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  RESUMEN 

RESUMEN 

 

El hierro (Fe) es un microelemento esencial para las plantas, que interviene en 

procesos fisiológicos tan importantes como la fotosíntesis, la respiración y la 

asimilación de nitrógeno (Marschner 1995). El hierro también es un nutriente 

esencial para animales y humanos, que lo obtienen en última instancia de las 

plantas. 

 

La deficiencia de hierro produce clorosis férrica, que se manifiesta 

principalmente como un amarilleamiento internervial de las hojas más jóvenes y 

da lugar a una disminución de la fotosíntesis y de la acumulación de materia 

orgánica, lo que origina un descenso del crecimiento y de la productividad de 

los cultivos afectados (Chaney 1984).  

 

La clorosis férrica se origina como consecuencia de la baja 

disponibilidad del hierro en el suelo para las plantas. Para facilitar la absorción 

de hierro del suelo, las plantas han desarrollado diferentes estrategias. La 

Estrategia I es la que utilizan todas las plantas excepto las gramíneas 

(Romheld y Marschner 1986; Curie y Briat 2003; Kobayashi y Nishizawa 2012). 

La principal característica de las plantas con Estrategia I, en la que se centra 

este trabajo, es la necesidad de reducir el Fe3+, la forma más abundante en el 

suelo, a Fe2+, previamente a su absorción. Esta reducción ocurre mediante una 

enzima reductasa, localizada en la membrana de las células epidérmicas de la 

raíz, cuyo gen ha sido clonado en Arabidopsis (AtFRO2; Robinson et al. 1999), 

y en otras especies, como pepino (CsFRO1; Waters et al. 2007) y tomate 

(SlFRO1; Li et al. 2004). Una vez el hierro ha sido reducido, es transportado 

hacia el interior de las células a través de un transportador localizado en la 

membrana de las células epidérmicas de la raíz, cuyo gen también ha sido 

clonado en Arabidopsis (AtIRT1; Eide et al. 1996), y del que también se 

conocen homólogos en otras especies, como pepino (CsIRT1; Waters et al. 

2007) y tomate (SlIRT1; Eckhardt et al. 2001). Estos genes de adquisición de 

hierro son regulados a nivel transcripcional por FIT (un factor de transcripción 

de tipo bHLH en Arabidopsis, cuyo homólogo en tomate es FER), que actúa 

conjuntamente con otros dos factores de transcripción, bHLHH38 y bHLH39 
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(Colangelo and Guerinot, 2004; Jakoby et al. 2004; Yuan et al. 2008; Bauer et 

al. 2007).  

 

Cuando las plantas de Estrategia I sufren deficiencia de hierro, inducen 

cambios fisiológicos (incremento de la capacidad reductora del Fe3+ y de la 

capacidad para transportar Fe2+; acidificación de la rizosfera y excreción de 

compuestos fenólicos, quelantes del Fe) y morfológicos (desarrollo de 

engrosamientos subapicales con abundantes pelos radicales; y desarrollo de 

células transferentes) en sus raíces, encaminados a mejorar la absorción de 

este nutriente, que en conjunto se denominan respuestas a la deficiencia de 

hierro (Romheld y Marschner 1986; Landsberg 1986). La respuesta a la 

deficiencia de hierro se inicia con cambios en la expresión de muchos genes, 

como FIT, bHLH38, bHLH39, FRO e IRT (Kobayashi y Nishizawa 2012). 

 

Trabajos previos de nuestro grupo y del grupo del Dr.Lamattina han 

demostrado un papel regulador del etileno y del óxido nítrico sobre la respuesta 

a la deficiencia de hierro. Ambas hormonas inducen la expresión de genes 

esenciales para la adquisición de hierro (FRO, IRT), y de sus reguladores (FIT, 

FER) (Lucena et al. 2006; Graziano y Lamattina 2007). Estos son un grupo 

importante pero escaso de genes, en comparación con más un centenar que se 

inducen durante la respuesta a la deficiencia de hierro (Buckhout  y Thim 2003; 

Colangelo y Guerinot 2004; Buckhout et al. 2009; Yang et al. 2010; Ivanov et al. 

2011) y de los que se desconoce si requieren etileno u óxido nítrico para su 

plena inducción. 

 

Otro aspecto también desconocido es el modo de actuación del etileno y 

el oxido nítrico. No se sabe si actúan en serie, uno detrás del otro, o en 

paralelo, ambos simultáneamente, y sus posibles interacciones. Finalmente, se 

sabe que estas hormonas no son capaces de activar las respuestas a la 

deficiencia de hierro cuando las plantas se cultivan con hierro suficiente, lo que 

indica la  existencia de una señal represora relacionada con el estatus de hierro 

en la planta. La naturaleza de esta señal, su origen y distribución por la planta 

se desconocen, si bien, resultados previos sugieren que no está directamente 

relacionada con el hierro total acumulado en la raíz (Lucena et al. 2006). 
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Cada uno de los tres trabajos de que consta esta Tesis ha tenido como 

objetivo principal abordar una de estas cuestiones. En el primero, llevamos a 

cabo un análisis a escala genómica que nos ha permitido identificar un amplio 

número de genes relevantes para la adquisición y homeostasis del hierro, y en 

cuya regulación participan el etileno y el óxido nítrico. Los resultados obtenidos 

en el segundo han puesto de manifiesto una interacción positiva mutua entre el 

etileno y el óxido nítrico en la inducción de las respuestas a la deficiencia de 

hierro. En el tercero, hemos estudiado una serie de mutantes presumiblemente 

alterados en el transporte de hierro en el xilema o en el floema, que muestran 

una respuesta constitutiva a la deficiencia de este nutriente. Los resultados 

obtenidos indican que la señal represora de la respuesta es compatible con un 

probable complejo Fe-péptido que se transporta de la hoja a la raíz vía floema. 
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SUMMARY 

Iron (Fe) is an essential microelement for plants that is necessary for important 

physiological processes such as photosynthesis, respiration and nitrogen 

assimilation (Marschner 1995). Iron is also an essential nutrient for animals and 

humans, who get it from plants. 

 

Low availability of soil iron to plants leads to iron deficiency which causes 

chlorosis.Iron chlorosis is manifested mainly as internervial yellowing of the 

youngest leaves, and leads to a decrease in photosynthesis and organic matter 

accumulation which results in a decrease in growth and productivity of affected 

crops (Chaney 1984). 

 

To facilitate the acquisition of iron from the soil, plants have developed 

different strategies. The strategy I is used by all plants except grasses 

(Römheld and Marschner 1986; Curie and Briat 2003, Kobayashi and 

Nishizawa 2012). The main characteristic of Strategy I plants, on which this 

work is focused, is the need to reduce the Fe3+, the most abundant form of iron 

in the soil, to Fe2+, prior to its absorption. This reduction occurs by a reductase 

enzyme, located in the membranes of the epidermal cells of the root, whose 

gene has been cloned in Arabidopsis (AtFRO2; Robinson et al. 1999), and 

other species, such as cucumber (CsFRO1; Waters et al . 2007) and tomato 

(SlFRO1, Li et al. 2004). Once the iron has been reduced, it is transported into 

the cells by means of an iron transporter located in the membrane of the 

epidermal cells of the root. The gene encoding the iron transporter has also 

been cloned in Arabidopsis (AtIRT1; Eide et al. 1996), and other species, such 

as cucumber (CsIRT1; Waters et al. 2007) and tomato (SlIRT1; Eckhardt et al. 

2001). These iron acquisition genes are regulated at the transcriptional level by 

FIT, a bHLH type transcription factor in Arabidopsis, which is homologous to 

tomato FER, and acts together with two other transcription factors named 

bHLH39 bHLHH38 (Colangelo and Guerinot, 2004; Jakoby et al. 2004; Yuan et 

al. 2008; Bauer et al. 2007). 
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Iron deficiency induces a series of physiological changes in the roots of 

Strategy I plants such as an increase of the Fe3+ reductase activity, and the 

ability to transport Fe2+, the acidification of the rhizosphere  and the excretion of 

phenolic compounds.Morphological changes are also induced in the roots, such 

as the development of subapical swellings with abundant root hairs, and the 

development of transferent cells. All of these changes, called the iron deficiency 

responses, are aimed to improve the acquisition of iron from the soil. (Römheld 

and Marschner 1986; Landsberg 1986). The responses to iron deficiency begin 

with changes in the expression of many genes, such as FIT, bHLH38, bHLH39 

FRO and IRT (Kobayashi and Nishizawa 2012). 

 

Previous work by our group and the group of Dr.Lamattina have 

demonstrated a regulatory role of ethylene and nitric oxide on the responses to 

iron deficiency. Both hormones induce the expression of essential genes for 

iron acquisition (FRO, IRT) and their regulators (FIT, FER) (Lucena et al. 2006; 

Graziano and Lamattina 2007). These make an important group of genes, 

although  an small one compared with the more than one hundred genes that 

are induced in response to iron deficiency (Buckhout and Thim, 2003; 

Colangelo and Guerinot 2004; Buckhout et al. 2009, Yang et al. 2010; Ivanov et 

al. 2011) whose regulation by ethylene or nitric oxide is unknown. 

 

Another unknown aspect is how ethylene and nitric oxide act and their 

possible interactions. It has not been determined whether nitric oxide acts 

through ethylene or ethylene acts through nitric oxide, or whether both act in 

conjunction. Finally, it is known that these hormones are unable to activate the 

iron deficiency responses when plants are growing with sufficient iron, which is 

in accordance with the existence of a repressor signal related to the status of 

iron in the plant. The nature of this signal, its origin and distribution in the plant 

are ignored, although previous results suggest that it is not directly related to 

the total iron accumulated in the root (Lucena et al. 2006). 

 

Each one of the three works that compound this thesis has been done to 

gain insight into the above mentioned issues. For the first paper, we performed 

a genome-wide gene expression analysis that allowed us to identify a number 
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of new genes directly involved in iron acquisition and homeostasis, which are 

dependent of ethylene. Those iron-deficiency induced ethylene-dependent 

genes were also regulated by nitric oxide. The results described in the second 

paper have revealed contrasting interaction between ethylene and nitric oxide at 

the levels of each substance production and action for the induction of the iron 

deficiency responses.  Finally, in the third work, we studied several mutants 

showing a constitutive response to iron deficiency which are defective in iron 

transport in xylem or phloem. The results obtained showed that the repressor 

signal of the iron-deficiency response is compatible with a Fe-peptide complex 

transported from the leaves to the root via phloem. 
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1. ADQUISICIÓN DE HIERRO POR LAS PLANTAS. 

 

El hierro (Fe) es un micronutriente esencial para las plantas debido a que 

interviene en procesos fisiológicos tan importantes como la fotosíntesis, la 

respiración y la asimilación de nitrógeno (Marschner 1995). El hierro también es 

un nutriente esencial para animales y humanos, que lo obtienen en última 

instancia de las plantas. 

