer 1 0.3 4.4 0.2 6.2
1C 0.k 5.2 0.2 7.4
Isomer : 1 0.C 3.€ 0.3 6.C
1C 0.2 5.t 0.4 2

RSD, relative standard deviation; R.T., retentionet As/AlIS, peak area ratios (sample area/arethef
internal standard).

Solutions were made in mobile phase at the ing@ditions of the elution gradient (1 mM ammonium
acetate, pH 6.0, 2% (v/v) methanol) and containgdvbof the correspondinyFe-labeled Fe(lll)-chelate as
an internal standard (except for Fe(l1)-DTPA siwnt which contained 25 uM 6fFe(lll)-DTPA).

The relative standard deviation (RSD) for peaknta time always was lower than
1.3% in the intraday test and 1.4% in the intergsy. The RSD for peak area ratio was in
the range of 2.4-8.6% in the intraday test andl9.5% in the case of the interday test.

Recovery assays were carried out for each Fe(hlate by spiking four different
agricultural matrices (nutrient solution, irrigatiovater, soil solution and plant xylem
exudate) with known amounts of each non-labeledliiefelate, using in each case the
corresponding °’Fe-labeled Fe(lll)-chelate as an internal standaREpresentative
chromatograms for the analysis of Fe(BBEDDHA in agricultural matrices are shown in
Fig. 3-4.
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Figure 3-4. Chromatograms at 41213z of nutrient solution (a), irrigation water (b),ilseolution (c) and
plant xylem exudate (d) spiked with 10 uM Fe(b)sEDDHA.

All Fe(lll)-chelates had similar retention times agricultural matrices than in simple
solutions. Analyte recoveries found were in thegemnof 92-101% for nutrient solution,
89-102% for irrigation water, 82-100% for soil siden and 70-111% for plant xylem
exudate, respectively (Table 3-3). Recoveries dégpeon the analyte, with Fe(lll)-EDTA
and Fe(lll)-DTPA showing the lowest recoveries fage values of 87 and 88%,
respectively, for all agricultural matrices usedylan the agricultural matrices tested, with
the lowest recoveries found for soil solution andnp xylem exudate, with average
recovery values of 90 and 91%, respectively (av&@rag
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Table 3-3. Recoveries (in %) obtained for the $edént Fe(lll)-chelates using different agriculturzatrices.

. L : Plant

Analyte Solution water | solutonXYem.
Fe(lll)-EDTA 92.1+2.( 88.9+2.f 82.€+2.3 82.&1.8
Fe(ll)-DTPA 101.2+4.( 100.24#5." 81.&44.8 70.(#5.C
Fe(ll)-HEDTA 98.9+2.¢ 101.7+3.( 83.249.8  96.%+0.9
Fe(lll)-CDTA 99.5+5..  94.04#5.( 98.€£2.9 110.¢49.9
Fe(ll)-0,0EDDHA (94.843.( (96.6+1.6) (916+1.1 (95.6+1.1
racemic 94.4+1. 99.5+2.7! 104.42.6 95.7#4.4
mest 94.61£6.: 93.6%4.¢ 78.&£1.6 95.42.2
Fe(lll)-o,p)EDDHA 100.5£1.. 95.3#4.¢ 91.¢42.0 91.5+1.7
°Fe(lll)-EDDHMA (96.6%2.0 (93.5%+2.3) (99.6+5.4) (89.+2.0)
Isomer : 94.7+2.f  97.6£3.¢ 103.&25.6 86.&+1.5
Isomer : 96.5+2.¢ 89.9+1.! 95452 92.5+2.6

Values are means + SE (n = 3).

The amounts spiked were 10 uM of Fe(ll)-EDTA, HR{CDTA, Fe(lll)-0,0EDDHA and Fe(lll)-
EDDHMA, and 50 pM of Fe(lll)-DTPA, Fe(lll)-HEDTA ahFe(ll1)-0,pEDDHA.

&/alues for Fe(lll)o,0EDDHA and Fe(lll)-EDDHMA are presented for thecemicmixture andnesoforms,
and also for the average compound (values in pagsi®), assuming a 50% content of each form.

3.4  Analysis of fertilizers

Chromatograms of commercial fertilizers containta@ of the most common Fe(lll)-
chelates, Fe(lll)-EDTA and Fe(lll)-EDDHA, are prased in Fig. 3-5a and b, respectively.
The analysis of a Fe(lll)-EDTA commercial fertilizehowed a peak witm/z344.0 at 5.1
min, corresponding to th&Fe signal of the [M - H} ion of this chelate (Fig. 3-5a). The
chromatogram of a Fe(lll)-EDDHA commercial fertdgizshowed three peaks, all of them
with m/z 412.0, corresponding t§Fe signal of the [M - H} ion of racemicand meso
Fe(lll)-0,0EDDHA and Fe(lll)o,pEDDHA, at retention times of 14.6, 16.7 and 15. A mi
(Fig. 3-5b). A zoomed mass spectra at the retenima of the meso Fe(lll);0EDDHA is
presented in the inset of Fig. 3-5b, as an exampleow the MS technique used can
resolve the peaks for the different Fe isotopé&ef, *°Fe-, *'Fe-0,0EDDHA)
corresponding to the [M - Hijions.
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Figure 3-5. Chromatograms of commercial fertilizeFe(lll)-EDTA (a), Fe(lll)-EDDHA (b), Fe(lll)-
EDDCHA (c) and Fe(ll1)-EDDHSA (d) fertilizer soluths were at a concentration of 4.3, 10.6, 18.3%nh8
mg product T, respectively, in the mobile phase used at the sfahe elution gradient (1 mM ammonium
acetate, pH 6.0, 2% (v/v) methanol). The insetiqr B-5.b shows a zoom of the mass spectrum atatien
time of 16.7 min for the Fe(lll)-EDDHA fertilizemalysis.

The amounts of Fe(lll)-chelates found in the conuiarertilizers were in the range of

0.3-10.5% (w/w) (Table 3-4). These values accoan8f, 107, 47, 64, 88, 62 and 57% of
the soluble Fe contents declared in the label fmd

yucts A, B, C, D, E, F and G,

respectively. For fertilizers containing Fe(lll)-BEBIA or Fe(lll)-EDDHMA, the chelated
Fe contents found compare well with data obtairedgithe European Community Official
Method of analysis [25] in a study analyzing 11QIFFeEDDHA and 5 Fe(lIl)-EDDHMA

fertilizers (all of them declaring a 6% soluble é@ntent, commercialized in Spain in the

years 2003 and 2004). The mean for chelated Feccbwf the three Fe(lll)-EDDHA

products analyzed in this study (3.5%) is sligitdwer than the mean (4.0%) obtained
using the official method [26]. The chelated Fetean value (3.4%) obtained using the

HPLC-ESI/MS(TOF) method in the only Fe(lll)-EDDHMi&rtilizer analyzed is somewhat

lower than the mean value (4%) obtained using theial method [26].
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Commercial fertilizers containing Fe(lll)-EDDCHA @nFe(ll1)-EDDHSA were also
analyzed. These fertilizers showed peaks at 4.1(min500.0; Fe(lll)-EDDCHA) and 4.0
min (m/z 572.0; Fe(ll)-EDDHSA), both of them attributable the corresponding®Fe
signal of the [M - HT ions (Fig. 3-5c-d). Since commercial standard€DDHSA and
EDDCHA are not commercially available, accurate rgifi@ation of these compounds
cannot be carried out yet.

Table 3-4. Contents of Fe(lll)-chelates found inmooercial fertilizers products using the HPLC-
ESI/MS(TOF) method

Conten
Product Fe(lll)-chelate (g chelated Fe / 100 g prodt

A Fe(lll)-EDTA 10.50+0.6!
B Fe(ll1)-DTPA 0.32+0.0:
C Fe(lll)-HEDTA 1.91+0.3¢
D

Fe(lll)-0,0EDDHA 2.9440.15

Fe(lll)-o,pEDDHA 0.91+0.0¢
E

Fe(lll)-o,cEDDHA 4.32+0.2:

Fe(lll)-o,p,EDDHA 0.€4+0.07%
F

Fe(lll)-o,cEDDHA 3.13+0.1¢

Fe(lll)-o,p,EDDHA 0.58+0.0¢
G Fe(lll)-EDDHMA 3.41+0.11

Values are means + SE (n = 3).

4. DISCUSSION

Synthetic Fe(lll)-chelates are extensively use@asertilizers, both in high-value crops
grown in the field and in soil-less horticultureaking thus necessary to have reliable
methods to analyze these xenobiotic compounds ricwaiyiral matrices. In this work we
have developed and validated an HPLC-ESI/MS(TORhote capable to measure the
seven major synthetic Fe(lll)-chelates used adifents, including Fe(lll)-EDTA, Fe(lll)-
DTPA, Fe(ll)-HEDTA, Fe(lll)-CDTA, Fe(lll)o,0EDDHA, Fe(lll)-o,,EDDHA and
Fe(lll)-EDDHMA, in several agricultural matrices.h& method involves separation by
reverse phase HPLC, ionization by ESI and highlgciiwe detection of the analytes, using
exact mass measurements with a TOF mass spectromete

This is the first time, to our knowledge, that HEDTA, Fe(lll)-DTPA, Fe(lll)-
HEDTA, Fe(lll)-CDTA, racemic Fe(lll)-0,0EDDHA, meso Fe(lll)-0,0EDDHA, Fe(lll)-
0,pEDDHA, and the two Fe(lll)-EDDHMA stereocisomers aftetermined simultaneously
and directly. The method represents significantaathges to traditional methods for the
determination of synthetic Fe(lll)-chelates. Firghe identification of analytes is
unequivocal, based on its retention time, exadratio and Fe isotopic signature. Also, all
compounds are measured directly and simultaneausfer chromatographic conditions
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preserving Fe(lll)-complexation occurring in theveeanmental matrices used, allowing for
the determination of these compounds in complexures and in a single run. All these
features, along with the reasonably short (30 mmalysis time required per sample and the
fact that the determination can be carried outiffer@nt agricultural matrices (nutrient
solution, irrigation water, soil solution and planiem exudate) allow for the analysis of
UM concentrations of synthetic Fe(lll) fertilizersthe plant-soil-environment system.

The method developed has been validated for eaalgtarwith respect to LODs, LOQs,
calibration curves, reproducibility and analyteaeeries, always using isotopically labeled
standards. Overall sensitivity was good, with LODbsgtween 3 and 164 pmol
(corresponding to concentrations in the injectedma of 0.1-3.3 uM), a range much better
than those found with other methods aimed to deterrsimultaneously several synthetic
Fe(lll)-chelates. For instance, an ion-pair HPLGhod developed to determine five of the
Fe(lll)-chelates studied here had LODs of 1790 pfaolFe(lll)-0,0EDDHA and Fe(lll)-
EDDHMA (for the other three analytes, Fe(lll)-EDTReg(llI)-DTPA and Fe(lll)-HEDTA,
LODs were not reported) [11]. A second ion-pair HPinethod aimed to determine five
synthetic Fe(lll)-chelates was only capable to aetee analyte concentrations above 8.9
UM [13]. On the other hand, methods have been dpedlto determine individual Fe(lll)-
chelates (often along with other analytes), and esah these had low LOD values,
particularly for Fe(lll)-EDTA. For instance, low LI®values (0.02 uM) were obtained in a
method designed to measure EDTA as Fe(lll)-EDTAHRLC-ESI/MS [19]; this value is
lower than the 2.45 uM Fe(lll)-EDTA LOD obtainedtwiour method. Very low LOD
values for Fe(lll)-EDTA (125-150 nM) were also abed with a HPLC-ICP/MS method
developed to determine various polycarboxylic cleeta (including EDTA, CDTA and
DTPA and others) and their metal complexes, althou®Ds for Fe(lll)-CDTA and
Fe(lll)-DTPA were not studied [15].

The most common Fe fertilizer used in fruit cropevgn in calcareous soils, Fe(lll)-
0,0EDDHA, has been much less studied than Fe(lll)-EDF@ér this compound, the LOD
of our method (0.08 uM) is better than the valwestl until now using HPLC and UV-Vis
spectroscopy (1.2 uM in simple solutions and 60 ipMoil solutions [27] and 263 UM in
plant tissue extracts [28]). Also, for Fe(Ib)pEDDHA, a little-studied compound whose
use as fertilizer has been recently accepted byndve European Community fertilizer
regulation [29], the LOD obtained here (0.07 pM)awer than the 3.3 uM LOD of the
only (HPLC-Vis) method published until now [30].

The method repeatability for peak area, with RSiesof approximately 5 and 8% for
intra- and interday experiments, compares well WtRLC-ESI/MS or HPLC-ICP/MS
methods, although values are not as good as thaséned with methods using HPLC
coupled to UV-Vis spectroscopy. For instance, takies of Fe(lll)-EDTA repeatability, in
the range of 5-10%, are in line with values of 5#&nd with HPLC-ICP/MS [15] and 2%
obtained using HPLC-ESI/MS [19]. Methods using HPL&upled to UV-Vis
spectroscopy, however, had repeatability valueappiroximately 1% (Fe(lll)-EDTA and
Fe(lll)-DTPA [9]; Fe(lll)-0,0EDDHA [27]; Fe(lll)-o,pEDDHA [30]), values lower than
those found here for the same compounds, whicimares range of 3-10%. The recoveries
obtained by spiking agricultural matrices were goadd only the recovery for Fe(lll)-
EDTA in all agricultural matrices tested was refaly low, in the range of 83-92%, as
compared with the 96% obtained for Fe(lll)-EDTAindustrial effluents [19]. Recoveries
for Fe(lll)-0,0EDDHA were in the range of 79-104%, similar to ©#®4-94% found by
Bienfaitet al.[28].
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The method has wide possibilities of applicationd at has been tested so far with
different agricultural matrices (nutrient solutiamigation water, soil solution and plant
xylem exudate) and with fertilizers, showing itstahility to perform analyses in a variety
of studies. Chelated Fe contents obtained forlifezts compares well with data obtained
by using the European Community Official methodaaglysis by Garcia-Marco [26]. In
addition to Fe(ll)-EDTA, Fe(lll)-DTPA, Fe(ll)-HEDA, Fe(ll)-CDTA, racemicFe(lll)-
0,0EDDHA, mesoFe(lll)-0,0EDDHA, Fe(lll)-o,pEDDHA, racemicFe(lll)-EDDHMA and
mesoFe(lll)-EDDHMA, the chelates Fe(lll)-EDDHSA and (¢)-EDDCHA (putatively
assigned to the peaks at 4.0 min with a 5@8and 4.1 min with a 500.0/2 could also
be analyzed, therefore providing a tool for a caghpnsive study of the fate, action
mechanisms and possible environmental side-eftdctgnthetic Fe(lll)-chelate fertilizers.
Furthermore, the method also seems to be suitakdmdlyze synthetic chelates of metals
other than Fe (results not shown).

In summary, the method developed permits the daldt simultaneous analysis of the
major synthetic Fe(lll)-chelates used as fertikzetth extreme selectivity, high sensitivity
and sufficient reproducibility. The rapidity of thenalysis allows for a high analysis
throughput. Furthermore, the resolution of the nspgEsctrometer used can give information
on isotopic distribution (see inset in Fig. 3-5B)lowing its use as a tool in metabolic
studies with stable isotopes. For instance, usy tic Fe(lll)-chelates labeled with low-
abundance Fe stable isotopedF¢, °'Fe and *°Fe), the uptake pathways of these
compounds applied to different parts of the plantha same time (e.g. foliar, trunk, soil
applied) can be followed. Also, the uptake ratesliierent synthetic Fe(lll)-chelates can
be studied.

ACKNOWLEDGMENTS

This work was supported by the Spanish MinistrySafence and Education (MEC)
(projects AGL2003-1999 and AGL2004-0194, co-finahceith FEDER) and the
Commission of European Communities (project Is8frui. Orera and A. Alvarez-
Ferndndez were supported by a CONAID-DGA predotti@liiowship and a “Ramén y
Cajal” research contract from the Spanish MEC, eesSpely. Acquisition of the HPLC-
MS(TOF) apparatus was co-financed with FEDER. Timbha@s acknowledge I. Tacchini
for skillful technical assistance and Dr. F. Mogafer critical reading of the manuscript.
The authors thank Dr. J. J. Lucena (UniversidadAoma de Madrid, Spain) and Dr. J. M.
Garcia-Mina (Universidad de Navarra, Spain) forirtlgenerous gift of chemicals. The
authors also thank two anonymous reviewers forfbkefuggestions.

72



Capitulo 3

5. REFERENCES

1. Shenker, M.; Chen, Y. Increasing Iron Availdlilto Crops: Fertilizers, Organo-
Fertilizers, and Biological Approache&oil Sci. Plant Nutr2005, 51, 1-17.

2. Hansen, N. C.; Hopkins, B. G.; Ellsworth, J. \dbjley, V. D. Iron Nutrition in Field
Crops. Inlron Nutrition in Plants and Rizhospheric Micro@gsms Barton, L. L.;
Abadia, J., Eds.; Springer: Dordrecht, The Netimelda 2006; pp. 23-59. ISBN-10 1-
4020-4742-8.

3. Alvarez-Fernandez, A.; Paniagua, P.; AbadiaAbBadia, A. Effects of Fe Deficiency
Chlorosis on Yield and Fruit Quality in PeadBrynus persical. Batsch).J. Agric.
Food Chem2003, 51, 5738-5744.

4. Vasconcelos, M.; Grusak, M A. Status and FuReeelopments Involving Plant Iron in
Animal and Human Nutrition. Inlron Nutrition in Plants and Rizhospheric
Microorganisms Barton, L. L.; Abadia, J., Eds.; Springer: Dodlrg The Netherlands,
2006; pp. 1-22. ISBN-10 1-4020-4742-8.

5. Lucena, J J. Synthetic Iron Chelates to Cortemt Deficiency in Plants. Inron
Nutrition in Plants and Rizhospheric MicroorganisnBarton, L. L.; Abadia, J., Eds.;
Springer: Dordrecht, The Netherlands, 2006; pp-128. ISBN-10 1-4020-4742-8.

6. Nowack, B. Environmental Chemistry of Aminopdayicoxylate Chelating Agents.
Environ. Sci. TechnoR002, 36, 4009-4016.

7. Knepper, T. P. Synthetic Chelating Agents andn@amunds Exhibiting Complexing
Properties in the Aquatic Environmefitac-Trends Anal. Cher2003, 22, 708-724.

8. Hill-Cottingham, D. G. Paper Chromatography ofrt® Complexones and Their Iron
ChelatesJ. Chromatogrl962, 8, 261-264.

9. Boxema, R. Analysis of Iron Chelates in Comnadrciron Fertilizers by Gel
ChromatographyZ. Pflanzen. Bodenk979, 142, 824-835.

10.Deacon, M.; Smyth, M. R.; Tuinstra, L. Chromasgahic Separations of Metal-Chelates
Present in Commercial Fertilizers 1. Development af Gel-Permeation
Chromatographic-Separation Method for the Iderdtfan of Metal-Chelates in
Commercial Fertilizers]. Chromatogr. AL993, 657, 69-76.

11.Deacon, M.; Smyth, M. R.; Tuinstra, L. Chromasgahic Separations of Metal-Chelates
Present in Commercial Fertilizers 2. Developmentaof lon-Pair Chromatographic-
Separation for the Simultaneous Determination effa(lll) Chelates of EDTA, DTPA,
HEEDTA, EDDHA and EDDHMA and the Cu(ll), Zn(ll) andin(ll) Chelates of
EDTA. J. Chromatogr. AL994, 659, 349-357.

12.Vandegucht, 1. Determination of Chelating-Agenis Fertilizers by lon
Chromatographyd. Chromatogr. AL994, 671, 359-365.

13.Lucena, J. J.; Barak, P.; Hernandez-Apaolazasdcratic lon-Pair High-Performance
Liguid Chromatographic Method for the Determinatmfnvarious Iron(lll) Chelates].
Chromatogr. A1996, 727, 253-264.

14.Lobinski, R.; Schaumloffel, D.; Szpunar, J. MaSpectrometry in Bioinorganic
Analytical ChemistryMass Spectrom. Re2006, 25, 255-289.

15.Ammann, A. A. Speciation of Heavy Metals in Eowmmental Water by Ilon
Chromatography Coupled to ICP-M&nal. Bioanal. Chen002, 372, 448-452.

16.Ammann, A. A. Determination of Strong Bindingeldtors and their Metal Complexes
by Anion-Exchange Chromatography and Inductively u@ed Plasma Mass
SpectrometryJ. Chromatogr. 2002, 947, 205-216.

17.Baron, D.; Hering, J. G. Analysis of Metal-EDT@omplexes by Electrospray Mass
Spectrometryd. Environ. Quall1998, 27, 844-850.

73



Capitulo 3

18.Collins, R. N.; Onisko, B. C.; McLaughlin, M.; Merrington, G. Determination of
Metal-EDTA Complexes in Soil Solution and Plant iyl by lon Chromatography-
Electrospray Mass SpectrometBnviron. Sci. Technok001, 35, 2589-2593.

19.Dodi, A.; Monnier, V. Determination of Ethylenathinetetraacetic Acid at Very Low
Concentrations by High-Performance Liquid Chromedpgy Coupled with
Electrospray Mass Spectrometdy.Chromatogr. 2004, 1032, 87-92.

20.Knepper, T. P.; Werner, A.; Bogenschutz, G. Deiteation of Synthetic Chelating
Agents in Surface and Waste Water by lon Chromafgr-Mass Spectrometryi.
Chromatogr. A2005, 1085, 240-246.

21.Cantera, R. G.; Zamarrefio, A. M.; Garcia-MinaylJ Characterization of Commercial
Iron Chelates and their Behavior in an Alkaline d@alcareous Soild. Agric. Food
Chem.2002, 50, 7609-7615.

22.Garcia-Marco, S.; Cremonini, M. A.; Esteban,Yunta, F.; Herndndez-Apaolaza, L.;
Placucci, G.; Lucena, J. J. Gradient lon-Pair Clatographic Method for the
Determination of Iron N,N’-ethylenediamine-di-(2drpxy-5-sulfophenylacetate) by
High Performance Liquid Chromatography-Atmospherieressure lonization
Electrospray Mass Spectrometdy.Chromatogr. 2005, 1064, 67-74.

23.Zaharieva, T. B.; Gogorcena, Y.; Abadia, J. Dyica of Metabolic Responses to Iron
Deficiency in Sugar Beet RooiBlant Sci.2004, 166, 1045-1050.

24.Larbi, A.; Morales, F.; Abadia, J.; Abadia, AifdEts of Branch Solid Fe Sulphate
Implants on Xylem Sap Composition in Field-Growraéte and Pear: Changes in Fe,
Organic Anions and pHl. Plant Physiol2003, 160, 1473-1481.

25.European Committee for Standardization. 200XeM@nation of Chelating Agents in
Fertilizers by lon Chromatography Part 2: EDDHA &DHMA. Ref. No. EN 13368-
2:2001 E.

26.Garcia-Marco, S. Quality of Synthetic*F€helates Spanish Market (EDDHAMe
EDDHMA/Fe**and EDDHSA/F&). In Scientific Contributions to the Legal Framewo
for Ferric-Chelate Fertilizers: Chromatographic Amses; Agronomic Efficiency ob,p-
EDDHA/FE€"; Ph D Thesis of the Autonoma University of Madriadrid, Spain,
2005; pp. 95-115.

27.Barak, P.; Chen, Y. Determination of FeEDDHASnils and Fertilizers by Anion-
Exchange Chromatographyoil Sci. Soc. Am. 1987, 51, 893-896.

28.Bienfait, H. F.; Garcia-Mina, J.; Zamarrefio,M. Distribution and Secondary Effects
of EDDHA in Some Vegetable Speci&il Sci. Plant Nutr2004, 50, 1103-1110.

29.Regulation (EC) No 2003/2003 of the Europearidmaent and of the Council of 13
October 2003 Relating to Fertilizer®fficial Journal of the European Unior2003,
L304, 1-194.

30.Garcia-Marco, S.; Torreblanca, A.; Lucena, Lhromatographic Determination of Fe
Chelated by Ethylenediamine-N-fiydroxyphenylacetic)-N'y§-hydroxyphenylacetic)
Acid in Commercial EDDHA/FE Fertilizers.J. Agric. Food Chem2006, 54, 1380-
1386.

74



Capitulo 4

RAPID COMMUNICATIONS IN MASS SPECTROMETRY

Rapid Commun Mass Spectrom (2009), 23, 1694-1702

DETERMINATION OF o,0EDDHA -A XENOBIOTIC CHELATING
AGENT USED IN Fe-FERTILIZERS- IN PLANT TISSUES BY LIQUID
CHROMATOGRAPHY-ELECTROSPRAY MASS SPECTROMETRY:
OVERCOMING MATRIX EFFECTS

Irene Orera, Anunciacion Abadia, Javier Abadia/Ana Alvarez-Fernandez

Plant Nutrition Department, Estacion ExperimentlAdila Dei, Consejo Superior de

Investigaciones Cientificas (CSIC), Apdo. 202, SD@d&ragoza, Spain.






Capitulo 4

DETERMINATION OF o0,0EDDHA -A XENOBIOTIC CHELATING

AGENT USED IN Fe-FERTILIZERS- IN PLANT TISSUES BY L IQUID
CHROMATOGRAPHY-ELECTROSPRAY MASS SPECTROMETRY:
OVERCOMING MATRIX EFFECTS.

Abstract: The Fe(lll)-chelate of ethylenediamine-N-N’lmg{ydroxyphenylacetic) acid
(0,0EDDHA) is generally considered as the most efficiand widespread Fe
fertilizer for fruit crops and intensive horticutes The determination of the
xenobiotic chelating agerd,o0EDDHA inside the plant is a key issue in the
study of this fertilizer. Both the low concentratgofo,0EDDHA expected and
the complexity of plant matrices have been impdrtdrawbacks in the
development of analytical methods for the detertionaof 0,0EDDHA in plant
tissues. The determination ofoEDDHA in plant materials has been tackled in
this study by liquid chromatography coupled to magectrometry using
several plant species and tissues. Two types efnal standards have been
tested: Fe stable isotope-labeled compounds andiructuwsal analogue
compound, the Fe(lll)-chelate of ethylenediamin®&Mis(2-hydroxy-4-
methylphenylacetic) acido(oEDDHMA). Iron stable isotope-labeled internal
standards did not appear to be suitable becausigeobccurrence of isobaric
endogenous compounds and/or isotope exchangearmabetween plant native
Fe pools and the Fe stable isotope of the intestehdard. However, the
structural analogue Fe(ll);oEDDHMA is an adequate internal standard for
the determination of both isomers @PEDDHA (racemicandmes9 in plant
tissues. The method was highly sensitive, with tsmof detection and
quantification in the range of 3-49 and 11-162 prudi fresh weight,
respectively, and analyte recoveries were in thgeaf 74 to 116%. Using this
methodology, botlo,0EDDHA isomers were found in all tissues of sugagtbe
and tomato plants treated with 90 uM Fe(d]pEDDHA for 24 hours,
including leaves, roots and xylem sap. This methaglo constitutes a useful
tool for studies ow,0EDDHA plant uptake, transport and allocation.

Keywords: fertilizers, iron chelates, plants, mass specttomand internal standard
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1. INTRODUCTION

Fertilizers containing Fe(lll)-chelate derivative®m synthetic aminopolycarboxylate
strong binding chelating agents have been uselewdae Fe-deficiency problems in fruit
crops and intensive horticultural systems since 1880s: Specifically, the synthetic
Fe(lll)-chelate of ethylenediamine-N,N’-bastiydroxyphenylacetic) acid, commonly
known as Fe(lll)e,0EDDHA, is considered by many authors as thecmdtiezit Fe(lll)-
chelate to control Fe chlorosis in cropscgrown aicareous soils. The presence of
0,0EDDHA incplants was first proposed fro measurements in plantctissues treated
with *C-labeled Fe(lll)e,cEDDHA, including leaves, roots, stems and xylem sapdate
from soybeari!* bean’ pea, peanut, sunflower, millet, wheat and camspite of the wide
use and high efficiency of these Fe(lll)-chelates, mechanisms of plant uptake, transport
and allocation are not yet completely eluciddtebhis is in part due to the lack of
analytical methodologies capable of determining, anspecific way, the very low
concentrations of Fe(lll)-chelate occurring in cdexpmatrices such as plant extracts.

Few attempts have been made until now to deterdineetly 0,0EDDHA in plant tissue
extracts. Extraction and determinationFef(Ill)-o,0EDDHA has been reported only three
times, carrying out quantification always by speghotometric detection in the visible
(VIS) spectral range. First, Fe(ll9);0EDDHA was extractedrom leaves and stems of
tomato with a mixture of water and amyl alcohold guantified directly in the plant extract
by spectrophotometric detection at 480 hidsing tobacco leaves, the same extraction
procedure for Fe(lllp,0EDDHA was modified by the addition of Pb acetateréduce
interfering components from plant tissiiellore recentlyp,0EDDHA was extracted with
water from tomato, pepper and lettuce leaves antsy@nd tomato and pepper fruits. In
that study, excess FeNQvas added to the extracts, pH was adjusted toralgyutto
reconstitute the Fe(lllp,o0EDDHA chelate, and two Fe(llg;oEDDHA forms, thed,I-
racemic mixture and themeso isomer, were separated by high-performance liquid
chromatography (HPLC) and determined by spectraphetric detection at 480 niiThe
sensitivity of these methodologies was either gpiter (2.1 nmol g of fresh weight -FW-

)® or not determined at dif It is important to remark that sensitivity andessivity are
important issues when determining xenobiotic conmgsusuch as,0EDDHA, because of
the low concentrations expected and the compl@fitile matrices analyzed.

Nowadays, reliable and sensitive detection of teéIF-chelates ofo,o0EDDHA and
other aminopolycarboxilate strong binding chelatomuld be accomplished, even in
complex matrices, by using HPLC separation coufdeniass spectrometry (MS) detection
(HPLC/MS)*! These hyphenated techniques provide high selsgtisince they permit
to differentiate among analytes and co-eluting rfeteng compounds within a given
chromatographic peak, by using exact molecular rdagsrmination, isotopic distribution
and/or fragmentation patterffs.For example,0,0EDDHA was determined as Fe(lll)-
0,0EDDHA by HPLC/MS in commercial fertilizet$** and liquid agricultural matrices
such as irrigation water, soil solution, nutrientusion and peach tree xylem s4gn the
case of the synthetic aminopolycarboxylate ligartlylenediamine tetraacetic acid
(EDTA), Ni(ll)-EDTA was determined by HPLC/MS inféerent plant materials such as
roots, xylem sap, shoots and protoplasts of a niggaéraccumulator platitand Mn(ll)-,
Ni(ll)-, Zn(l1)- and Cd(I)-EDTA complexes were demined in xylem sap of barlé§.
HPLC/MS has been also used to determine naturablmeielates such those of
nicotianamine (NA). For instance Ni(ll)-NA was detened directly in xylem samf
Arabidopsis:’
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The high selectivity of current MS detectors epalio simplify extraction procedures
and chromatographic separation in HPLC/MS methddsvever, the high variability in the
ionization process could affect reproducibility,caacy and sensitivity of the analysis.
Changes in ionization efficiency during day-to dayeration are generally controlled by
using internal standards (IS), compounds strudtunalated or similar to the analyte.
Stable isotope labelled (SIL) compounds are gelyecabsen as IS because of the nearly
identical chemical and physical properties compaoettiose of the target analyteMatrix
effects are considered responsible for the highaldity in the ionization process,
especially in electrospray (ESI)-MS analysis. A mxaeffect could be defined as any
change (suppression or enhancement) in ionizatfanemcy caused by the presence of co-
eluting substances. For instance, ion suppression would reduce theiritensity of the
analytes, thus affecting sensitivity.

Even when IS are used, co-eluting matrix componenatg cause different effects on the
degree of ionization for analyte and IS, therefaffecting reproducibility and accuracy.
Recent studies indicate that the use of IS, evéimel are SIL analogues, does not always
ensure a constant analyte/IS response fatitThis was found in studies using D-labelled
compounds as IS, and attributed to the presenckffefent co-eluting intereferencés®
and different degrees of ionization supres&ias well as to the occurrence of isotope
exchange reactiorfs.In these studies’C-, **N- or *’O-labelled analogues were considered
as better options than D-labeled compounds. Uniatly, this type of SIL is not always
available, due to the necessary labor and highasssiciated with chemical synthesis.

The aim of this work was to develop and validateew procedure for the extraction and
HPLC/ESI-MS time-of-flight (TOF) determination ofoEDDHA in plant tissues, based on
the methodology recently developed and validated for Fe(HJpEDDHA in liquid
agricultural matrices. Matrix effects have beeneassd using as IS both SIL analogues
such as™*Fe(lll)-0,0EDDHA and>’Fe(lll)-0,0EDDHA and also a compound structurally
similar to the analyte, Fe(ll);oEDDHMA. The design and validation of such
methodologies will contribute to provide new indiglon the traceability af,0EDDHA in
plant tissues.

2. EXPERIMENTAL

2.1 Chemicals and reagents

All eluents, buffers, and standard solutions werpared with analytical grade type |
water (Milli-Q Synthesis, Millipore, Bedford, MA, 8A). Reagent-grade glacial acetic
acid, hydrochloric acid (35%) and ammonium hydrexi®5%) were purchased from
Panreac Quimica S.A (Barcelona, Spain). Ammoniuretae (99.99%, Sigma), Li
hydroxide monohydrate (99.995%, Aldrich), formiaca¢50%, Fluka), methanol and 2-
propanol (both LC-MS grade, Riedel-de-Haén) werecipased from Sigma-Aldrich (St.
Louis, MO, USA).

The chelating agents used wereEDDHA (98%, LCG Promochem, Barcelona, Spain)
and ethylenediamine-N-N’bis(2-hydroxy-4-methylphlametic) acid ¢,0EDDHMA)
(98%, LCG Promochem). Natural Fe(lll), (thereaftaled"*Fe, with isotopic abundances
of 5.8% *Fe, 91.7%Fe, 2.1%°'Fe and 0.2%%Fe), Mn(ll), Cu(ll) and Zn(ll) were
Titrisol® metal standards (1 g of metal in 15% HG®Aerck, Darmstadt, Germany).
Nickel(Il) was obtained as NiS@Panreac), and Co(ll), Mg(ll) and Ca(ll) were obéal as
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CoCb, MgCl, and CaGl from Sigma-Aldrich. Labelled’Fe (FeOs, 99.8%°'Fe) and®'Fe
oxides (FeOs, 95.06% °'Fe) were purchased from Cambridge Isotope Labdestor
(Andover, MA, USA).

2.2 Standard solutions

One mM stock solutions af,0EDDHA complexes witt"Fe(lll), >*Fe(lll), >"Fe(lll),
Ca(ll), Mg(ln), Cu(ll), Mn(l1), Ni(ll), Co(ll), Zn(ll), and Fe(lllg-EDDHMA were prepared
by adding slowly inorganic solutions (in mM, ¥e, 9°*Fe, 8°'Fe, 78 Cu, 91 Mn, 76 Zn,
47 Ca, 50 Mg, 49 Ni and 50 Co in 15-30% HCI or wate 5% excess over the molar
amount of chelating agent) over high-pH solutiorischelating agent& During the
addition of the inorganic salt the solution pH waasintained in the range 5-8 by adding
simultaneously NEDH. Then, solutions were adjusted to pH 7.0 withl,H&guilibrated
overnight in the dark, filtered through a 0.45 pNOF membrane and finally made up to
volume with Milli-Q water. Stock solutions were std in the dark at 4 °C. Standard
solutions of metal-chelates with concentrationsdowhan 100 uM were prepared daily
from the stocks.