 

El hierro es el cuarto elemento más abundante en la corteza terrestre y 

en el suelo se encuentra principalmente como Fe3+ (Lindsay 1982). Sin 

embargo, debido a que es un elemento poco móvil en el suelo y muy insoluble 

a pH básico (Römheld y Marschner 1986), su disponibilidad para las plantas 

suele ser baja, a pesar de ser un micronutriente abundante (Chaney 1984; 

Chaney et al. 1989). 

 

La deficiencia de hierro produce clorosis férrica, cuyo síntoma principal 

es un amarilleamiento internervial de las hojas más jóvenes. Da lugar a una 

disminución de la fotosíntesis y de la acumulación de materia orgánica, lo que 

origina un descenso del crecimiento y de la productividad de los cultivos 

afectados (Chaney 1984). 

 

Los problemas de clorosis férrica son todavía más frecuentes en suelos 

calcáreos, tras largos períodos de lluvia, cuando al elevado pH de estos suelos 

se suma una disminución del nivel de oxígeno debido al encharcamiento 

(Römheld y Marschner 1986). 

 

Por todo esto, las plantas han desarrollado mecanismos para 

incrementar el hierro de la rizosfera y favorecer su movilidad desde el suelo 

hasta el interior de la raíz. 

 

En la actualidad, se distinguen dos estrategias para la adquisición de 

hierro por las plantas: la Estrategia I, que utilizan la mayoría de las plantas, 
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dicotiledóneas y monocotiledóneas no gramíneas, y la Estrategia II, que 

emplean sólo las gramíneas (Römheld y Marschner 1986). 

 

 

a) Estrategia I. 

 

La principal característica de las plantas con Estrategia I es la necesidad de 

reducir el Fe3+ a Fe2+, antes de transportarlo al interior de la raíz (Chaney et al. 

1972). El proceso de reducción se localiza en la membrana de las células 

epidérmicas de la raíz, especialmente en las zonas subapicales de raíces 

jóvenes y en los pelos radicales, y lo realiza una enzima reductasa que 

presenta un pH óptimo de funcionamiento entre 4 y 5 (Chaney et al. 1972; 

Römheld y Marschner 1981a; Bienfait et al. 1983; Chaney 1988; Buckhout et al. 

1989; Welch et al. 1993). Esta enzima esta codificada por el gen AtFRO2 en 

Arabidopsis (Robinson et al. 1999), CsFRO1 en pepino (Waters et al. 2007), 

PsFRO1 en guisante (Waters et al. 2002) y SlFRO1 en tomate (Li et al. 2004). 

Una vez el Fe3+ es reducido a Fe2+, éste entra al simplasto de las células 

radicales a través de un transportador específico, codificado por el gen AtIRT1 

en Arabidopsis (Eide et al. 1996), SlIRT1 en tomate (Eckhardt et al. 2001), 

PsRIT1 en guisante (Cohen et al. 2004) y CsIRT1 en pepino (Waters et al. 

2007). 

 

 

b) Estrategia II. 

 

Esta estrategia es típica de las gramíneas y consiste en segregar al suelo 

fitosideróforos (PS: “phytosiderophores”), que son aminoácidos no proteícos de 

bajo peso molecular con una alta afinidad por el Fe3+. 

 

En condiciones de deficiencia de hierro, se induce un transportador de 

fitosideróforos (codificado por el gen TOM1 en arroz y su homólogo HvTOM1 

en cebada; Nozoye et al. 2011) en la membrana plasmática de células 

epidérmicas de la raíz. Los fitosideróforos liberados hacia la rizosfera, forman 

complejos con el Fe3+ (Takagi et al. 1984). Mediante un sistema de transporte 

especifico para dichos complejos, que se encuentra presente en la membrana 
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plasmática de las células radicales y está codificado por el gen YS1 en el maíz 

(Curie et al. 2001), estos complejos Fe3+-fitosideróforo son introducidos al 

citoplasma, donde el Fe3+ es liberado (Römheld y Marschner, 1986). 

 

La Estrategia II es menos dependiente del pH que la Estrategia I 

(Römheld y Marschner, 1986b), por lo que las plantas que la utilizan suelen ser 

más eficientes en la adquisición de hierro. 

 

 

2. TRANSPORTE DE HIERRO  A TRAVÉS DE LA PLANTA. 

 

La adquisición del hierro y otros micronutrientes comienza con su entrada a las 

células epidérmicas de la raíz. Se ha sugerido que el transporte de Fe2+ de las 

células de la raíz hasta los vasos del xilema se realiza formando parte de un 

complejo con nicotianamina (Stephan et al. 1996). 

 

El hierro, que se transporta al interior de las células en forma de Fe2+, es 

oxidado nuevamente a Fe3+, para posteriormente ser translocado hacia el 

interior del xilema, en donde se transporta formando un complejo con citrato 

(Roschzttardtz et al. 2011). Las concentraciones de citrato aumentan en 

condiciones de deficiencia de hierro, como parte de las respuestas de las 

células de la raíz a esta situación (Brown 1978). También aumenta la expresión 

del gen AtFDR3, que codifica un transportador implicado en la carga de citrato 

al xilema (Rogers y Guerinot 2002).  

 

En el xilema, el complejo Fe3+-citrato se mueve hacia la parte aérea en 

función del flujo promovido por la transpiración. Desde las hojas se redistribuye 

a través del floema hacia otros lugares de la planta, como brotes, semillas y 

demás tejidos en desarrollo, o incluso puede volver nuevamente a la raíz. Los 

primeros síntomas de la deficiencia de hierro (clorosis) aparecen en las hojas 

más jóvenes debido a que el hierro es un elemento relativamente inmóvil en el 

floema (Marschner 1995).  
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En un principio, se pensaba que el hierro era transportado por el floema 

unido a la nicotianamina (Stephan and Scholz 1993). Esta idea se descartó 

màs tarde, sin embargo la nicotianamina se relacionaba con la carga y 

descarga de hierro al floema. (Schmidke et al. 1999).  Actualmente, se sabe 

que en el floema hay  proteínas y péptidos de transporte que se unen 

específicamente al Fe3+, la forma predominante en el floema, mientras que la 

nicotianamina se une preferentemente al Fe2+. En 2002, Krüger et al. 

identificaron en el floema de Ricinus communis una proteína de transporte de 

hierro denominada ITP (Iron Transport Protein). Esta proteína pertenece al 

grupo de las deshidrinas, dentro de la familia de proteínas abundantes en la 

embriogénesis tardía (LEA). 

 

El mutante nas4x-2 de Arabidopsis es incapaz de sintetizar 

nicotianamina. Un estudio reciente de este mutante ha puesto de manifiesto el 

papel de la nicotianamina en el transporte de hierro desde el floema a las 

células sumidero (Schuler et al. 2012). En este mutante, en condiciones de 

deficiencia de hierro se observa un incremento del transporte de hierro por la 

raíz y una acumulación de hierro en las hojas viejas en comparación con el 

silvestre. Sin embargo, las hojas jóvenes presentaron un contenido de hierro 

menor en el mutante que en el silvestre, lo cual indica que las hojas jóvenes 

dependen de la nicotianamina para la adquisición de hierro. Durante el 

desarrollo de hojas, flores y semillas, estos órganos actúan como sumidero y 

tienen una gran dependencia del transporte floemático de micronutrientes 

(Schuler et al. 2012). De hecho, estudios realizados en cebada en 2009 por 

Tsukamoto et al. sugieren que las hojas jóvenes de cebada reciben hierro del 

floema mientras que las viejas lo reciben del xilema. 

 

 

3. RESPUESTAS A LA DEFICIENCIA DE HIERRO. 

 

Las plantas responden a la deficiencia de hierro activando una serie de 

mecanismos que tienen como fin potenciar la adquisición de este nutriente del 

medio. Este trabajo se ha centrado en el estudio de las respuestas a la 

deficiencia de hierro en plantas de Estrategia I, por ser ésta la que presentan la 
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mayoría de especies frutales, en las cuales el problema de la clorosis férrica es 

más difícil de resolver. 

 

La mayoría de los mecanismos de respuesta a la deficiencia de hierro se 

localizan en las zonas subapicales de la raíz y se ponen en marcha o cesan en 

función del nivel de hierro presente en la planta (Römheld y Marschner 1981a; 

Römheld et al. 1984; Römheld y Marschner 1986; Landsberg 1986; Romera et 

al. 1991). Estos mecanismos se dividen en fisiológicos y morfológicos, y se 

describen a continuación. 

 

 

3.1. Mecanismos fisiológicos. 

 

 

a) Incremento de la capacidad reductora de Fe3+ (CR). 

 

Con deficiencia de hierro, las plantas con Estrategia I incrementan 

notablemente la capacidad de sus raíces para reducir el Fe3+ (Marschner et al. 

1986; Römheld y Marschner 1986; Bienfait et al. 1989; Robinson et al. 1999). 

Esto se debe, en parte, al incremento de la expresión del gen FRO, que 

codifica para la enzima que realiza tal función (“Ferric Reductase Oxidase”; 

reductasa férrica). 

 

Además de la regulación transcripcional antes comentada, también se 

ha detectado una regulación post-transcripcional de la reductasa férrica. Las 

plantas transgénicas de Arabidopsis que sobreexpresan el gen AtFRO2 (35S-

FRO2) acumulan grandes cantidades de sus transcritos tanto en deficiencia 

como en suficiencia de hierro. Sin embargo, la actividad de la reductasa férrica 

es elevada únicamente cuando las plantas presentan deficiencia de hierro. Esto 

sugiere que AtFRO2 sufre una regulación post-transcripcional por hierro 

(Connolly et al. 2003). 
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b) Incremento del transporte de Fe2+. 

 

En la membrana plasmática de las células epidérmicas de la raíz se localiza el 

transportador IRT (“Iron-Regulated Transporter”), cuyo gen también se induce 

en respuesta a la deficiencia de hierro. Este es el principal transportador de 

Fe2+ desde el suelo al interior de las plantas de Estrategia I y el responsable del 

incremento del transporte de Fe2+ inducido por la deficiencia de hierro, aunque 

también es el responsable de la absorción de otros metales divalentes, como 

Mn2+, Zn2+ y Cd2+ (Eide et al. 1996; Korshunova et al. 1999; Connolly et al. 

2002; Vert et al. 2002). IRT1 es regulado a nivel transcripcional. Sin embargo, a 

diferencia de lo que ocurre con la proteína FRO2, según un trabajo reciente de 

Barberon et al. (2011) parece que IRT1 no es regulado a nivel post-

transcripcional por hierro como sugirieron Connolly et al en 2002. Al parecer, la 

proteína IRT1 está sometida a un reciclaje continuo desde la membrana a la 

vacuola, donde es degradada.  Este tráfico de IRT1 hacia la vacuola es dirigido 

por monoubiquitinación de residuos de lisina (Barberon et al. 2011). La 

mutación de dos de estos residuos conlleva la estabilización de IRT1 en la 

membrana y, como consecuencia, la hiperacumulación de hierro, llegando a 

causar toxicidad, reducción del crecimiento y letalidad (Barberon et al. 2011). 

 

 

c) Acidificación de la rizosfera. 