2.3 Plant materials

0,0EDDHA-free plant materials obtained from Fe-defintieand Fe-sufficient plants
were used to develop tligoEDDHA extraction procedure. Also, Fe-deficient ptawere
treated with Fe(lll)o,o0EDDHA as described below to obtain tissues and tpfands
containingo,0cEDDHA.

Sugar beetBeta vulgarisL. cv. ‘Orbis’) and tomatol{ycopersicon esculentuin cv.
‘Tres Cantos’) plants were grown in a growth chambigh a photosynthetic photon flux
density (PPFD) of 350 pmol fns® photosynthetically active radiation at leaf leval,
photoperiod of 16 h light / 8 h dark, a temperawfr@3 °C during the day and 18 °C during
the night, and 80% relative humidity. Seeds wemngeted and grown in vermiculite for
2 weeks. Seedlings were grown for 2 more weeksailfrdtrength Hoagland nutrient
solution with 45 pM Fe(lll)-EDTA at pH 5.5 and theransplanted to plastic buckets
containing half-strength Hoagland nutrient solutiith either 0 ¢,0EDDHA-free Fe-
deficient plants) or 45 uM Fe(lll)-EDTAo(cEDDHA-free Fe-sufficient plants). Some Fe-
deficient plants were treated with a Fe(lll)-EDDHAmmercial fertilizer (90 uM Fe(lll)-
0,0EDDHA) in the nutrient solution for 24 hours. Netnt solutions were buffered at pH
values of approximately 7.0 for solutions withow &d 5.5 for Fe-containing solutions.
Leaves, roots and xylem sap were sampled from 42olasugar beet and 35 day-old
tomato plants. Xylem sap was sampled in sugardreetomato plants by centrifugation of
petiole$’ and plant detopping, respectively, and then filtered through 0.45 pmDIPEV
membranes and stored at -20 °C until analyBiant tissues were washed with distilled
water, frozen in liquid Mland stored at -20 °C until analysis.

Healthy peachRrunus persicd.. cv. ‘Andros’ and ‘Babygold7’) trees, not tredteith
Fe(lll)-o,0EDDHA fertilizers in the full growing season, wesampled in the field in
Zaragoza (Spain). Leaves were sampled 2-4 weelks &ftl bloom and fruits were
harvested at commercial maturity dates. Leaves washed with distilled water, frozen in
liquid N and stored at -20 °C until analysis. Fruits wezeled, a portion of the mesocarp
was sampled from each opposite face and dicedlimi® pieces, and a composite sample
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was built by mixing all of the small pieces fronffdient peach fruits, immediately frozen
in liquid N, and stored at -80 °C until analy$'s.

2.4 Extraction of 0,0EDDHA from plant materials

An extraction procedure suitable for subsequent GHESI/MS analysis was developed
by modifying the procedure described by Bienfgital? An IS was always added (see
below) to control possible systematic errors odogrduring extraction, chromatography
separation and ESl-ionization.

Frozen plant tissue (2.0-0.5 g of FW) was grounith W2 mL of extraction solution (1
mM ammonium acetate, pH 6.0) containing the 1Sa iBrO,-ball mill (MM301, Retsch,
Haan, Germany) operating at a frequency of 30" mpstili a homogeneous extract was
obtained (approximate grinding times were 0.5, # @ymin for fruit, leaf and root
materials, respectively). The suspension was degéd at 1200@ for 20 min at 4 °C and
the supernatant was collected. These frequencyganding time values were optimal to
obtain a good separation between pellet and suatnd hen, the pellet was resuspended
in 1 mL of extraction solution, centrifuged agaimdathe supernatant was collected and
combined with the previous one. The last step vegeeated once. The combined final
extract was filtered through 0.45 pum PVDF membraaed made up to volume with
extraction solution.

2.5 HPLC/ESI-MS(TOF) analysis

0,0EDDHA was determined as Fe(lihyoEDDHA using the HPLC/ESI-MS(TOF)
method developed by Alvarez-Fernana¢al* Analyses were carried out with a Waters
Alliance 2795 HPLC system (Waters, Mildford, MA, BScoupled to a MicrOTOF
(Bruker Daltonics, Bremen, Germany) TOF mass spewter equipped with an ESI
ionization source. The MicrOTOF was operated inatieg ion mode with endplate and
spray tip potentials of 0.5 and 3.0 kV, respectivélebulizer gas () pressure and drying
gas (N) flow rate were kept at 1.6 bar and 8.0 mL thiespectively, orifice voltage was
120 V and drying gas temperature was 180 °C. Spewére acquired in the 100-800
mass/charge ratim/z) range. The mass axis was calibrated using Li-fegnadducts (10
mM LiOH, 0.2% (v/v) formic acid and 50% (v/v) 2-granol).

Samples were separated by HPLC using jarbparticle size, 2.1 x 150 mm Waters
Symmetry Gg column protected by a 3}&m particle size, 2.1 x 10 mm Waters Symmetry
Cis guard column and a gradient of methanol and millivgter. pH was buffered in the
chromatographic run with 5% of 20 mM ammonium aiee(pH 6.0). Injection volume and
flow rate were 50 pL and 100 pl rifinrespectively. Autosampler and column temperatures
were 6 and 30 °C, respectively. The flow of thetf8 min of the chromatographic run was
discarded by using a Reodhyne divert valve, inotaeeduce ion suppression. The system
was controlled with the software packages MicrOTGBntrol version 2.2 (Bruker
Daltonics) and HyStar version 3.2 (Bruker DaltohidSata were processed with Data
Analysis version 3.4 software (Bruker DaltonicspnCentrations of Fe(llip,o0EDDHA
were always quantified by external calibration witternal standardization.
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2.6 Internal standards

Two types of internal standards (IS) were testetvo Fe stable isotope labelled (SIL)
Fe(ll1)-0,0EDDHA analogues*Fe(lll)-0,0EDDHA and °’Fe(lll)-0,0EDDHA, and ii) a
structural Fe(lll)o,0EDDHA analogue, Fe(lltp,0cEDDHMA. Iron(lll)-0,0EDDHMA
differs from Fe(ll)0,0EDDHA in the presence of two methyl groups locatedooth
aromatic rings irpara position (Fig. 4-1A,D).

Pre- and/or post-extraction IS addition techniquese applied as described by Tagtor
using o,cEDDHA-free plant material. Pure standard solutieised for spiking samples
were analyzed throughout the process as indicatdwb for the tissue samples.
0,0EDDHA-free plant tissue extracts were first anatyby HPLC/ESI-MS to ensure the
absence of endogenous isobaric compounds co-elwiingthe analyte and/or the IS that
could cause analytical interferences. When usinglas®*Fe(ll1)-0,0EDDHA, two pre-
extraction assays were carried out by spiking tiygaant material before the extraction
process with the analyt&®Fe(l)-0,0EDDHA) and/or the 1S°¢Fe(lll)-0,0EDDHA). Plant
tissue to final extract weight ratios (PTW/FEW oati in w/w) were 160 mg FWy
resulting in final analyte and IS concentrationghie range of 15 to 35 uM. For the first
assay, a spike of a combin&tFe(ll1)-0,0EDDHA plus >*Fe(lll)-0,0EDDHA solution was
added to leaves and roots from Fe-sufficient sugget and tomato plants, then the
extraction process was carried out as describedeabod the extracts were analyzed
immediately by HPLC/ESI-MS. A second different grdraction assay was carried out by
spiking only>*Fe(lll)-0,0EDDHA into leaves, roots and xylem sap from Fe-defit and
Fe-sufficient sugar beet plants. Leaf and rootaetsr were obtained, left at 4 °C in darkness
and analyzed 0, 1, 3, 6, 12 and 24 hours latereidysap samples were left at 4 °C in
darkness and analyzed 0, 1, 3, 6, 12 and 24 hfterdlee spiking process.

When using the structural analogue Fe(®J)EDDHMA, post- and pre-extraction
addition assays were applied to six different plésgues from Fe-sufficient plants: leaves
and roots from sugar beet and tomato plants ang$eand fruits from peach trees. The
final analyte and IS concentrations were approxgtyal6 and 8 uM, respectively. First, a
post-extraction assay was carried out by spikiraptptissues after the extraction process
with both the analyte and the 18nd the extract was then immediately analyzed by
HPLC/ESI-MS. Different PTW/FEW (w/w) ratios (60, 8020, 160 and 250 mg FW'g
extract) were used with each plant tissue. Secampde-extraction assay was carried out by
spiking directly plant tissues before the extratfwocess with both the analyte and the IS.
The extraction process was carried out at the aptimplant PTW/FEW ratio for each plant
tissue as determined in the post-extraction assénen using xylem sap from tomato and
sugar beet, the sample was spiked directly with ltio¢ analyte and the IS just before the
HPLC/ESI-MS analysis.
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Figure 4-1. Chromatograms extracted atrifie values of the major [M - H] molecular ions of the analyte
"Ee(l11)-0,0EDDHA (*°Fe(Ill)-0,0EDDHA; A), the compounds tested as SIL-f&Fe(l1l)-0,0EDDHA and
*’Fe(ll1)-0,0EDDHA; B-C), and the IS structural analogi&Fe(l)-0,0EDDHMA (**Fe(lll)-0,0EDDHMA;
D) at a concentration of 20 uM. The first and sec@eaks of the Fe(lllp,0EDDHA chromatograms
correspond to the racemic and meso isomers, régplgciSolutions were 1 mM ammonium acetate, pH 6.0

2.7 Recovery assays and limits of detection and quantation

Two recovery assays were also carried out wittEDDHA-free Fe-sufficient plant
materials (leaves and roots from sugar beet anattmmplants and leaves and fruits from
peach trees). This was carried out by adding, bdfoe extraction process, known amounts
of either a mixture of Fe(lllp,0EDDHA plus the IS Fe(llho,0EDDHMA or a combined
solution of different metab,o0EDDHA chelates (Ni(ll)-, Co(ll)-, Zn(ll)-, Mn(ll)-Mg-, Ca-
and Cu(ll)o,0EDDHA) plus the IS (Fe(llHo,0EDDHMA). An aliquot of the extract
obtained as described above was treated withQ¥Huntil pH 11-12 to dissociate the
metalo,0EDDHA complexes, an excess of Fg@Was slowly added and the pH was
adjusted to 6.0—7.0 with HCI to form Fe(Ib)oEDDHA. Then, the solution was filtered
through 0.45 um PVDF membranes and made up to elwith extraction solution at the
final PTW/FEW ratios found optimal for each plansstie (see Table 4-1). Final
concentrations of the analyte and IS were 20 andMQrespectively. For xylem sap, the
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recovery assays were carried out only with tomlayodirectly spiking both the analyte and
the IS before NEDH addition and using the same protocol descritbede, while keeping
minimal the dilution of the sample (PTW/FEW ratiosapproximately 500 mg FW™Y,.
All samples were immediately analyzed by HPLC/ESS-M

Detection (LODs) and quantification (LOQs) limitealefined as the amount of analyte
necessary per g (FW) of plant tissue to give aalgoise (S/N) ratio of 3 and 10,
respectively.

2.8  Analysis of plant materials treated with Fe(lll)-o,0EDDHA

Samples of leaves (1 g FW), roots (2 g FW) andmysap (0.3 g FW, approximately
300 pL) from sugar beet and tomato plants treatéd ke(lll)-o,0EDDHA were spiked
directly with the IS Fe(llo,oEDDHMA. Tissues were extracted according to the
extraction procedure described above, and then made 5 g final weight with extraction
solution. Tissue extracts (2 g aliquots) and xyleap samples (approximately 0.3 g
aliquots) were treated with NBH (25% v/v) until pH 11.0-12.0, an excess of Re@lI5
pmol) was slowly added and the pH was adjusted@e/® with HCI. Then the solution
was filtered through 0.45 um PVDF membranes andenugdto 5 g final weight for tissue
extracts and to approximately 600 mg for xylem samples, using extraction solution.
Final concentration of the IS in these solutions Wg1M.Racemicandmeso—0,BDDHA
were determined as their Fe(lll)-chelate forms BLB/ESI-MS* using calibration curves
corrected with the internal standardization procedlescribed above.

3. RESULTS AND DISCUSSION

Matrix effects for both Fe(lll3,0EDDHA isomers acemicandmesg were evaluated
for all plant tissues at different plant tissuefiteal extract weight ratios (PTW/FEW).
Strong matrix effects during the ionization of dr@alyte were found, with ion suppression
occurring in most cases, although tomato tissuese vem exception. lon suppression
accounted for approximately between 10 and 40%@fanalyte signal, the largest values
being found for peach tissues. Matrix effects wegy similar for bothracemicandmeso
isomers and were less marked when PTW/FEW valuee logver (data not shown). In
some materials such as tomato tissues, matrixtsffeere only minor. Since the use of IS
is considered the most appropriate method for oblimtg matrix effects during LC/ESI-MS
experiments, several IS were tested in subsequeetieents.

3.1 Internal standards

3.1.1 Using Fe stable isotope-labelled Fe(lll)-0,0EDDH# iaternal
standards

LC/ESI-MS(TOF) ion chromatograms of the analyte #ral SIL molecules tested as IS
were extracted ai/z values of the corresponding [M - H]molecular ions (412.0 for
*Fe(I1l)-0,0EDDHA, 413.0 for’’Fe(lll)-0,0EDDHA and 410.0 for*Fe(lll)-0,0EDDHA),
with a precision oft 0.02m/z (Fig. 4-1A-C). Fe(lll)e,0EDDHA geometric isomers were
separated by HPLC, with elution times for tlaeemicandmesoisomers of 14.8 and 16.5
min, respectively.
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Plant tissue samples free @bEDDHA were also analyzed by HPLC/ESI-MS to look
for possible isobaric compounds co-eluting with t@alytes and/or the IS that may
interfere with the determination. An endogenoudasi interference amn/z 413.0 was
found to co-elute partially witmeso®'Fe(I11)-0,0EDDHA in sugar beet materials, whereas
no isobaric interferences were found in all otheses (data not shown). Therefore,
>"Fe(lll)-0,0EDDHA was discarded as a possible SIL, and 3fffg(lll)-0,0EDDHA was
used as SIL internal standard in further experisient

A pre-extraction assay was carried out by spikingmbined®Fe(ll1)-0,0EDDHA plus
>‘Fe(Il1)-0,0EDDHA solution into sugar beet and tomato plardués before the extraction
process, andacemic and meso Fe(lll)-o,0EDDHA were quantified by HPLC/ESI-MS.
Recoveries were calculated for each isomer by oligidhe concentration found in the
extract by the concentration found in the pure coeb standard solution used to spike the
samples. Recoveries found wanghe range of 150-180% for all plant materiafglicating
that the use of the 13'Fe(lll)-0,0EDDHA did not give satisfactory results. Problems a
unlikely to occur during HPLC/ESI-MS analysis, siéFe(lll)-0,0EDDHA and>*Fe(lll)-
0,0EDDHA co-elute in pure solutions (Fig. 4-1) andml&xtracts (not shown). A likely
cause for the >150% recovery values found in thieegpplant materials is the occurrence
of Fe isotope exchange reactions betweerr#e originally bound t@,0EDDHA and the
added™Fe(ll1)-0,0EDDHA and native Fe present in plant materialst toald result in the
de novoformation of"®Fe(lI1)-0,0EDDHA, the breakdown of'Fe(lll)-0,0EDDHA or both
(Eqn (1)). The equilibrium could be shifted towatts formation of*Fe(lll)-0,06EDDHA
because of the higher concentration BFe-compounds present in plant materials
compared witl*Fe bound t@,0EDDHA.

**Fe(lll) -0,0EDDHA +"'Fe-plant = "*Fe(lll) -0,0EDDHA + **Fe-plant (1)

The occurrence of isotope exchange reactions wessssd by using a second pre-
extraction addition assay, spiking onif§e(ll1)-0,0EDDHA into sugar beet plant materials,
and then monitoring the analyte to IS peak areaio ratAs/AIS; “®Fe(lll)-
0,0EDDHA/>*Fe(l11)-0,0EDDHA) for the next 24 hours (Fig. 4-2). The As/A¥&lues for
each isomer, plant material and analysis time werspared with those of a pure standard
solution (0.06). Isotope exchange (As/AIS valugghhbr than 0.06) occurred in many cases,
depending on the type of plant material used aadpecific isomer (Fig. 4-2). For leaf and
root extracts, the As/AIS ratio was significanthrder than 0.06 for both isomers (Fig. 4-
2A-D). No dependence of the As/AIS with the timepded between extraction and
analysis was observed, indicating that isotope &xgé reactions occurred mainly during
the extraction process. The plant Fe nutritionalust also affected markedly the extent of
isotope exchange reactions, since the As/AIS ratiained for Fe-sufficient leaves (0.4-
0.5) and roots (6.0-8.0) were significantly higltat p<0.05) than those corresponding to
Fe-deficient tissues (values of 0.1-0.2 for leaaed 0.1-0.3 for roots). Iron concentrations
in Fe-sufficient roots were 8-fold higher than taad Fe-deficient, whereas Fe-sufficient
leaves had Fe concentrations only 3-fold highen thase of Fe-deficient ones.

In xylem sap, and in contrast to what happene@awds and roots, only the less stable
isomer meso>*Fe(ll)-0,0EDDHA; log K 34.15%° appeared to participate in Fe isotope
exchange reactions, whereas the most stable isgaamic>*Fe(lll)-0,0EDDHA; log K
35.865° did not. This could be due to an effect of thdedént endogenous Fe/spik&fFe
ratios occurring in leaf and root extracts and myleap samples, which were in the ranges
of 1.2-1.5 in leaf and root extracts, and 0.2-5ylem sap. Therefore, the amount of
native Fe in xylem sap was likely limiting for isge exchange reactions, favoring isotopic
exchange only with the less stable isomer. Timesddpnce of the Fe isotope exchange
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reactions ofmeso’*Fe(ll1)-0,0EDDHA was observed in the xylem sap of both Feaiexit
and -sufficient plants (Fig. 4-2 E-F), since thdMS ratio increased with time. At time O h
(analyzed immediately after spiking) very littlé¢, any, isotope exchange reactions had
occurred, whereas significant increases in the FKs/#atio occur mainly before 6 and 12
hours in Fe-deficient and Fe-sufficient samplespeetively. Isotope exchange reactions
occurring in xylem sap were favored in Fe-deficiertracts compared with Fe-sufficient
ones, in spite of the fact that Fe concentratioesewower in Fe-deficient than in Fe-
sufficient xylem sap (6 and 10 uM Fe, respectivelpis suggests that endogenous Fe-
compounds present in Fe-deficient xylem sap undEggsotope exchange reactions more
easily than those present in Fe-sufficient xylempsimlikely due to the significant
differences occurring in chemical compositfdn.
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Figure 4-2. Time dependence of tf&e(ll1)-0,0EDDHA/**Fe(lll)-0,0EDDHA ratios in a pre-extraction
addition assay carried out with extracts of Fedlefit (-Fe) and Fe-sufficient (+Fe) sugar beetdsalA, B)
and roots (C, D) and with xylem sap (E, F). Plassutes were spiked only witfiFe(ll1)-0,0EDDHA and
analyzed at different times after the extracticayies and roots) or the spiking process (xylem. sapgn
squares are for theacemicisomer and full squares for theesoone. Data are meansSE (n = 3).
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These results support that Fe SIL compounds arsuitatble as IS for the quantification
of Fe(lll)-0,0EDDHA in many plant materials. However, they cobkl adequate for the
guantification of different synthetic Fe(lll)-chéds (including Fe(lll)e,c0EDDHA) in
liquid agricultural matrices such as soil solutiomggation waters, nutrient solutions and
even in some plant samples such as peach xylem gdfhough SIL compounds are
generally supposed to be the best IS, the resutteeqresent study indicate that they must
be tested for each specific matrix. Isotope excharggctions between SIL compounds
used as IS have been also described in previoukestuChavezt al. found isotope
exchange reactions between the D atoms of theabibesSIL **CDsrofecoxib and théH
atoms of the water-containing LC solvents when theye analyzed by HPLC/MS, but not
when non-polar solvents were used in GC/MS anafysis that study, a°C-labeled
compound,C;rofecoxib, was successfully used, concluding tiat, **N- or }’O- SIL
analogues may better choices than D-labelled comgmHowever, these SIL compounds
are not always commercially available or they ag/\expensive, as it occurs in the case of
0,0EDDHA (approximately 3000 euros per mg). In theages, structural analogues can be
an alternative to SIL internal standards, takintp inonsideration structural similarities
between the IS and the analyte3!

3.1.2 Using the structural analogue Fe(lll)-o,0EDDHMA ia$ernal
standard

In our case, the compound Fe(ll)eEDDHMA was considered as the best option for a
IS structural analog of Fe(ll);0EDDHA, because of the high chemical similarity, the
only differences being the two methyl groups lodatepara position (Fig. 4-1A,D). The
compound Fe(lll)e,0EDDHMA is also accepted by EU legislation as a carual
fertilizer, but its use is much less frequent thiaat of Fe(lll)o,0EDDHA (3 and 72% of
the commercial products in Spain in 2007, respelyty> Therefore, it would be necessary
to ascertain that Fe(lll);0EDDHMA is not present in plant samples prior to lgpine
proposedo,cEDDHA analysis method. A LC/ESI-MS(TOF) ion chromgtam of Fe(lll)-
0,0EDDHMA is shown in Fig. 4-1D. The ion chromatograwas extracted at the
corresponding®Fe isotope signal of the [M - H]molecular ion at an/z value of 440.0.
Retention times were 16.5 min and 18.6 min for ieorh and isomer 2of Fe(lll)-
0,0EDDHMA, respectively (Fig. 4-1D). Isomer 1 of FeJib,0EDDHMA co-eluted with
the mesoisomer of the analyte, and therefore it was chdeebe tested as IS. Since the
racemicFe(lll)-o,0EDDHA isomer eluted at a different time than thett® possibility that
matrix effects associated to the presence of atbaxluting compounds may occur should
be also assessed.

The post-extraction assay previously used by oghghord®?3*3° was carried out by

spiking a combined®Fe(l1)-0,0EDDHA plus "Fe(Il1)-0,0EDDHMA solution into plant
extracts before the HPLC/ESI-MS analysis. Differ&ftW/FEW ratios were tested for
each plant material, including sugar beet and tortegtves and roots and peach leaves and
fruits. PTW/FEW ratios tested were similar or lowkan those used by Bienfait al®
Recoveries were calculated as described above €TaHl). For all plant materials,
recoveries ofacemicFe(lll)-o,0EDDHA were affected by the PTW/FEW ratio (Table 4-
1). For high PTW/FEW ratios, recoveries were inrdnege of 119-109%, which indicated a
slight increase of the analyte/IS response in coispa with the pure standard solution.
Therefore, the co-eluting matrix components cawsteer an enhancement of the analyte
ionization or a suppression of the IS ionizationtiMhe lowest PTW/FEW ratios used
with each material, recovery values were goodha tange of 96-104%, indicating that
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matrix effects affected in a similar way analytel a8. Optimal PTW/FEW ratio values (in
mg per g) were 80 for sugar beet and tomato leda&sfor peach leaves, 160 for roots and
60 for peach fruits.

Table 4-1. Recoveries (in %) oacemic and mesoFe(lll)-0,0EDDHA in the post-extraction assay, using
Fe(lll)-o,0EDDHMA as IS. Six different plant tissues were usediifferent plant tissue/final extract weight
ratios (PTW/FEW, w/w). Data are meahSE (n = 3).

Plant tissue rat

(PTW/FEW, mg FW -1) racemic meso
Sugar beet leav
16C 110+ 4 97+1
12C 111+2 99+1
80~ 103+ 2 98+1
Sugar beet roo
25C 117+ 4 105+ 1
160* 102+ 2 103+ 1
Tomao leave
16C 114+ 4 98+1
12C 110+ 1 97+2
80~ 103+ 2 96+ 2
Tomato root
25C 114+ 2 104+ 1
160* 102+ 2 98+1
Peach leave¢
16C 109+ 2 98+ 3
120* 99+ 2 102+ 1
Peach fruit
16C 117+ 2 113+ 1
12C 119+ 2 103+ 1
80 113+1 104+ 3
60* 104+ 2 101+1

*Optimal PTW/FEW ratios.

Using these optimal PTW/FEW ratios, a pre-extracagsay was carried out to test the
suitability of the structural analogue Fe(ld))EDDHMA as IS in the whole analytical
method, including the extraction process, by sgjkdrectly plant materials before the
extraction process with a combined Fe(81pEDDHA plus Fe(lll)0,0EDDHMA solution.
Good recoveries, in the range of 93-106%r&memicFe(lll)-o,0EDDHA and 96-105% for
mesoFe(lll)-0,0EDDHA, were obtained for all plant materials (Ta#!€). In summary, the
structural analogue Fe(llD;oEDDHMA could be considered as a suitable IS for the
determination of Fe(lll)ls,dEDDHA in plant tissue extracts.
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Table 4-2. Recoveries (in %) odcemic and mesoFe(lll)-0,0EDDHA in the pre-extraction assay, using
Fe(lll)-o,0EDDHMA as IS. Eight different plant tissues weredst the optimal PTW/FEW ratios found in
the post-extraction assay (see Table 4-1). Datanasnst SE (n = 5).

racemic mest
Sugar bet Leave: 95+3 100+ 1
Root: 100+ 2 101+5
Xylem saj 96+1 99+1
Tomatc Leave:! 93+4 100+ 1
Root: 101+2 103+ 2
Xylem saj 95+2 96+1
Peacl Leave:! 100+ 4 105+ 2
Fruits 106+ 2 101+1

3.2  Recovery assays

It is assumed that the chelating agemEDDHA could occur inside the plant in
chemical forms other than Fe(litoEDDHA.*® Therefore, to ensure the tombEDDHA
determination in plant materials, recovery assagesevalso carried out by adding an excess
of Fe(lll) to the plant extracts to facilitate thkelation of allo,o0EDDHA chemical forms
with Fe(lll), and its subsequent determination &¢lI§-o,0EDDHA by HPLC/ESI-MS.
The pH of plant extracts were adjusted to pH 1lk&fore the addition of Fe excess to
facilitate the existence of free, solumdeoEDDHA forms, and then the pH was slowly
adjusted to neutral values, where Fe(tlJ)EDDHA is known to be stabl&.

Two different pre-extraction recovery assays weagied out by spiking plant tissues
with either Fe(lll)o,0EDDHA plus the IS Fe(lIHo,0EDDHMA or a combined standard
solution of other metab;0EDDHA complexes plus the IS Fe(llh.,oEDDHMA. For both
assays, recoveries were similar and acceptabliadimange of 74-118%) independently of
the metale,0)EDDHA complex spiked into the plant material (Takle3). Differences
between isomers were observed, witesorecovery values being better (average of 104%)
than those ofacemic(average of 90%), as also observed in the pre\assays (Tables 4-1
and 4-2). The reason for that is likely due to fhet that the IS co-eluted with tlreeso
Fe(lll)-o,0EDDHA isomer, whereas thracemicFe(lll)-o,0EDDHA isomer had a different
retention time. When comparing plant materials, ltbwveest recoveries were obtained for
the racemicisomer in tomato leaves (79%) and roots (77%)cé&ithe protocol of these
assays was more complex than those used in predssays (Tables 4-1 and 4-2),
involving several steps and including pH changeghdr standard errors were obtained
(Table 4-3).
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Table 4-3. Recoveries (in %) cdcemicandmesoo,0EDDHA in a pre-extraction assay in the presencernof
Fe excess, using Fe(ll);oEDDHMA as IS, after spiking plant tissues with FB{b,0EDDHA (Assay 1) or
a combined solution of Ca(ll)-, Mg(ll)-, Cu(ll)-, MII)-, Ni(ll)-, Co(ll)-, Zn(ll)-0,0EDDHA (Assay 2). Data
are meang SE (n =5).

Assay 1 Assay .
racemic mes racemic mes
Sugar bet¢ Leave: 110+4 104+2 101+t6 97%2

Root: 94+6 106%8 86+6 111+6
Tomatc Leave: 83+3 1072 75+4 98+1
Root: 80+1 103%2 74+2 952
Xylemsa; 1037 108x4 90+2 90zx5
Peacl Leave: 93+6 116+10 90+8 1185
Fruits 93+2 102%1 84+1 95+2

3.3 Limits of detection and quantification

LODs and LOQs foracemic and mesoo,0EDDHA in different plant materials are
shown in Table 4-4. Overall sensitivity was highthw.OQs between 11 and 162 pmdl g
FW for plant tissues and between 60 and 151 pmat fotxylem sap. These values are at
least an order of magnitude better than the onl@L@ported so far, that was 2140 pmol g
1 FW for tomato, lettuce and pepper using HPLC/U\&YIIn other studies with tobacco
and tomato, LOQs were not reported but the minimamount of Fe(lll)e,pEDDHA
determined was also very high, 3500 pmol Fe@|BEDDHA ¢* FW?2

Table 4-4. Limits of detection (LOD) and quantifica (LOQ) forracemicandmesoFe(lll)-0,0EDDHA in
eight different plant tissues. LOD and LOQ valuesevin pmol ¢ FW for plant tissues and in pmol mior
xylem sap.

LOD LOQ

racemic mes( racemic mest

Sugar be¢ Leave: 24 18 81 61
Root: 9 8 30 27

Xylem saj 26 18 87 6C

Tomatc Leave:! 9 1C 29 34
Root: 3 4 11 14

Xylem saj 45 35 151 11¢€

Peacl Leave: 49 29 162 98
Fruits 12 12 38 41

3.4  Analysis ofo,cEDDHA in plant materials

Fe-deficient sugar beet and tomato plants wereteleavith a Fe(lll)-EDDHA
commercial fertilizer (90 uM Fe(llIp,oEDDHA) for 24 h. Leaves, roots and xylem sap
were sampled and submitted to the extraction meteekloped, using as IS Fe(lll)-
0,0EDDHMA. HPLC/ESI-MS(TOF) analysis of the extractene performed before and
after the addition of an Fe excess to determin® ifleEDDHA bound to Fe(lll) and the sum
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of all o,0EDDHA chemical forms occurring in the extracts, pedively. lon
chromatograms showing the occurrence of Fe@JgeDDHA in tomato leaf and root
extracts and xylem samples are shown in Fig. Re&emicand mesoFe(lll)-o,0EDDHA
were found at 14.8 and 16.5 min, respectively;ia theak was found at 14.8 min and was
identified as the Fe(lllp,pEDDHA isomet* that is also present in the commercial Fe(lll)-
EDDHA fertilizer used (this product contains approately 4.3 and 0.9 g of Fe(lll)-
0,0EDDHA and Fe(lll)o,pEDDHA per 100 g of product, respectively}).

Both 0,0EDDHA and Fe(lll)o,pEDDHA were found in all plant materials in both mpia
species (Table 4-5p,0EDDHA was mainly in the Fe(lll)-chelate form in ess, roots
(approximately 67% in both cases) and in xylem(sgproximately 90%).

124 A, 160 LEAVES
9 4

.1 B 2160 ROOTS

Intensity * 10°

0 | J A
C 16.0

8- 142 XYLEM SAP
6 4
44
24
0 J

T T T T

10 15 20 25 30

Time (min)

Figure 4-3. lon chromatograms (afz412.0) for extracts of leaves (A) and roots (Bid aylem sap (C) from
tomato plants treated with a commercial Fe(lll)-BED fertilizer for 24 hoursRacemicand mesoFe(lll)-
0,0EDDHA were found at 14.2 and 16.0 min respectivélye peak at 14.8 min retention time corresponded
to Fe(lll)-0,p)EDDHA.

The presence af,0EDDHA in plants was first demonstrated in ledvby direct VIS
spectophotometry of purified extracts. More regerd|oEDDHA was found in leaves and
roots by HPLC/VIS. In our study we found leaf and rampEDDHA concentrations in the
range of 12-63 nmol gFW with a short exposure time to Fe(IB)eEDDHA, whereas in
previous studi€s, carried out in many cases with longer exposuresi concentrations
were in the range 7-30 nmol'gW. In the present studg,0EDDHA concentrations in
leaves were always 2-4 fold higher than those ofsrin sugar beet and tomato, whereas
previous studies reported similar values in roatd &eaves. Both isomers occurred in
similar concentrations in all tissues and in bqgtlecses, withracemiémesoratios in the
range of 0.9-1.2. However, lower values for thaioravere found in pepper and tomato
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leaves (0.7-1.0), whereas in roots ratios wereppf@ximately 1, and this was attributed to
differences in translocation from roots to shoatamd in degradation in leaves between
isomers’ Prolonged treatments such as those used by Biesifail. apparently seem to
facilitate a preferential occurrence of thesoisomer’

Table 4-5. Fe(lll)e,0EDDHA ando,0EDDHA concentrations (in nmol'gFW for plant tissues and in nmol
mL? for xylem sap) in plants treated with a Fe(ll)-BBA commercial fertilizer (90 puM Fe(ll)-
0,0EDDHA) for 24 h. Data are meaasSE (n = 3).

racemi( mes Total
Fe(ll)-o,cEDDHA concentratior
Sugar bet¢ Leave: 8.5+0. 7.4+ 0. 159+ 1.C
Root: 4.3+04 3.7£0.2 8.0+0.4

Xylemsa; 0.16£0.01 0.15+0.01 0.31+0.01
Tomatc Leave: 19.9+0.8 20.3+ 0.8 40.2+0.C
Root: 6.4+1.2 5.2+0.8 11.5+2.C
Xylemsa; 0.5+0.2 0.4+ 0.2 0.9+0.4
0,cEDDHA concentration

Sugar bet¢ Leave: 11.9+0.¢ 11.7+0.8 23.6+ 1.8
Root: 6.3+ 0.8 5.8+0.8 12.1+1.€
Tomatc Leave! 30.0+ 3.C 33.0+2.€ 63.0+ 5.8
Root: 9.5+1.€ 85+1.3 18.0+2.9

Xylemsa; 0.6+0.1 0.5+0.1 1.1£0.1

Results show for the first time that Fe(ld)pEDDHA is also present in leaves, roots
and xylem sap of plants treated with commercialllFedEDDHA products (Fig. 4-3).
However, quantification was not possible becauséheflack of commercially available
standards. Further research is needed to designadiddte an appropriate methodology to
determine this compound.

4. CONCLUSIONS

The method developed permits the determination BYGIESI-MS of the xenobiotic
0,0EDDHA chelating agent used in Fe-fertilizers, watkireme selectivity, high sensitivity
and sufficient accuracy and reproducibility, in alerange of species and plant tissues.
Samples tested include sugar beet leaves and rtootsto leaves and roots and peach
leaves and fruits. The results presented in thmepaemonstrate the need for a careful
evaluation and proper choice of the IS used fontfieation in complex matrices such as
plant materials, when using HPLC/ESI-MS based nughbon stable isotope labelled Fe-
0,0EDDHA does not appear to be a suitable IS, maiatabise of the occurrence of isotope
exchange reactions during extraction and/or sampatment. An adequate internal
standard would probably be afiC-, **N- or ’O- stable isotope labelled chelating agent
(0,0EDDHA), but they are not commercially available.s&uctural analogue, one of the
Fe(lll)-o,0EDDHMA isomers, has been confirmed to be an adeqiftfor o,0pEDDHA
determination in plant tissues by HPLC/ESI-MS, #fiere constituting a useful tool for
studies oro,cEDDHA plant uptake, transport and allocationroEDDHA was found in all
plant tissues tested in tomato and sugar beetsptegdated with moderate (90 uM) Fe(lll)-
0,0EDDHA doses for only one day.
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ELECTROSPRAY COLLISION-INDUCED DISSOCIATION MASS
SPECTROMETRY: A TOOL TO CHARACTERIZE SYNTHETIC
POLYAMINOCARBOXYLATE FERRIC CHELATES USED AS
FERTILIZERS.