 

La deficiencia de hierro induce en algunas plantas un aumento de la capacidad 

de la raíces de liberar protones y acidificar la rizosfera.  Esto favorece la 

solubilización del hierro y el funcionamiento de algunos mecanismos de 

respuesta a la deficiencia de hierro, como la capacidad reductora y la liberación 

de fenoles (Bienfait et al. 1983; Römheld et al. 1984; Marschner 1986; 

Alcántara et al. 1991; Dell’Orto, et al. 2011). Esta acidificación en respuesta a la 

deficiencia de hierro se localiza en las zonas subapicales de la raíz, (Römheld 

et al.1984) y se realiza por medio de bombas de protones, dependientes de 

ATP, que se encuentran en la membrana plasmática (Römheld et al. 1984; 

Landsberg 1986; Alcántara et al. 1991). Actualmente, se conocen algunos de 

los genes que las codifican, como CsHA1 en pepino (Santi et al. 2005). En  

Arabidopsis se han identificado 11genes que codifican para estas bombas de 
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protones (Baxter et al. 2003), siendo las ATPasas AtHA1, AtHA2 y AtHA7 las 

isoformas que se expresan predominantemente (Colangelo y Guerinot 2004; 

Haruta et al. 2010). La liberación de protones inducida por la deficiencia de 

hierro no se detecta en todas las especies vegetales de Estrategia I. Sin 

embargo,  no por ello las especies que no acidifican la rizosfera son más 

susceptibles a la deficiencia de hierro que las que sí lo hacen. 

 

 

d) Incremento de la síntesis de ácidos orgánicos. 

 

Tanto gramíneas como no gramíneas incrementan su contenido en ácidos 

orgánicos, sobre todo málico y cítrico, en respuesta a la deficiencia de hierro. 

Este incremento es simultáneo a la acidificación, cuando ésta se da y tiene 

lugar en las zonas subapicales de la raíz (Landsberg 1986).Los ácidos 

orgánicos, especialmente el citrato, están implicados en la translocación del 

hierro a la parte aérea (Roschzttardtz et al. 2011). La expresión del gen 

AtFDR3, que codifica un transportador implicado en la carga de citrato al xilema  

también aumenta en condiciones de deficiencia de hierro (Rogers y Guerinot 

2002).  

 

 

e) Liberación de fenoles y flavinas. 

 

En respuesta a la deficiencia de hierro se produce una liberación de 

compuestos fenólicos a la rizosfera (Olsen et al. 1981; Römheld y Marschner 

1986a), que se localiza también en las zonas subapicales de la raíz (Römheld y 

Marschner 1981a). La  función de estos compuestos sería la de solubilizar el 

Fe3+ del apoplasto y de las partículas que se encuentran en estrecho contacto 

con la raíz, mediante su quelatación y reducción (Römheld y Marschner 1981; 

Marschner et al. 1986; Römheld y Marschner 1986a). 

 

En algunas especies se produce también la excreción de flavinas por las 

raíces, como la riboflavina, en condiciones de deficiencia de hierro (Welkie y 

Miller 1989). Su implicación en la nutrición férrica no está clara, ya que estos 
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compuestos presentan baja afinidad por el hierro y los quelatos que forman se 

reducen con dificultad (Bienfait et al. 1983; Römheld y Marschner 1986a). 

 

 

3.2. Mecanismos morfológicos. 

 

a) Engrosamientos subapicales de la raíz. 

 

Es en la raíz donde la deficiencia de hierro induce los cambios de desarrollo 

más severos. Entre ellos, la inhibición del crecimiento de la raíz principal 

acompañada del desarrollo de raíces laterales (Kramer et al. 1980; Römheld y 

Marschner 1981a; Landsberg 1982). Así mismo, en las zonas subapicales de 

las raíces jóvenes se originan engrosamientos con gran proliferación de pelos 

radicales (Römheld y Marschner 1981a). Estos engrosamientos presentan una 

tonalidad amarillenta, debido a la riboflavina, y asociados a ellos se encuentran 

células transferentes. 

 

 

b) Desarrollo de células transferentes. 

 

Las células transferentes se desarrollan a partir de células de la epidermis 

(Kramer et al. 1980) y se caracterizan por poseer invaginaciones en su pared, 

lo que aumenta la superficie de contacto con el exterior y con otras células 

(Landsberg 1986). 

El desarrollo de estas células transferentes va asociado al incremento de 

la capacidad reductora,  a la síntesis de ácidos orgánicos y a la acidificación 

(Landsberg 1986). 
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4. REGULACIÓN DE LAS RESPUESTAS A LA DEFICIENCIA DE HIERRO 

EN PLANTAS CON ESTRATEGIA I. 

  

El hierro es tóxico a elevadas concentraciones, por lo que es necesario evitar 

que se acumule en grandes cantidades en la planta. Para ello, existe una 

regulación de las respuestas a la deficiencia de hierro, que controla su 

inducción en función de las necesidades de la planta (Römheld y Marschner 

1981b; Landsberg 1984). 

 

La regulación de la expresión de genes clave para la adquisición de 

hierro, como FRO, que codifica la reductasa de Fe3+, IRT, que codifica el 

transportador de Fe2+, y HA, que codifica la bomba de protones, depende de un 

factor de transcripción tipo bHLH conocido como AtFIT en Arabidopsis 

(Colangelo y Guerinot 2004; Jakoby et al. 2004), cuyo homólogo en tomate es 

SlFER (Ling et al. 2002). Para llevar a cabo su misión, AtFIT interacciona con 

otros dos factores de transcripción,  AtbHLH38 y AtbHLH39, cuya función es 

redundante (Yuan et al. 2008). Tanto AtFIT, como AtbHLH38 y AtbHLH39, 

incrementan su transcripción bajo deficiencia de hierro (Yuan et al. 2008; 

Ivanov et al. 2011) 

  

Trabajos previos de nuestro grupo han llevado a proponer un modelo 

para explicar la regulación coordinada de los genes clave para la adquisición 

de hierro. Según este modelo, la deficiencia de hierro causaría un incremento 

de la síntesis de etileno en la raíz, quizá influenciada por la parte aérea 

mediante la exportación de señales como la auxina o precursores de etileno 

como el ácido 1-aminociclopropano-1-carboxílico (ACC). A continuación, el 

etileno actuaría como inductor de la respuesta a la deficiencia de hierro, al 

inducir la expresión de genes como SlFER o AtFIT, y/o incrementar la 

estabilidad de sus transcritos. Esto sucedería siempre y cuando los niveles de 

hierro (probablemente hierro floemático) fuesen suficientemente bajos (Lucena 

et al. 2006). 
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Figura 1. Modelo de regulación coordinada de genes clave para la adquisición de 

hierro (Lucena et al. 2006) 

 

Previamentemente a la publicación de este modelo, otros autores habían 

propuesto a la auxina como hormona inductora de algunas de las respuestas a 

la deficiencia de hierro (Landsberg 1984, 1996; Römheld y Marschner, 1986). 

Actualmente, hay diversos trabajos que apoyan esta idea (Bacaicoa et al. 2011; 

Wu et al. 2012). Sin embargo, hay pruebas que sugieren que la acción de la 

auxina podría, en realidad, estar mediada por el etileno. Desde hace tiempo, se 

conoce que la auxina puede afectar la síntesis de etileno (Yang y Hoffman 

1984). Por otra parte, la auxina no es capaz de inducir la formación de pelos 

radicales subapicales cuando se aplica a mutantes insensibles a etileno, como 

los mutantes de Arabidopsis etr1 y ein2, o cuando se aplica de manera 

conjunta con inhibidores de etileno (Romera et al. 2007; Romera y Alcántara 

2004). 

 

Poco después de que Lucena et al (2006) propusieran el modelo 

explicado anteriormente, Graziano y Lamattina (2007) demostraron que, 

además del etileno, también el óxido nítrico (NO) se acumula rápidamente en 

las zonas subapicales de la raíz en condiciones de deficiencia de hierro. 
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Ensayos realizados en tomate muestran que el óxido nítrico podría estar 

implicado en la regulación de la expresión de genes esenciales de la respuesta 

a la deficiencia de hierro, como FRO e IRT. De hecho,  la aplicación exógena 

de GSNO, un donador de óxido nítrico, incrementa la acumulación de 

transcritos del factor de transcripción SlFER, de la reductasa férrica SlFRO1 y 

del transportador de Fe2+ SlIRT1 en las raíces de plantas de tomate deficientes 

en hierro (Graziano y Lamattina 2007). Estos resultados indican, que al igual 

que el etileno,  el óxido nítrico es un inductor de las respuestas a la deficiencia 

de hierro.  

 

Por otro lado, en el mutante de tomate fer, la aplicación exógena de 

óxido nítrico, no induce las respuestas a la deficiencia de hierro, lo cual indica 

que, al igual que ocurre con el etileno,  la proteína FER es necesaria para que 

el óxido nítrico pueda ejercer su acción. 

 

En trabajos recientes, se ha demostrado una relación directa entre la 

ruta de transducción del etileno y la regulación de las respuestas a la 

deficiencia de hierro, en concreto, se ha determinado que FIT (regulador 

principal de las respuestas a la deficiencia de hierro) interacciona físicamente 

con dos factores de transcripción principales de la ruta de transducción del 

etileno, como son EIN3 y EIL1 (Lingam et al. 2011). La interacción de EIN3 y/o 

EIL1 con FIT incrementa la estabilidad de dicha proteína y favorece su 

acumulación. De este modo se consigue una fuerte expresión de los genes 

regulados por FIT, como AtFRO2 y AtIRT1. En un trabajo posterior a este, se 

observó que no sólo el etileno, sino también el óxido nítrico favorece la 

estabilidad de FIT (Meiser et al. 2011). 

 

En condiciones de deficiencia de hierro se inducen un gran número de 

genes, además de aquellos directamente implicados en la adquisición de hierro 

(AtFRO2, AtIRT1, AtHA) y sus reguladores (AtFIT,  AtbHLH38 y AtbHLH39). Un 

cierto número de ellos está claramente relacionado con aspectos de la gestión 

del hierro en la planta, como su quelatación y transporte interno; a otros no se 

les ha encontrado una relación directa con el hierro. Muy poco se sabe acerca 

del papel del etileno y del óxido nítrico, dos de los inductores principales de las 
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respuestas a la deficiencia de hierro, sobre la regulación de estos genes.  

(Buckhout  y Thim 2003; Colangelo y Guerinot 2004; Buckhout et al. 2009; 

Yang et al. 2010; Ivanov et al. 2011).   

 

Además de FIT que, como se acaba de comentar, es un regulador 

principal de las respuestas a la deficiencia de hierro, se ha identificado otro 

factor de transcripción, denominado POPEYE (Long et al. 2010), que pertenece 

también a la familia de  factores de transcripción del tipo bHLH, y parece jugar 

un papel importante en la regulación de dichas respuestas. POPEYE 

incrementa tres veces su nivel de expresión, principalmente en las células del 

periciclo de la raíz, en respuesta a la deficiencia de hierro (Long et al. 2010). 

POPEYE parece estar implicado en la regulación de la expresión de varios 

genes necesarios para que se dé una correcta respuesta a la deficiencia de 

hierro. Entre los genes regulados por POPEYE están los implicados en el 

desarrollo de pelos radicales, AtMRH12 y AtMRH6, el almacenamiento del 

hierro, AtFER1 y AtFER4, o el transporte interno de hierro en  la planta, 

AtOPT3  y AtFRD3 (Long et al. 2010). 

 

Se sabe que POPEYE forma heterodímeros con otros factores de 

transcripción tipo bHLH, como bHLH115 e ILR3, que a su vez interaccionan 

con BRUTUS, cuya acción es antagonista a la de POPEYE (Long et al. 2010). 

 

 

5. MUTANTES CON ALTERACIONES EN LAS RESPUESTAS A LA 

DEFICIENCIA DE HIERRO. 

 

Se conocen varias mutaciones que conducen a alteraciones en la regulación de 

las respuestas a la deficiencia de hierro. Se han detectado dos tipos básicos de 

mutaciones, las que producen fenotipos insensibles a la deficiencia de hierro y 

las que producen fenotipos constitutivos. En el primer caso, los mutantes son 

incapaces de desarrollar  respuestas a la deficiencia de hierro; en el segundo, 

las respuestas están siempre activas, tanto en presencia de hierro como en su 

ausencia. 
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5.1 Mutantes que no desarrollan una correcta respuesta a la deficiencia de 

hierro. 

 

El mutante T3238fer (fer) de tomate no puede inducir muchas de las 

respuestas características a la deficiencia de hierro, como la acidificación, el 

aumento de la capacidad reductora y del transporte de hierro, la diferenciación 

de células transferentes y el desarrollo de pelos radicales (Bienfait 1987, 1988; 

Ling et al. 1996). Esto es debido a que este mutante es deficiente en la 

proteína FER (homóloga de la proteían FIT en Arabidopsis), necesaria para 

activar la transcripción de SlFRO1, SlIRT1, y muchos otros genes implicados 

en el desarrollo de las respuestas a la deficiencia  de hierro (Ling et al. 2002; 

Bereczky et al. 2003; Li et al. 2004; Dell’Orto et al. 2000). 

 

La alteración del  gen homólogo a SlFER en Arabidopsis, AtFIT, produce 

plantas mutantes fit, que también presentan un fenotipo insensible a la 

deficiencia de hierro (Colangelo y Guerinot, 2004; Jakoby et al. 2004). 

 

El mutante pye-1 de Arabidopsis, alterado en el gen POPEYE, presenta 

una respuesta parcial a la deficiencia de hierro. Tiene menor crecimiento de la 

raíz, no desarrolla pelos radicales y sus hojas se vuelven más cloróticas que 

las del cultivar silvestre (incluso, es incapaz de desarrollar hojas verdaderas 

cuando crece en un suelo alcalino). Su capacidad reductora incrementa en 

respuesta a la deficiencia de hierro, pero en menor medida de lo que lo hace el 

cultivar silvestre, igual que ocurre con la acidificación (Long et al. 2010). 

 

 

5.2 Mutantes que presentan una respuesta constitutiva a la deficiencia de 

hierro. 

 

En Arabidopsis se han detectado varios mutantes con respuestas constitutivas 

a la deficiencia de hierro, como el mutante frd3 (Rogers y Guerinot 2002), el 

mutante opt3-2 (Stacey et al. 2008) y el mutante nas4x-2 (Klatte et al. 2009). 

También presentan respuestas constitutivas el mutante chloronerva de tomate 

(Ling et al. 1999) y los mutantes brz y dgl de guisante (Grusak et al. 1990; 

Kneen et al. 1990; Grusak y Pezeghi 1996). 
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El mutante frd3, conocido anteriormente como man1, tiene activadas de 

manera constitutiva varias de las repuestas a la deficiencia de hierro, y 

acumula un exceso de hierro y otros metales, principalmente  en la raíz. A 

pesar de ello, muestra síntomas de clorosis férrica en las hojas (Delhaize 

1996). Diferentes estudios indican que la proteína FRD3 está implicada en la 

carga al xilema de citrato, necesario para el transporte de hierro en forma de 

complejo Fe3+-citrato (Durrett et al. 2007; Roschzttardtz et al. 2011). De hecho, 

el exudado xilemático del mutante frd3 posee cantidades de citrato 

significativamente menores que el del silvestre (Durrett et al. 2007). 

 

El mutante opt3-2 también muestra una expresión constitutiva de las 

respuestas a la deficiencia de hierro, incluso cuando se cultiva en condiciones 

de hierro suficiente (Stacey et al. 2008). Este mutante acumula hierro en las 

hojas y en las raíces, aunque presenta niveles bajos de hierro en las semillas. 

 

La mutación opt3-2 afecta negativamente el transporte de hierro en el 

floema (Stacey et al. 2006 y 2008). El gen AtOPT3 incrementa su expresión 

bajo condiciones de deficiencia de hierro. En el mutante opt3-2, una inserción 

de T-DNA en el promotor disminuye significativamente la expresión de AtOPT3 

(Stacey et al. 2008). La proteína codificada por AtOPT3 pertenece a una familia 

de transportadores de péptidos y juega un papel importante en el transporte de 

hierro vía floema hasta las semillas y otras partes de la planta (Stacey et al. 

2006 y 2008). 

 

En cuanto al mutante nas4x-2, se trata de un cuádruple mutante 

afectado en los cuatro genes que codifican para la nicotianamina sintasa (NAS) 

en Arabidopsis, lo que da lugar a plantas con niveles de nicotianamina muy 

bajos o indetectables. Este mutante presenta severos síntomas de clorosis 

foliar durante el crecimiento vegetativo y es estéril (Klatte et al.2009). Estudios 

recientes realizados con el mutante nas4x-2 muestran que sus órganos 

sumidero, incluidos hojas jóvenes y flores, son deficientes en hierro, a pesar de 

la gran acumulación de hierro en el floema. Estos resultados sugieren que la 

función de la nicotianamina no es facilitar la movilidad de hierro por el floema, 
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sino contribuir a su descarga desde el floema hacia los órganos sumidero 

(Schuler et al. 2012).  

 

La mutación bts-1 de Arabidopsis afecta al gen BRUTUS, antagonista de 

POPEYE, que es un regulador positivo de las respuestas a la deficiencia de 

hierro. Sin llegar a presentar respuestas constitutivas, las plantas bts-1 

muestran unas respuestas más intensas a la deficiencia de hierro, desarrollan 

raíces más largas, producen una acidificación mayor de la rizosfera y sus 

brotes son mucho más verdes que los del silvestre, lo que implica una mayor 

tolerancia  a la deficiencia de hierro (Long et al. 2010). 

 

El mutante chloronerva se originó por mutación espontánea del cultivar 

silvestre de tomate ‘Bonner Beste’. Este mutante, al igual que el mutante 

nas4x-2 de Arabidopsis, no produce nicotianamina en cantidad detectable, 

debido a una mutación en un gen que codifica una nicotianamina sintasa (Ling 

et al. 1999). El mutante chloronerva presenta siempre activas las respuestas a 

la deficiencia de hierro y acumula una gran cantidad de hierro en sus hojas. A 

pesar de ello, presenta síntomas fisiológicos y morfológicos de deficiencia de 

hierro, como clorosis internervial en hojas jóvenes (Ling et al. 1999), al igual 

que le ocurre al mutante nas4x-2 mencionado anteriormente. 

 

Los mutantes de guisante dgl y bronze presentan una respuesta a la 

deficiencia de hierro constitutiva que se manifiesta en un  incremento de la 

capacidad reductora y de la acidificación, incluso en condiciones de hierro 

suficiente (Grusak et al. 1990; Grusak y Pezeghi 1996). Ambos mutantes 

acumulan altas cantidades de hierro en raíces y hojas (Kneen et al. 1990). La 

localización específica de las mutaciones dgl y bronze no ha sido identificada. 

En el caso del mutante dgl, mediante experimentos con injertos, se ha 

determinado que la expresión constitutiva a la deficiencia de hierro depende del 

tallo (Grusak y Pezeghi 1996). Por otro lado, Marentes et al. (1997) y Marentes 

y Grusak (1998) encontraron que el floema de dgl es deficiente en un complejo 

hierro-péptido en comparación con el cultivar silvestre ‘Sparkle’, lo que sugiere 

que dgl está afectado en el transporte de hierro por el floema (Marentes et al. 

1997; Marentes y Grusak 1998). 
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6. ETILENO. 

 

El etileno (CH2=CH2) es una fitohormona gaseosa que regula aspectos 

esenciales de la fisiología de las plantas a lo largo de casi todas sus fases 

vitales. 

El etileno destaca por su papel como mediador de las respuestas a los 

estreses medioambientales. En 1973, Abeles acuñó el término “estrés de 

etileno” para referirse a la rápida biosíntesis del gas asociada al estrés 

medioambiental. También juega un papel crucial en la gestión de cambios 

fisiológicos como la maduración, la senescencia o la abscisión. Tiene, sin 

embargo, una participación menor en el mantenimiento normal del crecimiento 

vegetativo.  

 

El etileno está involucrado en las respuestas a diferentes estreses 

nutricionales, como la deficiencia de fosforo (P), potasio (K) o hierro (Romera y 

Alcántara 1994; Lynch y Brown 1997; Romera et al. 1999; Jung et al. 2009; Lei 

et al. 2011). He et al. (1992) mostraron que la deficiencia en P o de nitrógeno 

(N) aumenta la sensibilidad al etileno de las raíces de plantas de maíz. Barker y 

Corey (1988) determinaron que las plantas de tomate con deficiencia de 

potasio (K), calcio (Ca) o magnesio (Mg), producían más etileno que las plantas 

sin estas deficiencias. 

 

El papel del etileno en las respuestas a la deficiencia de hierro es una 

línea de investigación principal de nuestro grupo. En la mayoría de plantas 

dicotiledóneas analizadas, la deficiencia de hierro provoca un incremento de la 

síntesis de etileno (Romera et al. 1999; Waters and Blevins, 2000; Li and Li, 

2004; Molassiotis et al. 2005; García et al. 2010; Romera y Alcántara, 2004). 

Además, el desarrollo de la mayoría de las respuestas a la deficiencia de hierro 

pueden ser bloqueadas por inhibidores de la síntesis o acción del etileno, y 

acentuadas por un incremento de la síntesis de éste. Esto indica un papel 

regulador positivo del etileno en las respuestas a la deficiencia de hierro 

(Romera y Alcántara 1994; Lucena et al. 2006). 
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6.1. Biosíntesis de etileno. 

 

El etileno se sintetiza a partir del aminoácido L-metionina según la ruta 

que se describe en la Figura 2 (Yang y Hoffman 1984; Wang et al. 2002). 

  

 

 

 

 

 

 

 

 

 

 

Figura 2. Etapas principales de la ruta de biosíntesis de etileno. 