Abstract:

Keywords:

Fertilizersbased on synthetic polyaminocarboxylate ferric atesl have been
known to be successful in supplying Fe to plantscesithe 1950s. In
commercial Fe(lll)-chelate fertilizers, a signifitgpart of the water-soluble Fe
fraction consists on still uncharacterized Fe bgpots, whose agronomical
value is unknown. Although collision-induced disisdion (CID) tandem mass
spectrometry (MS/MS) is a valuable tool for ideisation, no fragmentation
pattern data have been reported for most Fe(IIde)atb fertilizers so far. The
aim of this study was to characterize the CID?Nt&gmentation patterns of the
major synthetic Fe(lll)-chelates used as Fe fedib, to subsequently use this
technique for the characterization of commercidilfeers. Quadrupole-time of
flight (QTOF) and spherical ion trap mass analyzeqaupped with an
electrospray (ESI) ionization source were used-E®-MS? spectra obtained
were richer when using the QTOF device. Specifiteddnces were found
among Fe(lll)-chelate fragmentation patterns, ewerthe case of positional
isomers. The analysis of a commercial Fe(lll)-ctesldertilizer by high
resolution liquid chromatography (HPLC) coupled&8I-QTOF MS revealed
two previously unknown, Fe-containing compoundsat tbvere successfully
identified by a comprehensive comparison of the-EE)-MS*QTOF) spectra
with those of pure chelates. This shows that HPIST/EID-MS(QTOF),
along with Fe(lll)-chelate fragmentation patternsuld be a highly valuable
tool to directly characterize the water-soluble fraction in Fe(lll)-chelate
fertilizers This could be of great importance in issues rdldate crop Fe
fertilization, both from an agricultural and an ennmental point of view.

CID, iron fertilizers, mass spectrometry, masgientation, synthetic ferric

chelates
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1. INTRODUCTION

Iron is an essential micronutrient for plants, rieeg for important metabolic processes
such as respiration, photosynthesis, nitrogenitiraand synthesis of DNA and hormortes.
Iron deficiency (also called Fe chlorosis) is a e@gdread nutritional disorder that limits
crop yields in many agricultural areas of the woBthce the incidence of Fe-deficiency in
crops has increased markedly in the recent §ehesuse of Fe-fertilizers is greater than
ever. The efficiency of Fe fertilizers derived fraynthetic polyaminocarboxylate Fe(lll)-
chelates has been known since the 1950’s. Thecagipih of these Fe(lll)-chelates is
considered as the most effective option to corféeldeficiency and, in spite of the high
cost, these fertilizers are nowadays commonly usezbil-less horticulture as well as in
high value field grown crops.

The synthetic polyaminocarboxylate compounds usqudduce Fe fertilizers are strong
binding chelating agents from the ethylenediamirnameylic acid family, and include
ethylenediamine tetraacetic acid (EDTA), diethyteaenine pentaacetic acid (DTPA), N-
(2-hydroxyethyl)ethylenediaminetriacetic acid (HEED), cyclohexane-1,2-
diaminetetraacetic acid (CDTA), ethylenediamine-Nibd{o-hydroxyphenylacetic) acid
(0,0EDDHA), ethylenediamine-N-N’bis(2-hydroxy-4-methjenylacetic) acid
(EDDHMA), ethylenediamine-N-N’bis(5-carboxy-2-hyckygphenylacetic) acid
(EDDCHA) and ethylenediamine-N-N’bis-(2-hydroxy-Gigshophenylacetic)  acid
(EDDHSA). All these compounds have high denticyt¢ 8 donor groups available for
metal chelation), high affinity for Fe(lll), ands&ructure that allows the formation of highly
stable Fe(lll)-chelate complexeg simultaneous coordination of several donor granes
given chelating agent molecule to a single Fe(@tipm. Therefore, the most common
coordination arrangement described for the chelatfoFe(lll) by these chelating agents is
a mononuclear Fe(lll)-chelate complex with 1:1 ct@metry, where Fe is generally found
in a six-coordinate, roughly octahedral field, ahe& chelating agent coordinating as a
sexadentate one.

In spite of the wide use of these fertilizers, thmlogical and environmental
implications of this agronomical practice are siidit fully known, with most of the studies
being focused mainly on Fe(lll)-EDTA and Fe(lll)-BA. In fact, these compounds are
under scrutiny due to their influence on metal kmmlity and mobility, specially because
of the persistence in the environmé&ntParameters related to the efficacy of the syntheti
Fe(lll)-chelates as fertilizers are tightly regeldtin Europe, with several legislation
changes in the last yedf8.Regulated items include the list of authorized tlsgtic
chelating agents, the minimal values for waterdsielUFe and total chelated Fe contents,
and the Fe content chelated by each authorizedatolglagent. In addition, official
analytical methods based on atomic absorption gptipy (AAS) and high performance
liquid chromatography (HPLC) coupled to UV-Vis, leabeen recently approved to
determine the parameters specified by these régudat™> The lack of an unique official
method for the simultaneous determination of athatized synthetic Fe(lll)-chelates has
been mainly due to the low specificity of the détet techniques, which require a very
good chromatographic separation, specially for camps with similar molecular
structures.

Commercial synthetic Fe(lll)-chelate fertilizerseapsbtained by carrying out first the
synthesis of the chelating agents and then incatimg Fe(lll) from inorganic salts. The
first procedures to synthesize chelating agenth aso,0EDDHA and analogues involved
the use of HCM and resulted in compounds of a high putityA novel method using
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cyanide transfer agents instead of HCN has beeelg@®d, although it has not been scaled
up for industrial applications y&t. The currently prevailing industrial synthesis
processes®lead to products which often contain starting cteatsi as well as reaction
byproducts>*92® For this reason, a common characteristic of thfesglizers is the
occurrence of a significant water-soluble Fe fiatthot bound to the authorized chelating
agents®? This is specially relevant in fertilizers contaigi phenolic groups in the
chelating agent structure, where the Fe bound kmawin products often accounts for 40-
50%?2? The occurrence of positional isomers and poly-emsdte products in Fe(lll)-
0,0EDDHA, Fe(lll)-EDDHMA and Fe(lll)-EDDHSA fertilizes was suggested first by
HPLC/UV-Vis, and later confirmed with 1- and 2-dinsponal NMR and electrospray
(ESI) mass spectrometry (M&)!*?3242°Fqgr instance, 14-30% of the water-soluble Fe
content found in Fe(lll,0EDDHA fertilizers actually corresponds to Fe(ld)pEDDHA.
Also, further byproducts formed in the synthesiEE®fDHA were found by ESI-MS and
ESI tandem MS (ESI-MS/MSY. This led to the acceptance of Fe(b)BEDDHA and
Fe(ll)-EDDHSA condensation products by the Eurapdaegislation’® Furthermore,
significant amounts of unreacted starting matesalsh agp-hydroxybenzenesulfonic (8%)
and p-hydroxybenzoic acids (1.4-2.5%) were also foundréglll)-EDDHSA and Fe(lll)-
EDDCHA commercial fertilizers, respectively.

Until now, MS studies have focused mainly on theargification of the active
ingredients of Fe(lll)-chelate fertilizers using aex molecular mad%”* and isotopic
signatures® However, significant structural information can bletained from collision-
induced dissociation (CID) MS/MS, that provides emlar fragmentation patterns. This
technique can be used to identify unknown molecolé¢ke same family (i.e. Fe-containing
fertilizer impurities) and also to add authority ttee identification of Fe(lll)-chelates in
environmental matrices, which could be difficultedio the low concentrations present and
the matrix complexity® Several types of ESI-CID-MSnass spectrometers are available,
differing in the fragmentation mechanisms. For eglemthe fragmentation mechanism in
ion trap devices is a selective excitation of thecprsor ion, whereas in quadrupole time of
flight (QTOF) spectrometers additional fragmentasi@f the product ions often occur. As
far as we know, CID fragmentation patterns of sgtithFe(lll)-chelates have been only
reported for Fe(ll)-EDTA and Fe(lll)-DTPA using tiple stage quadrupole mass
spectrometet:

The aim of this work was to obtain the CID fragnatioin patterns of the nine major
commercial synthetic Fe(lll)-chelate fertilizers b{IPLC/ESI-CID-MS, using two
different mass analyzers, a spherical ion trapa@¥ OF. The use of HPLC/ESI-CID-MS
allowed for the i) the characterization of the freantation patterns of Fe(lll)-chelates and
i) the identification of two previously unknown.efeontaining impurities in a Fe(lll)-
EDDHA commercial fertilizer.

2. EXPERIMENTAL

2.1 Chemicals and reagents

All eluents, buffers, and standard solutions waepared with analytical grade Type |
water (Milli-Q Synthesis, Millipore, Bedford, MA).Hydrochloric acid (35%) and
ammonium hydroxide (25%) were purchased from Pani@aimica S.A (Barcelona,
Spain). Ammonium acetate (99.99%, Sigma-Aldrich, L®wis, MO), Li hydroxide
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monohydrate (99.995%, Sigma-Aldrich), Na format®@%® Sigma-Aldrich), formic acid
(50%, Sigma-Aldrich), methanol and 2-propanol (b&-MS grade, Riedel-de-Haén)
were purchased from Sigma-Aldrich. Agilent tuningxmvas purchased from Agilent
Technologies (Waldbronn, Germany).

Chelating agents used were,NagEDTA-2H,0O (99%, Merck, Barcelona, Spain), DTPA
(99%, Merck), NgHEEDTA (99%, Merck), CDTA:- kD (99%, Merck)0,0EDDHA (98%,
LCG Promochem, Barcelona, Spain), EDDHMA (98%, LB®mochem) and,pEDDHA
(94.7%, provided by J.J. Lucena, Universidad Autdaode Madrid, Spain). Fe(lll)-
EDDCHA and Fe(lll)-EDDHSA (both 5.9% w/w Fe) wersopided by J. M. Garcia-Mina
(Universidad de Navarra, Spain). Iron(lll) was sigp as Fe standard TitriSo(1 g of
metal in_15% HCI, Merck, Darmstadt, Germany). Label’Fe oxide (FgDs, 98% Fe,
95.06%°'Fe) was purchased from Cambridge Isotope Laboest¢findover, MA).

2.2 Ferric chelate preparation

Iron(lll)-chelates and®’Fe labeled Fe(lll)-chelates were prepared by addilogvly
acidic Fe solutions (36 mM Fe and 66 e in HCI), in 5% excess over the molar
amount of chelating agent over high-pH chelatingragolutions? During the addition of
Fe the solution pH was maintained in the range 8+&dding NHOH. Solutions were
neutralized to pH 7.0 with NMDH and HCI and made up to volume with Milli-Q water
Then, they were equilibrated overnight in the datrkoom temperature and filtered through
a 0.45 um PVDF membrane. Stock solutions of Fe¢hBlates (1 mM) were stored in the
dark at 4 °C and standard solutions of concentratiower than 100 uM were prepared
daily from the stocks. Fe(lll)-chelate standardusohs were protected from light during
the preparation and until MS analysis, to avoidtlipduced reduction of the Fe(lll)-
chelates.

2.3 Commercial fertilizers

Six commercial fertilizers, each containing at tease synthetic Fe(lll)-chelate, were
analyzed. Fertilizers used were commercially ladbeds containing Fe(lll)-EDTA (13%
soluble Fe), Fe(lll)-DTPA (0.3% soluble Fe), FE(HEEDTA (4.1% soluble Fe), Fe(lll)-
EDDHA (6% soluble Fe), Fe(lll)-EDDHMA (6% soluble=; and Fe(lIl)-EDDHSA (6%
soluble Fe). All soluble Fe contents indicatedthmse shown in the label, and are given on
a w/w basis. Stock solutions (10 mM soluble Fe)emarepared by dissolving products in
Milli-Q water. Solutions were filtered through a48.um PVDF membrane and stored at 4
°C in the dark. Fertilizer solutions were protecteain light during the preparation and
until MS analysis, to avoid Fe(lll)-chelate redociti

2.4 ESI-MS and HPLC/ESI-MS analysis

ESI-MS analyses were carried out with three diffetgpes of mass analyzers: i) a time
of flight (TOF, MicrOTOF, Bruker Daltonics, Bremefsermany), ii) a spherical ion-trap
(HCTUIltra, Bruker Daltonics) and iii) a quadrupdiene of flight (QTOF, MicroTof-Q,
Bruker Daltonics), all of them equipped with elesjoray ionization (ESI) sources. ESI-MS
operating conditions were optimized by direct itige of 10 uM solutions of each Fe(lll)-
chelate using a syringe pump (Cole-Parmer Instramésrnon Hills, IL) operating at 250
uL h', in order to maximize all signals and minimize source fragmentation and
formation of adducts.
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ESI-TOFMS analysis was carried out in negativeriade, with endplate, spray tip and
orifice voltages of 0.5 kV, 3.0 kV and 75 V, respesly. Nebulizer gas () pressure,
drying gas (M) flow rate and drying gas temperature were 0.8 44rL min* and 180 °C.
Spectra were acquired in the 100-800 mass-to-chatge (m/2 range and the mass axis
was calibrated externally using Li-formate addy@® mM LiOH, 0.2% (v/v) formic acid
and 50% (v/v) 2-propanol).

ESl-ion-trapMS analysis was carried out in negatore mode, with Smart Parameter
Settings optimized for eaah/z Nebulizer (N) gas pressure, drying gas,{NMow rate and
drying gas temperature were kept at 0.7 bar, 4" and 350 °C. Spectra were acquired
in the 50-1200m/zrange, using the ‘Ultra scan mode’, and the mass \aas calibrated
with tuning mix (from Agilent).

ESI-(QTOF)MS analysis was carried out in negatige mode, with capillary and
endplate offset voltages of 3.0 kV and -500 V, eesipely, and collision cell energy of 10
eV. Nebulizer (N) gas pressure, drying gas;{Mow rate and drying gas temperature were
0.4 bar, 4.0 L mitt and 200 °C. Spectra were acquired in the 50-h2@®ange. The mass
axis was calibrated externally using Na-formate uatil (10 mM NaHC® in 1:1 2-
propanol:water).

HPLC/ESI-MS analysis was carried out with an Altar2795 HPLC system (Waters,
Mildford, MA) coupled to the MS(TOF) or the ion-praMS devices, and an 1100 HPLC
system (Agilent) coupled to the MS(QTOF) apparalBLC was carried out with ajm
particle size, 2.1 x 150 mm Waters Symmetry €lumn, protected by a 3&m patrticle
size, 2.1 x 10 mm Waters SymmetrysQuard column, and a gradient of methanol and
milli-Q water with a constant concentration of 1 mdihmonium acetate at pH 6.
Column temperature was 30 °C, and injection volame flow rate were 20 pl and 100 pl
min™. To allow coupling with the HPLC, nebulizer gas,)(Igressure and drying gas N
flow rate were increased to 1.6 bar and 8.0 L ior the MS(TOF) and MS(QTOF)
devices and to 2.1 bar and 8.0 L thiior the ion-trap MS apparatus.

The MS(TOF), MS(QTOF) and ion-trap systems were trolled with software
packages micrOTOF Control v.2.2, micrOTOF Contro2\8 and Esquire Control v.6.1
(Bruker Daltonics). In all cases, HyStar v.3.2 (Bru Daltonics) software was used to
hyphenate HPLC and MS systems and Data Analysi® (Bruker Daltonics) software
was used to process data. The occurrence of Feyitoa detected in the TOF and QTOF
MS spectra was carried out automatically by appglythe Isotope Cluster Analysis
Chromatogram tool of the Data Analysis v.4.0 sofev@Bruker Daltonics). This tool also
allows searching for any ion having several Fe atosince they have a characteristic
isotopic pattern, different from that of ions witimly one Fe atom. For instance, single
charged ions having one or two Fe atoms were sedrektracting isotope cluster analysis
traces with intensity ratios of 15.7 and 7.8, resipely, using in both cases a m/z
difference of 2. Subsequent manually confirmatiohshe Fe occurrence in ions were
carried out by i) using the characteristic¥#ee™* signal intensity ratios of Fe-containing
ions and ii) the comparison of the ESI-MS specfréhe *°Fe(lll)- and>'Fe(lll)-chelates,
since any ion having 1, 2 or 3 Fe atoms would givedifferences of 1, 2 or 3 units.

25  ESI-CID-MS? and HPLC/ESI-CID-MS? analysis

ESI-CID-MS analyses were carried out with two different typésnass analyzers, the
ion-trap and the QTOF described above, both eqdipgith ESI sources. MSoperating
conditions were optimized individually in order teaximize product ion signals in both
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instruments, using direct injection of 10 uM sadus of each Fe(lll)-chelate. General
conditions for the ion-trap and QTOF instrumentsemhose described previously in the
ESI-MS analyses section.

ESI-CID-M$’ (ion trap) analysis was carried out in the ‘Ultais mode’ using He as
collision gas, an optimal amplitude voltage of U.&nd an isolation width for the precursor
ion of 5m/zunits. HPLC systems and conditions were the santbas® described in the
previous section. ESI-CID-MB8TOF) analysis was carried out using Ar as calisgas,
with an optimal collision cell energy of 15 eV aad isolation width for the precursor ion
of 5 m/zunits. Fragmentation ions were identified using 8mart Formula and Smart
Formula 30" tools of the Data Analysis v.4.0 (Bruker Daltonjcssing mass accuracy
and SigmaFit" criteria. The latter provides a numerical compari®f theoretical and
measured isotopic patterns, with smaller valuescaithg a closer match between
theoretical and measured isotopic pattéfriéThe occurrence of Fe in the product ions, as
well as the number of Fe atoms per molecule, wasraéned as indicated for ESI-MS
analysis (see above).

3. RESULTS
3.1 ESI-MS and HPLC/ESI-MS analysis of synthetic Fe(ll)-chelates

ESI-MS analyses of Fe(lll)-chelates were carried wouth three different mass
analyzers: TOF, QTOF and ion-trap. The ions geedrand relative intensities (as % of the
largest peak in each spectrum) found with the diffe mass analyzers are shown for each
Fe(lll)-chelate in Table 5-1. Since commercial ED®and EDDCHA standards were not
available, Fe(lll)-EDDHSA and Fe(lll)-EDDCHA wereparated from available fertilizer
mixtures by HPLC. In all cases, ion isotopic sigmes indicate the presence of only 1 Fe
atom per molecule. Also, isotopic signatures rubedl the possible occurrence of Fe(ll)-
chelates that could be formed during chelate petjgar and/or electrospray ionization in
negative mode; if even minor amounts of Fe(ll)-atelcomplexes were present, the
isotopic signature will be changed, since theretrhasa difference of on@/zunit between
the corresponding Fe(lll)- and Fe(ll)-chelate ioRsirthermore, the elemental formulae
assigned to the ions indicated that the stoichiomeas always 1:1, as expected from the
stoichiometry (Fe-to-chelating agent ratio) usethmpreparation of Fe(lll)-chelates.
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Table 5-1. lons produced in negative ESI-MS analysfeFe(lll)-chelates used as fertilizers with eiént
mass analyzers: TOF, ion trap and QTOF. Numbepsianthesis indicate the relative intensity sigteding
the major peak as 100%. Data were acquired bytingp@dOuM solutions of each analyte in water.

Fe(lll)-chelatt lons TOF° lon Trag  QTOP
m/z
Fe(lll)-EDTA [M-H] 344.0 (100 344.0(100 344.0(100
[M-H-CO,]" 300.0 (25)
[M-H-2CCy] 256.0 (7
Fe(lll)-DTPA [M-H] 445.0 (100  445.0(100 445.0(100
[M-H-CO,H] 400.0 (42)
[M-H-2CO,] 357.0 (47)  357.0 (15) 357.0 (31)
[M-H-3CC,]" 313.0 (12
Fe(lll)-HEEDTA [M-H]" 330.0 (100 330.0(100 330.0(100
[M+CI]" 365.9 (77)  365.9 (16) 365.9 (77)
[M-H-CO,]" 286.0 (8
Fe(lll)-CDTA [M-H]" 398.0 (100  398.0(100 398.0(100
[M-H-CO,] 354.0 (20)
[M-H-CgH1604]" 227.9 (8
Fe(lll)-0,cEDDHA  [M-H]' 412.0 (100 412.0(100 412.0(100
[M-H-CO,] 368.0 (42)
[M-H-2CC,] 324.0 (9
Fe(lll)-0,fEDDHA  [M-H] 412.0 (100 412.0(100 412.0(100
[M+CI]" 448.0 (24)  448.0 (67) 448.0 (28)
[M-H-CO,]" 368.0 (31
Fe(lll)-EDDHMA [M-H] 440.1 (100  440.1(100 440.1(100
[M-H-CO,]" 396.0 (20
Fe(lll)-EDDHSA [M-H] 572.0 (100  572.0(100 572.0(100
Fe(lll)-EDDCHA [M-H]" 500.0 (100 500.0(100 500.0(100
[M-H-CO,]" 456.0 (13)
[M-H-2CCy] 412.0 (5

#TOF, time of flight
PQTOF, quadrupole time of flight

The most abundant ion (100% relative intensityyesponded to the&fFe signal of the
[M-H] " ions, atm/z values 344.0 for Fe(lll)-EDTA, 445.0 for Fe(ll)APA, 330.0 for
Fe(lll)-HEEDTA, 398.0 for Fe(lll)-CDTA, 412.0 for &lll)-0,0EDDHA and Fe(lll)-
0,)EDDHA, 440.1 for Fe(lll)-EDDHMA, 572.0 for Fe(llleEDDHSA and 500.0 for
Fe(lll)-EDDCHA. In MS(TOF) and ion trap MS analysdise [M-HJ ion was the only one
found in most cases (Table 5-1). Exceptions werglllF6lEEDTA and Fe(lll)-
0,pEDDHA, where minor signals, ah/z 365.9 and 448.0 respectively, were assigned to
chloride adducts [M+Cl] and Fe(lll)-DTPA, where a minor signal at/z 357.0 was
assigned to the double decarboxylation product [M&0;,] (Table 5-1). In the latter case,
an additional signal ah/z400.0 in the TOFMS spectrum was assigned to gHdGss. The
CO,H loss found with the Fe(lll)-DTPA chelate likelg@urred because among the several
polyaminocarboxylate Fe(lll)-chelates studied, Fe@TPA is the only one having a
carboxylic group (protonated at the neutral pH Wsadt bound to the Fe atom.
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Furthermore, when using the MS(QTOF) apparatustiaddi decarboxylation product ions
(2-4, depending on the specific chelate) were abthieven at minimal collision energies
(Table 5-1). The formation mechanism of decarbdigfaproduct ions could be am
cleavage, known to occur in carboxylate anionsrasditing in stable carbanion species. In
all Fe(lll)-chelates studied, N atoms have a cayboxgroup inf3 position, that can easily
undergo decarboxylation to form the correspondiadp@&nion at thex position, which is
stabilized by the N atom. Single decarboxylatiomsiavere observed for all Fe(lll)-chelates
with the exception of Fe(lll)-DTPA. The Fe-O bondghe heptacoordinated Fe(lll)-DTPA
(see structure in Figure 5-1B) are weaker thanethnghe other Fe(lll)-chelates studied,
where Fe is hexa- or penta-coordinated. The 665 involving the Fe-O bond cleavage
would be therefore favored in Fe(lll)-DTPA andstlikely that single decarboxylated ions
(which are still heptacoordinated) could not beedsd due to a rapid second
decarboxylation.

3.2  ESI-CID-MS? and HPLC/ESI-CID-MS?analysis of Fe(lll)-
chelates

ESI-CID-MS’ and HPLC/ESI-CID-M$ analyses of Fe(lll)- antFe(lll)-chelates were
carried out with the MS(QTOF) and ion-trap MS degic When no standards were
available,e.g.for theracemicand mesostereoisomers of Fe(lI);0EDDHA and Fe(lll)-
EDDHMA, as well as for Fe(lll)-EDDCHA and Fe(lll)f EDHSA, HPLC was used to
separate the chelates. In all cases, the predarsselected for MSfragmentation was the
corresponding [M-HJion found in the MS analyses (Table 5-1), usingsafation width of
5.0m/zunits (both in the case of the ion trap and the )T retain the isotopic signature
of the product ions.

Fragmentation patterns of Fe(lll)-chelates obtaingth both mass analyzers were
coherent, although differences in the number oflpcdions were observed. The ESI-CID-
MS?(QTOF) spectra (Figures 5-1, 5-2 and 5-4) wereerithan those obtained with the ion
trap (see Figure 5-S1, Supplementary Material) ahdwed specific differences in
fragmentation patterns even in the case of Fe¢Hblates that are positional isomers (see
below). Therefore, we used subsequently Fe(lll)atkefragmentation patterns based on
the ESI-CID-M$ spectra obtained with the MS(QTOF) device. As aangle of the
quality of the data, mass accuracy and resolutiothe precursor and product ions of
Fe(ll1)-0,0EDDHA using M$(QTOF) were lower than 3.7 mDa and 0.056 FWHM [(Ful
Width of the peak at Half of its Maximum height)espectively (Table 5-S1 in
Supplementary Material).

The isotope signature of the K( TOF2 product ions matched with single negatively-
charged ions containing 1 Fe atom signal intensity ratio of approximately 15.69).
In the case of product ions having a masked Fepsosignature due to the occurrence of
H losses, the presence of only 1 Fe atom was coedirusing ‘Fe-labeled Fe(lll)-chelates;
all ion products of the’’Fe-labeled Fe(lll)-chelates differed in m/z unit from the
corresponding®Fe(lll)-chelate product ions. We did not find ang()-chelate product
ion having 2 or 3’Fe atoms, that would giwe/z differences of 2 or 3 units. Also, for all
identified MS(QTOF) product ions, the most accumrtmental formulae assigned by the
Data Analysis software formula tools gave an odgttebnic configuration, indicating that
the Fe atom was in the Fe(lll) form.

At this stage, highly accurate elemental formularenassigned for most product ions
and losses with respect to the corresponding psecuons (Figures 5-1, 5-2 and 5-4).
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Based on these data, chemical structures for thaéupt ions were proposed in some cases
(Figure 5-2). According to the fragmentation pathisvdound, Fe(lll)-chelates can be
separated in two groups, non-phenolic and phenolic.

3.2.1 Non-phenolic Fe(lll)-chelate CID spectra

The non-phenolic chelates Fe(lll)-EDTA, Fe(lll)-DAPFe(lll)-HEEDTA and Fe(lll)-
CDTA showed similar ESI-CID-M$QTOF) fragmentation patterns (Figure 5-1).

The two product ions with highen/z corresponded in all cases to single and double
decarboxylations (at/z 300.0 and 256.0 for Fe(lll)-EDTAN/z 286.0 and 242.0 for
Fe(ll)-HEEDTA, andm/z 354.0 and 310.1 for Fe(lll)-CDTA; Figure 5-1A, &land 5-
1D, respectively) except for the pentacarboxyli€liBechelate, Fe(lll)-DTPA (Figure 5-
1B), which gave only the double decarboxylationdot (M/z 357.1). This could be
explained (see above) based on the relative weskoésthe Fe-O bonds of the
heptacoordinated Fe(ll)-DTPA, compared with thasfethe hexacoordinated Fe(lll)-
chelates. A triple decarboxylation product was damd in Fe(lll)-EDTA (Figure 5-1A)
and Fe(ll)-DTPA (Figure 5-1B) an/z212.0 and 313.1, respectively. Two other product
ions for Fe(lll)-EDTA atm/z246.0 and 228.0 corresponded tgHeD3; and GH4O, losses,
respectively (Figure 5-1A). In the case of Fe(DIJPA, losses of the radicalsB3;0, and
the neutral fragment ElgNO, yielded product ions an/z 342.0 and 286.0, respectively
(Figure 5-1B). Fe(lll)-HEEDTA and Fe(lll)-CDTA hadsses of gHsNO, and GH1004,
yielding product ions am/z 199.0 and 228.0, respectively (Figures 5-1C arid})-All
these product ions were confirmed usifige-labelled chelate standards.
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Figure 5-1. ESI-CID-MS&spectra of Fe(lll)-EDTA (A), Fe(ll)-DTPA (B), F&()-HEEDTA (C) and Fe(lll)-
CDTA (D) obtained on the QTOF mass spectrometeregative ion mode. The fragment losses with respect

to the parent ion, and the structure of the Felhi¢lates are shown for each analyte. Data weneir@chby
injecting 10uM solutions of each analyte in water.
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3.2.2 Phenolic Fe(lll)-chelate CID spectra

The CID spectra of phenolic Fe(lll)-chelates areva in Figures 5-2 and 5-4. The
fragmentation of three of these chelates, Fe(IDPEHMA, Fe(lll)-o,0EDDHA and
Fe(lll)-o,,EDDHA, share common characteristics; the spectmmgawith a proposal for
the fragmentation patterns, are shown in Figure 5-2

The product ions generated from Fe(lll)-EDDHMA (kg 5-2A) paralleled those of
Fe(lll)-o,0EDDHA (Figure 5-2B), with a difference of 28/zunits due to the two methyl
groups of the aromatic rings in Fe(lll)-EDDHMA. Hewer, the positional isomer Fe(lll)-
0,pEDDHA showed product ions different from those eflR)-0,0EDDHA, and therefore
a different fragmentation pattern was proposedtifiis compound (Figure 5-2C). The
spectra of the Fe(lllp,o0EDDHA and Fe(lll)-EDDHMA racemicand mesostereoisomers
did not show differences in fragmentation (datastawn).

In the fragmentation pattern proposed for Fe(IIDEEHMA and Fe(lll)-0,0EDDHA, a
first decarboxylation yielded product ionsratz 396.1 and 368.0, respectively (Figure 5-
2A-B). A loss of the fragment £3NO, resulted in two low intensity product ionsratz
367.0 and 339.0, respectively. A cleavage of thglehdiamine group along with a loss of
CO; resulted in the loss of BsNO, that led to the most intense product ions#&t 353.0
and 325.0, respectively. Two isobaric ions not Ike=sb by the ion-trap (see Figure 5-S1B,
Supplementary Material) were resolved on the higbolution QTOF am/z values of
approximately 352.1 for Fe(lll)-EDDHMA and 324.Qrfée(ll1)-0,0EDDHA (Figure 5-3).
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Figure 5-2. ESI-CID-M&spectra of Fe(lll)-EDDHMA, Fe(lll)s,0EDDHA and Fe(lll)o,pEDDHA obtained
on the QTOF mass spectrometer in negative ion ridfd-ragmentation patterns were proposed for Be(ll
EDDHMA and Fe(lll)o,0EDDHA (B), and Fe(lll)o,pEDDHA (C). Data were acquired by injecting i
solutions of each analyte in water.
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Figure 5-3. Zoom of the ESI-CID-MSpectra of the two product ions of Fe(ll)gEDDHA generated an/z
324.0 at three different collision energies: 10(&Y, 15 eV (B) and 20 eV (C).

These ions had ma/zdifference of only 0.055 and 0.057zunits, for Fe(lll)-EDDHMA
and Fe(lll)o,0EDDHA, respectively, and corresponded to a losa@D, for the highem/z
peak and a loss of:8gNO, for the lowemm/zone. The formation of these two product ions
depended on collision energy, and the double deggtation was favored at low energies,
whereas the loss ofs8NO, was more pronounced at higher energies (Figurg hetv
intensity product ions an/z 342.0 and 325.0 for Fe(lll)-EDDHMA and 314.0 ar@l/ D
for Fe(lll)-0,0EDDHA corresponded to losses of the radicgH{IO, and the neutral
fragment GHsNOg;, respectively. An intense product ion was found tboth Fe(lll)-
EDDHMA and Fe(lll)o,0EDDHA atm/z310.0 and 282.0, respectively, corresponding to
the loss of the radical £,NO,". A loss of the fragment dEl;NOsR;", which includes an
aromatic ring of the chelate, accounted for prodoics atm/z248.0 for Fe(lll)-EDDHMA
and 234.0 for Fe(lllp,0EDDHA. All these product ions were confirmed usiPge-
labelled chelate standards.

The Fe(lll)-0,pEDDHA isomer had different product ions than thagethe Fe(lll)-
0,0EDDHA, and therefore a different fragmentation @attwas proposed (Figure 5-2C).
Two fragments were common with Fe(lB)oEDDHA, at m/z 368.0 and 282.0,
corresponding to a single decarboxylation and d¢iss bf the radical £1,NO,’, the latter
being less intense for tlegp isomer than for the,o one. Product ions generated by losses
of C;H,03 and the radicals $£1,NO," and GHgOs, accounted fom/z 338.0, 326.0 and
310.0, respectively. The most intense product mese found atm/z 209.0 and 207.0,
corresponding to losses of EisNO; and G;H1:NO3', respectively. These fragmentations
involved, as it also occurs with Fe(llby)oEDDHA and Fe(lll)-EDDHMA, the loss of one
aromatic ring, and in the case of Fe(bpEDDHA the intensity of these product ions were
higher. All these differences in CID fragmentatlmetween Fe(lll)e,pEDDHA and Fe(lll)-
0,0EDDHA were only observed on the QTOF.

The CID spectra of a second group of phenolic ¢bslade(lll)-EDDCHA and Fe(lll)-
EDDHSA, are shown in Figure 5-4.

A single and a double decarboxylation occurredathlrases, resulting in product ions
at m/z 456.0 and 412.0 for Fe(lll)-EDDCHA (Figure4B) and 528.0 and 484.0 for
Fe(lll)-EDDHSA (Figure 5-4B). The loss of the raalicC,H4sNO,, that resulted in the
product ion am/z370.0 for the Fe(lll)-EDDCHA, was also found irhet phenolic Fe(lll)-
chelates (Figure 5-2), but not in Fe(lll)-EDDHSAId#re 5-4B). An intense product ion,
specific for Fe(lll)-EDDCHA, occurs atn/z 250.9 and corresponds to the loss of
C12H11NOs (Figure 5-4A). Three specific product ions for IRREDDHSA at m/z 454.9,
288.9 and 200.0 corresponded to losses @HsQO;, CgH11:0oS and GHgO12S,,
respectively (Figure 5-4B).
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Figure 5-4.ESI-CID-MS spectra of Fe(lll)-EDDCHA (A) and Fe(lll)-EDDHSAB] obtained on the QTOF
mass spectrometer in negative ion mode. The fraghoeses with respect to the parent ion, and thetstre
of the Fe(lll)-chelates are shown for each analitata were acquired by injecting in the HPLC |5
solutions of each analyte in water.

3.3 Identification of unknown Fe compounds in commerciéfertilizers
by HPLC/ESI-MS and HPLC/ESI-CID-MS ?

Commercial fertilizers containing Fe(lll)-EDTA, HB|-DTPA, Fe(lll)-HEEDTA,
Fe(lll)-EDDHA, Fe(lll)-EDDHMA and Fe(lll)-EDDHSA we= analyzed by HPLC/ESI-
CID-MS? with both ion trap and QTOF mass spectrometers. pifecursor ion selected for
CID-MS? fragmentation was the corresponding [M-lgh obtained for each Fe(lll)-chelate
(see Table 5-1). The CID-MSpectra obtained (data not shown) always matcheseth
generated with the Fe(lll)-chelate standards.