 

La ACC sintasa cataliza la conversión de la S-adenosil-L-metionina 

(SAM) en  ácido 1-aminociclopropano-1-carboxilico (ACC). Esta enzima es 

inhibida fuertemente por el ácido aminooxiacético (AOA) y la 

aminoetoxivinilglicina (AVG) (Yang y Hoffman 1984). La conversión de ACC en 

etileno esta mediada por la ACC oxidasa, que requiere O2. El hierro es 

necesario para la activación de la ACC oxidasa, la cual puede ser inhibida por 

iones Co2+ (Dilley et al. 1993). Por otro lado, algunos compuestos, como el 

tiosulfato de plata (STS), el 2,5-norbornadieno (NBD) y el 1-metilciclopropeno 

(1-MCP), inhiben la acción del etileno, porque bloquean la unión del etileno a 

sus receptores (Veen 1985; Hall et al. 2000). 

 

 

6.2. Modo de acción del etileno. 

 

 

La ruta de transducción del etileno es muy compleja y consta de diversos 

elementos, cuya abundancia se regula en muchos casos mediante su 

degradación, en un proceso en el que también está implicado el etileno (Figura 

3). 
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Figura 3. Esquema de la ruta de transducción del etileno (Zhao & Guo 2011, 

modificado). 

 

En primer lugar, el etileno es percibido por receptores de membrana, que 

suelen estar codificados por familias multigénicas. En Arabidopsis se han 

identificado cinco receptores de etileno, ETR1 (ETHYLENE RESPONSE 1), 

ERS1 (ETHYLENE RESPONSE SENSOR 1), ETR2 (ETHYLENE RESPONSE 

2), ERS2 (ETHYLENE RESPONSE SENSOR 2) y EIN4 (ETHYLENE 

INSENSITIVE 4) (Bleecker et al. 1998; Hua y Meyerowitz, 1998).  

 

En ausencia de etileno, los receptores inhiben las respuestas a etileno 

mediante la activación de un regulador negativo llamado CTR1 

(CONSTITUTIVE TRIPLE RESPONSE 1), que interacciona con los receptores  

(Clark et al. 1998). CTR1 pertenece a la familia de kinasas de proteínas de tipo 

MAPKKK. CTR1 actúa después de los receptores de etileno y antes de EIN2 

(ETHYLENE INSENSITIVE 2) (Kieber et al. 1993).  
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La proteína transmembrana EIN2 es un transductor esencial de la señal 

del etileno, que se localiza en la membrana del retículo endoplásmico (Bisson 

et al. 2009). Los mutantes de pérdida de función ein2 muestran una muy baja 

respuesta a la aplicación exógena de etileno (Guzmán y Ecker 1990) y también 

son defectuosos en las respuestas a otras hormonas (Alonso et al. 1999). 

Estudios recientes demuestran que el etileno promueve la acumulación de 

EIN2, probablemente, a través de la represión de dos proteínas de tipo F-box 

llamadas ETP1 y 2 (Qiao et al. 2009). En ausencia de etileno, las proteínas 

ETP median la degradación de EIN2 por ubiquitinación (Qiao et al. 2009).  

 

Bisson y Groth (2010) han mostrado que EIN2 puede interaccionar 

directamente con todos los miembros de la familia de receptores de etileno en 

Arabidopsis, y que el etileno también modula esta interacción de EIN2 con el 

receptor. De estos resultados se puede concluir que la señal  de transducción 

del etileno puede seguir un camino independiente de CTR1. 

 

A continuación de EIN2 actúan dos factores de transcripción específicos 

de plantas, EIN3 (ETHYLENE INSENSITIVE 3) y EIL1 (EIN3-like 1), los cuales 

son necesarios y suficientes para la activación de la expresión de los genes y 

respuestas regulados por el etileno (Chao et al, 1997; Solano et al. 1998). La 

señal del etileno es transmitida a través de EIN2, que estabiliza a EIN3, 

probablemente promoviendo la degradación por el proteosoma de las proteínas 

de tipo F-box EBF1 y 2 (EIN3-BINDING F-BOX PROTEIN 1 y 2), encargadas 

de dirigir la degradación de EIN3 y EIL1 (Guo y Ecker, 2003; Potuschak et al. 

2003; Gagne et al. 2004). La cantidad de ARNm de EBF1/EBF2 es, a su vez, 

regulada negativamente por EIN5 (ETHYLENE INSENSITIVE 5), una 5 '- 3' 

exorribonucleasa (Olmedo et al. 2006; Potuschak et al. 2006).  Como en el 

caso de EIN2, la acumulación de EIN3 y EIL1 también está favorecida por el 

etileno, ya que éste promueve la degradación de EBF1/EBF2 por el 

proteasoma. 

 

En el contexto de la inducción de las respuestas a la deficiencia de 

hierro por etileno, es lógico suponer que factores de transcripción de la familia 

ERF que, como ERF1, se encuentran en el tramo final de la ruta de 
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transducción del etileno (Figura 3), sean los responsables de inducir la 

expresión de los genes reguladores principales de estas respuestas, como 

SlFER, AtFIT, AtBHLH38 y AtBHLH39. Mientras que esto está por demostrar, 

recientemente se ha determinado una interacción física directa entre elementos 

de la ruta de transducción anteriores a los ERFs, como EIN3 y EIL1, y la 

proteína AtFIT (Lingam et al. 2011). En Arabidopsis,  las proteínas AtFIT, 

AtbHLH38 y AtbHLH39 son necesarias para alcanzar una expresión plena de 

genes clave para la adquisición de hierro, como AtFRO2 o AtIRT1 (Colangelo 

and Guerinot, 2004; Jakoby et al. 2004; Yuan et al. 2008; Bauer et al. 2007).  

 

Todos estos avances sobre el modo de actuación del etileno en 

Arabidopsis han promovido un cambio en la forma de entender el modo de 

acción del etileno, pasando de considerarse una ruta de señalización lineal a 

una regulación mucho más compleja, que incluye múltiples pasos de regulación 

tanto a nivel transcripcional como a nivel post-transcripcional de los elementos 

de la ruta. 

 

 

6.3. Mutantes afectados en la ruta de transducción de etileno. 

 

Las mutaciones en los elementos de la ruta de transducción del etileno originan 

fenotipos tanto insensibles al etileno como de respuesta constitutiva a esta 

hormona.  

 

Los mutantes de Arabidopsis, etr1, ein2, ein4 (Chang y Stadler 2001; 

Wang et al. 2002), el mutante de soja etr1 (Schmidt et al. 1999) y el mutante 

sickle de Medicago truncatula  (Penmetsa y Cook 1997; Penmetsa et al. 2008), 

han sido descritos como insensibles a etileno. Por otro lado, el mutante ctr1 de 

Arabidopsis tiene activadas constitutivamente muchas de las respuestas al 

etileno, como si siempre estuviera en presencia de esta hormona (Chang y 

Stadler 2001; Wang et al. 2002).  

 

Experimentos con algunos de estos mutantes, llevados a cabo 

principalmente por Romera y Alcántara (2004) y Schmidt y Schikora (2000b), 
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demuestran que la formación de pelos radicales subapicales en respuesta a la 

deficiencia de hierro depende del etileno. 

 

Tanto la deficiencia de hierro, como el tratamiento con el precursor del 

etileno ACC, inducen la formación de pelillos radicales subapicales en las 

variedades silvestres de Arabidopsis  y Medicago pero no en los mutantes 

insensibles al etileno, etr1, ein2 y sickle, (Romera y Alcántara, 2004). Por el 

contrario, el mutante ctr1, de respuesta constitutiva, desarrolla pelos radicales 

subapicales incluso cuando crece en condiciones de hierro suficiente. Estos 

resultados indican que, en Arabidopsis, los componentes de la ruta de 

transducción codificados por ETR1, EIN2 y CTR1 participan en la respuesta de 

formación de pelos radicales subapicales (Romera y Alcántara 2004). 

 

El mutante de Arabidopsis ein4, también descrito como insensible a 

etileno, desarrolla pelos radicales tanto en condiciones de deficiencia de hierro 

como cuando es tratado con ACC. Estos resultados indican que el gen EIN4, 

que codifica para un receptor de etileno como el ETR1, no está, sin embargo, 

implicado en el desarrollo de pelos radicales. Esto sugiere que distintos 

receptores podrían participar en distintos procesos inducidos por el etileno. 

 

Las mutaciones ein3 o eil1 dan lugar a plantas de Arabidopsis 

parcialmente insensibles al etileno. Sin embargo, el doble mutante ein3-eil1 

muestra insensibilidad completa a etileno en todas las respuestas estudiadas 

hasta el momento, incluyendo la triple respuesta (Alonso et al. 2003). Por otro 

lado, la sobreexpresión tanto de EIN3 como de EIL1 confiere un fenotipo 

constitutivo de triple respuesta en plantas silvestres y en mutantes ein2 (Chao 

et al. 1997). 

 

En relación con el papel del etileno como inductor de las respuestas a la 

deficiencia de hierro, es interesante destacar que todos los mutantes de 

Arabidopsis insensibles al etileno probados hasta la fecha, incrementan su 

capacidad reductora de Fe3+ en condiciones de deficiencia de hierro (Schmidt y 

Schikora 2000b). Además, el mutante de respuesta constitutiva  ctr1 también 

incrementa su capacidad reductora de Fe3+ bajo condiciones de deficiencia de 
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hierro (Romera y Alcántara 2003; Schmidt et al. 2000b). El hecho de que los 

mutantes insensibles al etileno sean capaces de incrementar su capacidad 

reductora en condiciones de deficiencia de hierro, y que el mutante ctr1 no 

muestre constitutivamente una capacidad reductora máxima, ha llevado a 

algunos autores a concluir que el etileno no está implicado en la regulación de 

esta respuesta (Schmidt et al. 2000b). 

 

 

7. ÓXIDO NÍTRICO. 

 

El oxido nítrico (NO) es una molécula de señalización que tiene un papel 

importante en las plantas debido a que regula numerosos procesos fisiológicos. 

Esta molécula puede provocar efectos beneficiosos que dependen de la 

concentración y localización del óxido nítrico en las células. Sin embargo, su  

capacidad para dañar membranas, proteínas y ácidos nucleicos de las células 

también lo hacen potencialmente perjudicial (Yamasaki 2000). 

 

El óxido nítrico regula una gran variedad de respuestas, como la 

supresión de la transición floral (He et al. 2004), la senescencia (Guo y 

Crawford 2005), la promoción de la germinación (Beligni y Lamattina 2000), la 

flexión gravitrópica de las raíces (Hu et al. 2005) y la apertura y cierre de 

estomas (Desikan et al. 2004; Bright et al. 2006).  

 

El óxido nítrico también parece estar implicado en la regulación de 

muchas respuestas a estreses abióticos, como la tolerancia a sal (Zhao et al. 

2007b); y bióticos, como la respuesta al ataque de patógenos (Dangl 1998). En 

general, la producción de óxido nítrico se induce fuertemente en respuesta a 

estreses abióticos (Qiao y Fan 2008).  

 

En condiciones de deficiencia de hierro, el óxido nítrico se acumula 

rápidamente en las zonas subapicales de la raíz, habiéndose demostrado su 

capacidad para inducir la respuesta a dicha deficiencia (Graciano y Lamattina 

2007). Por otro lado, también existen numerosos trabajos que implican al 

etileno  en la regulación de las respuestas a la deficiencia de hierro (Romera y 
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Alcántara 1994; Romera et al. 1999; Romera y Alcántara 2003; Romera y 

Alcántara 2004; Lucena et al. 2006). Tanto etileno como óxido nítrico parecen 

tener un papel regulador importante en las respuestas a la deficiencia de hierro. 

Sin embargo, hasta el momento en el que se inició este trabajo, se conocía 

muy poco sobre la relación existente entre estas dos hormonas, si actúan una a 

continuación de la otra o las dos en paralelo. 

 

 

7.1. Biosíntesis de NO. 

 

En las plantas, el óxido nítrico puede ser sintetizado por diversas vías y en 

diferentes localizaciones dentro de la célula. La síntesis de óxido nítrico por una 

vía en concreto parece depender del estado de desarrollo y del ambiente (Neill 

et al. 2008; Crawford 2006; Besson-Bard et al. 2008; Moureau et al. 2009). 

 

La síntesis de óxido nítrico en plantas puede tener lugar por acción de 

una Nitrato reductasa (NR) que lleva a cabo la reducción de nitrato a nitrito 

(Yamasaki et al. 1999). Por otra parte, diferentes estudios farmacológicos en 

los que se usan inhibidores de la Óxido nítrico sintasa (NOS) de mamíferos, 

sugieren que las plantas también pueden sintetizar óxido nítrico usando una 

enzima dependiente de arginina similar a la NOS de mamíferos (Lamattina et 

al. 2003; Neill et al. 2008; Besson-Bard et al. 2008; Corpas et al. 2006, 2009b). 

Aunque la síntesis de óxido nítrico en plantas puede ser inducida por diversos 

estreses bióticos y abióticos, (Lamattina et al. 2003), muy poco se conoce 

sobre los mecanismos moleculares que regulan los niveles de óxido nítrico en 

plantas.  

 

El óxido nítrico puede reaccionar con glutatión para formar S-

nitrosoglutation (GSNO) y éste actuar como reservorio o como donador de 

óxido nítrico. La abundancia de óxido nítrico puede ser regulada por una GSNO 

reductasa (Barroso et al. 2006; Rustérucci et al. 2007). 
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OBJETIVOS 

Varios trabajos de nuestro grupo (Romera y Alcántara 1994; Romera et al. 

1999; Romera y Alcántara 2003; Romera y Alcántara 2004) ponen de 

manifiesto la implicación del etileno en la regulación de distintas respuestas a la 

deficiencia de hierro, como el desarrollo de pelos radicales subapicales, la 

acidificación de la rizosfera y el incremento de la capacidad para reducir Fe3+. 

También se ha demostrado el papel del etileno en la regulación de la expresión 

de genes indispensables para la adquisición de hierro, como AtFRO2, AtIRT1 y 

AtFIT de Arabidopsis y sus homólogos de tomate SlFRO1, SlIRT1 y SlFER 

(Lucena et al. 2006).  

Posteriormente, Graziano y Lamattina (2007) han obtenido resultados 

que indican que el óxido nítrico también participa en la regulación de las 

respuestas a la deficiencia de hierro y es necesario para la inducción de 

SlFRO1, SlIRT1 y SlFER. 

Aparte de los genes antes mencionados, las respuestas a la deficiencia 

de hierro provocan cambios en la expresión de un gran número de otros genes, 

muchos de ellos relacionados con la gestión del hierro en la planta  (Buckhout  

y Thim 2003; Colangelo y Guerinot 2004; Buckhout et al. 2009; Yang et al. 

2010; Ivanov et al. 2011) y cuya dependencia del etileno o del óxido nítrico se 

desconocía al inicio de esta Tesis. Uno de los principales objetivos de esta 

Tesis ha sido  determinar el grado de implicación del etileno en la regulación de 

los genes que se inducen por deficiencia de hierro en plantas de Estrategia I, 

tanto aquellos implicados en la adquisición de hierro y otros procesos 

relacionados con la gestión de este nutriente, como los responsables de la 

síntesis y señalización del propio etileno. Este objetivo se aborda en el primer 

artículo de esta Tesis, García et al. (2010). 

 

A este fin se realizó un estudio a escala genómica para identificar 

aquellos genes que se inducen en la planta modelo Arabidopsis thaliana en 

respuesta a la deficiencia de hierro y cuya inducción depende del etileno. 

Además, también se estudió el papel del óxido nítrico en la regulación de los 

genes identificados.  
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Los resultados del primer artículo de esta Tesis nos mostraron que tanto 

el etileno como el óxido nítrico regulan la expresión de los genes implicados en 

la gestión del hierro en el mismo sentido. Ambos son capaces de inducirlos 

cuando la cantidad de hierro en el medio es escasa. Esto nos hizo plantearnos 

las siguientes preguntas: ¿Cuál es el activador último de las respuestas? 

¿Actúa el etileno antes que el óxido nítrico o el óxido nítrico antes que el 

etileno? o ¿Actúan los dos en paralelo? Estas cuestiones se abordan en el 

segundo artículo, García et al. (2011), donde  se estudió la influencia mutua de 

cada inductor en la síntesis del otro y se realizaron diferentes ensayos de 

inhibición cruzada en los que se aplicaron precursores e inhibidores de etileno 

y óxido nítrico.  

Por último, en un trabajo anterior de nuestro grupo (Lucena et al 2006) 

se propuso un nuevo modelo de regulación de las respuestas a la deficiencia 

de hierro, en el que se integran señales inductoras (etileno) y señales 

inhibidoras relacionadas con el hierro que recircula desde las hojas a la raíz por 

el floema. Este modelo se basaba en resultados obtenidos con el mutante    

frd3-1 de Arabidopsis, afectado en el transporte de hierro desde la raíz a las 

hojas. Este mutante es capaz de acumular grandes cantidades de hierro en la 

raíz, sin embargo, siempre tiene activadas las respuestas a la deficiencia de 

hierro, incluso cuando crece en condiciones de hierro suficiente y siempre está 

clorótico.  

Por esto, el tercer gran objetivo de esta tesis fue profundizar en el papel 

del Fe floemático como señal reguladora negativa de las respuestas. Para ello, 

se realizaron distintos ensayos en los que usamos cultivares silvestres de 

diferentes especies de plantas de Estrategia I, como [Arabidopsis thaliana (L.) 

Heynh cv Columbia], tomate [Solanum lycopersicum Mill. cv Bonner Beste] y 

guisante [Pisum sativum L. cv Sparkle], así como algunos de sus mutantes, que 

presentan expresión constitutiva de los genes de adquisición de hierro, incluso 

cuando crecen en condiciones de hierro suficiente. (Este objetivo se aborda en 

el artículo 3, García et al. 2012).  
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Como objetivos concretos de esta Tesis podemos destacar los siguientes: 

 

 Profundizar en la implicación del etileno en la regulación de la expresión 

de genes inducibles por deficiencia de hierro en plantas de Estrategia I, 

tanto en genes implicados en la adquisición de hierro como en otros 

procesos relacionados con la nutrición férrica (objetivo que se aborda en 

el primer artículo, García et al. 2010) 

 

 Analizar si los genes implicados en la síntesis y señalización del etileno 

se inducen con deficiencia de hierro (objetivo que se aborda también en 

el primer artículo, García et al. 2010). 

 

 Estudiar la interacción etileno-óxido nítrico en la regulación de las 

respuestas a la deficiencia de hierro en plantas de Estrategia I (objetivo 

que se aborda en el segundo artículo, García et al. 2011). 

 

 Estudiar el papel del hierro floemático en la regulación de las respuestas 

a la deficiencia de hierro, mediante el empleo de mutantes alterados en 

el transporte de hierro vía xilema o floema (objetivo abordado en el 

tercer artículo, García et al. 2012). 

 

 Estudio de la interacción del hierro floemático con las hormonas etileno y 

óxido nítrico en la regulación de las respuestas a la deficiencia de hierro 

en plantas de Estrategia I (objetivo también abordado en el tercer 

artículo, García et al. 2012). 
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1 Department of Botany, Ecology and Plant Physiology, Edificio Celestino Mutis (C-4), Campus de Rabanales, University of Córdoba,
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Abstract

In a previous work it was shown that ethylene participates in the up-regulation of several Fe acquisition genes of
Arabidopsis, such as AtFIT, AtFRO2, and AtIRT1. In this work the relationship between ethylene and Fe-related

genes in Arabidopsis has been looked at in more depth. Genes induced by Fe deficiency regulated by ethylene were

searched for. For this, studies were conducted, using microarray analysis and reverse transcription-PCR (RT-PCR),

to determine which of the genes up-regulated by Fe deficiency are simultaneously suppressed by two different

ethylene inhibitors (cobalt and silver thiosulphate), assessing their regulation by ethylene in additional experiments.

In a complementary experiment, it was determined that the Fe-related genes up-regulated by ethylene were also

responsive to nitric oxide (NO). Further studies were performed to analyse whether Fe deficiency up-regulates the

expression of genes involved in ethylene biosynthesis [S-adenosylmethionine synthetase, 1-aminocyclopropane-
1-carboxylate (ACC) synthase, and ACC oxidase genes] and signalling (AtETR1, AtCTR1, AtEIN2, AtEIN3, AtEIL1, and

AtEIL3). The results obtained show that both ethylene and NO are involved in the up-regulation of many important

Fe-regulated genes of Arabidopsis, such as AtFIT, AtbHLH38, AtbHLH39, AtFRO2, AtIRT1, AtNAS1, AtNAS2, AtFRD3,

AtMYB72, and others. In addition, the results show that Fe deficiency up-regulates genes involved in both ethylene

synthesis (AtSAM1, AtSAM2, AtACS4, AtACS6, AtACS9, AtACO1, and AtACO2) and signalling (AtETR1, AtCTR1,

AtEIN2, AtEIN3, AtEIL1, and AtEIL3) in the roots.

Key words: Arabidopsis, bHLH38, bHLH39, ethylene, FIT, iron, iron acquisition genes, iron deficiency, nitric oxide.

Introduction

In dicots and non-grass monocots (Strategy I plants),

several Fe-regulated proteins, such as ferric reductases, Fe

transporters, and H+-ATPases, play key roles in root Fe

uptake (see reviews by Curie and Briat, 2003; Hell and

Sthepan, 2003; Walker and Connolly, 2008). In recent

years, several genes that encode these proteins have been

identified, such as the ferric reductase gene AtFRO2

(Robinson et al., 1999), the Fe transporter gene AtIRT1

(Eide et al., 1996), and the H+-ATPase gene AtAHA7 of

Arabidopsis (Colangelo and Guerinot, 2004). Homologues

of these genes have also been identified in other Strategy I

plant species, such as tomato, pea, and cucumber (Eckhardt

et al., 2001; Waters et al., 2002; Li et al., 2004; Santi et al.,

2005; Waters et al., 2007).