The analysis of the Fe(lll)-EDDHA fertilizer HPLCAEMS data with the Isotope
Cluster Analysis tool showed the occurrence of égieqwounds different from those of
Fe(lll)-o,0EDDHA and Fe(lll)o,pEDDHA. These Fe compounds had/z values of
453.063 and 484.020, had isotopic signatures qmurelng to single charged ions and
eluted as several chromatographic peaks (Figurev#bre panel A shows the 4531z
trace and panel B shows the 484nlrz trace). The peak intensities of these compounds
(2x10") were one order of magnitude lower than those hef main fertilizer active
ingredient, Fe(ll)e,0EDDHA (3x10), indicating that they were relatively minor but
significant impurities in the fertilizer formulato
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Using the mass exact measurements and the isosignmatures, a list of potential
elemental formulae was proposed (Table 5-2). Thexgen criteria for elemental formulae
assignment were mass accuracy, electronic confignraH/C ratio and SigmaPFif value.

It should be noted that since synthetic Fe(lll)latee fertilizers are prepared using
inorganic Fe(lll) salts, it was assumed that Fe prasent as Fe(lll), and therefore only an
odd electronic configuration was allowed. For thesi atm/z453.1, four formulae gave an

error <2.25 mDa with an odd electronic configunatamd a H/C ratio <2 (see Table 5-2).
For the ions atn/z484.0, five formulae matched the same criteria [&&ble 5-2).
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Figure 5-5.HPLC chromatograms of a commercial Fe(lll)-EDDHArtiflezer solution showing peaks
corresponding to Fe-containing unknowns witfz453.1 (A) and 484.0 (B). The/zdetection window of the
HPLC-MS traces was 0.02 and ESI-CID-M%spectra are shown in the insets. Proposals foctsires of the
impurities are also included. Data were acquirethjBcting 41.2 mg product Lfertilizer water solutions.
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Table 5-2.Potential elemental formulae for the unknown Fetaiming impurities of the Fe(lll)-EDDHA-
based commercial fertilizer.

Mass . Sigma

(mDa) value®

453.060 Fe(ygH1gN304 453.06: -0.t odc 0. 0.03-
Fe(G1H15N7O, 453.06¢ 0.¢ odc 0.7 0.03¢
FeCgH11N1405 453.06¢ 1.4 odc 1.8 0.05¢
FeCi7H11N13 453.06: -1.8 odc 0.€ 0.03:

484.02(  FeCi7HgN1:03 484.01¢ -0.€ odc 0.4 0.02
FeCoH16N2Og 484.02: 0.7 odc 0.8 0.01¢
FeCzoH150, 484.01¢ -1.1 odc 0.3 0.06¢
FeCieH12NgO7 484.01¢ -1.€ odc 0.7 0.011
Fe(,1H1oNgOs 484.02: 2.1 odc 0.E 0.02¢

sigmaFif™ is an algorithm that provides a numerical comperi®f theoretical and measured isotopic
patterns.

The Fe-containing ions ah/z 453.1 eluted as two peaks at 22.5 and 25.6 mith wi
identical CID-MS(QTOF) spectra (inset in Figure 5-5A). These rétentimes were very
close to those of theacemicandmesoisomers of Fe(lll)e,0EDDHA (retention times of
21.5 and 23.9 min, respectively). The CID specfrthese unknown compounds showed a
similar fragmentation pattern (Figure 5-5A) to tlwdtFe(lll)-0,0EDDHA (Figure 5-2B).
For example, single and double decarboxylationsevadrserved, accounting for product
ions at m/z 409.1 and 365.1, respectively (Figu®A5inset). The two losses of GO
indicated that the elemental formula should haveast 4 O atoms. Among the most likely
elemental formulae (Table 5-2) only FgB:d0N3Os complies with this criterion, having
also the best mass accuracy (-0.5 mDa error). &umibre, the product ions at/z 339.0
and 325.0, corresponding to losses QHEN,O, and GHgN.O, respectively, were also
found for Fe(lll)0o,0EDDHA. Comparing these losses with those obtaimedHe Fe(lll)-
0,0EDDHA product ions having the sam&z (C;H3NO, for m/z339.0 and eHsNO- for
m/z 325.0), the mass difference found was 41.03 Dhoitn cases, which is exactly the
mass difference between the unknown compoumnd453.06) and Fe(lll3,0EDDHA (m/z
412.03). This difference in mass corresponded, aitmass accuracy of -0.1 mDa, to a
C,HsN fragment. Therefore, the unknown Fe-containindgetue was proposed to include
a dehydrogenated diethylenetriamine instead ofletlegiamine, in a structure similar to
that of Fe(lll)o,0EDDHA (Figure 5-5A), in good agreement with the nimia
FeGoH1oN3Os proposed above. Since that compound has 2 chiratdins and is
asymmetric, twal,l-racemicmixtures are possible, and this fits with the separate peaks
found in the HPLC runs.

The Fe-containing ions at/z484.0 eluted as a group of peaks at 23 min withramon
CID-MS*QTOF) spectrum (inset in Figure 5-5B). The remtiimes were also close to
those of Fe(lll)e,0EDDHA. The CID spectra showed similar losses tos¢hfound with
Fe(lll)-o,0EDDHA (Figure 5-2B). For example, product ions ratz 440.0 and 397.0
corresponded to losses of €@nd GHsNO,, respectively (Figure 5-5B), as it occurred
with Fe(lll)-o,0EDDHA at m/z 368.0 and 325.0. This indicated that the unknowen F
containing molecule has a structure similar to Ihef,o0EDDHA. The mass difference
between the unknown compounal/z 484.02) and Fe(lll,0EDDHA (m/z 412.03) was
71.99 Da, and this was assigned, with a mass apgcwfa0.3 mDa, to a glyoxyl 03

115



Capitulo 5

fragment. Furthermore, product ionsratz 382.0 and 366.0 corresponded to losses of
CsH.04 (CO3 + COH) and GH0s (C,03 + COHy), respectively. The £H,0s loss
indicated that the elemental formula should haveast 5 O atoms. Among the most likely
elemental formulae (Table 5-2) only FgB1eN.Og, FeGeH1oNsO; and FeGiH1oNgOs
comply with this criterion, with FefgH:6N.Og being the most accurate (0.7 mDa error)
formula. Therefore, the unknown Fe-containing moleds proposed to have a structure
similar to that of Fe(lll)e,pEDDHA but including a glyoxyl group (Figure 5-5B8j good
agreement with the formula Fgf16N2Oq. Since such compound has 3 chiral centers (2 C
and 1 N), 8 isomers are possible, which could emplae elution of this compound as a
group of poorly resolved peaks.

4. DISCUSSION

This is the first time, to our knowledge, that anpwehensive study on the CID spectra
of the most common synthetic Fe(lll)-chelates usedertilizers has been carried out. ESI-
CID-MS? spectra were obtained with two mass analyzers (Q&@xF ion trap) that use
different fragmentation mechanisms. Ferric chel@i®-MS*(QTOF) spectra showed
always a higher number of product ions than thddeaived with the ion trap, and this was
particularly useful to differentiate among positbisomers. The combination of rich CID
spectra, high resolution and exact mass deterrmimatbtained with a QTOF analyzer was
a powerful tool to characterize fragmentation patteand identify unknown compounds in
commercial Fe(lll)-chelate fertilizers.

Differences in fragmentation patterns were foundomgn synthetic Fe(lll)-chelates,
specially when using the QTOF analyzer. Howevemes@wommon characteristics were
observed, since decarboxylation fragments were y@waund and all product ions did
contain Fe, as it could be confirmed usinFe-labelled chelate standards.
Decarboxylations were also found in the only ESD®IS? Fe(lll)-chelate study published
so far (with Fe(lll)-EDTA and Fe(lll)-DTPAJ* In our study, differences in Fe(lll)-chelate
fragmentation patterns included specii¢z losses and changes in the intensities of some
common product ions. In most Fe(lll)-chelates, mdfagments corresponded to €0
losses. Exceptions were Fe(ld)pEDDHA, Fe(lll)-EDDCHA and Fe(lll)-EDDHSA,
where the major product ions corresponded to logsesdving one aromatic ring. This
allows for an unequivocal distinction between tlosiponal isomers Fe(lllp,0EDDHA
and Fe(ll)o,pEDDHA, which differ only in the position of an hyakyl group, resulting in
hexa- and penta-Fe coordination environments, otispdy (Figure 5-2). For these
isomers, specific fragments were also found, at m/z310.0 for theo,pisomer and 314.0
for the 0,0, which could permit direct determination, with@uprevious chromatographic
separation, using selected reaction monitorind Bi®lysis ¢.9.412.0 — 310.0 for theo,p
isomer and 412.0- 314.0 for theo,o one). This could be particularly interesting in
fertilizer quality analyses, since both isomers geaerally present in commercial Fe(lll)-
EDDHA products, with theo,0 and o,p isomers accounting for 75-85% and 25-15%,
respectively, of the total Fe(lll)-EDDH&*® Unfortunately, a real simultaneous
guantification of the Fe(lll)-EDDHA positional is@rs was not possible in our study,
since we had only a very small quantity of the piddb,pEDDHA (not commercially
available) kindly provided by Professor J. J. LucéAutonomous University of Madrid,
Spain). In the case of the stereoisomexrsemic and meso Fe(lll)-0,0EDDHA, spectra
obtained with both mass analyzers were indistirigabte, and a previous separati@ng(
by HPLC) is still necessary.
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Two previously unknown, Fe-containing compoundseh&een found in a Fe(lll)-
EDDHA-based commercial fertilizer. The structure tbése compounds was elucidated
using the HPLC-ESI-CID-MEQTOF) data. They have molecular formulae feigoN3:Os
(M.W. 454.1 g/mol) and FegH1;N,Oy (M.W. 485.0 g/mol), and show retention times and
fragmentation patterns similar to those of Fe(@l9EDDHA (FeGgHi17/N.Os and M.W.
413.0 g/mol). The unknown compound with M.W. 45%as proposed to be similar to
Fe(lll)-0,0EDDHA but including a dehydrogenated diethylenatiize instead of
ethylenediamine; this compound was putatively assigo Fe(lll)-N-(2-aminoethylidene)-
1,2-diaminoethane-N’,N"-bisthydroxyphenylacetate) and was present asdoacemic
mixtures that were well separated by HPLC (Figutd$. The presence of such compound
in Fe(lll)-EDDHA fertilizers can be explained by ethfact that the starting reagent
ethylenediamin® may contain significant amounts of diethylenetiiz@i® Also,
dehydrogenation of diethylenetriamine has been rtegoin a Pt(IV)-chelat?® The
unknown compound with M.W. 485.0 was proposed toFe€ll)-0,0EDDHA with an
additional glyoxyl group; this compound was putalywv assigned to Fe(lll)-
ethylenediamine-N-glyoxyl-N,N’-bisthydroxyphenylacetate) (Figure 5-5B). The eight
possible stereoisomers of this compound were nétseparated by HPLC (Figure 5-5B).
The presence of this type of molecule in Fe(lll)IBDA fertilizers can be explained by the
fact that the starting reagent glyoxylic d€ichay contain oxalic acitf, that may react with
one of the amine groups of ethylenediamine, formanglyoxyl group. Until now, only
EDDHA positional isomers o(p and p,p-EDDHA)'® and poly-condensate compounds
derived from the chelating agent synthesis have lbeported as byproducts occurring in
Fe(l1l)-EDDHA commercial fertilizer$>? No poly-condensate compounds were found in
the present study, probably because they are ntgdeln the chromatographic conditions
used. All these impurities may supply Fe to plantsome extent, and for instance Fe(lll)-
0,)EDDHA was found to be at least as effective as IFegloEDDHA in nutrient
solutiong®*° but not in calcareous soff$,although a mixture of Fe(lll)-EDDHA poly-
condensate byproducts was not effective to coffealeficiency?

This study opens the possibility for applying HPESI-CID-MS(QTOF) analyses to
identify Fe-containing byproducts in commercial thatic Fe(lll)-chelate fertilizers. The
most common approaches to identify impurities inrtilfeers until now are
HPLC/UV/Vis'®>*® or HPLC/ESI-M$° direct analyses and NMR analyses of deferrated
fertilizers?>* Since the HPLC/UV-Vis and HPLC/ESI-MS direct arsaly provide limited
structural information compared to NMR, the idgnof the impurities has been putatively
assigned in most cases, with only a few confirnmatithrough the synthesis of standards
(e.g. Fe(lll)-o,pEDDHA). Although NMR provides comprehensive struatunformation
allowing for the direct identification of the defated impurities, it is not possible to know
whether they bound Fe in the fertilizer. Also, treferration process could alter the original
composition of the fertilizer, as it occurs with-E®DHA fertilizers, where significant
losses ofo,0EDDHA and its minor isomers were observed upon rdafien** A more
recent approach to investigate the impurities ofclirelate fertilizers (applied to Fe(lll)-
EDDHA) was based on modifying the industrial chielg@tagent synthesis to favor the
generation of byproducts, and then analyzing theetien mixtures by ESI-CID-MS?>
However, the presence of most of the impuritiesitbin that study has not been confirmed
so far in commercial fertilizers.

In summary, the HPLC-ESI-CID-M8TOF) technique allows for differentiating
among the most common synthetic polyaminocarbogyl&e(lll)-chelates used as
fertilizers. This study is not intended to repldbe existing methods for quantification of
the synthetic Fe(lll)-chelates in fertilizers, batds authority to their identification,
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specially in complex matrices where isobaric ir@erhces can appear. Furthermore, the
methodology has permitted the identification of ti@-containing impurities in a Fe(lll)-
EDDHA-based commercial fertilizer. Therefore, thatad found and the methodology
described here shall provide a basis to furtherattearize the Fe soluble fraction of Fe(lll)-
chelate fertilizerswhich would be of importance in issues relatedrtpd-e fertilization,
both from agricultural (fertilizer quality and effency, etc.) and environmental
(persistence, mobility, metal mobilization, etcgjngs of view.
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SUPPLEMENTARY MATERIA L

Figure 5-S1. ESI-CID-M&spectra of synthetic polyaminocarboxylate Fe(Ilipkates used
as fertilizers obtained on the spherical ion-tragssnspectrometer.

Table 5-S1. ESI-CID-M&QTOF) mass accuracy and resolution data for taeupsor and
product ions of Fe(llls,0EDDHA.
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Figure 5-S1ESI-CID-MS spectra of non-phenolic (A: Fe(lll)-EDTA, Fe(ll)APA, Fe(lll)-HEEDTA and
Fe(ll)-CDTA) and phenolic (B: Fe(llljacemico,0EDDHA, Fe(lll)-meseo,0EDDHA, Fe(lll)-0,p)EDDHA,
Fe(lll)-EDDHMA, Fe(lll)-EDDCHA and Fe(lll)-EDDHSA)Fe(l1l)-chelates obtained on the spherical ion-

trap mass spectrometer in negative ion mode. Date \cquired by injecting 10M solutions of each
analyte in water.
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Table 5-S1. ESI-CID-M&QTOF) data for the precursor and product ion§effll)-0,0EDDHA: measured

mass to charger(/? ratio, formula assigned to the measune@ calculatedm/z error (in mDa), resolution

(FWHM?) and SigmaFftvalue for the precursor (in bold) and product iobata were analyzed with the
Smart Formul8” tool of the Data Analysis software.

m/z Formule m/z Error  Resoution SigmaFi'"
measure calculatec  (mDa) (FWHM? value®
QTOF
412.03¢ FeCigH16N2Os  412.03¢ -2.€ 0.051¢ 0.10¢
368.04¢ FeCi7H16N204 368.04° -2.1 0.048: 0.16¢
325.00¢ FeCisH11NO4 325.00:¢ -3.7 0.045( 0.04«
324.05¢  FeCigH16N202 324.05° 0.8 0.050¢ 0.09¢
323.99¢ FeCisH1g0NO, 323.9%7 -2.€ 0.055¢ 0.40¢
314.01. FeCy4H12NO, 314.01. 0.7 0.038( 0.08¢
297.01: FeC4H11NO3 297.00¢ -2.€ 0.041¢ 0.08¢t
282.02 FeCi4H1:NO, 282.02: -0.7 0.037¢ 0.08¢t
233.98° Fe(gHgNO; 233.98¢ -0.€ 0.034" 0.06:

FWHM: Full Width of the peak at Half of its Maximuheight.

*SigmaFif™ is an algorithm that provides a numerical compari®f theoretical and measured isotopic
patterns.
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USING A DUAL-STABLE ISOTOPE TRACER METHOD TO STUDY

THE UPTAKE, XYLEM TRANSPORT AND DISTRIBUTION OF Fe

AND ITS CHELATING AGENT FROM STEREOISOMERS OF A
XENOBIOTIC Fe(lll)-CHELATE USED AS FERTILIZER IN Fe -
DEFICIENT STRATEGY | PLANTS

Summary:

Keywords:

A dual-stable isotope tracer experiment wasiedrout with Fe-deficient
sugar beet plants grown hydroponically and resedphith differentially Fe
labeled racemic and meso Fe(lll)-chelates of the ethylendiamine @i(
hydroxyphenylacetic) acidb(0EDDHA). No short-term Fe isotope exchange
reactions occurred in the nutrient solution anchigladid not discriminate
betweer’*Fe and®’Fe. After 3-6 h, stable Fe isotopes, chelating egand
chelates were analyzed in roots, xylem sap andegedy ICP-MS and
HPLC-ESI/TOFMS. Ferric chelate reductase rategmyransport and total
uptake were 2-fold higher with threesoisomer than with theacemicone.
Both chelating agent isomers were incorporateddsitibuted by plants at
similar rates, in amounts one order of magnitudeelothan those of Fe.
After 6 h of Fe resupply, most of the Fe acquireasvocalized in roots,
whereas most of the chelating agent was in ledues separate experiment,
Fe-deficient sugar beet and tomato plants weretedeavith different
concentrations of Fe(lllp,0EDDHA (with a mesdracemicratio of 1). The
xylem sap Fe concentration at 24 h was unaffectgdthe chelate
concentration, with xylem Fe(ll1lp;0EDDHA accounting for 1-18% of total
Fe and xylemmesdracemic ratio close to 1. Although most of the Fe
coming from Fe(lll)o,0EDDHA was taken up through a reductive
dissociative mechanism, a small part of the Fe bmayaken upvia non-
dissociative mechanisms.

Chelate - Inductively coupled mass spectromeiyDHA - Electrospray
mass spectrometry - Iron.
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1. INTRODUCTION

Ethylendiamine di-hydroxyphenylacetic) acido(c0EDDHA) is a xenobiotic water-
soluble compound, known for its high Fe(lll)-bindirability." In biomedical studies,
Fe(ll1)-0,0EDDHA has been used in magnetic resonance imaging positron emission
tomography’ In agricultural practice, the deficiency of Fe d@mops (also called Fe-
chlorosis) is commonly remedied by soil applicasionf Fe(lll)-0,0EDDHA.* Iron
chlorosis is characterized by a marked decreaseainchlorophyll, that in turn results in
losses in crop quality and yi€ldthe most common cause of Fe deficiency is low Bei
bioavailability, due to the occurrence of this nhétaoxy-hydroxide insoluble forms. The
efficiency of Fe(lll)0,0EDDHA as an Fe fertilizer is due to the remarkadtébility over a
wide range of pH valuésind the low reactivity in soifsin spite of the high cost of Fe(lll)-
0,0EDDHA, fertilization with this compound is one dig most widespread practices to
control Fe-chlorosis in high-value crops and sesis| horticulturé.

Iron uptake from this and other Fe(lll)-chelatesasried out in the so-called Strategy |
Lplant species by a root ferric chelate reductagiR{Fenzymé.® Radioactivity assays using
%Fe(II)-**C-EDDHA in the nutrient solution confirmed that Beficient Strategy | plants
have a splitting Fe uptake mechanism, with finak réFe/C ratios being very different in
Fe-deficient and Fe-sufficient plants (approxima®% and 6, respectivefy)in the case of
Fe-deficient plants most of the EDDHA remains ie #oil solution, possibly facilitating
further solubilization and transport of native Bethie rhizosphere, in what has been called
‘shuttle effect'®1?

In spite of the existence of the splitting uptakecimanism, both synthetic Fe(lll)
chelating agents and Fe(lll)-chelates have beemdoin plants after fertilization.
Radioactivity assays with'C labeled Fe(lll)-EDDHA found significant amounts*6C in
Strategy | and Il plant$**?indicating that either the whole chelating agenbme or more
breakdown product(s) could enter the plant. IrdpEDDHA was also found, using UV-
Vis detection, in xylem exudates of zinnia, sunffowand soybedf as well as in
tobaccd®, pepper, lettuce and tomato tisstie®kecently, significant amounts of both
Fe(lll)-o,0EDDHA ando,cEDDHA have been found in sugar beet and tomatoessising
a very selective and sensitive technique, HPLC-E3HMS.:

Commercially available Fe(lllp;0EDDHA fertilizers contain a mixture (approximately
1:1) of two groups of stereoisomers, thesoform [(R,S-Fe(lll)o,0EDDHA)] and thed,|
racemic mixture [(R,R-Fe(lll)o,0EDDHA) + (S,S-Fe(lll)o,0EDDHA)]. Although most
studies on Fe(lllp,0EDDHA have not considered the existence of thiserhogieneity,
significant differences in the physico-chemical gedies of the stereoisomers have been
observed, including different stability constantdlee complexes with Fe (log K values of
35.86 and 34.15 for thgacemic and meso forms, respectively) and different
chromatographic mobilitieS. Moreover, some animal and plant studies have tegor
differences in then vivo behavior of the sterecisomengleso Fe(lll)-o,0EDDHA was
found to bind non-specifically to the bilirrubinnging site of human serum albumin,
whereas theacemicisomer used a single high-affinity stfeAn in vivo study with rats
reported a more rapid blood clearance and a higadiver uptake in the case of theeso
stereoisomer as compared to tiaeemic one® In Strategy | plant species grown in a
nutrient solution containing both isomers (in a fafio), it was found thatesoFe(lll)-
0,0EDDHA was preferentially depleted from the solutf8i* However, this effect did not
occur with Strategy Il species lacking FCR activityAlthough bean plants treated
separately withacemicandmeso®Fe(lll)-EDDHA did not show significant differencés
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Fe plant uptaké® higherin vivo root FCR reduction rates were found for thesothan for
theracemicisomer in cucumber plaft.

A new approach to study plant Fe uptake and traastm is the use of multiple-stable
isotope tracer methodologies, which also J)rovide plossibility to carry out long-term
experiments (Fe has four stable isotop&se, °°Fe,*’Fe and®Fe; see review by Alvarez-
FernandeZf. The main drawbacks of using stable isotopeshadigh cost and the special
instrumentation (e.g. inductively coupled plasma ssnaspectrometry (ICP-MS) or
electrospray time-of-flight mass spectrometry (ESIFMS)) needed to determine them in
complex matrices. ICP-MS has been used succesdtullfre stable isotope studies in
plants because of the high selectivity and serisitiFe uptake fron?’Fe(lll)-0,0EDDHA
and °’Fe(lll)-o,pEDDHA has been recently studied in cucumiBetomato and peaéh
plants. A different technique, HPLC-ESI/TOFMS, hbhsen recently used for the
determination of stable Fe isotope-labeled syrthéte(lll)-chelates in agricultural
matriced’ and plant tissué® Iron-57 Méssbauer spectroscopy has also beentasstddy
the chemistry of Fe in plarits although this technique has sensitivity limitago

No data are yet available, to the best of our kedgt, on the possible direct
competition during plant uptake between the twollfe¢,0EDDHA stereoisomers. The
aim of this work was to study the uptake, movernsmd distribution of Fe and ligands
from racemicand mesoFe(lll)-o,0EDDHA chelates, when applied simultaneously to the
roots of Fe-deficient Strategy | plants. Sugar h#ents grown in nutrient solution were
treated with a 1:1 mixture ehcemicandmeso-o0,&DDHA isomers, each one labeled with
a different Fe stable isotop&Re or>’Fe). Then, the contents of the Fe stable isotapes i
different plant parts were determined by ICP-MSevdas those of the ligandsa¢emic
andmeso-0,&DDHA) were determined by HPLC-ESI/TOFMS.

2. EXPERIMENTAL

2.1  Chemicals and reagents

All solutions were prepared with analytical gradg@e | water (Milli-Q Synthesis,
Millipore, Bedford, MA) with the exception of nuémt solutions, which were prepared
with analytical grade type Il water (Milli-RX20, Mipore). Reagent-grade glacial acetic
acid, hydrochloric acid (35%) and ammonium hydrexi®5%) were purchased from
Panreac Quimica S.A (Barcelona, Spain). Ammoniuretae (99.99%, Sigma), Li
hydroxide monohydrate (99.99%, Sigma), nitric a@8% TraceSELECT Ultra, Fluka),
formic acid (50%, Sigma), methanol and 2-propaboti{ LC-MS grade, Riedel-de-Haén)
were purchased from Sigma-Aldrich (St. Louis, MCBA). Nitric acid 68% and kD, 30%
(Suprapur) were obtained from Merck (Darmstadt,nGzary).

Pure chelating agents used were ethylenediamireatsttic acid (EDTA; 99%, Merck),
0,0EDDHA (98%, a 1:1 mixture alacemicandmesg LCG Promochem, Barcelona, Spain)
and ethylenediamine-N-N’bis(2-hydroxy-4-methylphkagtic) acid §,0EDDHMA; 98%,
LCG Promochem). A commercial Fe(HEDDHA (6% soluble Fe) was also used in some
experiments (Syngenta Agro, Madrid, Spain). Natakalndance Fe (thereafter called®¥e
with isotopic abundances of 5.8%e, 91.7%°Fe, 2.1% 'Fe and 0.298°Fe) was supplied
as Fe standard Titrisol (1000 mg Fe in 15% HCI, dWerLabeled’’Fe oxide (FgOs, 98%
Fe, 95.06% Fe) and labeled'Fe oxide (FgOs, 99.8% Fe, 99.8%'Fe) were obtained from
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Cambridge Isotope Laboratories (Andover, MA). Atifed Fe standard solution for ICP-
MS analyses (Iron ICP standard, 1000 ity was purchased from Merck.

2.2 Preparation of Fe(lll)- 0o,0EDDHA chelates

Racemic-and meso-0,&DDHA were separated from 98%OoEDDHA by selective
precipitation ofracemico,0EDDHA with Mg(ll), using the method of Yuntet al' The
purity of racemic (99.7%) andmeseo,0EDDHA (95.0%) was determined by HPLC-
ESI/ITOFMS (see below; Orerat al)*®. Stock solutions (1 mM) ofacemic F€{l11)-
0,0EDDHA, racemic>*Fe(lIl)-0,0EDDHA, racemic’’Fe(lll)-0,0EDDHA, mesoF&{(Il1)-
0,0EDDHA, meso’*Fe(l11)-0,0EDDHA, meso®Fe(ll1)-0,0EDDHA, F&?{lI)- 0,0EDDHA,
F€"{(I11)-EDTA and Fé‘azlll)-o,oEDDHMA were prepared by slowly adding acidic Fe
solutions (9.2 mM“Fe, 8.2 mM°’Fe or 35.8 mM F&'in 15-35% HCI, in 5% excess over
the molar amount of each chelating agent) over-higtpure chelating agent solutiotfs.
During the addition of Fe, pH was maintained in tamge 6-8 by adding NJH.
Solutions were set to pH 7.0 with WBH and HCI and made up to volume with Milli-Q
water, equilibrated overnight in the dark at ro@mperature and filtered through a 0.45
pm PVDF membrane. Standard solutions of Fe(lll)atles with concentrations lower than
100 mM were prepared daily from stocks. SolutiofisaoFe(lll)-EDDHA commercial
fertilizer (6% of soluble Fe) were used where iatkcl.

2.3 Plant material

Sugar beetBeta vulgarisL. cv. ‘Orbis’) and tomatol{ycopersicon esculentuin cv.
‘Tres Cantos’) plants were grown in a growth chambigh a photosynthetic photon flux
density (PPFD) of 350 pmol fns® photosynthetically active radiation at leaf leval,
photoperiod of 16 h light/8 h dark, a temperatur/18 °C day/night, and 80% relative
humidity. Seeds were germinated and grown in varlitécfor two weeks. Seedlings were
grown for two more weeks in half-strength Hoaglantlition with 45 uM FE{I1I)-EDTA,
pH 5.5, and then transplanted to plastic bucketsr(plants per bucket) containing half-
strength Hoagland solution with 0 uM Fe. pH waddred at approximately 7.0 by adding
1 mM NaOH and 1 g1 CaCQ for sugar beet plants and 0.5 mM KOH for tomatns.
The total amount of solution was held constantdfilling with distilled water. Sugar beet
and tomato plants showing Fe chlorosis were usedr arowth in 0 pM Fe for
approximately 14 and 10 d, respectively.

Some Fe-deficient sugar beet and tomato plants wansferred to two L plastic pots
(four plants per pot) containing nutrient solutiosupplemented with different
concentrations of a Fe(lll)-EDDHA commercial faaédr solution (0, 35, 73, 107, 262, 427,
693 and 1470 uM for sugar beet and 0, 31, 54, B2, 383, 798 and 2038 uM for tomato).
Plants were treated with Fe for 24 h. Xylem sap vakected from sugar beet and tomato
plants by centrifugation of petiof@sand plant de-toppirt§ respectively, filtered through
0.45 um PVDF membranes and stored at -20 °C umdlysis. All fresh xylem sap samples
were assessed for contamination using c-mdh (EQ@.87) as a cytosolic markérand no
contamination was found.

In a different experiment, Fe-deficient sugar baglants (70+19 g FW per plant) were
transferred to two L plastic pots (four plants pgast) containing nutrient solution
supplemented with two different Fe treatments: '\392}“\/' racemic®>Fe-0,0EDDHA plus
30 uM meso’’Fe-0,0EDDHA or (B) 30 uMracemic®’Fe-0,0EDDHA plus 30 pMmeso
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>Fe-0,0EDDHA (see Fig. 6-1 for a description of the pratdc Three and six h after Fe
resupply, xylem sap, young and old leaves and m@aghfine roots were collected from Fe-
resupplied and untreated Fe-deficient plants grawithe same conditions. Leaves and
roots were washed with distilled water. Approxinhatene g of fresh material was frozen
in liquid N, and stored at -20 °C. The rest of leaves and rgets dried in an oven at 60
°C, ground in a Zr@ball mill (MM301, Retsch, Haan, Germany) and stoe¢ room
temperature until analysis.

Fe-resupplied
Fe-deficient Treatment A Treatment B
(_l. - .‘.f--t- F s 30 uM racemic o - 30 pM racemic
v T . NV . sife(lll)-0,0EDDHA T — 57Fe(lll)-0, cEDDHA
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Figure 6-1.Protocol for the dual-stable Fe isotope tracer Brpent. Iron deficient sugar beet plants were
treated with differentially labeled®’Fe and*Fe) mesoandracemicFe(ll1)-0,0EDDHA.

2.4  Root Fe(lll)-chelate reductase activity

The FCR activity of roots of intact, illuminated -Beficient sugar beet plants was
followed by measuring spectrophotometrically thenfation of the Fe(ll) complex with
4,7-diphenyl-1,10-phenanthrolinedisulfonic acid [B%) at 535 nni>*! Individual plants
were placed into 0.5 L beakers containing 1 mM MBS 6.0), 100 uM BPDS and 60 uM
racemic or mesoF&?(l11)- 0,0EDDHA in MilliQ water. Beakers were fully coveredittv
aluminum foil to exclude light, the solution wasaed continuously and aliquots (3 mL)
were removed at 0.5, 1, 2 and 5 h. Since both Irefielates used as substrates had a
significant absorption at 535 nm, measurements asemade at 480 nm to calculate both
the Fe(ll)BPDS and Fe(lll)-chelate concentrations in the FCR yassdutions?® Beakers
without plants were used to correct for non-enzyerféé(Ill) reduction.
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2.5  Extraction of 0,0EDDHA from plant materials

Sugar beetissue extraction was performed as described ima@teal*° Frozen leaves
(2 g FW) or roots (2 g FW) were ground with 2 mLmanium acetate (1 mM pH 6.0)
containing the internal standard"&gll)- 0,0EDDHMA in a ZrQ, ball mill at 30 rps for 1-2
min. The suspension was centrifuged at 12906 20 min at 4 °C and the supernatant was
collected. The pellet was resuspended with 1 mlLamimonium acetate solution and
centrifuged again. This step was repeated once amatesupernatants were combined and
made up to 5 g final weight with ammonium acetalatfon. An aliquot of the extract (2 g)
was treated with NHOH until basic pH was attained, an excess of He@lds added and
pH was adjusted to 6-7 with HCI. Solutions wertefiégd and made up to 5 g final weight.

2.6  Plant tissue digestion

Xylem sap was digested wifl®% HNG; (TraceSELECT Ultra). Tissues were digested in
a closed vessel microwave oven (Milestone Model MIL300, Sorisole, Italy).
Approximately 0.1 g or 0.05 g of sugar beet leawesoots, respectively, were digested
with 6 mL HNG; (26%) and 2 mL kO, (30%). The microwave digestion program was 3
min at 95 °C, 10 min at 160 °C, 3 min at 185 °C &&dnin at 185 °C. At the end of the
process, digests were diluted to 50 mL with Millm@ter and stored at 4° C until analysis.

2.7 Iron determination

Total Fe was determined in sugar beet and tomdemxgap by graphite furnace atomic
absorption spectrometry (Varian 3000, Palo Alto,, T/SA). The isotope composition of
Fe P*Fe,*°Fe,*'Fe and®®Fe) in sugar beet leaves, roots and xylem sap etsrdined by
guadrupole ICP-MS. The device (model Agilent 75Q0&gilent Technologies, Tokyo,
Japan) was equipped with an octapole collisiontoelemove polyatomic interferences and
was operated with a RF power of 1500 W and coddimdj carrier gas flows of 15 and 1.1 L
min™, respectively. The collision cell was operatedhvan He gas flow of 4.0 mL min
and a cell exit, octapole and quadrupole bias gekaof -72.0, -18.0 and -16.0 V,
respectively. Torch position and ion lens voltagiisgs were optimized daily for optimum
sensitivity with a solution of 1 ng'gLi, Co, Y, Tl and Ce mixture in 1% (w/w) HNOA
solution of 1% (w/w) HNQ@ was also used to check the background level cabged
polyatomic Ar interferences. The possible contiitruif isobaric interferences 8iCa°0,
*0ca®otH, >*Cr and®®Ni was corrected mathematically by measuring igmais at masses
43 for Ca, 52 for Cr and 60 for Ni. Mass bias cdlitn was carried out internally by
minimizing the sum of squared residu¥isThe ICP-MS instrument was controlled with
ICP-MS ChemStation software version B.03.04 (Adileechnologies).

The isotope composition of the stable isotope-éedcFe spikes was determined by
direct ICP-MS nebulization. Measured isotope abunda (in % ‘Fe, *°Fe, *'Fe and*®Fe)
were 0.14, 4.74, 94.63 and 0.49 for fiEe-enriched solution and 96.32, 3.26, 0.41 and
0.01 for the>*Fe-enriched solution, respectively. Iron enrichetliions were mixed with
the F&* certified standard and Fe concentrations wereutztd by reverse isotope
dilution analysis.

The determination of the molar fractions’8fe, °’Fe and F&" present in the different
plant materials was carried out by direct ICP-M8uleation of the plant digests after 1:10
dilution and employing a modification of the matratioal isotope pattern deconvolution
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procedure described elsewhéteror the purpose of this study three different dpet
patterns were fitted to the linear model as shawequation [1]:

54 54 54 54 54

As 4 7 Anat B X ] € [1]
56 56 56 56 o4 56

As — 4 7 Ahat X + e
57 | 57 57 57 57 57

As 4 7 Awat X €
58 58 58 58 |L“"nat_| 58

| As | | 4 7 Awat | _e |

, Where A, Ass, As7; and Ay correspond to the measuredg(Mss and A7) and
theoretical (Aa) isotope abundances for the different isotopeBeoin the samples (s) and
the different tracer solutions*Fe and®’Fe enriched spikes). The molar fractiors, Xs;
and xgqt in the samples are then obtained by multiple limegression where e is the error
vector. In this case, the extra degree of freedomsed for internal mass bias correction.
A second ICP-MS measurement was carried out wihtpdligests to determine the total
*'Fe, °'Fe and F&' concentrations by isotope dilution analysis, usihg>*Fe-enriched
solution as a spike.

2.8 Racemicand mesoFe(lll)- o,0EDDHA determination in nutrient
solution and xylem sap

RacemicandmesoFe(lll)-0,0EDDHA were determined directly by HPLC-ESI/TOFMS
in nutrient solutions and in sugar beet and tormgitem sap->%’

2.9 Racemic-and meso-0,&DDHA determination in plant tissues

In sugar beet tissue (leaf and root) extracé&emic- and meso-0,&DDHA were
determined by HPLC-ESI/TOFMS aacemicandmesoFe(lll)-o,0EDDHA, after addition
of an excess of Fe(lll) to ensure the chelatioralbfo,0EDDHA chemical forms with

Fe(l11).1° This is a necessary step, because the chelatenf agEDDHA could occur in
tissue homogenates in chemical forms other thatilF@(oEDDHA.°

2.10 Statistical analysis

ANOVA tests were carried out using the SPSS softwar15.0 (SPSS Inc.). Means
were compared using the Duncan’s LSD test.
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3. RESULTS

3.1  Effect of Fe(lll)- o,dEDDHA nutrient solution concentration on the
xylem sap concentrations of Fe andacemicand mesoFe(lll)-
0,0EDDHA

Sugar beet and tomato Fe-deficient plants weregeleaith different concentrations of
commercial Fe(lll)e,0EDDHA, which contains a ca. 1:1 mixture gicemic and meso
isomers. Xylem sap concentrations of total Fe eaw@@micand mesoFe(lll)-o,0EDDHA
were measured 24 h after treatment (Fig. 6-2).(Ilpro,0EDDHA treatments increased
the xylem sap total Fe concentrations in sugar lzeet tomato (Fig. 6-2a and b,
respectively). However, all different Fe(lihyoEDDHA treatments led to similar (not
significantly different at p<0.05) Fe concentragan the xylem sap of each species, with
values being 4- to 5-fold larger in tomato tharsugar beet.

Significant amounts of the Fe(ll1);0EDDHA chelate were found in sugar beet and
tomato xylem sap in all the Fe(ll9),0EDDHA treatments (Fig. 6-2c and d). In the 30-450
1M Fe(lll)-0,0EDDHA concentration treatment range, the xylem Beflll)-o,0EDDHA
concentration was approximately 0.3 and 1.5 pMugas beet and tomato, respectively.
However, treatments with higher Fe(ld)eEDDHA concentrations (700-800 uM) led to 6-
to 7-fold increases in Fe concentrations in botbcss. The highest Fe(ll1;0EDDHA
concentrations used did not change significantlg ttylem sap Fe(lll3,0EDDHA
concentration in sugar beet (Fig. 6-2c), whereatomato plants a further increase was
found (Fig. 6-2d).

The mesdracemicratio in xylem sap was approximately 1.0 in al(IFg 0,0EDDHA
treatments and in both plant species. Visual symptdred leaf spots) of Fe(lll)-
0,0EDDHA toxicity were observed only in tomato plamtsated with the highest chelate
concentration. Iron(ll1e,0EDDHA was 1-8% and 1-18% of the total Fe in theerylsap
of sugar beet and tomato plants, respectively, ridipg on the Fe(lll)ls,0EDDHA
concentrations applied; the highest values wereadom plants treated with the highest
Fe(lll)-o,0EDDHA concentrations.
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Figure 6-2Iron (a, b) andracemicandmesoFe(lll)-o,0EDDHA (c, d) xylem sap concentrations (in uM) in
Fe-deficient sugar beet, (0 and tomato lf, d) plants, after 24 h of Fe resupply with differdre(lIl)-
0,0EDDHA concentrations (0, 35, 73, 107, 262, 427, 688 1470 uM for sugar beet and 0, 31, 54, 82, 177,
383, 798 and 2038 uM for tomato). Data are mea8k (n = 4-10).

3.2 Plant uptake, long-distance transport and distributon of Fe and
racemic and meseo,cEDDHA

We applied simultaneously two Fe(llh)oEDDHA stereoisomers, each one labeled with
a different stable Fe isotope, to Fe-deficient sumet plants for 3 and 6 h. Treatments
were: (A) 30 pMracemic>*Fe(lI1)-0,0EDDHA plus 30 pMmeso’ 'Fe(l1l)-0,0EDDHA, and
(B) 30 uMracemic®’Fe(lll)-0,0EDDHA plus 30 pMmeso *Fe(lll)-0,0EDDHA (see Fig.
6-1). First, to assess the possible existence ofopge exchange reactions, the
concentrations of Fe(lllp;0EDDHA isomers in the nutrient solutions were deteed by
HPLC-ESI/TOFMS at 0 and 6 h after preparation, meng **Fe, *°Fe, >’Fe and®®Fe by
ICP-MS and isotope dilution analysiBacemicand mesoFe(lll)-o,0EDDHA were well
separated (Fig. 6-3). Also, the high mass resalutiothe detector allowed for the accurate
determination of theacemic and mesoFe(lll)-0,0EDDHA chelates witt?*Fe (Fig. 6-3a
and b),*°Fe (present in a very small amount, Fig. 6-3c andmdi®’Fe (Fig. 6-3e and f);
chromatograms for the,EDDHA chelates wittr*Fe, *°Fe and®’Fe were extracted at/z
ratios 410.0, 412.0 and 413.0, respectively, witlpracision of £0.02 m/z In both
treatments, the relative amounts of the differetable Fe isotope-labeled Fe(lll)-
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0,0EDDHA chelates in nutrient solutions were similaa®d 6 h after preparation: values
found were (in %°*Fe-0,0EDDHA : *°Fe-0,0EDDHA : *’Fe-0,0EDDHA) 92 : 5 : 3 for the
racemicand 1 : 4 : 95 for thmesoisomer in treatment A and 3 : 6 : 91 for theemicand
96 : 1 : 3 for thanesoin treatment B. These results indicate that mistatbpe exchange
reactions between isomers did not occur in theienitrsolution in the time period
considered.
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Figure 6-3. Chromatograms of nutrient solutiongremtments (A) and (B) at 0 and 6 h after prepamnati
showing the molecular traces BFe(ll1)-0,0EDDHA (m/z410.0;a, b), *°Fe(Ill)-0,0EDDHA (m/z412.0;c, d)
and®’Fe(lll)-0,0EDDHA (m/z413.0:e, f).

3.2.1 Iron and racemic and meso-o0,&DDHA uptake and allocation in
sugar beet plants

The amounts of Fe taken up by sugar beet plargs r@supply with 30 pNMacemicplus
30 pM mesoFe(lll)-0,0EDDHA, labeled differentially with*Fe and®’Fe in treatments A
and B, were determined at 3 and 6 h as indicatedeabin both treatments, the amounts of
Fe coming from theacemicandmesoFe(lIl)-o,0EDDHA complexes were calculated from
the concentrations of the corresponding Fe stad®ope, and they are thereafter called
Fe™ and F& ™% respectively. The amount of Fe pre-existing imtso(F&%) was
calculated as indicated in Rodriguez-Castril&nal®® Results show that plants did not
discriminate betweeR'Fe and®’Fe: both Fe-resupply treatments (A and B) led tailar
values, both in terms of Fe (F&“and F& ™} and chelating agentsacemic andmese
0,0EDDHA) (values not significantly different at p<@,0not shown). Therefore, data
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presented in the next paragraphs are always thagevef 8 replicates, 4 from Treatment A
and 4 from Treatment B.
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Figure 6-4.Iron (a) andracemic-and meseo,0EDDHA (b) contents (in umol plaf} in whole sugar beet
plants at 0, 3 and 6 h after Fe-resupply. DatauttelFe tracers (F€* and FE ™) coming from nutrient
solution Fe(lll)o,0EDDHA and native Fe preexisting before Fe resuppé)). Data are meansSE (n = 8).

The amount of Fe taken up from the solution by wislgar beet plants (F&'**°+ F&*
29 was only a small fraction of the total Fe e FE*™°+ FE*™@9, both at 3 and 6 h
after Fe-resupply. The amounts of'¥én the plant did not change significantly upon Fe
resupply (Fig. 6-4a). The amounts of"F&°°taken up from the nutrient solution were
higher than those of F&®“at both sampling times (Fig. 6-4a). At 6 h, insesin F&™*°
and F&'® were found as compared to the values observed fat(B5- and 1.4-fold,
respectively; Fig. 6-4a). The ¥F&"™*IFe™ " ratios in whole sugar beet plants were
approximately 2.3 and 2.2 at 3 and 6 h, respegtif€hble 6-1), values significantly
different (at p<0.001) to the F&JFE® ratio of 1.0-1.1 found in nutrient solutions. This
indicates that plants took up Fe preferentiallynfrthe mesoisomer as compared to the
racemicone.
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Table 6-1 Ratios of FE™IFe™ ™ mesokacemic 0,0EDDHA and andmesdracemic Fe(ll1)-0,0EDDHA
found in nutrient solutions, whole plants and iffetent plant parts 3 and 6 h after Fe resupplytalae
meanst SE (n = 8). Different letters mean significantfeliences (p < 0.05) between values in the same
column. n.s. means not significant differences.

3h 6h

Materia Fe® mespe®rrac

Nutrient solutiol 1.1+0.7° 1.0+0.C
Whole plan 2.3+0.2 2.2+0.2°
Fine root: 3.0+ 0.€ 2.4+0.2°
Main roo 2.4+ 0.4 1.8+0.2°
Xylem saj 1.9+0.2° 2.1+0.2°
Old leave 1.6+0.1° 2.1+0.2°
Young leave 1.5+0.1° 1.9+0.1°

mesdracemic Fe(ll)-o,cEDDHA
Nutrient solutiol 1.1+0.1"° 1.0+ 0.1"°
Xylem saj 0.9+ 0.1 1.3+0.2"°
mesd/racemi-o,cEDDHA

Whole plan 1.2+0.1"° 1.0+0.1"°
Fine root: 1.3+0.2"° 1.4+0.2"°
Old leave 1.3+0.1"° 1.0+ 0.1"°
Young leave 1.0+0.1"° 0.9+0.1"°

The contents of F&™¢ F&*™M=°and F&" were determined in four different sugar beet
tissues: fine and main roots, old leaves and ydeages (Fig. 6-5). Pre-existing Fe (e
was the main component of total Fe in all plantgawrith contents being unaffected by Fe
resupply (Fig. 6-5). Young leaves, old leaves, nmaot and fine roots accounted for 12-17,
22-25, 3-4 and 58-59% of the total Fe taken up ftbennutrient solution at 3-6 h (Fig. 6-
5); values increased significantly in young lea{24old) and fine roots (1.4-fold) from 3
to 6 h after Fe resupply. The ¥E€°5IFe™ "  ratios were in the range 1.5-3.0 in all tissues
(Table 6-1), values significantly higher (at p<Q.Qhan the FE*°IF€® ratio of 1.0-1.1
found in nutrient solutions. The highest®F&*°IFe™®° ratios were found in fine roots,
with values of 3.0 and 2.4 at 3 and 6 h, respeigtiiieable 6-1).
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Figure 6-5. Contents (in pmol plant-1) of Fe tracgre*°and FE ™} and native Fe preexisting before Fe
resupply (F&) in young leaves, old leaves, main and fine raftsugar beet plants at 0, 3 and 6 h after Fe-
resupply. Data are means + SE (n = 8).
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When considering the total chelating agents (eséichafter adding an excess of Fe(lll),
see Orerat al),'® the contents ofmese andracemico,0EDDHA in the whole plant were
similar, both at 3 and 6 h after Fe resupply (Bigib). At 6 h, the contents aiese and
racemico,0EDDHA increased (1.5- and 1.7-fold, respectivelyhew compared to the
values found at 3 h (Fig. 6-4b). Ratiosméseo,0EDDHA/racemico,0EDDHA in sugar
beet plants were approximately 1.2 and 1.0 at 36amdrespectively (Table 6-1), indicating
that theracemicandmesoisomers were incorporated at similar raRacemic-andmese
0,0EDDHA were similarly distributed in all tissues ¢Fi6-6), withmeso/racemicatios in
the range 0.9-1.3 (Table 6-1); main roots wereanalyzed because the analyte recoveries
were not good enough for this tissue (data not sfioMlost of theo,o0EDDHA was located
in leaves (78-84%), with values of approximately88 and 10+12 nmol plahtin young
and old leaves, respectively; although there wasnaency to increase with time, no
significant differences between treatment timesavieund.
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Figure 6-6.Contents (in pmol plar) of racemic-andmeso-o0,&DDHA in young leaves, old leaves and fine
roots of sugar beet plants at 0, 3 and 6 h afteeBepply. Data are meatisSE (n = 8).

The amounts ofmese andracemico,0cEDDHA taken up by the plant were one order of
magnitude lower than those of Fe, with planf*F&*’meseo,0EDDHA, F&*"fracemic
0,0EDDHA and (F&™**°+ F&"®9/(racemic-+ meso-0,&DDHA) ratios in the ranges 17-
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18, 8-10 and 13-14, respectively. The total amafnd,0EDDHA (racemic plus mesg
found would account, if totally chelated with Fer 8-7% of the total F&™*°+ F&*®
respectively, at 3-6 h after resupply. The contehtacemic andmeseo,cEDDHA found

in young and old leaves and fine roots were 1-2i&df magnitude lower than those of Fe.
The FE™*meseo,0EDDHA ratios were in the ranges of 8-6, 8-10 aneb45n young
leaves, old leaves, and fine roots, respectivehgreas F& ?Jracemico,0EDDHA ratios
were in the ranges of 3-4, 5-6 and 23-35 in theesatant tissues. The total amount of
0,0EDDHA (racemicplus mesg found would account, if totally chelated with Fer 22-
25, 14-14 and 2-3% of the total F&°*°+ F&E"* in young leaves, old leaves and fine roots,
respectively, at 3-6 h after resupply.

3.2.2 Concentrations of Fe andacemicand mesoFe(lll)- 0,0EDDHA in
sugar beet xylem sap

Iron in the xylem sap could came from three difféerBe sources: i) Fe€“Fe or°’Fe)
taken up from the nutrient solutioacemicFe(l1)-0,0EDDHA isomer (F&™9, ii) Fe (*Fe
or >’Fe) taken up from the nutrient solutioresoFe(I11)-0,0EDDHA isomer (F& ™y, and
iii) Fe™ pools pre-existing in roots. Results show agait filants did not discriminate
betweerr‘Fe and®’Fe: the two Fe-resupply treatments, A and B, lesirlar values (not
significantly different at p<0.05; not shown), bditn xylem Fe and for xylemacemicand
mesoFe(lll)-o,0EDDHA. Therefore, data presented in the next pagus are the average
of 8 replicates, 4 from Treatment A and 4 from Tmeant B.

The xylem concentrations of édid not change significantly upon Fe resupply (Big
7a). The concentrations of ¥&°and F& ™**°transported in xylem sap were in the ranges
0.4-0.9 and 0.7-1.9 pM, respectively, with valuel- 2nd 2.7-fold higher at 6 than at 3 h
for FE*"and FE ™} respectively (Fig. 6-7a). The xylem say’ F&SIFe™ ™ ratios were
1.9 and 2.1 at 3 and 6 h, respectively (Table 64lyes significantly different (at p<0.01)
from the 1.0-1.1 FE®IF€®  ratio found in nutrient solutions. This indicateat the xylem
was relatively enriched in FE€"**°when compared to the nutrient solution.

When considering the chelates, the concentratidngacemic and meso Fe(lll)-
0,0EDDHA in xylem sap were measurable but low, witl ttvo isomers being transported
in similar amountsriesdracemicratios of 0.9 and 1.3 at 3 and 6 h, respectivéible 6-
1). Total Fe(lll)o,0EDDHA concentrations being transported at 3 andwéehe 0.10 and
0.06 uM, respectively (values not significantlyfeient at p<0.05; Fig. 6-7b). The relative
amounts of Fe(lll)-chelate transported in the xylemre two orders of magnitude lower
than those of Fe, with the concentratiomadso+ racemicFe(lll)-o,0EDDHA accounting
for only 1 and <1% of the total Fe at 3 and 6 Ispeztively. When looking only at the
labeled Fe coming from the nutrient solution, tbagentration omeso+ racemicFe(lll)-
0,0EDDHA accounted for 10 and 2% of the (F&%°+ F&*"®9 at 3 and 6 h, respectively.
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Figure 6-7.Iron (@) andracemicandmeseo,0EDDHA (b) concentrations (in M) in Fe-deficient sugar beet
xylem sap at 0, 3 and 6 h after Fe-resupply. Dataude Fe coming from nutrient solutiom¢emicandmeso
Fe(lll)-0,0EDDHA) and native Fe before Fe-resupplyf§eData are meansSE (n = 8).

3.2.3 Iron reduction from racemicand mesoFe(lll)- o,0EDDHA
substrates

Root FCR activity was measured with intact Fe-aefit sugar beet plants at different
times, using as reduction substratasemic and meso F€{I11)- 0,0EDDHA separately
(Fig. 6-8). In both cases the amount of Fe redused linear with time, confirming
previous results with sugar bé&tThe root FCR activity was 2.7-fold higher with timeso

isomer than with theacemicone.

141



Capitulo 6

== Fe reduced for racemic
=@~ e reduced for meso

-
9]
T

y = 0.285x + 0.02
R’ =0.9978

Fe reduced (ymol/g FW root)
(=]

0.5 - ”’i =
_=="y=0.106x + 0.01
g )
R’ =0.9965

0 1 2 3 4 5 6
Time (hours)

o
=)

Figure 6-8 Plots of Fe(ll) reduced (in pmol F& W root) versus time obtained using illuminatecilehFe-
deficient sugar beet plants, 60 piktemicor mesoFe(lll)-o0,0EDDHA and 100 uM BPDS. Data are means *
SE (n = 4).

4. DISCUSSION

When Fe-deficienBeta vulgarisplants (a Strategy | species) were treated wifhla
mixture ofracemicandmesoFe(lll)-0,0EDDHA labeled differentially witl**Fe and®'Fe,
Fe was preferentially taken up from tireesoisomer when compared to tha&cemicone
(ratios FEMSIFE™ @ of 2.2). This is the first time that a dual-stalfle isotope tracer
aJ)proach has been used in plant Fe nutrition. ®ldidtnot discriminate betweéffFe and
>’Fe and no short-term Fe isotope exchange reactioosrred with the Fe(lll)-chelates
used. The preferential plant uptake found for tB8F**°is in agreement with the relative
depletion of thenesoFe(lll)-0,0EDDHA isomer observed previously in nutrient saos
with other Strategy | plant speci®s! Previous studies comparing the efficiency of the
racemicandmesoFe(lll)-o,0EDDHA have always applied these isomers individyaibt
as a mixture; these studies gave contradictoryltegssince bean plants treated with
racemicandmeso>°Fe-0,0EDDHA separately did not lead to significant diéfaces in Fe
uptake?* whereas in Fe-deficient cucumber plants resupphigtl Fe the final Fe shoot
concentrations were 1.5-fold higher wittesothan withracemicFe-0,0EDDHA.?3

The Fe tracers provided by both Fe(b)pEDDHA diasteroisomers reached all plant
tissues. Approximately 60% of the Fe tracers®{F&*Fe™ ™) taken up from Fe(lll)-
0,0EDDHA by Fe-deficient sugar beet were still locatizn the fine roots at 3-6 h after Fe-
resupply. At that time, leaves had incorporatedy dr#-17% (young leaves) and 22-25%
(old leaves) of the total Fe tracers taken up. &hesults are in agreement with a previous
study, where 80% of the Fe delivered to Fe-deficeucumber plants by 100 uM of
>"Fe(Ill)-0,0EDDHA was also located in the roots 1 h after tieatment® Average plant
concentrations of Fe tracers {F&**°and F&'®) were 0.6 and 1.1 pumol Fe g DW
sugar beet (this study) and cucunibetants, respectively. In leaves, the concentratiaf
Fe tracers were 2- to 4-fold higher in sugar béas (study) than in tomato and peach
treated for 18-28 d with 5 pM'Fe(lll)-0,0EDDHA?® (0.7-1.4 and 0.3 umol g DW
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respectively); this could be associated to dilutedfects during long term plant growth
and/or to the different Fe concentrations applite distribution inside the plant of the Fe
tracers (FE™**°and F&'®) was similar, with percentages of the Fe allocdtedach
tissue (fine roots : main roots : old leaves : ypleaves, at 3-6 h after resupply) of 62-60 :
3-3:21-23:11-16 for theesoisomer and 55-56 : 3-4 : 23-27 : 13-19 for theemicone.
This indicates that there were no major differenceghe plant allocation of the Fe
delivered by both Fe-carriers (FE**IFe”*“ratios in the range of 2.4-1.6), except for fine

roots, where higher ratios (3.0-2.4) were foundijdating a preferential accumulation of
Feex-mes?

Iron-deficient sugar beet and tomato plants wetedoto incorporate the,o0EDDHA
chelating agent in all tissues during Fe resupping a highly selective and sensitive
HPLC-ESI/TOFMS method for the determination mbEDDHA.*® This is in agreement
with previous findings using HPLC-UV/Vis arfdC-radioactive determinatioris?° The
concentrations of,0EDDHA found in sugar beet tissues (0.1-0.2 pmolW 1) are within
the range found in tomato (0.1-0.4 umol g BW''® pepper (0.1-0.4 pmol g DW" and
tobacco plants (0.1-0.2 umol g * These values are equivalent to approximately 30-
70 pgo,cEDDHA g DW*. Approximately 80% of the chelating agent takenugs in the
leaves after 6 h, in marked contrast with the 4@ae found for Fe. This may suggest that
0,0EDDHA is transported in the transpiration streamagreement with the hypothesis that
plant uptake of the chelating agents (with or with¢the metal) occurs by absorption
through openings in the root endodermis and thep&&m strip>>* This type of
absorption should be proportional to the time expeof the plant to the chelate and the
chelate concentration applied. In our study, eik@=DDHA content in Fe-deficient sugar
beet plants was only 1.5-fold higher on the avenapen the time of exposure doubled,
with the highest increases being found in fine samtd young leaves, although the xylem
concentrations did not change significantly. Alsdereas the Fe(lllp,o0EDDHA sugar
beet and tomato xylem concentrations were similafedlll)-o,0EDDHA concentrations
below 500 uM, Fe(lll)e,0EDDHA concentrations above this limit caused sigaifit
increases (6-7 fold) in the Fe(lih;oEDDHA xylem concentrations in both species. These
results may suggest thafoEDDHA uptake is not fully explained by a simple gias
mechanism, and that the occurrence of a rather lesnmpocess is more likely.

Theracemic-andmeso-0,&DDHA isomers were in similar amounts (ratio of)liall
tissues analyzed, irrespective of the resupply {86 h) and chelate concentration (30-
2000 uM Fes,cEDDHA). In a previous study using long-term appiicas to pepper and
tomato plants, themeso/racemicratios were slightly higher in leaves than in roots
(approximately 1.0-1.4 and 1.0, respectively) ahs was attributed to a preferential
translocation of thenesoisomer from roots to shoots and/or degradatiothefracemic
isomer in leave$® Other authors observed that theeso Fe(lll)-0,0EDDHA isomer
disappeared in higher amounts from the nutrienitssi when compared with thracemic
one when Strategy | plants were uSesliggesting that plants take up tmesoisomer
preferentially; however, in that study plant tissu@EDDHA was not quantified, and
nutrient solutiorracemicandmesoFe(ll1)-o,0EDDHA was measured without considering
thato,0EDDHA can be chelated with other metals after Fease by the FCR.

The 0,0EDDHA plant contents were one order of magnitudeelothan those of Fe
tracers (FE&M%Fe™™9y taken up from Fe(lllp,0EDDHA. These results are in
accordance with the values obtained with tomato @eqber plants, and support that the
main mechanism of Fe acquisition from Fe(BIpEDDHA by Fe-deficient Strategy |
plants involves the release of Fe from taeemic and mesoo,0EDDHA catrriers. This
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dissociative Fe acquisition mechanism was first aestrated bg Tiffin and Browf and
Romheld and Marschrierlabeling Fe ando,oEDDHA with **Fe (or *°Fe) and*C,
respectively. The ratios (F&"**%Fe&™"®9/0,0EDDHA differed among tissues (43-32, 10-
50, 7-7 and 4-5 in fine roots, xylem, old leaved goung leaves, respectively, after 3-6 h
of resupply), and point out to the preferentialanalation of Fe and chelating agent in
roots and leaves, respectively. It is remarkab& the concentration oheso+ racemic
Fe(Il)-0,0EDDHA accounted for 10 and 2% of the Fe tracersrakp (F&™*°%F&™ ™9 at

3 and 6 h, respectively. Also, ratios did not creamguch with resupply time, with the
exception of the xylem, where the ratio (FE®%Fe™"9/(racemic + meso Fe(lll)-
0,0EDDHA) increased 5-fold between 3 to 6 h of resypjphis may suggest a differential
uptake kinetics for Fe and chelating agent uptelkid, a lag phase in the increase of xylem
total Fe concentration when compared to that ofllifeg,0EDDHA. The FE™*mese
0,0EDDHA ratio in the plant was approximately 2-foldgher than that of the P&
®Yracemico,cEDDHA, showing that the dissociative mechanism ubgdFe-deficient
sugar beet plants was more effective forriesothan for theracemicFe(lll)-o,0EDDHA
isomer. The presence in the plants of significanbants of chelating agents observed in
this and other studi&%™® opens the possibility that a small part of thedEkvered by the
Fe(ll)-o,0EDDHA may be taken upia non-dissociative mechanisms. This may occur at
all times, but the relative contribution of theseaianisms would be specially important
both in the short term after Fe fertilization andoawhen root FCR activity is down-
regulated by the Fe status (e.g., after fertiloratias in Lopez-Millanet al®* or in
continuous low intensity Fe supply).

A 2.7-fold higher sugar beet root reduction rates iaund for theamesoisomer than for
the racemicone, using the strong Fe(ll) chelating agent BR®@ssess separately both
stereoisomers; in a previous study a 7.5-fold @asee was found with Fe-deficient
cucumber root§® The mechanism of Fe uptake from Fe(lll)-chelatgs Fe-deficient
Strategy | plant species involves a reduction tdpllowed by the spontaneous release or
competitive sequestration of the reduced spéciesstudy on the reduction kinetics of
various synthetic weak hexadentate polyaminocadlatxy Fe(lll)-chelates (lacking
phenolic groups, e.g. Fe(lll)-EDTA and Fe(lll)-DTPAy Fe-deficient peanut roots
showed that the differences in enzyme affinity,Ykand maximal reduction rate )
could be attributed to differences in chemical ehteristics such as formation constant
(KreanyL; LOgKreqnyL in the range 18.2-31.2) and ionic charge (in thege 0 to -2§°
However, the differences in these parameters betwke mesoand racemic Fe(lll)-
0,0EDDHA stereo-isomers are relatively small (Lagis. of 34.2 and 35.9, respectively;
charge of -1 in both cases), and therefore camqam the 3- to 8-fold differences in root
reduction rate found here and in the Lucena anc&Rastudy.

The differences in FCR reduction rates betwesremic and mesoFe(lll)-o,0EDDHA
could be related to the pH dependence of the quureBng redox potentials. The
cytoplasmatic reductant acting as electron donar tfe root FCR is thought to be
cytoplasmic NAD(P)H (midpoint potentials I of apgroximately —320 mV), with the
Fe(ll)-chelate, not Fe(lll), being the electrorcaptor>® The efficacy of the root FCR to
release Fe from Fe(lll)-chelates depends markeulithe redox potential in the cell surface
environment®*® The reduction of the complex Fe(IB)eEDDHA itself by the FCR
enzyme has been recently questioned, because theegative reduction potential (-560
mV at the pH 7.4 typical of calcareous s8iland the high spin E&of Fe(lll)-0,0EDDHA
make such reaction thermodynamically unfavorablee $ame authors proposed that the
electron acceptor of the FCR enzyme could be th@lFe,0EDDHA monoprotonated
specie ([Fe(ll)HL]) instead of the major [Fe(ll)Lspecies. In Fe-deficient Strategy |
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plants, the induction of a root plasma membrarieAfPase is a core component of the
response to Fe deficiency, favoring the activitythaf root FCR?> At lower pH values, the
concentration of the protonated species increadelewhe Fe(lll)o,0EDDHA redox
potential increases to -480 and -370 mV at pH 6® &0, respectivel$} values closer to
that of the electron donor. To the best of our kieolge, the redox properties of the
individual racemicandmesoFe(ll1)-o0,0EDDHA isomers have not been reported. However,
the pH-dependence of the redox potential is detexchby the protonation constants of the
oxidized and reduced chelate foffi€, which are known for theacemicandmesoFe(lll)-
0,0EDDHA isomers. In thenesoisomer the [Fe(ll)HL] species was more stablenttize
[Fe(llNL] species (LogK of 36.6 and 34.2, respectively), wherin theacemicisomer the
constants of the [Fe(lll)HL] and [Fe(lll)Lpecies were similar (LogK of 35.1 and 35.9,
respectively). The tendency of thenesoisomer to form protonated species as the pH
decrease when compared with threcemic one could be behind the higher relative
efficiency of themesoisomer as an Fe source

In the protonated species a@hcemic and meso Fe(lll)-o,0EDDHA, o0,0EDDHA
coordinates with Fe as a pentadentate ligand. llipehelate redox potentials depend on
the first Fe coordination shell, which changes Wigand denticity (the number of atoms in
a single ligand that bind to a central Fe atom tpardination complex), among oth&rs
For instance, the redox potential of 12 hydroxynsteerophore Fe(lll)-complexes, with
homologous binding groups but with different deityic followed the sequence
hexadentate>tetradentate>bidenfdttn the racemic and mesoFe(lll)-0,0EDDHA [FeL]
species, the Fe(lll) coordination arrangementssacoordinate, closed roughly octahedral
field, ando,0EDDHA coordinates as a hexadentate ligand withr®odgroups available for
metal chelation (2 amino, 2 carboxylate and 2 pleeaaroups). In the Fe(lllj;0EDDHA
[FeHL] species (that becomes more abundant whedgareases), the arrangement is a six-
coordinate, open octahedral field, andEDDHA coordinates as a pentadentate ligand with
a phenolic oxygen atom free and the vacant Fe amaidn position occupied by a water
molecule! The Fe coordination arrangement of the Fe(lll)latechas been hypothesized to
be the origin of the better efficiency as a roolRF€hzyme substrate (using BPDS and pH
6) of the regioisomer Fe(lll);pEDDHA when compared of Fe(llg;0EDDHA; the
accessibility of the Fe atom for the FCR enzyme ldidae facilitated by the octahedral
open form of Fe(lll)e,,)EDDHA when compared to the octahedral closed fofnthe
Fe(ll1)-0,0EDDHA [Fel] species predominant at pH'8In fact, the Fe(lll)o,dEDDHA
[FeHL] species has a first coordination shell samtio that of Fe(lll)e,pEDDHA, in both
cases coordinating as pentadentate ligands.

The mesoisomer appears to be the major contributor toetheeptional efficiency of
Fe(lll)-o,0EDDHA as a plant Fe source in nutrient solutiond(aherefore in similar
conditions such as soil-less horticulture). Howevrth isomers behaved similarly as Fe
sources in calcareous soil conditiGhsyhere soil related factors can limit the efficigraf
the mesoisomer (e.g. by adsorption onto soil surfat&spr metal and ligand exchange
reactions). This is similar to what occurs with #elIl)-chelate of the pentadentate ligand
0,pEDDHA, which was capable of providing sufficient teeplants in nutrient solution but
not in calcareous saff.

A rough comparison of rates of reduction and upteke be made in the sugar beet
experiment with Fe tracers. The amount of Fe trémleen up (FE™%F&*™9 in leaves
and the whole plant was approximately 11-15 andb2Z%- of the Fe reduced in the
presence of BPDS. The total Fe xylem concentratiomssidering transpiration rates of 20
g water R plant*,*® would correspond to Fe transport rates equivaiergpproximately
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10% of the Fe reduced by the FCR; however, consigedylem Fe traceconcentrations,
values would be equivalent to approximately 2%hef ffe reduced by the FCR. In previous
studies, Fe-deficient peanut plants showed simmdées of Fe(lll)-DTPA-reduction and
*Fe-uptaké whereas in Fe-deficient cucumber plants the xylEe concentration
accounted for only 1% of the Fe reduced in the BRBShy" These results point out to the
need for a system to assess physiological Fe reducates directly, in the absence of
stron% Fe(ll) chelators such as BPDS, which cad teaoverestimations of the reduction
rates.

5. CONCLUSIONS

The usefulness of dual-stable Fe isotope traceer@rpnts in plant Fe nutrition has
been proven, since plants did not discriminate betw'Fe and®’Fe and no short-term Fe
isotope exchange reactions occurred with the Feghélates used. Thmesoisomer
appears to be the major contributor to the exceptiefficiency of Fe(lljo,0EDDHA to
deliver Fe to plants in nutrient solution, withegaif FCR, xylem transport and total uptake
(in both cases considering the Fe previously ckd)a2-fold higher than those found for the
racemicisomer. Both isomers of the chelating agent wecerporated and distributed by
plants at similar rates, in amounts one order ajmtade lower than those of Fe. After 6 h
of Fe resupply, most of the Fe acquired was sidhlized in roots, whereas most of the
chelating agent was localized in leaves. Althougisinof the Fe coming form the Fe(lll)-
0,0EDDHA was taken up by the plant through a disso@ateduction mechanism, a small
part of the Fe delivered by the Fe(ld)(EDDHA may be taken upia non-dissociative
mechanisms, probably using the transpiration strasutme driving force for entry, and this
may be important in the short term after Fe fesdiiion and also when root FCR activity is
down-regulated.
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Discusién general

Este trabajo de investigacion ha consistido enesladollo y aplicacion de nuevos
métodos analiticos basados en la espectrometrianagas (MS) que permitan la
caracterizacion de fertilizantes férricos basadogj#elatos sintéticos y la determinacion,
tanto del Fe como del agente quelante, en difesantdrices agricolas. Se ha escogido la
técnica de espectrometria de masas con fuenteediospray y analizador de tiempo de
vuelo ESI-MS(TOF) para la caracterizacion de préakicomerciales y la cuantificacion
del quelato, debido a la alta selectividad de lacién masa/cargar(/2 de la molécula, la
alta resolucién del analizador TOF, que permite laehuella isotépica del metal, y su
elevada sensibilidad. Esta misma técnica, peroespectrometria de masas en tandem
(ESI-MS-MS(QTOF)), ha sido utilizada para estudiiar patrones de fragmentacion de los
guelatos ferricos utilizados como fertilizantes.taEsnformaciéon ha servido para la
identificacion de compuestos de Fe desconocidageptes en fertilizantes comerciales. Un
tercer tipo de MS, la de plasma de acoplamientadtidb (ICP-MS), ha sido la elegida
para la cuantificacion del Fe dentro de la pladédido a la alta sensibilidad de la técnica y
su capacidad para diferenciar isétopos estableBeddo que ha permitido realizar un
seguimiento del Fe aportado por dos fertilizantesibaneamente. El uso combinado de
estas tres técnicas de MS junto con la cromat@gtafuida de alta eficacia (HPLC) ha
permitido desvelar nuevas implicaciones biolégidesvadas del uso de quelatos férricos
sintéticos y abrir nuevas aproximaciones analiti@a futuros estudios medio ambientales
y bioldgicos.