The regulation of these Fe acquisition genes is not totally

known, but in recent years several transcription factors that

participate in their activation have been found. Two of
them are the tomato FER protein, identified as a basic

helix–loop–helix (bHLH) transcription factor (Ling et al.,

2002), and the Arabidopsis FIT protein (previously named

Abbreviations: ACC, 1-aminocyclopropane-1-carboxylic acid; EDDHA, N,N#-ethylenebis[2-(2-hydroxyphenyl)-glycine]; ferrozine, 3-(2-pyridyl)-5,6-bis(4-phenyl-sulphonic
acid)-1,2,4-triazine; GSNO, S-nitrosoglutathione; STS, silver thiosulphate.
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bHLH29, FIT1, or FRU), a homologue of the tomato FER

protein (Bauer et al., 2007). Recently, other bHLH tran-

scription factors, such as bHLH38 and bHLH39, have been

implicated in the activation of the above-mentioned Fe

acquisition genes (Vorwieger et al., 2007; Walker and

Connolly, 2008; Yuan et al., 2008). Yuan et al. (2008) have

shown that the overexpression of AtFIT with either

AtbHLH38 or AtbHLH39 converted the expression of
AtFRO2 and AtIRT1 from Fe deficiency induced to

constitutive. These authors then suggest that the transcrip-

tion of AtFRO2 and AtIRT1 is directly regulated by

a complex of FIT/bHLH38 or FIT/bHLH39. SlFER,

AtFIT, AtbHLH38, and AtbHLH39 expression is induced

in roots in response to Fe deficiency (Bauer et al., 2004;

Colangelo and Guerinot, 2004; Jakoby et al., 2004; Brum-

barova and Bauer, 2005; Vorwieger et al., 2007; Yuan et al.,
2008). Besides the above-mentioned genes, other genes

related to Fe nutrition, such as AtFRD3 (encoding a trans-

porter involved in the loading of citrate into the xylem;

Durrett et al., 2007) and AtNAS (involved in the bio-

synthesis of nicotianamine; Suzuki et al., 1999, 2006; Klatte

et al., 2009) are also up-regulated under Fe deficiency.

In a previous work, Lucena et al. (2006) showed that

ethylene could regulate FRO and IRT gene expression by
affecting AtFIT (or SlFER) gene activity. These authors

found that the treatment of Fe-deficient tomato or Arabi-

dopsis plants with inhibitors of ethylene synthesis or action

greatly decreased the SlFER or AtFIT mRNA accumula-

tion, while treatment of tomato or Arabidopsis plants,

grown in low Fe conditions, with 1-aminocyclopropane-

1-carboxylate (ACC; an ethylene precursor) enhanced it.

These authors have proposed a model in which ethylene
acts as an activator of the SlFER (or AtFIT) gene, and

consequently of the FRO and IRT genes, while Fe

(probably phloem Fe) acts as an inhibitor (Lucena et al.,

2006). Later on, Graziano and Lamattina (2007) showed

that nitric oxide (NO) can also up-regulate several Fe

acquisition genes in tomato, such as SlFER, SlFRO1, and

SlIRT1, in a manner very similar to ethylene. This raises the

question as to whether NO acts downstream of ethylene, or
ethylene downstream of NO, or if both act in conjunction.

Besides physiological responses, Strategy I plants also

develop morphological responses to Fe deficiency, such as

the formation of subapical root hairs and root epidermal

transfer cells (Romera and Alcántara, 2004). These mor-

phological responses are also probably regulated by ethyl-

ene, since both of them are induced in Fe-sufficient Strategy

I plants upon ACC treatment (Romera and Alcántara,
2004). However, their induction in tomato plants does not

depend on the FER transcription factor since both sub-

apical root hairs and transfer cells are also induced in the

tomato fer mutant upon ACC treatment (Schmidt et al.,

2000a; Romera and Alcántara, 2004).

Ethylene production increases under Fe deficiency in the

roots of several Strategy I plants (Romera et al., 1999;

Waters and Blevins, 2000; Li and Li, 2004; Molassiotis
et al., 2005; Zuchi et al., 2009). Ethylene production also

increases under other nutrient deficiencies, such as of

phosphorus or potassium (Lynch and Brown, 1997; Gilbert

et al., 2000; Shin and Schachtman, 2004; Jung et al., 2009).

In some of these nutrient deficiencies, ethylene has been

shown to be involved in the regulation of morphological

and physiological responses, such as the promotion of root

hairs and the enhancement of transporters, developed by

the plants to cope with these nutrient constraints (Borch

et al., 1999; Jung et al., 2009).
One of the objectives of this work was to study the

involvement of ethylene in the expression of genes of

Arabidopsis up-regulated by Fe deficiency, besides those

where its involvement has already been reported (Lucena

et al., 2006). For this, using microarray analysis and reverse

transcription-PCR (RT-PCR), experiments were conducted

to determine which of the genes up-regulated by Fe

deficiency in the roots are simultaneously suppressed by
two different ethylene inhibitors [cobalt (Co) and silver

thiosulphate (STS)], assessing their probable regulation by

ethylene in additional experiments. In a complementary

experiment, tests were carried out to determine whether the

Fe-related genes responsive to ethylene are also responsive

to NO. Another objective of this work was to analyse

whether Fe deficiency up-regulates the expression of genes

involved in ethylene biosynthesis (S-adenosylmethionine
(SAM) synthetase, ACC synthase, and ACC oxidase genes)

and signalling (AtETR1, AtCTR1, AtEIN2, AtEIN3,

AtEIL1, and AtEIL3).

Materials and methods

Plant materials, growth conditions, and treatments

Seeds of the Arabidopsis thaliana (L.) Heynh ecotype ‘Columbia’
and the ethylene-insensitive mutant ein2-1 were germinated in
black peat. When plants were 30 d old, they were inserted in
plastic lids and held in the holes of a thin polyurethane raft
floating on aerated nutrient solution. After 10–15 d in this
hydroponic system, the plants were individually transferred to
70 ml plastic vessels containing continuously aerated nutrient
solution with the different treatments. The plastic vessels
were grouped in arrays containing 12 plant replications. Plants
were grown in a growth chamber at 22 �C day/20 �C night
temperatures, with relative humidity between 50% and 70%, and
an 8 h photoperiod (to postpone flowering) at a photosynthetic
irradiance of 300 lmol m�2 s�1 provided by fluorescent tubes
(Sylvania Cool White VHO).
The nutrient solution (without Fe) had the following composi-

tion: 2 mM Ca(NO3)2, 0.75 mM K2SO4, 0.65 mM MgSO4,
0.5 mM KH2PO4, 50 lM KCl, 10 lM H3BO3, 1 lM MnSO4,
0.5 lM CuSO4, 0.5 lM ZnSO4, 0.05 lM (NH4)6Mo7O24. Fe-
EDDHA was added at different concentrations depending on the
experiments. The pH was adjusted to 6.0 with 0.1 N KOH.
The treatments imposed were: +Fe40, +Fe10, nutrient solution

with 40 lM or 10 lM Fe-EDDHA; +Fe+ethylene, the same as
+Fe treatment but with ethylene addition during the last 24 h;
+Fe+GSNO, the same as +Fe treatment but with S-nitrosogluta-
thione (GSNO) addition during the last 24 h; –Fe, nutrient
solution without Fe (24 h); and –Fe+Co or –Fe+STS, –Fe
treatment with CoSO4 or STS added (24 h). Stock solution of
GSNO was prepared by reacting equimolar (200 mM) concen-
trations of reduced glutathione and NaNO2 in 0.1 M HCl. A stock
solution of STS was prepared as previously described (Romera and
Alcántara, 1994). After treatments, root ferric reductase activity
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was determined as described below. Finally, the roots were
collected and kept at –80 �C to analyse the mRNA later. Each
treatment consists of six plant replications and, when appropriate,
the results are presented as means 6SE.
For the treatments with ethylene, plants grown in nutrient

solution with 10 lM Fe-EDDHA were treated with ethylene
during the last 24 h as follows. A 6 ml aliquot of pure ethylene
was injected into a 250 ml glass container sealed with a septum.
Then, by means of a rubber tube adjusted with two syringes in
both ends, one needle was inserted in the septum of the container
and the other one in the aeration system (Fig. 1). Before and after
the experiment, the ethylene content of the glass container was
determined, showing that only ;1 ml of the initial 6 ml was used.
This method, in contrast to other methods, allows the application
of ethylene directly to the root.

Ferric reductase activity determination

Intact plants were pre-treated for 30 min in plastic vessels with 50–
70 ml of a nutrient solution without micronutrients, pH 5.5, and
then placed into 50–70 ml of an Fe(III) reduction assay solution
for 30 min. This assay solution consisted of nutrient solution
without micronutrients, 100 lM Fe (III)-EDTA, and 300 lM
ferrozine, pH 5.0 (adjusted with 0.1 N KOH). The environmental
conditions during the measurement of Fe(III) reduction were the
same as the growth conditions described above. The ferric
reductase activity was determined spectrophotometrically by
measuring the absorbance (562 nm) of the Fe(II)–ferrozine com-
plex and by using an extinction coefficient of 29 800 M�1 cm�1.
After the reduction assay, roots were excised and weighed, and the
results were expressed on a root fresh weight basis.

RT-PCR analysis

Roots were ground to a fine powder using a mortar and pestle in
liquid nitrogen. Total RNA was extracted using the Tri Reagent
solution (Molecular Research Center, Inc., Cincinnati, OH, USA)
according to the manufacturer’s instructions. M-MLV reverse
transcriptase (Promega, Madison, WI, USA) was used to generate
cDNA with 3 lg of total RNA from roots as the template and
random hexamers as primers. Negative controls included all
reaction components except M-MLV enzyme. One-tenth of each
reverse transcription reaction was used as PCR template. AtFRO2,
AtIRT1, and AtFIT cDNA were amplified with the primers
described in Lucena et al. (2006). Oligonucleotides designed by
Peng et al. (2005) were used to amplify AtACS4, AtACS6, and
AtACS9 cDNA. AtBHLH38 and AtBHLH39 cDNA were ampli-
fied with the primers designed by Vorwieger et al. (2007). AtETR1
cDNA was amplified with the primers described in Wang et al.
(2003). Oligonucleotides designed by Achard et al. (2003) were

used to amplify AtCTR1. AtEBP cDNA was amplified with the
primers described in Bürstenbinder et al. (2007). Pairs of primers
were designed to amplify the other genes studied (Table 1). 18S
cDNA was amplified using the QuantumRNA Universal 18S
Standards primer set (Ambion, Austin, TX, USA) as internal
control. The thermalcycler program was one initial cycle of 94 �C
for 5 min; followed by cycles of 94 �C for 45 s; 55 �C for 45 s;

Fig. 1. System used for the application of ethylene to plants. For

details, see Materials and methods.