En esta Tesis Doctoral se ha desarrollado un meétibaimente selectivo para determinar
simultaneamente los quelatos férricos sintéticazados como fertilizantes (Fe(lll)-
EDTA, Fe(ll)-DTPA, Fe(ll)-HEDTA, Fe(ll)-CDTA, F¢lll)-o,0EDDHA, Fe(lll)-
0,pEDDHA, Fe(lll)-0,0EDDHMA, Fe(lll)-EDDHSA y Fe(ll)-EDDCHA) mediante
HPLC-ESI-MS(TOF) (Alvarez-Fernandez, Orextaal, 2007). Para cada quelato se utilizo
como estandar interno (IS) su homélogo unido aojs® estable’Fe, ya que coeluyen
cromatograficamente con los analitos y presentamilasies efectos de ionizacion. La
sensibilidad alcanzada en este método fue buendjmites de deteccion (LOD) entre 3 y
164 pmol dependiendo del quelato (0.1-3.3 uM). BEstesibilidad es mejor que la de otros
métodos analiticos previamente publicados con dagrafia de par idnico y deteccion por
UV-vis como el de Deacon en 1994 con un LOD de 10180I (Deacoret al, 1994)0 el
de Lucena en 1996 capaz de determinar concentesca quelato por encima de 9 uM
(Lucenaet al, 1996). Sin embargo, se obtuvieron mejores LOD laacnica de HPLC-
ICP-MS ya que, por lo general, es mas sensiblelgude HPLC-ESI-MS, llegando a
alcanzar un LOD para el Fe(lll)-EDTA de 125-150 (Mnmann, 2002a). La respuesta del
detector fue lineal para todos los quelatos fésrien el intervalo de concentraciones del
limite de cuantificacion (LOQ) hasta 25-50 uM caaloves de R de 0.9962-0.9997. La
reproducibilidad del método para los tiempos denetn fue siempre inferior al 2%
(desviacién estandar relativa; RSD) mientras quia |a& areas fue del 5-8%. Estos valores
estan dentro del rango obtenido para otros métdesarrollados con HPLC-ESI-MS (Dodi
y Monnier, 2004) y HPLC-ICP-MS (Ammann, 2002a) peson considerablemente
mayores que los obtenidos con HPLC-UV-vis, quenestéel rango del 1% de RSD (Barak
y Chen, 1987; Boxema, 1979; Garcia-Maet@l, 2006).

El aspecto probablemente mas interesante y novetlkosste método analitico fue su
validacién para cada uno de los quelatos individeate en cuatro matrices agricolas
liquidas: solucion del suelo, solucién nutritivagua de riego y savia de xilema de
melocotonero. Los valores de ensayos de recuperabi@nidos para estas matrices fueron
buenos en el intervalo de 82-100% para todas lasces excepto para la savia de xilema,
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donde se obtuvieron valores de 70-111%. Hastanesteento sélo existian métodos para
determinar algunos quelatos férricos sintéticoagiras subterraneas y lixiviados (Amman
2002a, 2002b), en aguas industriales (Dodi y Mani2i@04) y residuales (Kneppet al,
2005) y en algun tejido vegetal (Batra y Maier, 4,98effreys y Wallace, 1968; Bienfat
al., 2004).

Este método de HPLC-ESI-MS(TOF) fue aplicado alisisadel contenido de quelato
férrico en siete fertilizantes comerciales de FeEBDTA, Fe(lll)-DTPA, Fe(lll)-HEDTA,
Fe(ll)-EDDHA y Fe(ll)-EDDHMA. El contenido de Figado al agente quelante en estos
fertilizantes fue del orden de los publicados pard&a-Marco (2005a) en un estudio en el
gue se analizé una muestra numerosa de estogzétiEls aplicando los métodos oficiales
de analisis de la Unién Europea. En esta Tesisclm#enidos de quelato férrico
representaron un 47-107% del contenido de Fe soluidicado en la etiqueta del
fertilizante. Este hecho, que ya habia sido reftejanteriormente (Garcia-Marco, 2005a),
indica la presencia de una importante fraccionelsdtuble unido a compuestos diferentes
al quelato sintético autorizado por la legislac@mopea de fertilizantes (EC N° 2003/2003;
Anon, 2003, EU Regulations N° 2076/2004; Anon, 2084 Regulations N° 162/2007;
Anon, 2007).Estos productos de Fs®n generalmente desconocidos, aunque algunos de
ellos se han identificado como isdmeros posicianalEe(lll)-0,,EDDHA, Fe(lll)-
0,,EDDHMA) o productos de condensacién (derivados He(lll)-EDDHSA). Esta
identificacion se llevo a cabo mediante técnicasiB&C-UV-vis, 1D-, 2D-RMN y ESI-
MS (Alvarez-Fernandeet al, 2002; Cremoninet al, 2001; Garcia-Marcet al, 2005b;
Gomez-Gallegoet al, 2002). En esta Tesis Doctoral se ha estudiadatilidad de la
técnica de HPLC-ESI-CID-MBQTOF) como herramienta para identificar los conspos
de Fe desconocidos presentes en fertilizantes ctafess. Para ello se estudiaron los
espectros de fragmentacién ESI-CID-Mf los estandares de cada uno de los quelatos
férricos. Los espectros ESI-CID-MSse obtuvieron con dos analizadores de masas
diferentes, una trampa iénica y un cuadrupolo-tiem vuelo (QTOF), siendo este Ultimo
el que mayor riqueza estructural proporciono, pgendo incluso diferenciar patrones de
fragmentacion de isOmeros posicionales como el lle(JoEDDHA y el Fe(lll)-
0,pEDDHA sin necesidad de una separacion cromatogrgievia. Sin embargo, los
estereoisomerosacémicoy mesodel Fe(lll)-0,0EDDHA y Fe(lll)-0,0EDDHMA no se
pudieron diferenciar por MSLas descarboxilaciones fueron las fragmentacicnesunes
para todos los quelatos. Sin embargo, dependiertiguklato, se detectaron diferentes
pérdidas de masa asi como diferentes intensidadasvas en las pérdidas de masa
comunes. Por ejemplo, en la mayoria de los queladbsfragmento mas intenso
correspondié a pérdidas de los grupos carboxilgosahra el Fe(lll)-CDTA, Fe(lll)-
0,pEDDHA, Fe(lll)-EDDCHA y Fe(lll)-EDDHSA donde los ies producto mas intensos
correspondieron a pérdidas en el anillo. Los espeale fragmentacién de los quelatos
férricos sintéticos soélo existian en la bibliografiara dos casos, el Fe(lll)-EDTA y el
Fe(lll)-DTPA (Quintana y Reemtsma, 2007).

Cuando se analizé un fertilizante comercial a lages€e(lll)-EDDHA mediante HPLC-
ESI-CID-MS(QTOF) con el fin de probar la aplicabilidad deaesicnica para identificar
compuestos de Fe desconocidos, se detectarongealdahuella isotdpica dos compuestos
férricos. La identificacibn se abordé comparande smasas moleculares exactas y
espectros de fragmentacion con los de los estédard-e(lll)o,0EDDHA y el Fe(lll)-
0,pEDDHA. De esta manera se propusieron dos identddgdea ambos compuestos
(figuras 6-5A y 6-5B) que pueden ser explicadas c@ubproductos de la sintesis del
agente quelante EDDHA, que se producen por reaccdrnmpurezas de los productos de
partida etilendiamina y &cido glioxilico (Boichaed al, 1971; Deebaet al, 1990). Por
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consiguiente, esta herramienta podria ser muypaté& conocer la identidad de una gran
parte de la fraccion soluble de Fe presente eiliZantes comerciales a base de quelatos
sintéticos.

Ser capaces de determinar los agentes quelantéscsis dentro de la planta fue uno de
los objetivos de esta Tesis Doctoral debido a taglicaciones bioldgicas que conlleva
encontrar estas moléculas xenobidticas dentro platda. La determinacion de este tipo de
moléculas en matrices vegetales solidas es complefido al elevado numero de
compuestos que pueden afectar a la ionizacion dalit@ las bajas concentraciones
esperadas y a la variedad de especies quimicassequé se puede encontrar el analito
dentro de los tejidos vegetales. Por ello, se da&aun método de HPLC-ESI-MS(TOF)
para matrices vegetales exclusivamente para elteaggrlanteo,0EDDHA ya que es el
mas utilizado en suelos calizos donde muchos osltdeben ser fertilizados con Fe. Un
aspecto critico del desarrollo de este método dueldccion del 1S. Contrariamente a lo
sucedido en el método anterior, los 1S marcadosisfiopos estables de FERe(lll)-
0,0EDDHA y **Fe(lll)-0,0EDDHA) no dieron buenos resultados debido a lagmea de
interferencias isobéaricas y al intercambio isotépigroducido entre el Fe marcado
isotopicamente del IS y el Fe nativo del tejido.s Lmejores estandares internos son
aquellos marcados isotépicamente en C, N u O,rslvaego suelen resultar excesivamente
caros. Una buena alternativa a los IS marcadosistiiopos estables son los analogos
estructurales, ya que poseen una estructura mujasial analito y generalmente un
comportamiento quimico muy parecido al de éstanalogo estructural que se utilizé fue
el compuesto metilado deloEDDHA (0,0EDDHMA) que tiene un grupo metilo unido a
cada anillo aromatico. De los dos isémeros del IFefloEDDHMA, se eligié el mas
cercano en tiempo de retencion al Fe@/QEDDHA que coeluia con dFe(lll)-meso-
0,0EDDHA vy tenia una diferencia de tan s6lo 2 min ebie(lll)-racémico-o,&DDHA.
Esta diferente elucion del IS ymcémicoFe(lll)-o,0EDDHA afect6 a la correccién de los
efectos matriz que no fue completa en las relasialiee material vegetal / extracto final
inicialmente elegidas. Por este motivo, estas iel@s se disminuyeron para cada tejido
vegetal hasta que se obtuvo un valor de recuperamdximo al 100%. A pesar de la
dilucion que se tuvo que hacer para algunos tejidgstales, la sensibilidad del método es
muy buena siendo la concentracion minimaogeEDDHA que se puede cuantificar en
tejidos vegetales de 11-162 pma! geso fresco (FW) y en savia de xilema 60-151 pmol
mL™. Estos limites de cuantificaciéon (LOQ) son al nena orden de magnitud mejores
qgue el Unico LOQ publicado para medioEDDHA en tejido vegetal mediante HPLC-
UV/Vis (2140 pmol gFW:; Bienfaitet al, 2004). Otro aspecto importante que hubo que
tener en cuenta para el desarrollo de este métmdel fhecho de que los agentes quelantes
pueden encontrarse unidos a otros metales diferelsleFe dentro de la planta. Por este
motivo, se afiadid un exceso de Fe a los extracgstales antes de ser analizados, de
manera que las posibles especies,dEDDHA se convirtieran en una Unica especie de Fe
y poder ser cuantificado en su totalidad. Los epsale recuperacion obtenidos con esta
metodologia en distintos tejidos (raiz, hoja, salgaxilema y fruto) y especies vegetales
(tomate, remolacha azucarera y melocotonero) fueo@mos, del orden de 74-118%. Este
método analitico de HPLC-ESI-MS(TOF) fue aplicadl@malisis de hojas, raices y savia
de xilema de plantas de remolacha azucarera y ¢otrathdas hidroponicamente con un
fertilizante comercial de Fe(lll)-EDDHA. En todassltejidos analizados se encontraron los
dos grupos de estereoisomeros del Fe@lieDDHA (racémicoy mesQ y el isomero
Fe(lll)-o,,EDDHA, que esta también presente en las formulasi@omerciales de Fe(lll)-
EDDHA (aproximadamente en un 1% p/p ; Alvarez-Fadez, Oreraet al, 2007). Las
concentraciones decémicoy meso-0,&DDHA encontradas en este trabajo (12-63 nmol
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g' FW, Tabla 5-1) son parecidas a las encontraddsabajos anteriores (Bienfadt al,
2004; Jeffreys y Wallace, 1968) a pesar de quetrmoseiempos de tratamiento fueron
menores. Hay que remarcar también que este esm@rpirabajo en el que se observa la
presencia del isomero Fe(llbypEDDHA dentro de la planta. Sin embargo, no ha sido
posible su cuantificacion debido a la falta deretdées.

En esta Tesis Doctoral se ha utilizado un métodalatde marcaje con dos isGtopos
estables de Fe’fe y °'Fe) para estudiar la toma, transporte y distribuaitel Fe
proveniente de los isdbmeraacémicoy meso Fe(lll)-0,0EDDHA cuando se aplican
simultdneamente a las raices de plantas de Ewatedeficientes en Fe crecidas en
hidroponia. Después de 3 y 6 horas de tratamiegasibtopos estables de Fe fueron
analizados por ICP-MS vy los agentes quelantes pBLOHESI-MS(TOF). No se
observaron reacciones de intercambio entre isétdpoka solucidén nutritiva y tampoco
discriminacion isotdpica por parte de la planthmByor aporte de Fe a la planta lo realizo
el isomeromesodel Fe(lll)-0,0EDDHA, ya que se encontrd 2 vecés mas de ese Feden
de la planta (F&E™°§ que el del proveniente delcémico(F€”"9. Este hecho concuerda
bien con los experimentos realizados en solucidntia de plantas de judia, tomate y
pimiento en las que se observaba una preferenteindision del Fe proveniente del
isbmeromesoen la solucion nutritiva, lo que parecia indicae gste Fe era tomado por la
planta preferentemente (Cerdd&b al, 2006; Hill-Cottingham y Lloyd-Jones, 1965).
Ademas, las velocidades de reduccion del Fe(IFe@l) por la enzima quelato reductasa
férrica (FCR) medidas en nuestro estudio indicaa mayor reduccion del isomenoeso-
0,0EDDHA (casi 3 veces) que ehcémicq lo que explicaria los mayores contenidos de
Fe® M encontrados dentro de la planta. Este mismo cdmp@nto se observé en
estudios previos de pepino con una diferencia deecés entre el isomenmesoy el
racémico(Lucena y Chaney, 2006).

El agente quelante,0EDDHA se encontrd en todos los tejidos de la plamaizados,
como indicaron estudios previos de HPLC-UV-vi$'g (Bienfaitet al, 2004; Jeffreys y
Wallace, 1968; Romheld y Marschner, 1981). Sin egdiala presencia de estos
xenobidticos no habia sido demostrada con técrinaliticas tan selectivas como la MS
hasta esta Tesis Doctoral en la que la entradanbbesiisdémeros a las plantas de Estrategia
I (remolacha y tomate) se confirma con los analdés HPLC-ESI-MS(TOF). Las
concentraciones de,oEDDHA encontradas en los tejidos de remolacha @®1gmol g
peso seco (DW) son similares a las encontradas previamentereat& pimiento (0,1-0,4
pumol g DW"; Bienfait et al, 2004) y tabaco (0,1-0,2 umol g D\\WJeffreys y Wallace,
1968). Ambos isémeros ded,0EDDHA (racémico y mesQ fueron incorporados y
distribuidos en la planta en la misma proporcidendo las cantidades de agente quelante
encontradas un orden de magnitud menor que la elelEBte resultado es similar al
encontrado en plantas de tomate y pimiento (Bieetaal 2004) y es congruente con el
mecanismo de disociacion del Fe del quelato pamdtpiisicion del Fe proveniente de
Fe(lll)-o,0EDDHA en plantas de Etrategia | deficientes en Este mecanismo de
disociacion fue demostrado por primera vez poriiff Brown (1961) y Romheld y
Marschner (1981) marcana@goEDDHA con>°Fe (0°°Fe) y*“C. Sin embargo, la presencia
de cantidades pequefias de agente quelante denlf@optinta abre la posibilidad de que
una pequeiia parte del Fe sea incorporado a laapteadiante mecanismos que no incluyen
disociacion. Este mecanismo de entrada de Felangaseria especialmente importante en
fertilizaciones de Fe a corto plazo y cuando lavetetd de la enzima FCR fuera baja (como
por ejemplo en fertirrigaciones continuadas coradajantidades de Fe o varias horas
después de una fertilizacion).
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Después de 6 h de fertilizacion, la mayoria dedlbsorbido se encuentra localizado en
las raices secundarias de la planta, mientras duagente quelante se encuentra
principalmente en las hojas. Una distribucion simse describié en plantas de pepino
tratadas hidroponicamente con 100 uM °dee(lll)-0,0EDDHA donde el 80% del Fe
tomado se encontraba en las raices de las pldrtasiguez-Castrilloret al, 2008). Este
hecho nos hace sugerir queo@EDDHA es transportado por la corriente de transjirg
de acuerdo con la hipotesis de que la toma de egeptelantes (unidos o no al metal)
ocurre por absorcion pasiva a través de apertarésendodermis y banda de Caspari de la
raiz (Bienfait et al, 2004; Nowacket al, 2006). Este tipo de absorcion deberia ser
proporcional al tiempo de exposicion de la plahigualato y a la concentracion de quelato
aplicada. En nuestro estudio, el contenidomgEDDHA en la planta se incrementd solo
1,5 veces cuando el tiempo de exposicion al ageptelante aumentd 2 veces,
encontrandose los mayores incrementos en las rsgcesdarias y hojas jovenes. Ademas,
cuando plantas de remolacha y tomate fueron trateda diferentes concentraciones de
Fe(lll)-0,0EDDHA en solucién nutritiva se observé que con@aitmes inferiores a 500
KM no tuvieron efecto en la concentracion de Fe@JbEDDHA encontrada en la savia de
xilema. Sin embargo, concentraciones de Fe@lj=DDHA superiores a 500 uM en la
solucion nutritiva causaron incrementos de 6-7 y@tela concentracion de este quelato en
xilema. Estos resultados sugieren que la entradad#DHA a las plantas no se puede
explicar en su totalidad por un mecanismo de alisopasivo.

En definitiva, la técnica de espectrometria de ma&sasus diferentes modalidades ha
resultado de gran utilidad en el estudio de lodatoe férricos sintéticos permitiendo la
determinacion simultanea de todos los quelatogdé&ria bajas concentraciones en matrices
agricolas (ESI-MS), la elucidacion estructural dgurezas en fertilizantes comerciales
(CID-MS?) y el seguimiento del Fe (ICP-MS) y del agentelante (ESI-MS) aportado por
dos fertilizantes simultaneamente dentro de latplaBsta Tesis Doctoral muestra la
utilidad de estas técnicas en el area de Cienaggarids abriendo nuevas aproximaciones
para estudiar la nutricion de Fe (y otros micrdeuates) en plantas, sobre todo en relacion
con los compuestos naturales implicados en la amipm y transporte de estos elementos
en la planta. Estos aspectos ya fueron exploradados colaboraciones realizadas en el
marco de esta Tesis Doctoral, en una de ellasgsé Identificar el Fe(llCitrato; como
responsable del transporte de Fe en plantas detdofmer publicacion en Anexo 2)
ayudando a avanzar en el entendimiento del tratespolarga distancia de este metal en
plantas. Esta identificacion se logro utilizandatanbinacion de HPLC-ICP-MS, HPLC-
ESI-MS e isOtopos estables de Fe. Otra aplicaci@s wentrada en el campo de la
agricultura, fue una primera aproximacion al esiudé las posibles interacciones entre
guelato y surfactante en fertilizacion foliar deerhd por ESI-MS (ver publicacién en
Anexo 2). Igualmente las técnicas de MS utilizadasesta Tesis Doctoral asi como las
metodologias desarrolladas y las aproximacionesergrpntales empleadas parecen
prometedoras para abordar la caracterizacion dézmtes de micronutrientes a base de
compuestos organicos tanto sintéticos como naturafd como su determinacion en
matrices complejas como las medioambientales.
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Los fertilizantes a base de quelatos férricos saug son xenobidticos de elevado
precio comunmente utilizados para corregir o pregveno de los desérdenes nutricionales
mas habituales de las plantas, la deficiencia d&§tas moléculas son derivados de acidos
poliaminocarboxilicos (por ejemplo EDTA) con alfanmlad por el Fe y otros metales. Su
uso con fines agricolas o industriales esta sienggstionado, ya que son dificilmente
degradables, muy persistentes en el medio ambygnieden alterar el equilibrio natural de
los metales (nutrientes o tdxicos) en el suelojenao por ejemplo mas biodisponibles
determinados metales hasta alcanzar niveles toxicssestudios de estos quelatos en el
medio ambiente son aun escasos, debido a la faltaedodologias analiticas capaces de
determinar concentraciones muy bajas de los mismosatrices tan complejas como el
sistema suelo-planta. Sin embargo, las formulasioc@merciales a base de quelatos
férricos sintéticos si se han estudiado en mayofupdidad, sobre todo en la ultima
década, debido a que la complejidad de su andsimenor y al interés de la Unidn
Europea por regular la comercializacion de estospc@stos. Existen diversos métodos
analiticos para determinar el contenido de quel@ogos en formulaciones comerciales,
gue son especificos para uno o varios agentes ngeglagintéticos. Sin embargo, hasta
ahora, no existia un método analitico que perraitileterminar de manera simultanea todos
los quelatos férricos sintéticos autorizados pdedgslacion europea. Por otra parte, se ha
encontrado un desacuerdo entre el contenido del&els y el del quelato férrico sintético
autorizado, llegando a haber en el caso de quetigogpo fendlico un 40-50% de Fe
soluble no unido al quelato (Garcia-Marco 2005)jue ha propiciado diversos cambios en
la legislacion (EC N° 2003/2003; Anon, 2003, EU &Watijons N° 2076/2004; Anon, 2004,
EU Regulations N° 162/2007; Anon, 2007). Los comspege diferentes al quelato
autorizado a los que se encuentra unido el Fe lsadoin poco conocidos, aunque en ciertos
trabajos se ha identificado alguno de ellos pormetografia de alta eficacia y
espectroscopia ultravioleta-visible (HPLC-UV-vigsonancia magnética nuclear (RMN) y
espectrometria de masas con electrospray (ESI-MSylentificacion de estos compuestos
resulta muchas veces compleja debido a que sedeataezclas de varios compuestos a
diferentes concentraciones, a la necesidad dengingl Fe para su analisis por técnicas
como la RMN vy a la falta de estandares que pernaitarfirmar su estructura. Ademas, a
pesar de que el uso de quelatos férricos sintédstss muy extendido en agricultura, el
estudio de la absorcion, transporte y distribudéhFe y el agente quelante dentro de la
planta ha sido abordado en escasas ocasionesd&ndlias, se han utilizado metodologias
analiticas que no permiten diferenciar simultanedeng de forma selectiva el Fe aportado
por el fertilizante y el Fe nativo de la plantallavar a cabo la deteccion selectiva de los
agentes quelantes en matrices tan complejas comeejolos vegetales. De todos los
guelatos férricos sintéticos que se comercializarelemercado, aquellos basados en el
qguelato Fe(lll)e,cpEDDHA son los mas utilizados, sobre todo en cuftiele alto valor
afadido crecidos sobre suelos calizos como los @dgdh. Por otro lado, el Fe(lll)-
0,0EDDHA estd compuesto por una mezcla de isdmeddsrgcémicoy mesd cuyo
comportamiento ha sido poco estudiado. Por ultilacgspectrometria de masas es una
técnica con alta sensibilidad y selectividad que dido aplicada con éxito en la
determinacion de compuestos organometélicos. La gexsatilidad que ofrecen los
equipos existentes permitiendo el analisis a natéimico y molecular junto con la
determinacion de isotopos estables, hacen de laSherramienta con gran potencial en
las determinaciones derivadas de estudios bioléganedioambientales
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1. OBJETIVOS:

Por todo lo anterior, los objetivos especificogedia Tesis Doctoral son los siguientes:

1. Desarrollo y validacion de un método analitico gardeterminacién de quelatos
de Fe sintéticos en matrices agricolas liquidasanegelHPLC-ESI-MS.

2. Desarrollo y validacion de una metodologia paradgerminacion del agente
guelante de Fe, eloEDDHA, en tejidos vegetales mediante HPLC-ESI-MS.

3. Estudio de los patrones de fragmentacion de quefatacos sintéticos mediante
CID-ESI-MS/MS y su aplicacion como herramienta daraaracterizacion de la
fraccion soluble de fertilizantes comerciales aelides estos quelatos.

4. Estudio de la absorcién, transporte y distribucdigi Fe y de los agentes
quelantes aportados por los isomerasémicoy mesodel fertilizante Fe(lll)-
0,0EDDHA en plantas de Estrategia I.
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2. METODOLOGIA:

2.1 Quelatos feérricos. Objetivos 1, 2,3y 4

Los quelatos férricos de EDTA, DTPA,0EDDHA, CDTA y EDDHMA se sintetizaron
con Fe natural’’Fe y>*Fe afiadiendo soluciones &cidas de Fe sobre eleagastante
disuelto siguiendo el procedimiento descrito pocenaet al. (1996). Debido a la falta de
estandares comerciales de los agentes quelante$si&®DEDDCHA y o,pEDDHA, los
guelatos de Fe(lll)-EDDHSA y Fe(lll)-EDDCHA fuerotedidos por el profesor J. M.
Garcia-Mina (Universidad de Navarra) y el agentelanteo,pEDDHA fue cedido por el
profesor J. J. Lucena (Universidad Autonoma de MadLos isdmerogacémicoy meso
del 0,0EDDHA se separaron siguiendo el procedimiento desen Yuntaet al. (2003).
Ademas se utilizaron fertilizantes comerciales @&, DTPA, EDDHA, EDDHMA y
EDDHSA.

2.2 Material vegetal. Objetivos 1, 3y 4

Las especies vegetales utilizadas en esta TesisitlarremolachaBeta vulgaris L),
tomate Lycopersicon esculentum)ly melocotoneroKrunus persica ). De remolacha y
tomate se muestrearon por separado las hojas pyeviejas, raices y savia se xilema. De
melocotonero se muestrearon las hojas y frutos. plaistas de tomate y remolacha se
obtuvieron mediante cultivos hidropdnicos en cangeacultivo. El material vegetal de
melocotonero se muestred directamente de parcelagerciales de la provincia de
Zaragoza. La savia de xilema de remolacha y tosetecogio mediante centrifugacion de
peciolos o decapitacion del tallo, respectivamesggln los procedimientos descritos por
Lopez-Millanet al. (2000 y 2009).

2.3 Instrumentaciéon. Objetivos 1, 2, 3y 4

Espectrometro de masas con analizador de tiempauele (BioTOF Il o MicrOTOF,
Bruker Daltonics) equipado con una fuente de alepmay y acoplado a un HPLC
(Alliance 2795, Waters).

Espectrometro de masas con fuente de plasma déaadepto inductivo equipado con
celda de colision (Q-ICP-MS 7500 ce, Agilent Tedbges).

Espectrometro de masas en tAndem con con anakzadoadrupolo y tiempo de vuelo y
equipado con fuente de electrospray (QTOF, Brukdtdnics) acoplado a un HPLC (1100
HPLC system, Agilent Technologies).

Espectrometro de masas con analizador de tramjpaete esférica y fuente de electrospray
(HCT Ultra, Bruker Daltonics) acoplado a un HPLAEIlfance 2795, Waters).

2.4 Extraccion de o,cdEDDHA de los tejidos vegetales. Objetivos 2y 4

Se llevo a cabo mediante una extraccion séliddadimuomando como base el método
descrito por Bienfaitet al. (Bienfait et al, 2004). Se optimizaron varios parametros
relacionados con la molienda, la centrifugacionesthndar interno y la relacién peso de
material vegetal/peso del extracto.
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2.5 Digestion acida de materiales vegetales y soluci@eutritivas.
Objetivo 4

Los tejidos vegetales se secaron en una estufa®@ §0se molieron en un molino de
bolas (MM301, Retsch). La digestion de los tejistegetales se realizé en un digestor de
microondas (Ethos 1, Millestone) con HN® H,O,. La savia de xilema y soluciones
nutritivas se digerieron afiadiendo HN& 1%.

2.6 Desarrollo y validacion de los métodos. Objetivosyl 2

El desarrollo del método de HPLC-ESI-MS para deiteamquelatos férricos sintéticos
en matrices agricolas (objetivo 1) consisti0 enofdimizacion de los parametros de
ionizacion por electrospray asi como seleccioradade estacionaria, fase movil, modo de
elucion, flujo y volumenes de inyeccion mas apropgpara la determinacion simultanea
de todos los quelatos férricos. Este método sd&alara cada quelato de Fe obteniendo i)
curvas de calibrado con estandar interno, ii) Bmile deteccion (LODs) y cuantificacion
(LOQs), iii) reproducibilidad del método entre diaentre réplicas a dos concentraciones
distintas y iv) ensayos de recuperacion para cum#ioices agricolas liquidas (solucion del
suelo, agua de riego, solucion nutritiva y fluicegetal).

La metodologia para determinggoEDDHA en tejidos vegetales mediante HPLC-ESI-
MS (objetivo 2) se desarroll6 mediante ensayosedaperacion deb,oEDDHA pre- y
post-extraccion con diferentes estandares intgrtiferentes tejidos vegetales. Se eligio el
estandar interno que era capaz de controlar negafectos matriz. Se optimizo la relacion
peso de material vegetal/peso final del extracta pada tejido vegetal. Se determinaron
los limites de deteccidn y cuantificacion y seimeabn ensayos de recuperacion del analito
para cada material vegetal.

2.7 Caracterizacion de quelatos férricos sintéticos po€ID-MS-MS.
Objetivo 3

Soluciones de estandares y fertilizantes comegscg#eanalizaron por inyeccion directa
en dos equipos de espectrometria de masas en tand@NOF vy ii) trampa de iones. Los
patrones de fragmentacion de los quelatos féraouéticos fueron descritos a partir de los
espectros obtenidos con el QTOF atendiendo a s medecular exacta y entorno
isotopico, asi como al analisis de los mismos doglasintéticos marcados coffre y con
ayuda de la herramienta informéatica Smart Formibatqd Analysis v 4.0, Bruker
Daltonics). La identificacion de nuevas impuregasfertilizantes comerciales se llevo a
cabo primero haciendo un barrido en HPLC-ESI-MSpdsibles compuestos con huella
isotopica de Fe y segundo obteniendo el espect®lBeMS*(QTOF) previa separacion
por HPLC de las trazas(2 desconocidas que contenian Fe.

2.8 Estudio de la utilizacion del fertilizante Fe(lll)-o,0EDDHA por
plantas de Estrategia I. Objetivo 4

Plantas de tomate y remolacha deficientes en Ferfugatadas en solucion nutritiva
con diferentes concentraciones deok@DDHA (una mezcla 1:1 deacémicoy mes9
durante 24 h y se midio su concentracion en 8@¥DDHA en savia de xilema. Ademas,
los isdmerogacémicoy meseo,0EDDHA fueron marcados con dos isétopos estables de
Fe diferentes®(Fe y>’Fe) y se suministraron simultdneamente y en igoatentracion, a
plantas de remolacha deficientes en Fe crecid&sdeoponia durante 3 y 6 h. Se hicieron
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dos tratamientos cruzados: (A) 30 uM YEeracémico-o,&DDHA y 30 pM de’’Fe-
meso-0,&DDHA y (B) 30 pM de’’Feracémico-o,&DDHA y 30 uM de>*Fe-meso-
0,0EDDHA. Se determind el contenido de ambos isomel®,0EDDHA y del Fe
proveniente del isémemacémicoy mesoFe(ll1)-0,0EDDHA, asi como €l*Fe (Fe natural)
presente en plantas de remolacha deficientes érateeas durante 3 y 6 horas con ambos
tratamientos (A y B). El contenido @aeoEDDHA se determiné en diferentes tejidos de la
planta con método de HPLC-ESI-MS desarrollado enbgtivo 2. El contenido en Fe
enriquecido isotopicament&’fe y°’Fe) y"Fe en los diferentes tejidos de la planta se
determino por analisis de dilucion isotopica metid@P-MS (Rodriguez-Castrilloet al.,
2008). Ademés se midio la actividad Fe-reductasaraiz de plantas de remolacha
deficientes en Fe, utilizando separadameat&micoy meso Fe(lll)-o,0EDDHA como
sustratos. Para ello se midieron las concentrasideeun complejo con Fe(ll), el [Fe(ll)-
BPDS], en soluciones nutritivas a diferentes tiemposedecion (30 min, 1 h, 2 h'y 5 h),
tal y como indican Lucena y Chaney (Lucena y ChaReg6).
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CONCLUSIONES

. Se ha desarrollado un método de HPLC-ESI-MS(TOR permite determinar de
manera directa y simultanea los principales quelétoricos sintéticos usados como
fertilizantes, con alta selectividad y sensibilidaduena reproducibilidad. Este método
permite cuantificar los quelatos en fertilizantesmerciales y matrices agricolas
liquidas como solucion del suelo, solucion nutaitisgua de riego y savia de xilema.

. Se ha desarrollado un método de HPLC-ESI-MS(TOE)mgrmite la determinacion de
dos agentes quelantes de Fe(ltBcémicoy mesoo,0EDDHA, en distintos tejidos
(raices, hojas, savia de xilema y fruto) y espeviegetales (tomate, remolacha y
melocotonero) con muy alta selectividad y sensiadi

. La eleccién de estandar interno ha sido un facitice en el desarrollo de un método

para determinar estos dos agentes quelaaasmnicoy mesoo,0EDDHA -en forma de
guelatos férricos- en tejidos vegetales por HPLGMS. Para este caso en particular
los estandares internos del quelato marcado cawopis® estables de Fe no han
resultado adecuados, ya sea debido a la preseecieeatciones de intercambio
isotopico o bien a la existencia de interferengadaricas. Un anélogo estructural, el
compuesto metilado deloEDDHA, ha resultado ser un buen estandar interno.

. Se han descrito los patrones de fragmentaciéon H3IMS? de la mayoria de los
guelatos férricos sintéticos utilizados como fesdihtes. En general, los iones producto
mas intensos correspondieron a descarboxilacianessepcion de los quelatos Fe(lll)-
CDTA, Fe(lll)-0,,EDDHA, Fe(ll)-EDDCHA y Fe(ll)-EDDHSA, en los que
correspondieron a pérdidas en el anillo. Cuandoekpectros se obtuvieron con un
analizador de masas QTOF se consigui6 diferenoiae ésdmeros posicionales como
Fe(lll)-0,0EDDHA y Fe(lll)-0,pEDDHA.

. Se han propuesto dos estructuras para dos compulestee desconocidos presentes en
un fertilizante comercial de Fe(lll)-EDDHA con la&chica de HPLC-ESI-CID-
MS?(QTOF). Estos compuestos son quelatos férricosuparestructura similar a la del
EDDHA, derivados probablemente de impurezas derdastivos de partida en la
sintesis del agente quelante.

. El marcaje diferencial con dos is6topos establefel€*Fe y°>'Fe) de los isémeros
racémicoy mesoFe(lll)-o,0EDDHA ha resultado ser una herramienta de graidaudil
para estudios de nutricion de hierro en plantaduyendo absorcion, transporte y
distribucion del Fe aportado.

. El isbmeromesoFe(lll)-0,0EDDHA ha resultado ser dos veces mas eficiente para
suministrar Fe que el isomeracémicoFe(lll)-0,0EDDHA, en plantas de remolacha
deficientes en Fe y crecidas en solucién nutritiva. velocidad de reduccion del
isomeromesoFe(lll)-o0,0EDDHA fue dos veces superior con respecto a laatg&mico
Fe(lll)-o,0EDDHA.

. Los agentes quelantescémicoy meso 0,EDDHA son rapidamente absorbidos por las

plantas de remolacha deficientes en Fe, encontséndantidades significativas en
todos los tejidos después de solo 3 horas de tiextson
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9. Los agentes quelantescémicoy meso 0,&DDHA son absorbidos y distribuidos con
una relacion 1:1 en plantas de remolacha defigeateFe, siendo la cantidad de los
mismos un orden de magnitud menor que la de Fedorea todas las partes de la
planta. Este hecho indica que aunque la mayoriaFdeke toma a través de un
mecanismo que implica la disociacion del quelatadé, una pequefia parte puede ser
tomado mediante mecanismos que no incluyen diséoiac

10.Después de 6 horas de tratamiento, la mayor paitéal absorbido por plantas de
remolacha deficientes en Fe se localizé en lagsafdentras que los agentes quelantes
racémicoy meso 0,eDDHA se encontraron preferentemente en las hojas.
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Foliar iron-fertilisation of fruit trees: present knowledge and future

perspectives — a review
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Zaragoza, Spain
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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 [ruit 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 paramelters
such as colour, firmness, or acidity (Alvarez-Ferndndez
ef al., 2003; 2006).

There is scientific evidence that Fe-fertilisation
increases fruit quality and yield in many crops
(Alvarez-Fernandez er al., 2006). Iron-fertilisation is a
standard agricultural practice in fruit production areas
that suffer from plant Fe-deliciency. 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 i1s 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 (Cerddn et al., 2007).

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

*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 (Fernindez and
Ebert, 2005). Our current limited understanding of the
factors involved in the penetration, translocation, and bio-
availability of leat-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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GENERAL CONSIDERATIONS REGARDING
THE PENETRATION OF LEAF-APPLIED
SOLUTIONS, WITH SPECIAL REFERENCE TO
IRON

The ability of plant leaves to exchange water and
solutes with the surrounding environment was
recognised more than 300 years ago (see Franke, 1986).
The penetration of leaf-applied chemicals was found to
take place via the cuticle, through cuticular cracks and
imperfection& the stomata, leaf hairs, and other
specialised epidermal cells (Tukey ef al., 1961). The
significance of the stomatal route vs. the cuticular
pathway remains unclear and is still an area of
controversy (Eichert and Goldbach, 2008). The majority
of studies on foliar uptake carried out over the last
decades have focussed on the penetration of lipophilic
and hydrophilic solutions through the cuticle (Fernindez
et al., 2006).

Aerial plant organs are covered by a continuous
hydrophobic cuticle, which constitutes a protective
barrier against water loss and limits the penetration of
leaf-applied chemicals (Schonherr, 2006). The cuticle is a
chemically heterogeneous membrane, consisting of an
insoluble biopolymer matrix with waxes embedded in.
and deposited on the surface (Jeffree, 2006).

Water repellency has been shown to be related to the
crystalloids of epicuticular wax that cover the cuticular
surface in a micro-relief (Barthlott and Neinhuis, 1997).
Both a wide micro-structural diversity, and the existence
of wax regeneration processes in living leaf surfaces have
been reported in the last decade (Barthlott and Neinhuis,
1997: Koch et al., 2004). Plant cuticles are permeable to
water, electrolytes, and polar compounds (Kerstiens,
2006) and the occurrence of two distinct penetration
pathways has been proposed (Schonherr, 2006). Neutral,
non-charged molecules may cross cuticles by dissolving
and diffusing in lipophilic domains made from cutin and
cuticular waxes, whereas ionic species may penetrate the
leaf through aqueous pores (Schénherr. 2006).
micropores, and/or spaces between molecules (Luque
et al., 1995). The radii of cuticular aqueous pores have
been estimated to range from 0.3 nm (ivy leaves) to
1.2 nm (tomato fruit; Schonherr, 2006).

In an attempt to bring together findings concerning
the penetration of ionic compounds through the cuticle.
Schonherr (2000; 2001) proposed the following general
principles: (i) since ionic compounds in solution are
surrounded by water molecules, a diffusion pathway
parallel to the lipophilic pathway must occur; (ii) air
relative humidity (RH) could be a key factor in
determining the rate of penetration of solutions; (iii)
given the importance of RH, active ingredients, either
hygroscopic or with low points of deliquescence, will
promote foliar penetration; (iv) concentration would
serve as driving force for penetration, and the absolute
amount which penetrates would probably be
proportional to concentration; (v) smaller molecules
should penetrate faster than larger ones; (vi) cations and
anions will penetrate in equivalent amounts: and (vii)
effective wetting agents can greatly increase the rate of
penetration of electrolyte solutions. In contrast, stomatal
uptake may resemble diffusion in bulk water, and
therefore should not be restricted by the factors
mentioned above (Eichert er al., 2006).
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Iron sprays are generally based on Fe-chelates or
Fe-salt solutions and can be expected to be taken up via
the cuticle or stomata. However, recent evidence showed
that foliar uptake of Fe-containing solutions does not
fully concur with the seven principles described above.
Ferndndez er al., (2005; 2006; 2008a) and Schonherr ez al.
(2005) observed no correlation between molecular mass
and penetration rate. The Fe(IlI)-chelates commonly
used as Fe sprays have sizes ranging from 1.0 - 1.3 nm
(maximum radi) and 0.5 — 0.8 nm (minimum radii;
Fernandez ef al., 2008a). Iron complexes in solution will
be larger, due to hydration, but will remain smaller than
stomatal apertures (e.g.. 20 — 30 pm pore size for pear
and peach leaves). Chelates may also penetrate the leaf
through the cuticular pathway, since the sizes of
Fe-compounds and the pores may be comparable.

Schénherr et al. (2005) and Fernandez (2004) detected
a negative correlation between the concentration of
Fe(IlI)-chelates applied and the penetration rate,
expressed as a percentage of the amount applied, which
nevertheless represented a high amount of Fe
penetrating the leal or the cuticle. A similar effect has
been described for the penetration of foliar-applied K
(Chamel, 1996) and other elements (Tukey er al., 1961;
Middleton and Sanderson, 1965) and also for
2 4-diclorophenoxyacetic acid (2,4-D; Liu, 2004). Chamel
(1996) hypothesised that the decrease in relative
penetration rate with higher K concentrations may have
been due to progressive saturation of the sites for
uptake. A similar phenomenon was observed with
Fe(Ill)-chelates, and it was suggested that high
concentrations of these compounds may reduce the size
of the aqueous pores (Schonherr er al, 2005). A
reduction in water conductance through fruit cuticles
after FeCl; treatment was reported by Weichert and
Knoche (2006), which may have been caused by a
competition for water between Fe(III) and ionised
carboxyl groups in the cuticle, leading to partial
dehydration of the pore (Schonherr, 2006). However, a
different mechanism could be expected for the Fe(III)-
chelates used in foliar sprays, since they have high
stability constants (log,, K" generally ranging from 10 to
25), and most of them are negatively-charged between
pH 5 and pH 7 (the normal pH range of foliar sprays). It
may be possible that, under the prevailing pH,
concentration, and photo-reduction conditions, the
functional groups in the Fe(III)-chelates could interact
with each other, forming polynuclear Fe-complexes
(Rich and Morel, 1990), and also with other formulation
ingredients, components of the cuticle, and/or the walls
limiting the apoplastic space.

FACTORS AFFECTING THE EFFICIENCY OF
IRON-CONTAINING SOLUTIONS
Environmental factors

Environmental factors such as RH, temperature, and
light will play a role with regard to droplet drying,
cuticular hydration, and the physiological state of the
plant (Currier and Dybing, 1959), among other
parameters. Under field conditions, there is a continuous
interaction between such factors, which will provoke
diverse physiological responses. Thus, the results from
field studies on foliar fertilisation may differ from those
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obtained with annual plants and/or under controlled
environmental conditions.

As described above, RH could be a key factor
influencing the penetration ol foliar sprays. At a high
RH. cuticular permeability may be increased through
hydration, and the drying of salt deposits will be delayed
(Currier and Dybing, 1959; Schonherr, 2001). Substances
with deliquescence points below the prevailing RH will
remain as solutes, and leaf penetration will continue. In a
study developed using cuticular membranes of
astomatous Populus X canescens and different
Fe-compounds, Schonherr et al. (2005) reported that the
cuticle penetration rate was insignificant at RH < 90%.
These authors raised doubts about the usefulness of
Fe-sprays under the arid and semi-arid conditions found
in most of the areas of the World affected by
Fe-chlorosis. However, foliar Fe-fertilisation trials
carried out at RHs ranging from 30 - 60% showed the
beneficial effects of applying Fe-substances to
Fe-deficient fruit crops such as citrus, pear, peach, apple,
mango, plum, and almond, both in terms of leaf
re-greening and improved fruit yield and quality
(Ferndndez er al., 2006: 2008a).

Currier and Dybing (1959) mentioned the positive
effects of moderately warm temperatures in stimulating
foliar penetration through changes in physiological
processes (e.g., increased photosynthesis and
translocation) and in the physico-chemical factors of
the spray solution. Cuticular penetration of Fe-
containing solutions at 100% RH did not seem to be
affected by temperature changes ranging from 15° - 35°C
(Schonherr et al., 2005).

Light is known to stimulate stomatal opening and
various physiological processes such as photosynthesis or
xylem flux (Currier and Dybing, 1959; Jyung and
Wittwer, 1964), which may influence foliar Fe-uptake at
some stage. Since Fe is thought to be taken up into the
symplast via a light-dependent. plasma membrane-
bound Fe(III) reductase, light may stimulate a sink-to-
source Fe gradient within the leaf tissue, thereby
promoting Fe penetration. Light has been shown to
increase the rate of Fe-uptake and the distribution of
leaf-applied Fe-containing solutions (Ferndndez. 2004:

Schlegel et al.. 2006; Wallihan er al., 1964).

The prevailing environmental conditions will also
affect leaf morphology and structure in terms of, for
example, cuticle thickness or the amount and/or
composition of waxes (Currier and Dybing, 1959; Koch
et al., 2004).

Plant-related factors

The uptake of leaf-applied chemicals can be expected
to vary according to the particular plant species, variety.
and growing conditions used. which will ultimately
determine factors such as leal morphology, structure, and
the rates of physiological processes.

Both the upper and lower leaf surfaces are involved in
the process of foliar uptake. Several investigators have
reported on the penetrability of the lower epidermis vs.
the upper epidermis, which will be governed chiefly by
stomatal and cuticular variations between the two leaf
surfaces (Currier and Dybing, 1959; Wojcik, 2004).

The structure and composition of the cuticle, as well as
the morphology, distribution, and sizes of the stomata
and leaf hairs, differ between plant species and may
influence foliar uptake processes. Variations in cuticular
structure and composition will result in differences in
leaf wettability, retention and penetration of substances.
Selective permeability of cuticles around the cuticular
edges of guard cells has often been reported (Eichert
et al., 2001; Schlegel et al., 2006; Schénherr, 2006).

Young, partially-expanded leaves are more penetrable
than fully-expanded leaves (Sargent and Blackman,
1962). The stomata present in old leaves may fail to open
(Turner and Begg, 1973) or, in the case of citrus leaves,
may develop “plugs” (Turrell, 1947), thereby leading to
lower penetration rates compared to younger leaves.

Factors relating to the physiological state of the plant
such as root temperature, root osmotic potential, or
nutrient status, may also modulate the effectiveness of
foliar fertilisation (Weinbaum, 1996). Regarding
Fe-chlorosis in fruit trees, structural (Maldonado-Torres
et al., 2006) and morphological (Ferndndez et al., 2008b)
changes have been observed, as illustrated in
Figure 1 A, B for Fe-sufficient and Fe—deficient adaxial
leaf surfaces in cherry trees, respectively. Iron-deficient

FiG. 1
Scanning electron micrographs of the adaxial leal surface from an Fe-sufficient (green) cherry leaf {Panel A} and an Fe-deficient (chlorotic) cherry
leaf (Panel B). Scale bars = 50 pm.
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leaves have an altered surface appearance. Differences
related to Fe-chlorosis with regard to the cuticle and
waxes have been observed in peach, cherry, sugarbeet,
and pear, and work is in progress to determine the
significance of such variations in terms of physiological
processes and the foliar uptake of Fe-fertilisers
(Ferndndez et al., 2008b).

Effect of formulation adjuvants

The possibility of improving foliar uptake of
Fe-containing solutions has long been recognised
(Fernandez and Ebert, 2005). According to Schénherr
et al. (2005), the addition of hygroscopic humectants may
be the only option to improve the performance of
Fe-sprays in arid and semi-arid areas.

Surfactants increase spray droplet retention and
wetting, but their effect on the uptake of foliar sprays is
complex and remains unclear (Liu, 2004). There is
evidence that interactions between formulation
components occur, but currently it is not possible to
predict, a priori, the performance of a leaf-applied
agrochemical in combination with a particular surfactant
(Liu, 2004).

An example of the interactions between
Fe-compounds and surfactants, as observed by Neumann
and Prinz (1975), is illustrated in Table I. Iron
concentrations in leaf tissue after foliar Fe-fertilisation
were lower when using solutions of Fe(lIl)-EDTA in
pure water than when using the same Fe compound and
any of three different surfactants. Also, Surfactant 1 led
to the highest tissue concentrations of Fe, suggesting the
occurrence of  different interactions between
Fe-compounds and surfactants, at some stage (Ferndndez
et al., 2008a).

In an attempt to trace the interactions between
surfactant and Fe(III)-chelate molecules, surfactant and
Fe-containing mixtures were analysed by electrospray-
ionisation time-of-flight mass spectrometry (ESI-TOF
MS). This technique enables accurate identification and
quantification of ionisable compounds by using exact
mass/charge (m/z) ratio determinations (Alvarez-
Ferndndez et al., 2007). It 1s also an interesting tool with
which to analyse surfactants because it provides
qualitative information on surfactant structure
concerning its molecular weight distribution and
functional end-group identification.

The mass spectrum of Fe(III)-EDTA obtained with
ESI-TOF MS in negative ion mode is represented in
Figure 2A. The major peak corresponds to the [M - HJ™!
molecular ion at an m/z value of 344.0. The mass
spectrum of a non-ionic surfactant (an organosilicon) is

TABLE |
Leaf tissue Fe-concentrations 1 month after foliar treatment with 2 mM
Fe(IH)-EDTA in combination with 1 g I formulations of three different
non-ionic surface-active agents or water (i.e., no surfactant)

Surfactant treatment Fe concentration (mg g ' DW)

Surfactant 1' 2453+6.1c¢

Surfactant 2 173.0+35b
Surfactant 3 1851+41b
Pure water (no surfactant) 1340+31a

‘Mean values followed by a different lower-case letter indicate different
levels of significance according to Duncan’s multiple range test
(< 0.05). Data are means + SE (n = 2; 30 leaves per sample)
'Surfactant 1 was an organosilicon Surfactant 2 was an ethoxylated oil,
and Surfactant 3 was an alkyl polyglucoside.
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Fic. 2
Electrospray-ionisation time-of-flight (ESI-TOF) MS spectra of
Fe(II)-EDTA (Panel A), Surfactant 1 (an organosilicon; Panel B);
Fe(II1)-EDTA plus Surfactant 1 (Panel C): and FeCl; plus Surfactant 1
(Panel D). Data were acquired in negative ion mode by injecting
aqueous solutions of 50 pM Fe(lI1)-EDTA (Panel A). 1 g ' Surfactant
1 (Panel B), 50 pM Fe(IIT)-EDTA plus 1 g I'' Surfactant 1 (Panel C): and
100 uM FeCl, plus 1 g I'' Surfactant 1 (Panel D). The mass spectrometer
was operated with end-plate and spray tip potentials of 2.8 kV and 3.3
kV respectively, an orifice voltage value of 120 V, and a drying gas
temperature of 200°C.

shown in Figure 2B. Since MS with an electrospray
ionisation source detects only ionic or ionisable
molecules, no signal was detected in the mass spectrum
with the non-ionic surfactant. The mass spectrum of
Fe(1II)-EDTA supplemented with the surfactant is
represented in Figure 2C. A major peak at an m/z value
of 344.0, corresponding to the [M — H|" molecular ion of
the Fe(III)-EDTA chelate, was found once again.
However, the occurrence of a negatively-charged
polymer in the m/z range of 550 - 1,000 was detected.
The m/z distance between monomeric units was 14,
which is typical of ethylene-glycol and propylene-glycol
hetero-polymers. These results show that the non-ionic
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surfactant was ionised due to the presence of the
Fe(II1)-EDTA chelate.

Usually, Fe(III)-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 CI” ions present in
the Fe(LII)-chelate solution may induce ionisation of the
surfactant. The same polymer was observed in the mass
spectrum of Fe(II1)-EDTA synthesised from Na,EDTA
and FeCl, with Surfactant 1 (data not shown).

In summary, ions derived from the synthesis of the
Fe(IlI)-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

n

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.
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AGL2007-61948, co-financed by FEDER), and the
Aragén Government (Group A03). V. Ferndndez was
supported by a “Juan de la Cierva” MEC post-doctoral
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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 » Iron-citrate ® Mass spectrometry ®
Xylem sap ® Iron transport.

Abreviations: B3LYP, hybrid density functional method; DFT,
density functional theory; ESI-MS, electrospray ionization-mass
spectrometry; EXAFS, extended X-ray absorption fine structure;
HILIC, hydrophilic interaction liquid chromartography; 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. A[%V:']Waﬂace,

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), bur later citrate (Cit), which also increases markedly in
stemn 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, Rellin-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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of Cit is seriously disrupted in two mutants, AtFRD3 (Durrett
et al. 2007) and OsFRDL1 (Yokosho et al. 2009). These mutants
display increased Fe-deficiency symptoms that have been asso-
ciated with decreased efficiency of Fe translocation into the
root vasculature.

Fe-Cit chemistry in agueous solutions is very complex and a
large number of chemical species may occur, depending on
many factors (Spiro et al. 1967a, Spiro et al. 1967b, Pierre and
Gautier-Luneau 2000, Gautier-Luneau et al. 2005). Direct proof
of the presence of Fe—Cit complexes in xylem sap has not been
obtained so far. Difficulties in detecting Fe-Cit species in xylem
sap may arise for different reasons. First, both pH and Fe:Cit
ratio values are known to affect markedly Fe—Cit speciation in
standard aqueous solutions (Gautier-Luneau etal 2005). There-
fore, when analysis is carried out at pH values too acidic or basic
(e.g. during HPLC), the speciation of Fe—Cit complexes could
change and species occurring in the original xylem sample may
no longer be present after chromatography. Second, analytical
techniques such as mass spectrometry (MS), which have been
used successfully to identify other metal complexes in the
xylem sap (Ouerdane et al. 2006, Xuan et al. 2006), usually
involve ionization steps (with high temperatures and voltages)
that may be too harsh for relatively labile compounds such as
Fe—Cit complexes. Furthermore, in most plant species the total
Fe concentration in the xylem sap is in the pM range, and con-
sequently the concentrations of the possible Fe-Cit complexes
are expected to be very low.

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

In this study we have used HPLC coupled to electrospray
time of flight mass spectrometry (HPLC-ESI-TOFMS) and
inductively coupled plasma mass spectrometry (HPLC-ICP-MS)
to detect naturally occurring Fe complexes in xylem sap.
Analysis conditions were kept as conservative as possible in
order to maintain unaltered natural Fe species occurring in the
xylem sap. With this approach we have succesfully identified
a tri-Fe(lll), tri-citrate complex (Fe,Cit,) in the xylem sap of

Fe-deficient tomato plants after short-term Fe resupply.
This complex has been modeled as an oxo-bridged tri-Fe(lll)
tri-Cit complex. A second Fe-Cit complex, the binuclear
Fe(lll)-Cit species Fe,Cit,, was only detected in Fe-Cit standard
solutions along with the Fe,Cit, complex, with the balance
between the two complexes depending on the Fe:Cit ratio.

Analysis of Fe-Cit standard solutions by
integrated MS

A method to separate and identify Fe—Cit complexes was devel-
oped by analyzing Fe-Cit solutions with Fe and Cit concentra-
tions, Fe:Cit ratios and pH values (5.5) typical of xylem sap, using
HPLC and integrated MS (ESI-TOFMS and ICP-MS). In all experi-
ments, ESI-TOFMS spectra were searched for any molecular ion
having the characteristic Fe isotopic signatures, including molec-
ular ions previously detected by ESI-MS in high concentration
Fe-Cit solutions (100mM Fe:1M Cit) (Gautier-Luneau et al.
2005). The four different Fe stable isotopes were determined in
the HPLC-ICP-MS runs. The method to determine Fe-Cit com-
plexes was designed by optimizing first the electrospray ioniza-
tion conditions, and then developing appropriate HPLC
separation conditions. Throughourt this study we used e, ¥Fe
and "Fe, the latter being Fe with the natural isotopic composi-
tion: 5.85, 91.75, 2.12 and 0.28% of **Fe, *°Fe, ’Fe and **Fe,
respectively.

Electrospray ionization conditions for Fe-Cit complexes
were optimized to avoid in-source fragmentation using direct
injection of a 1:10 "Fe-Cit solution (100 pM mFe). Optimal ESI
values for capillary exit, skimmer 1 and hexapole RF voltages
were -57.1, =39.1 and 145.2 V, respectively. These values corre-
spond to softer ESI conditions than those usually applied to low
molecular weight analytes (in the 100-600m/z range). In all
conditions tested, citrate gave a strong signal at the [CitH]-
mass-to-charge ratio (m/z) of 191.0 (Supplementary Fig. 1A, B;
see inset for isotopic signature). With these soft conditions,
a 10-fold increase in ionization efficiency was achieved for
a m/z 366.4 signal that showed the characteristic isotopic
signature of a double charged, three Fe atom-containing
molecular ion. This signal can be assigned to the [Fe(lll},Cit,H]?
molecular ion (Supplementary Fig. 1A, B; see inset for isotopic
signature). Furthermore, a second molecular ion with the
characteristic isotopic signature of a double charged, three
Fe atom-containing molecular ion was detected at m/z 375.4
(Supplementary Fig. 1B; see inset for isotopic signature). This
signal can be assigned to the [Fe(lll),0Cit;H,]?" ion. The 9m/z
difference from [Fe(lll),Cit;H]*- was assigned to correspond
to a labile ligand such as aquo OH,, hydroxo OH- or oxo O
(Gautier-Luneau et al. 2005). Both Fe-Cit molecular ions
were previously reported to occur at neutral pH values and
at similar Fe:Cit ratios (Gautier-Luneau et al. 2005). The relative
intensities of the different peaks did not match those found
by Gautier-Luneau et al. (2005), probably due to differences

Results
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in MS devices and solution pH values (at least one pH unit of
difference). Conversely, signals at m/z 300.4 and 271.9 appeared
under standard ESI conditions (Supplementary Fig. 1A) but
they were significantly reduced after ESI optimization (Supple-
mentary Fig. 1B), suggesting that they may correspond to in-
source fragmentation products (mainly due to decarboxylation
processes, very common in this kind of compound) of the
Fe,Cit, produced at higher voltage values.

HPLC separation conditions were also optimized to obtain
a good separation of the Fe—Cit complexes from other matrix
components (e.g. Cit) that could interfere in the ESI process. The
range of HPLC options available was limited, since: (i) both Cit
and Fe-Cit complexes are compounds with a high polarity; (ii) it
is mandatory to maintain xylem sap-typical pH values during
chromatography; (iii) the method must be suitable for ESI-
TOFMS and ICP-MS detection. Different approaches, including
several column types, elution programs and eluents—acetonitrile
and methanol—were tested. The best results were obtained with
a zwitterionic hydrophilic interaction column (ZIC-HILIG
Sequant), previously used to separate polar Fe compounds such
as Fe(ll)-NA, Fe(lll}-deoxymugineic acid [Fe(lll)-DMA] and

Agilent Agilent S
E

1100 7500 | E
HPLC ICP-MS 3
k=)

Waters Bruker =

=

2795 LTOF — 2
Q

HPLC ESI-MS =
N

£

~
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PLANT & CLLL PINSIOLOGY

others (Xuan et al. 2006). Two parallel systems, an HPLC-ICP-MS
and an HPLC-ESI-TOFMS, were used to gain knowledge about
atomic and molecular identity, respectively. Experiments were
carried out with **Fe-Cit and also with "Fe-Cit.

HPLC-ICP-MS experiments were carried out using >*Fe-Cit
solutions (100 uM *Fe:1mM Cit) to avoid "Fe background
from the HPLC system, which could be significant when deter-
mining very low concentrations of Fe by ICP-MS. Iron-54 molar
flow chromatograms showed only two well-defined Fe peaks
at 32.1 and 383 min (Fig. 1A) that were also observed using
UV detection (Supplementary Fig. 2A). Using ESI-TOFMS
detection, only four molecular ions with characteristic 54Fe
isotopic signatures (see below for identification) were found in
the chromatogram, two of them at 27.1min (2419 and
484.9m/z) and two more at 32.9min (363.4 and 372.4m/z)
(Fig.- 1B), and a UV signal was also found for these peaks
(Supplementary Fig. 2B). The 5-min differences in retention
time between HPLC-ESI-TOFMS and HPLC-ICP-MS analyses
are due to the different HPLC devices used (Waters and Agilent,
respectively), as judged by the shift in UV detection traces
(Supplementary Fig. 2). A 5mM Cit solution was also injected

A
0.8
38.3
0.6
0.4
321
0.2
0.0 | /
B
2.5
2.0
329
1.5
1.0
271
0.5
0.0
0 10 20 30 40 50 60
time (min)

Fig. 1 HPLC-ICP-MS (A) and HPLC-ESI-TOFMS (B) chromatograms of a 54Fe—Cit standard solution (Fe:Cit ratio 1:10, 100 pM 5¢Fe, pH 5.5, in 50%

mobile phase B) showing peaks corresponding to Fe complexes. HPLC-

and 484.87 (£0.05; blue line) and 363.40 and 372.40 (+0.05; green line).

ESI-TOFMS traces (B) are the sum of molecular ions at m/z values 241.93
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and no Fe-Cit complexes were found in the HPLC-ESI-TOFMS
chromatogram, indicating that complexes found were not
formed de novo during the chromatographic run.

With this HPLC method a complete separation of Fe-Cit
complexes from Cit was reached, since Cit eluted as a broad
peak at 5-9min (m/z trace at 191.7, not included in Fig. 1B;
Supplementary Fig. 3A). Other Fe complexes putatively
occurring in plant tissues, such as Fe(lll)-NA and Fe(lll)-DMA,
elute at retention times lower than 20min (Supplementary
Fig. 3B, C).

Identification of an Fe,Cit, complex in Fe—citrate
standard solutions

When using %Fe-Cit, the Fe peak at 27.1min in HPLC-ESI-
TOFMS, showed signals at m/z 241.9 and 484.9 (Fig. 1B) with Fe
isotopic signatures characteristic of two %Fe atom-containing
maolecular ions, the first double charged (Fig. 2A, Table 1) and
the second single charged (Supplementary Fig. 4A). Based on
these exact mass and isotopic pattern data, the Sigma Fit
algorithm (Ojanperd et al. 2006) proposed *Fe,C,,H,O,, and
%Fe,C,,H;0,, as the most accurate formulae, corresponding
to the two Fe, two Cit molecular ions [*Fe(lll),Cit,}]>~ and
[54Fe(Ill),Cit,H]-, respectively (Table 1); these molecular ions
were previously found in concentrated Fe—Cit standards
(Gautier-Luneau et al. 2005). The fit of the experimental and
theoretical isotopic signatures of the [34Fe(ll),Cit, ]2 molecular
ion at m/z 241.9 is shown in Fig. 2A and B, respectively. A good
fit was also found for the ion [*¢Fe(lll),Cit,H]- at m/z 484.9
(Supplementary Fig. 4A, B).

Further confirmation of the molecular identity of the Fe,Cit,
complex was obtained by analyzing "Fe-Cit standard solu-
tions by HPLC—ESI-TOFMS, taking advantage of the character-
istic "Fe isotopic signature. The Fe peak at 27.1min in
HPLC-ESI-TOFMS showed signals at m/z 2439 and 4889,
characteristic of two "Fe atom-containing molecular ions, the
first double charged and the second single charged (Fig. 2C,
Supplementary Fig. 4C, Table 1). The differences in m/z values
found using *Fe and "Fe (92% %6Fe) were those expected for
two Fe atom-containing molecular ions (2 and 4 m/z difference
for a double and a single charged ion, respectively). The Sigma
Fit algorithm (Ojanpera et al. 2006) proposed "Fe,C,,H,,O,,
and "*Fe,C,,H 0, as the most accurate formulae corresponding
to the molecular ions ["Fe,Cit, ]*~ and ["*Fe,Cit,H] (Table 1).
The fit of the experimental and theoretical isotopic signatures
of the ["Fe,Cit,]>~ molecular ion (for the ¢Fe signal at m/z
2439) is shown in Fig. 2C and D, respectively. A good fit was
also found for the molecular ion ["aFe,Cit,H]- (for the Fe
signal at 488.9m/z; Supplementary Fig. 4C, D).

Identification of an Fe,Cit, complex in Fe—citrate
standard solutions

The Fe peak at 32.9min in HPLC-ESI-TOFMS analysis of *Fe-Cit
solutions (Fig. 1B) showed signals at m/z 372.4 and 363.4, with
isotopic signatures characteristic of three 5%Fe atom-containing

Fe,Cit, Fe;City
A i E
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10 [5*Fe,Cit,]>
[3*Fe,0CityH,1>
5 37(.4
0 = Ly hoi = SiFe
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241.9
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% o U\ A A
c
s C  [55Fe,Cit,]>~ Experimental g
12 243.9
5 [56Fe,OCityH 1>~
3754
4
0 I [ 1 L. e
Fe
, D 243.9 Theoretical 375.4
1
i UL i l L
243 245 373 375

miz
Fig. 2 Experimental (A, C, E, G) and theoretical (B, D, F, H) isotopic
signatures of the molecular ions associated with Fe,Cit, and Fe,Cit,,
[Fe,Cit,]?~ and [Fe;OCit;H,]?", respectively. Experimental data
are zoomed ESI-TOF mass spectra of the Fe,Cit, and Fe,Cit,
chromatographic peaks found when using *Fe (A, E) and "*Fe (C, G).

molecular ions, both of them double charged (Fig. 2E,
Supplementary Fig. 4E, Table 1). The algorithm proposed
SiFe,CigH 05, and 5%Fe,C i H,;0,, as the most accurate
formulae, corresponding to the three Fe-, three Cit- molecular
ions [*Fe,0Cit,H;])?" and [5Fe,CityH]?~ (Table 1). The fit of
the experimental and theoretical isotopic signatures of the
[5*Fe,OCit,H,]* molecular ion at m/z 372.4 is shown in Fig. 2E
and F, respectively. The same occurs with the ion [*Fe,Cit,H]?
at m/z 363.4 (Supplementary Fig. 4E, F).

Further confirmation of the molecular identity of the Fe,Cit;
complex was obtained by analyzing "Fe-Cit standard solu-
tions. The peak at 32.9 min shows signalsat m/z 375.4and 366.4,
characteristic of three ™Fe atom-containing molecular ions
(Fig. 2G, Table 1); these values were 3m/z higher than those
found using **Fe. The algorithm proposed "fe,C H,.0,, and
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Table 1 Experimental ESI-TOFMS molecular ion data and parameters used to identify the molecular formulae of the Fe-Cit complexes in

standard solutions and tomato xylem sap

Measured m/z 56Fe/%iFe Charge? Molecular formula  Calculated m/z  Error m/z SigmaFitvalue  Molecularion
(Fe atoms)= (ppm)
Standard solutions
2419362 = -2 sFe,C,H,0,, 2419359 21 00234 [34Fe,Cit,]2-
4848781 - -1 StFe,C,,H,0, 4848790 18 0.0157 [34Fe,Cit,H]-
3724119 - -2 s4Fe,C H,.0,, 3724127 23 00273 [+4Fe,OCiL,H, -
3634068 - -2 59Fe,C oH ) 0y 363.4074 14 0.0106 [5Fe,CitH]:
2439311 7.4(2) =2 ratke € HaC, 2439311 1.7 0.0165 {m=Fe,Cit,]*-
4888705 7.1(2) -1 matfe,CoH O, 4888696 26 0.0214 ["Fe,Cit,H]-
3754047 52(3) =2 natfe,C o H 0 375.4057 17 0.0284 [r=Fe,OCitH, ]2
3663994 52(3) -2 nafe,C,oH ;04 3664004 20 0.0294 [ratFe, Cit,H]2-
Xylem sap
3724097 - =) SFe,C3H1s0, 3724057 8.2 00283 [5Fe,0CitH ]
375.4045 5.56 (3) -2 mife,C H .0, 375.4057 638 00197 ["Fe,0Cit,H, ]

The parameters used to assess the accuracy of molecular formulae were exact molecular mass and isotopic signatures, with exact mass errors of <10 ppm, and a SigmaFit
value of <0.03 (Ojanperi et al. 2006) (see Materials and Methods). Data are means of at least three independent HPLC runs.
“The *Fe/>Fe ratio was used to determine the number of Fe atoms in the molecule. Theoretical **Fe/*Fe ratios for molecules containing two or three Fe atoms are 7.9 and

5.3, respectively.

“The ion charge was determined by the m/z isotope difference within a given molecule. Differences of 1.0 and 0.5m/z indicate molecular ion charges of 1 and 2,

respectively.

natfe.C .H,;0;, and as the most accurate formulae, correspond-
ing to the three Fe-, three Cit- molecular ions ["*Fe,OCit,H,]*
and ["Fe,Cit,H]?~ (Table 1). The fit of the experimental and
theoretical isotopic signatures of the [*®Fe,OCit,H,]>~ molecular
ion (for the 5¢Fe signal at m/z 375.4) is shown in Fig. 2G and H,
respectively. A good fit was also found for the ion ["*Fe,Cit,H]>
(for the Fe signal at 366.4 m/z; Supplementary Fig. 4G, H).

Iron to citrate ratios drive the balance between
Fe,Cit, and Fe,Cit, in standard solutions

To assess the influence of the Fe:Cit ratio on the balance of
Fe-Cit complexes, standard solutions with Fe:Cit ratios of 1:1,
1:10, 1:100 and 1:500 (at 100 uM Fe) were analyzed by HPLC-
ESI-TOFMS and HPLC-ICP-MS, always at the pH value typical
of xylem sap. Both detection systems show that high Fe:Cit
ratios favor the formation of Fe,Cit,, whereas lower Fe:Cit ratios
lead to the formation of Fe,Cir, (Fig. 3). With Fe:Cit ratios >1:10,
Fe,Cit, would account for >75% of the total complexed Fe,
whereas with FeCit ratios <1:75, Fe,Cit, would account for
>75% of the total. In the range between these ratios both com-
plexes would be present. In all cases, no other Fe-containing
peaks different from Fe,Cit, and Fe,Cit, were found by HPLC-
ICP-MS or HPLC-ESI-TOFMS (Supplementary Fig. 5).

Quantification of Fe-Cit complexes in Fe-citrate
standard solutions

We attempted to quantify the amount of Fe associated with
the Fe-Cit complexes found in 54Fe-Cit solutions by using
HPLC-ICP-MS 5iFe molar flow chromatograms. The sum of the

1.2 —&— Fe,Cit, ICP
4

= —=&— Fe,City ICP 7
% 1.0 —&— Fe,Cit, ESI E
w —®— Fe,City ESI 5 2
=

208 2
< w
3 ;
3 08 5 P
@ 3
z B,
S o4 g
; 2
3 i =
I 02 >
k3 ) =3

0.0
1:1 1:10 1:100 1:500
Fe:Cit

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

Fe—Cit complexes Fe,Cit, and Fe,Cit, accounted for approxi-
mately 60% (n =4) of the total injected Fe. However, only 67%
of the Fe was eluted from the HPLC. Therefore, the Fe contained
in the Fe,Cit, and Fe,Cit, peaks accounted for 91% of the eluted
Fe. When the analysis was carried out with longer run times
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Table 2 Xylem sap pH, Fe and citrate concentrations, Fe:Cit ratios and Fe,Cit; and Fe,Cit, complexes (in % of the chromatographically
eluted Fe), in Fe-sufficient (+Fe), Fe-deficient (—Fe) and Fe-deficient tomate plants resupplied with Fe—o0,0EDDHA for 12 h (Fe-resupplied)

Fe status Fe in solution (pM) pH Fe (uM)

Cit (uM) Fe:Cit Fe,Cit, (%) Fe,Cit, (%)

+Fe
-Fe

45 58401
0+HCO; 5.8+0.1

(0+HCO;5)+45 55401

199126
S4t4.4

Fe-resupplied 121.0£137

bld
bld
718

bld
bld
bld

1:0.6
1:31
1.4

116166
165+9.2
17221126

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

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

a broad Fe peak eluted at approximately 70 min, indicating that
at least an additional Fe form either occurred in the original
sample or was formed from Fe-Cit complexes during the
LC run. The UV-visible spectra of this peak suggest that it may
correspond to Fe-oxyhydroxides.

The Fe,Cit; complex is present in the xylem sap of
Fe-deficient tomato plants resupplied with Fe

We analyzed xylem sap to look for the presence of possible
Fe—Cit complexes by the optimized methodology described
above. We used xylem of Fe-sufficient, Fe-deficient and
Fe-deficient plants resupplied with Fe—ethylenediamine-N-N’
bis(o-hydroxyphenylacetic) acid (0,0EDDHA) for 6, 12 and 24 h,
where Fe concentrations were 19.9+2.6, 5.414.4, 429137,
121.0£13.7 and 43.5+£9.1 M (n=4), respectively (Table 2). The
xylem sap of plants resupplied for 12h was chosen for further
studies, since they have the highest concentrations of Fe.
These xylem sap samples showed a major 5*Fe peak in HPLC—
ICP-MS at 39.5min (Fig. 4A). When using HPLC-ESI-TOFMS,
an Fe peak eluted at 34.1 min and showed signals at m/z 372.4
or 3754 when the Fe source was 5Fe-0,0EDDHA or
natfe-g,0EDDHA, respectively (Fig. 4B, C). The retention time
difference between HPLC-ICP-MS and HPLC-ESI-TOFMS was
due to the use of different HPLC systems as explained above.
Based on this exact mass and the isotopic pattern data (see
insets of Fig. 4B, C), the algorithm proposed Fe,C,;H,.0,, as
the more accurate molecular formula (Table 1; 56Fe signal m/z
error 6.8 ppm and SigmaFit value 0.0197), corresponding to the
Fe,Cit, molecular ion [Fe,O(Cit);H,]*" also found in the Fe-Cit
standards (Figs. 1, 2). The approximately 1-min difference in
retention time for Fe,Cit; between xylem sap samples (Fig. 4)
and standards (Fig. 1) in both HPLC systems was likely due to
matrix effects. It should be noted that although the Fe,Cit,
complex was detected in standard solution as a mixture of
two ions [Fe,Cit,H]? and [Fe,OCit,H,]*, in xylem sap only
the latter was found. No other Fe-containing molecular ions,
including Fe-NA, were found in the whole HPLC-ESI-TOFMS
run using these HPLC conditions. However, using an HPLC-ESI-
TOFMS method designed for Fe-0,0EDDHA analysis (Orera
et al. 2009) a very low concentration of this Fe chelate
(03+0.1pM; n=4) was found. The Fe,Cit, complex was
also found in xylem sap of Fe-deficient plants resupplied with
Fe-EDTA for 12h, as well as in that of plants resupplied

FesCity
395

0.5

54Fg nmol 1071

0.0

372.4

[5*Fe40CityHq]?"

Jy

Intensity x10% at 372.4 m/z

375.4

343
[*8Fe,0Cit;Ha]?

LAL

Intensity x10° at 375.4 m/z

10 20 30
Time (min)
Fig. 4 HPLC-ICP-MS (A) and HPLC-ESI-TOFMS (B, C) typical
chromatograms of xylem sap samples from Fe-deficient, 12-h
Fe-resupplied tomato plants, showing the peak corresponding to the
Fe,Cit, complex. Plants were resupplied with 5Fe-0,0EDDHA (A, B) or
natFe—g,0EDDHA (C). HPLC-ESI-TOFMS traces were extracted at m/z
values 372.40 and 375.40 (10.05), corresponding to [*Fe,OCit,H,]?
and [*Fe,0Cit;H;]?". Isotopic signatures of both molecular ions are

shown in insets in (B) and (C).
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with Fe-0,0EDDHA for 6 and 24 h (data not shown). However,
no Fe-containing compounds could be detected in the xylem of
Fe-deficient and Fe-sufficient plants.

We also attempted to quantify the amount of Fe
associated with the Fe,Cit, complex found in the xylem of the
S4Fe—0,0EDDHA 12 h-resupplied plants by using HPLC-ICP-MS
54Fe molar flow chromatograms (n = 3). In these xylem samples
>95% of the total Fe was *Fe. Only 25% of the injected Fe
eluted from the column. The >Fe,Cit, peak accounted for the
71% of the eluted Fe and 16% of the injected Fe (Table 2).

Method sensitivity for the Fe,Cit; complex

The sensitivity of the HPLC-ESI-TOFMS and HPLC-ICP-MS
methods for the detection of the Fe,Cit, complex in xylem sap
can be estimated from the signal to noise ratios (s/n). Limits of
detection and quantification are usually considered as the
analyte concentrations giving s/n of 3 and 10, respectively. S/n
found in xylem sap samples with total Fe concentrations of
approximately 40 yM were 12 and 6 in HPLC—ESI-TOFMS and
HPLC-ICP-MS, respectively. Therefore, in xylem sap with Fe:Cit
ratios favouring the formation of Fe,Cit, (>1:10; Fig. 3), an Fe
concentration of approximately 25-30uM will be needed for
the Fe,Cit, complex to be detected.

Molecular modeling of the Fe,Cit, complex:
an oxo-bridged tri-Fe(lll) core complex

Molecular modeling of the Fe,Cit, complex was carried out
using the information gained from the molecular identification
in xylem sap samples of Fe-deficient plants resupplied with Fe
and on the basis of the known basic structure of Fe(lll) carboxy-
lates (Lippard 1988). The complex Fe,Cit, has a molecular mass
of 750.83 Da, a molecular formula of Fe,C,;H,.0,,, is composed
of three Cit molecules, three Fe atoms and one O atom and has
two negative charges. The complex was modeled using Density
Functional Theory (DFT), which has become the standard
method for quantum chemical modeling of transition metals
including those of biological relevance (Deeth et al. 2009 and
references therein), as a trinuclear Fe(lll) oxo-bridged complex
(Fig. 5, Supplementary Fig. 5). The three Fe atoms form an
equilateral triangle with an O atom in the center bridging
all of them. All Fe atoms have a slightly distorted octahedral
configuration. In each of the three Cit molecules, both distal
carboxylate groups are bound to two Fe atoms. The four O
atoms of the Cit distal carboxylate groups (tweo from each Cit
molecule) are in the same plane of the Fe atom they complex.
The two remaining positions of the Fe atom are accupied by
the central carboxylate group of a Cit molecule and the O of
the oxo-bridged 3-Fe center. This compact molecular geometry
is further stabilized by the formation of hydrogen bonds
between the hydroxyl groups and the free O atoms in the
central carboxylates. Until now, six Fe-Cit complexes (three
mononuclear and two dinuclear found in concentrated
standard solutions, plus a nonanuclear one) have been isolated
and structurally characterized in solid state (Gautier-Luneau
et al. 2005 and references therein), and none of them has

Iron-citrate xylem transport

CP

PLANT & CELL PHYSIOLOGY

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

a central p, oxygen coordinated to three Fe atoms, The Fe,Cit,
complex found only in Fe-Cit standard solutions was also mod-
eled (see Supplementary Figs. 7, 8, Supplementary Table 3)
according to the known structural characteristics found in solid
state by Gautier-Luneau et al. (2005) and references therein.

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

The changes in Fe:Cit ratios in standard solutions drive the
balance between the Fe,Cit, and Fe,Cit, complexes, with ratios
of >1:10 favoring the formation of Fe,Cit, and ratios of <1:75

Discussion
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favoring the formation of Fe,Cit, (Fig. 3). In the xylem sap of
Fe-deficient tomato plants resupplied with Fe for 12h, where
the Fe:Cit ratio was approximately 1:1 (Table 2), the only
complex observed was Fe,Cit,. The xylem sap Fe:Cit ratios in
Fe-sufficient and Fe-deficient plants were approximately 1:1
and 1:30, and therefore the expected Fe-Cit complexes would
be Fe,Cit, and a mixture of the Fe,Cit, and Fe,Cit, complexes,
respectively. However, no Fe-Cit complexes could be detected
by HPLC-ESI-TOFMS or HPLC-ICP-MS in the xylem of these
plants, likely because concentrations were below the limit of
detection, estimated as approximately 25-30pM Fe-Cit. In
fact, xylem tortal Fe concentrations were approximately 20 and
5puM in Fe-sufficient and Fe-deficient plants, respectively, much
lower than the 43-121pM found in Fe-deficient plants resup-
plied with Fe where the complex was detected. Limits of detec-
tion (LODs) for these Fe—-Cit complexes are considerably higher
than that reported also in xylem sap and with similar analyrical
techniques for the synthetic Fe chelate Fe(lll)-0,0EDDHA,
which is <TuM (Qrera et al. 2009). This supports that further
analytical efforts should be made to improve the LODs for the
determination of Fe-Cit complexes in plant fluids, taking into
account that Fe-Cit complexes could be very sensitive to exter-
nal conditions and may decompose during chromatography.
Also, since the portential occurrence of other Fe compounds
along with Fe—Cit complexes could explain the mass balance
results found in both standard solutions and xylem sap, further
analytical efforts should be made to completely speciate Fe in
xylem sap.

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

The idea that Fe could be transported in the plant xylem by
organic acids was first suggested many years ago (Rogers 1932),
based on the ability of Fe to form stable complexes with organic

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

Recent molecular evidence also supports that Cit may be
involved in long-distance Fe transport. Two Arabidopsis thaliana
and rice mutants with altered root vasculature Cit transporters
show decreases in the xylem sap concentrations of Fe and Cit,
increased Fe deficiency symptoms and Fe accumulation in the
root (Durrett et al. 2007, Yokosho et al. 2009). Changes found
in Fe and Cit concentrations do not support that changes in
Fe-Cit speciation may occur, since Fe,Cit, would be expected
to occur both in the wild type and mutant genotypes of both
species (Supplementary Table 1). The phenotype of these
mutants could result from a hampered Fe xylem transport,
and/or from the decrease in xylem C transport itself, that may
in turn impair the ability of the mutant plants to elicit root
responses to Fe deficiency. Carbon fixation in roots by phos-
phoenolpyruvate carboxylase and export in the xylem have
been proposed to play a role in the plant responses when leaf C
fixation is decreased by Fe deficiency (Lopez-Millan et al. 2000,
Zocchi et al. 2007).

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

The fAnding of this negatively double charged, relatively
large (750.83 Da) Fe,Cit, complex opens new possibilities to
re-examine the long-distance transport of Fe in the plant xylem.
Very litcle is still known about the mechanisms of Fe xylem
unloading, although it is accepted that a direct flow of Fe could
occur through plasmodesmata into xylem parenchyma cells,
and a second mechanism could proceed to the leaf mesophyll
apoplast (Kim and Guerinot 2007, Palmer and Guerinot 2009).
The molecular size of Fe,Cit; 1.1x0.4nm, would permit
direct passage through plasmodesmata, which usually allows
trafficking of molecules <2 nm. Once in the xylem parenchyma
cytoplasm, the prevailing pH change would favor ligand
exchange reactions with NA, leading to the formation of Fe—-NA
complexes (von Wirén et al. 1999, Rellan-Alvarez et al. 2008).
Xylem Fe unloading can also proceed directly to the apoplast,
where the Fe,Cit; complex is also likely to occur [considering
apoplast chemical composition (Kim and Guerinot 2007,
Palmer and Guerinot 2009)] and will probably function as a
suitable substrate for the mesophyll cell leaf plasma membrane
Fe(lll) chelate reductase. As mentioned above this complex is
likely to have redox activity, and the oxo-bridge may play a role
in the interaction with the reductase enzyme. In fact, low Fe:Cit
ratios—favoring the presence of Fe,Cit,—seem to be optimal
for leaf plasma membrane Fe(lll)-chelate reductase activity,
since 20-fold increases were observed when FeCit ratios
increased from 1:500 to 1:5 (Gonzalez-Vallejo et al. 1999).
Also, the complex may be a natural substrate of the root
Fe(lll)-chelate reductase, since it is known that root Cit
excretion occurs in many plant species under Fe deficiency
(Abadia et al. 2002).

Tomato (Solanum lycopersicum Mill. cv. ‘Tres Cantos’) plants
were grown in a growth chamber with a photosynthetic photon
flux density of 350 pmol m-2s-1 photosynthetically active radia-
tion, and a 16/8 h photoperiod, 23/18°C day/night temperature
regime. Seeds were germinated and grown in vermiculite for
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2 weeks. Seedlings were grown for an additional 2-week period
in half-strength Hoagland nutrient solution with 45 uM"=tFe(lll)-
ethylenediamine tetraacetic acid (EDTA), and then trans-
planted to 10-liter plastic buckets (18 plants per bucket)
containing half-strength Hoagland nutrient solution, pH 55,
with either 0 (Fe-deficient plants) or 45uM Fe(lll)-EDTA
(Fe-sufficient plants). Throughout this study we use "Fe to
refer to Fe with the natural isotopic composition: 5.85, 91.75,
2.12 and 0.28% of >Fe, *Fe, ¥Fe and *Fe, respectively. After
10d, Fe-deficient plants were resupplied with Fe by transfer to
nutrient solution with Fe [45uM either "Fe(lll)—0,0EDDHA,
*Fe(lll)~0,0EDDHA or "Fe(lll)-EDTA]. Iron-54 was purchased
as Fe,0, (98% Fe, 95% 5‘Fe; Cambridge Isotope Labs, Andover,
MA, USA). Xylem was sampled from Fe-deficient, Fe-sufficient
and Fe-defcient plants resupplied with Fe for 6, 12 and 24 h.

Xylem sap sampling

Tomato xylem sap was sampled using the detopping technique
(Lopez-Millan et al. 2009). Plant shoots were cut just below the
first true leaf using a razor blade, and xylem sap was left to
exude. The sap of the first 5min was discarded to avoid con-
tamination, the surface was washed with distilled water and
blotted dry, and sap was then directly collected for 20 min using
a micro-pipet and maintained in Eppendorf tubes kept on ice.
Immediately after sample collection, the pH of the samples was
measured with a Biotrode pH microelectrode with Idrolyte
electrolyte (Metrohm, Herisau, Switzerland), tested for cytoso-
lic contamination as indicated below and kept frozen at —-80°C
until further analysis. All samples were assessed for cytosolic
contamination using c-mdh (EC 1.1.1.37) as a cytosolic contam-
ination marker (Lopez-Millan et al. 2000), and no contamina-
tion was found. Before analysis, samples were thawed and
diluted 2-fold with 10 mM ammonium acetate in methanol at
pH 6.8. The actual pH value of this organic mixture is estimated
to be 55 (Canals et al. 2001). Then, samples were vortexed,
centrifuged at 12 0003 g for 2min and the supernatant immedi-
ately analyzed.

Fe-Cit standard solutions preparation

Iron-Cit standard solutions at different Fe:Cit ratios were
prepared by adding the appropriate amounts of Fe ("'Fe or
*4Fe) to Cit solutions prepared in 10 mM ammonium acetate at
pH 5.5. Fe-Cit solutions were gently vortexed, diluted 2-fold
with 10mM ammonium acetate in methanol at pH 6.8 and
immediately analyzed. The pH value of this organic mixture is
estimated to be 5.5 (Canals et al. 2001).

Analysis of Fe complexes by HPLC coupled

to electrospray ionization MS

Chromatographic separation was performed on a modified
Alliance 2795 HPLC system (Waters, Mildford, MA, USA). The
fluidics system, with the exception of the pump head, was built
with PEEK, and a Ti needle was used to minimize metal con-
tamination. Different HPLC conditions were tested, including

Plant Cell Physial. 51(0): 1-12 (2009) doi:10.1093/pcp/pcp170 © The Author 2009.
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several column types, elution programs and organic solvents
(acetonitrile and methanol). Final HPLC analysis conditions
were as follows. The autosampler was kept at 4°C and the
column compartment temperature was set at 30°C. Injection
volume was 20 pl, and a ZIC-pHILIC, 150X 2.1 mm, 5 pm column
(Sequant, Umea, Sweden) was used with a flow rate of
100 plmin-'. The mobile phase was built using two eluents:
A (10mM ammonium acetate in water at pH 5.5) and B (10 mM
ammonium acetate in methanol at pH 6.8). All mobile phase
chemicals were LC-MS grade (Riedel-de Haén, Seelze, Germany).
For separation, an initial equilibration time of 80% B and 20%
A (from min 0 to 5) was followed by a linear gradient from 80 to
20% B (from min 5 to 20). This mobile phase composition was
held for 15 min, then changed linearly to the initial conditions
for 10min, and kept as such for another 15 min. Total run time
per sample was 1h. The pH values during the HPLC run ranged
from 5.3 to 6.2 depending on organic mixture composition of
the maobile phase (Canals et al. 2001). Injections of 5mM Cit
(20pl) were carried out between samples to minimize Fe
cross-contamination.

High-resolution MS analysis was carried out with a
micrOTOF 11 ESI-TOFMS apparatus (Bruker Daltoniks GmbH,
Bremen, Germany) in the 50-1000 m/z range. The micrOTOF Il
was operated in negative mode at 3000 and -500V capillary
and end-plate voltages, respectively. After optimization,
capillary exit, skimmer 1 and hexapole RF voltages were set
at -57.1, =39.1 and 145.2V, respectively. Nebulizer gas (N,)
pressure was kept at 2.0 bar and drying gas (N,) flow was set at
8.0liter min~' with a temperature of 180°C. Mass calibration
was carried out with 10mM Li-formate solution using a syringe
pump (Cole-Parmer Instruments, Vernon Hills, IL, USA). In each
HPLC run mass calibration was carried out by on-line injection
of 20 pl of Li-formate at 2 min. Molecular formulae were assigned
based on (i) exact molecular mass, with errors <10ppm, and
(ii) the SigmaFit algorithm, with a threshold tolerance value of
0.03 SigmaFit values (Ojanperd et al 2006). Appropriate
isotopic abundances were used for the calculations. The system
was controlled with the software packages MicrOTOF Control
v.2.2 and HyStar v.3.2 (Bruker Daltonics). Data were processed
with Data Analysis v.3.4 software (Bruker Daltonics).

Analysis of Fe and Fe complexes by ICP-MS

ICP-MS analysis was carried out with a Q-ICP-MS instrument
(7500ce; Agilent Technologies, Tokyo, Japan). The instrument
was fitted with an octapole collision cell system located between
the ion lenses and a quadrupole MS analyzer for removal of
polyatomic interference. In this study He was used as a collision
gas. In addition, O, (7%) was added to the plasma by an addi-
tional mass flow controller to remove C excess, and to prevent
it from condensing on the interface and ion lenses due to the
high erganic content of the mobile phase during HPLC separa-
tion (Woods and Fryer 2007). Platinum interface cones were
used to allow the addition of O,. The Q-ICP-MS instrument
was operated with a RF power of 1500 W and cooling, sample
and make-up gas flows of 15, 0.9 and 0.2 liter min 7, respectively.

The collision cell was operated with a He gas flow of 4.2 mlmin-?
and octapole bias and QP bias voltages of -18.0 and -16.0V,
respectively. The torch position and ion lens voltage settings
were optimized daily for maximum sensitivity witha 1ngg' Li,
Co, Y, Tl and Ce mixture in 1% (w/w) HNO, solution. A solu-
tion of 1% (w/w) HNO, was also used to check the background
level caused by polyatomic Ar interference. The possible contri-
bution of isobaric interference of **Cr and *Ni in the determi-
nationofthe>‘Feand **Feisotopes was corrected mathematically
by measuring the ion signals at masses 52 for Cr and 60 for
Ni and assuming natural abundances as reported by IUPAC
(De Laeter er al. 2003). Mass bias correction was carried out
by measuring the isotope ratios of the "Fe standard and calcu-
lating the mass bias factor (K) with an exponential model
(Rodriguez-Castrillon et al. 2008). The ICP-MS instrument was
controlled with the software packages ICP-MS ChemStation
v.B.03.04 and ICP-MS Chromatographic v.B.03.04 (Agilent
Technologies).

For the ICP-MS analysis of 4Fe—citrate complexes in standard
solutions and xylem sap samples, a chromatographic separation
was performed on an Agilent 1100 chromatographic system
(Agilent Technologies) using the method described for HPLC-
ESI-TOFMS analysis. Iron-54 and "Fe quantification was carried
out by post-column isotope dilution analysis (IDA) (Rodriguez-
Gonzilez et al. 2005) with a 20ng g-" 5Fe in EDTA solution
continuously introduced at 0.10g min~' through a T piece con-
nected to the end of the column and before the plasma
entrance. Iron-57 was purchased as Fe,0, (98% Fe, 95% *’Fe;
Cambridge Isotope Labs). The ICP-MS intensity chromatograms
(counts s~') were converted into Fe molar flow chromartograms
(5*Fe nmol min~1) using the isotope pattern deconvolution (IPD)
equations described elsewhere (Rodriguez-Castrillon et al. 2008,
Gonzalez Iglesias et al. 2009). Accurate isotope abundances of
the 57Fe and *Fe enriched solutions were determined by direct
ICP-MS injections and used for these calculations. Isotope
abundances (% 5Fe, S5Fe, ¥Fe and 5¢Fe) were 0.14, 4.74, 94.63
and 0.49 in Fe-enriched solutions and 99.67, 0.25, 0.01 and 0.06
in S4Fe-enriched solutions.

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

Other determinations

Citrate was analyzed by HPLC (Waters Alliance 2795) using a
Supelcogel H 250 x4.6mm column. Analyses were performed
isocratically at a flow rate of 200 pl min-' and at a temperature
of 30°C. The mobile phase was 0.1 % formic acid. Detection was
performed by ESI-TOFMS (micrOTOF II; Bruker Daltonics) at
191.0m/z. Quantification was carried out by external calibration
with internal standarization (with [3C]4-1-malic acid; Cambridge
Isotope Laboratories). The Fe(lll) chelate of 0,0EDDHA was
determined as described elsewhere (Orera et al. 2009).
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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.
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Anexo |l

Supplementary Table I. Xylem sap pH, Fe and citrate concentrations, and Fe:Cit ratios found in
previous studies under different Fe status. The most likely Fe-Cit forms are indicated with e
symbols.

Fe in solution

Fe status® pH Fe (uM) Cit(uM) Fe:Cit FeszCits® FeaCita®

(uM)e
- - - 15
Sunflower (Titfin, 1966) ]J:C 1010 2 30 1:13 *
-Fe/+Fe 0.01+10 - 31 890 1:29 . .
Sunflower (Tiffin, 1966) —l:'c 1 +_1 ) 8_ 200 1_:23 * *
-Fe/+Fe 1 +50 - 465 460 1:1.0 .
- 1 _ .
Tomato (Tiffin, 1966) Fe +2 28 72 1:2'6 *
-Fe/+Fe 1+10 - 131 135 1:1.0 .
. - +0.5 - :
Soybean (Tiffin, 1966) ITC L+0 10 400 1_40 ¢ *
-Fe/+Fe I+ 10 - 290 710 1:2.5 .
Soybean (Tittin, 1970) -Fe 1+25 - 34 120 1:3.6 [
Zea mays LWF9 (Clark et ) < .
al., 1973) Fe 50 57 120 1:2 .
Zea mays L ysl/ys2 (Clark ) .
ctal, 1973) Fe 9 430 1:48 . .
Sgybcan (White et al., +Fe 6.1 6 1700 1283 o
1981) ’ ’
Tomato (White et al., +Fe 10 6.4 7 300 1:43 o o
1981) ) )
+Fe 100 5.5 12 100 1:8 .
Faba bean (Nikolic and
Romheld, 1999) -Fe 2 55 4 2600 1:650 .
-Fe 1 + HCOs 5.5 3 2300 1:767 .
Sugar beet (Lopez-Millan +Fe 45 6.0 6 200 1:36 . .
et al., 2000) Fe  0+HCOr 57 2 4700 1:2474 .
Pear trees (Larbi et al., -Fe 6.8 3 780 1:260
2003) -Fe/+Fe 6.5 4 470 1:118 .
field-grown . .
Peach trees (Larbi et al., -Fe 6.6 2 250 11125 *
2003) “Fe/+Fe 64 5 0 18 e
A. thaliana WT (Durrett et . ) .
al., 2007) Fe 100 11 90 1:8 .
A. thaliana frd3-1 (Durrett - cc .
et al., 2007) +Fe - 5 55 1:11 . .
0. sativa WT (Yokosho et Fe - B 6 185 1:31 * *
al., 2009) +Fe 10 - 13 135 110 e .
0. sativa FRDLI KO Fe 2 - 3 8 116 s .
(Yokosho et al., 2009) +Fe 10 ) 9 55 1:65 . o

a[ron-sufficient, Fe-deficient and Fe-deficient, Fe-resupplied plants are labeled as +Fe, -Fe and -Fe/+Fe.
"When plants were precultured in a different nutrient solution the Fe concentration is indicated as A + B,
where A is the Fe concentration in the preculture solution and B is the Fe concentration in the final one.
Citrate, Fe and pH xylem sap values correspond to plants grown in the final nutrient solution.

°Iron to citrate concentration ratios higher than 1:10 will lead to Fe:Citz, ratios lower than 1:75 will lead to
FezCitz, and ratios between 1:10 and 1:75 will lead to both complexes.

197



Anexo |l

Supplementary Table II. Atom coordinates of the FesCit; complex. The center numbers ¢
indicated in Supplementary Fig. 6. All values are expressed in Amstrongs.

Atomic Coordinates
Center number number
X Y Z
1 8 0.000000 0.000000 0.000000
2 26 1.910259 0.007702 0.000000
3 26 -0.948460 -1.658184 0.000000
4 26 -0.961800 1.650482 0.000000
5 8 -2.478861 1.197270 1.251661
6 8 -1.916080 -0.994839 1.526843
7 6 -2.789751 -0.038554 1.417397
8 8 -2.478861 1.197270 -1.251661
9 8 -1.916080 -0.994839 -1.526843
10 6 -2.789751 -0.038554 -1.417397
11 8 0.096485 2.156794 1.526843
12 8 2.276297 1.548122 1.251661
13 6 1.361487 2.435272 1.417397
14 8 2.276297 1.548122 -1.251661
15 8 0.096485 2.156794 -1.526843
16 6 1.361487 2.435272 -1.417397
17 8 0.202565 -2.745392 1.251661
18 8 1.819596 -1.161955 1.526843
19 6 1.428264 -2.396718 1.417397
20 8 0.202565 -2.745392 -1.251661
21 8 1.819596 -1.161955 -1.526843
22 6 1.428264 -2.396718 -1.417397
23 6 2.561794 -3.405276 1.309731
24 1 3.240187 -3.292325 2.161717
25 1 2.181368 -4.430083 1.274604
26 6 2.561794 -3.405276 -1.309731
27 1 3.240187 -3.292325 -2.161717
28 1 2.181368 -4.430083 -1.274604
29 6 3411223 -3.161585 0.000000
30 6 1.668158 3.921217 1.309731
31 1 1.231144 4.452247 2161717
32 1 2745881 4.104162 1.274604
33 6 1.668158 3.921217 -1.309731
34 1 1.231144 4.452247 -2.161717
35 1 2.745881 4.104162 -1.274604
36 6 1.032402 4.534998 0.000000
37 6 -4.229952 -0.515941 1.309731
38 1 -4.927249 0.325922 1.274604
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39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

— G0 00 00 O — G0 00 G0 O — G0 0O G0 N — — N N —

-4.471331
-4.443624
-4.229952
-4.927249
-4.471331
4.288980
3.822713
5.545710
4.404176
5.277408
-3.679281
-2.390431
-4.524009
-5.862652
-5.870407
-0.609699
-1.432282
-1.021702
1.458476
0.592999

-1.159922
-1.373413
-0.515941

0.325922
-1.159922
-1.772224
-0.553188
-2.022058
-4.226855
-3.731650
-2.828253
-3.033973
-3.791697
-1.700701
-2.704545

4.600477

3.587160

5.813755

5.927556

6.436194

2.161717
0.000000
-1.309731
-1.274604
-2.161717
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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Supplementary Table I11. Atom coordinates of the Fe:;Citz complex. The center numbers are
indicated in Supplementary Fig. 8. All values are expressed in Amstrongs.

Coordinates
Center number Atomic
number
X Y z
1 26 -0.649031 -1.269867 0.345147
2 8 -2.273378 -2.137284 -0.205427
3 8 0.365552 -2.585555 -0.668604
4 8 0.95098 -0.285869 0.693017
5 8 -0.95193 0.285427 -0.695264
6 8 -1.678777 -0.343245 1.678666
7 8 1.791792 -4.35806 -0.40878
8 8 -4.352662 -2.257098 -1.131281
9 8 -3.451755 1.12418 1.784734
10 6 -3.328889 -1.594025 -0.806204
11 6 -3.296482 -0.082957 -1.15242
12 6 -2.288066 0.78429 -0.363277
13 6 -2.387041 2.278805 -0.6940062
14 6 1.471176 -3.157399 -0.190886
15 6 -2.522466 0.551273 1.173632
16 26 0.648976 1.270087 -0.344755
17 6 -1.471616 3.157646 0.187817
18 6 2.3858306 -2.279492 0.692795
19 6 2287712 -0.784723 0.363143
20 8 2.27388 2.137016 0.206819
21 8 -0.366502 2.585828 0.666859
22 8 1.680033 0.344148 -1.678471
23 8 -1.791055 4.359045 0.403416
24 6 3.295229 0.081948 1.153975
25 6 2523537 -0.550281 -1.173588
26 6 3.3280606 1.593477 0.809266
27 8 3.453849 -1.122397 -1.783827
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28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

4351311
-3.057366
-4.312482
-2.105865
-3.413489

3.412414

2.103544

4311288
3.055736
0.667394
-0.665955

1.096799

1.331386
-1.330323
-1.094422

2.256054
-0.00083
0.29819
2.434717
2.627254
-2.627896
-2.436238
-0.299075
-0.001408
2.723017
-2.723827
3.434919
2.256401
-2.257944
-3.436212

1.137158
-2.221894
-1.002936
-1.744268
-0.54769
0.54719
1.742562
1.004555
2.223267
-1.802866
1.802424
-1.276741
-2.364666
2.364365
1.276321
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Supplementary Figure Legends.

Supplementary Figure 1. ESI-TOFMS mass spectra of a »#Fe-Cit standard solution (Fe:Cit ratio
1:10, 100 uM 24Fe, pH 5.5, in 50% mobile phase B) before (A) and after electrospray ionization
optimization (B). Isotopic signatures of the [CitH], [FezCit:H]* and [FesOCit;H3]% molecular ions
are shown in the panel insets.

Supplementary Figure 2. HPLC-UV chromatograms obtained with Agilent 1100 (A) and Waters
2795 (B) HPLC systems of an Fe-Cit standard solution (Fe:Cit ratio 1:10, 100 pM Fe, pH 5.5
diluted in 50% mobile phase B) showing peaks corresponding to FezCit: and Fe3Cits complexes.
Supplementary Figure 3. HPLC-ESI-TOFMS chromatograms of 5 mM citrate (A), 100 uM Fe
(III)-NA (B) and 100 uM Fe(IlII)-DMA (C) standard solutions. Chromatograms show the [CitH]
(A), [Fe(III)-NA+CI]- (B) and [Fe(III)-DMA]J- (C) ions at m/z values 191.0, 391.0 and 356.0 (+0.1),

respectively.

Supplementary Figure 4. Experimental (A, C, E and G) and theoretical (B, D, F and H) isotopic
signatures of the molecular ions associated to Fe;Cit; and Fe;Cits, [Fe;Cit;H] and [Fe;CitsH]%,
respectively. Experimental data are zoomed ESI-TOF mass spectra of the Fe:Cit; and FesCits

chromatographic peaks found when using **Fe (A, E) and *=Fe (C, G).

Supplementary Figure 5. Effect of the Fe:Cit ratio on the Fe;Cit; and FesCits balance, HPLC-ICP-
MS (A-D) and HPLC-ESI-TOFMS (E-H) chromatograms of **Fe-Cit standard solutions with Fe:Cit
ratios 1:1, 1:10, 1:100 and 1:500 (100 pM *Fe, pH 5.5 in 50% mobile phase B) showing peaks
corresponding to Fe;Cit; and FesCits complexes. HPLC-ESI-TOFMS traces were extracted at m/z
values 241.93 and 484.87 (+0.05), corresponding to [Fe:Citz]* and [Fe:Cit:H]-, respectively, (for
Fe:City, solid line) and 363.40 and 372.40 (+0.05), corresponding to [FesCitsH]? and [Fe;OCitsHs]

& respectively, (for FesCits, dotted line).

Supplementary Figure 6. Proposed structure for the FesCits; indicating the center numbers (See
atom coordinates in Supplementary Table I). Iron, oxygen, carbon and hydrogen atoms are shown in

purple, red, green and white, respectively.

Supplementary Figure 7. Proposed structure for the Fe;Cit; complex. Iron, oxygen, carbon and

hydrogen atoms are shown in purple, red, green and white, respectively.
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Supplementary Figure 1
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Supplementary Figure 3
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Supplementary Figure 4
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Supplementary Figure 5§
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Supplementary Figure 7

Supplementary Figure 8. Proposed structure for the Fe;Cit; indicating the center numbers (See
atom coordinates in Supplementary Table III). Iron, oxygen, carbon and hydrogen atoms are shown

in purple, red, green and white, respectively.

Supplementary Figure 8
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