Table 1. Primers designed for this study

Purpose Sequence (5#–3#)

AtNAS1 forward CAATTTTGGGATCTTTACAAGAAGA

AtNAS1 reverse GTTGGATGATAGATGGTCAAGAGTT

AtNAS2 forward ATTTAGAGCAACACTTTTCAGCAAT

AtNAS2 reverse TGATAAATGGTTAACACCTCAAACC

AtCCCL1 forward GAGAGCAGAGAAGGAGGAAGTG

AtCCCL1 reverse GTAAGAGCCATAGCCATCCAAC

AtCCCL2 forward TTTACCATGGAATCACACAACG

AtCCCL2 reverse TAACCATCCTCCAATCAAAACC

AtCCCL3 forward CAGATGGAGAGAGACAGTGTGG

AtCCCL3 reverse ACACCAAAATCCACCGTAAAAC

AtFRD3 forward CCAATCGCTTCTCTGATTGATAC

AtFRD3 reverse GCCTTGCATAGCAAGAGATAGAA

AtAAT forward CTGTCTTTGCTCCATTGACTTG

AtAAT reverse GAAGTAAGTGGTGGAGCCGTAG

AtMYB72 forward AAAACTGGAGATCTCTTCCCAAG

AtMYB72 reverse TGAAGAAGAGAGTCTAGCGGAAA

AteIF-2B forward AGCTATTGCTGCTGCTCTTTCT

AteIF-2B reverse TTTCTCATGCACCAACTCAAAC

At2OGFe forward ACCTGAAGGAAGTGAGTCCAAG

At2OGFe reverse CACAGAGACTCTTGATCCGATG

AtCYP71B5 forward ATCGAGGAAGCATTCAGATTACA

AtCYP71B5 reverse AGATAACATGAAACATGCGGATT

AtBGlu42 forward AGATTGAAGGAGGTTGGAATGA

AtBGlu42 reverse GAACCTGATGATGTGAGACCAA

AtMTK forward TTTACGCCGTTAAACGAGAAGT

AtMTK reverse ATATGGGTCCGAAAACACAACT

At5g55620 forward TTCAAACCTTCGTTTTCTTTCC

At5g55620 reverse TACTTCAAAACATCCCCACACA

AtSAM1 forward GACACCTGTCGCGCCATTGGAT

AtSAM1 reverse CGTGAGCTCCCCATCCACCGTA

AtSAM2 forward GTTAAGACCAGATGGCAAGACC

AtSAM2 reverse TCCTCCTCTCTTCAAGTCCAAG

AtACS11 forward ACAGCTGGATCAACCTCGGCT

At ACS11 reverse GTCGCGGCTGACACCACTTTCT

AtACO1 forward TGTCAGATCCCAAACATTTCAG

AtACO1 reverse AAGAGCTTTGGAGCTGGAGATA

AtACO2 forward CAAGCTCAATGGGGAAGAGA

AtACO2 reverse GTGTGGGCCCTAAGACCTTT

AtACO3 forward ACGACTTTTATCTCGACGAAGACAGGA

AtACO3 reverse TGCTTCGTGTATTCGATCACCGCAC

AtEIN2 forward CAACTTGCGAAAGAAAGAGGAT

AtEIN2 reverse GGAGCTGTACTGCAAGGAGAAT

AtEIN3 forward CAAGATGGGATCTTGAAGTATATGTTGAA

AtEIN3 reverse CAGTCAAAACGCCGACTTTCCACGCC

AtEIL1 forward ATCGTAATGGTCCAGCTGCTAT

AtEIL1 reverse ACTCCTTTCTCCAAAGGAAACC

AtEIL3 forward TGTGATCCTCCTCAAAGGAAGT

AtEIL3 reverse ATGGCTGTTGGTTGTTCTTTTT

AtCHIT-B forward ATGAAACTACAGGTGGATGGGCTACA

AtCHIT-B reverse GGAAATAAAATCGCAACATAAACAGTG
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72 �C for 1 min, with 27–30 cycles, all followed by a final 72 �C
elongation cycle of 7 min.

Microarray analysis

cDNA was synthesized from 4 lg of total RNA using one-cycle
target labelling and control reagents (Affymetrix, Santa Clara, CA,
USA) to produce biotin-labelled cRNA. The cRNA preparation
(15 lg) was fragmented at 94 �C for 35 min into segments 35–200
bases in length. If the quality control was correct, then 10 lg of
fragmented cRNA was hybridized to the Arabidopsis ATH1
Genome array (Affymetrix), containing 22 500 transcript variants
from 24 000 well-characterized A. thaliana genes. Three biological
replicates for each condition were independently hybridized. Each
microarray was scanned at 2.5 lm resolution in a GeneChip�

Scanner 3000 7G System (Affymetrix). Data analyses were
performed using GeneChip Operating Software (GCOS).
The robust multiarray analysis (RMA) algorithm was used for

background correction, normalization, and summarization of
expression levels (Irizarry et al., 2003). Next, differential expres-
sion analysis was performed with the Bayes t-statistics from the
linear models for Microarray data (limma). P-values were
corrected for multiple testing using the Benjamini–Hochberg’s
method (false discovery rate) (Benjamini and Hochberg, 1995;
Reiner et al., 2003). Statistical analysis and graphical visualization
of data were performed with the interactive tool FIESTA (http://
bioinfogp.cnb.csic.es/tools/FIESTA). Some information about the
genes studied have been obtained from the TAIR homepage.

Search for ethylene-responsive elements (EREs) in the promoters

of IDED genes

The determination of EREs in the promoters of IDED genes was
performed using the PLACE (Plant Cis-acting Regulatory DNA
Elements) database (http://www.dna.affrc.go.jp/PLACE/); several
types of known EREs were obtained from this database. The
sequences of the promoter regions of the tested genes were
obtained from the GenBank database. The frequency of the
regulatory motifs in the 5# upstream sequences of the Arabidopsis
genes was calculated with the Patmach tool from the TAIR web
site. P-values for the differences between observed and expected
motif frequency due to chance were calculated using a binomial
test.

Results

Identification of Fe deficiency-induced genes regulated
by ethylene

Fe deficiency in roots induces a suite of genes, including

those involved in Fe acquisition and homeostasis (Thimm

et al., 2001; Buckhout and Thimm, 2003; Colangelo and
Guerinot, 2004; Walker and Connolly, 2008; Buckhout

et al., 2009). In a previous work, it was shown that the up-

regulated expression of the Fe deficiency-induced genes

AtFIT, AtIRT1, and AtFRO2 was suppressed by ethylene

inhibitors (Lucena et al., 2006). Similarly, these three genes

were up-regulated by ACC (an ethylene precursor) under

low Fe conditions (Lucena et al., 2006).

In this work, a DNA microarray analysis was performed
to identify more genes up-regulated by Fe deficiency whose

induction by Fe deficiency would depend, at least partly, on

ethylene [iron deficiency-induced ethylene-dependent

(IDED) genes]. Root RNA samples from Fe-sufficient

plants were compared with those from Fe-deficient plants,

and these latter were compared with those from Fe-deficient

plants supplemented with the ethylene inhibitors Co or STS.

Microarray analysis revealed that 116 genes were at least

2-fold up-regulated in Arabidopsis roots in response to Fe

deficiency. Among these 116 genes, there are genes related

to Fe acquisition and homeostasis (see Supplementary

Table S1 available at JXB online), which have been

described as induced by Fe deficiency in other microarray
analyses (Buckhout and Thimm, 2003; Colangelo and

Guerinot, 2004; Buckhout et al., 2009). The presence of Co

in the nutrient solution negatively affected the Fe deficiency

induction of 21 of these genes. Similarly, STS reduced the

Fe deficiency induction of 24 of these genes. In order to

increase the chance of selecting genes whose Fe deficiency

induction was truly dependent on ethylene (IDED genes),

the search was focused on 16 genes whose expression level
under Fe deficiency was significantly reduced by both Co

and STS.

Among these 16 IDED genes, there are iron and amino

acid transport-related genes, transcription and translation

factors, and genes for metabolic enzymes (Table 2). Some

genes not listed in Table 2, such as those for the ferric

reductase AtFRO2, and the transcription factors

AtbHLH38 and AtbHLH39, have also been identified as
IDED genes. The AtFRO2 and AtbHLH38 genes are not

included in the ATH1 chip but their regulation by the

ethylene precursor ACC was shown in previous works

(Lucena et al., 2006; Romera, 2008). AtbHLH39 is included

in the ATH1 chip but it was not selected, at first, because it

did not fulfil the statistical requirements used (P <0.05).

However, its up-regulation by ACC has already been

reported by Romera (2008). The role of ethylene in the
regulation of the 19 selected genes has been further

confirmed by RT-PCR (Fig. 2). For this, experiments were

performed to test whether ethylene inhibitors block the up-

regulated expression of the IDED genes in Fe-deficient

plants. In addition, the ability of ethylene itself (and not

ACC) to induce the expression of the selected IDED genes

was tested. As shown in Fig. 2a, ethylene inhibitors (Co and

STS) negatively affect the expression of all the IDED genes.
On the other hand, transcripts from all these genes were

more abundant in roots of Fe-sufficient plants treated with

ethylene than in the untreated roos (Fig. 2b). Besides

inducing IDED genes, ethylene treatment also induced the

expression of some known ethylene-inducible genes, such as

AtCHIT-B (chitinase) and AtEBP (ethylene-responsive

element-binding protein, also known as ERF72) (Broglie

et al., 1986; Büttner and Singh, 1997; Bürstenbinder et al.,
2007) (Fig. 2b), and the formation of subapical root hairs

(Fig. 4).

Genes related to Fe transport. The group of IDED genes

functionally related to Fe transport is headed by AtIRT1

(Table 2), the gene encoding the major transporter for Fe

uptake from the soil (Eide et al., 1996; Vert et al., 2002).

Ethylene (ACC) regulation of IRT1 has been reported in

previous papers (Lucena et al., 2006, 2007).
Four genes for nicotianamine synthase (NAS) have been

found in the genome of Arabidopsis (Suzuki et al., 1999;
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Weber et al., 2004; Klatte et al., 2009), and samples of their

sequences are included in the ATH1 chip used in this work,

although it should be noted that AtNAS3 is not expressed in

roots (Suzuki et al., 1999; Weber et al 2004; Klatte et al.,

2009). Two of the NAS genes, AtNAS1 and AtNAS2, were

identified as IDED genes and included in the group of genes
related to Fe transport (Table 2), since NA is considered

a chelator of Fe2+, involved in its internal transport (Scholz

et al., 1992; Suzuki et al., 1999; Pich et al., 2001).

Three genes with sequence similarity to nodulins,

AtCCCL1, AtCCCL2, and AtCCCL3, were also identified

as IDED genes (Table 2). All of them encode putative

membrane proteins similar to the yeast CCC1, which is

involved in the transport of Fe2+ from the cytosol to the
vacuole for storage (Li et al., 2001).

AtFRD3 is another gene whose full induction by Fe

deficiency seems to require ethylene (Table 2, Fig. 2).

AtFRD3 encodes a protein of the MATE (multidrug and

toxin efflux) family responsible for the loading into the

xylem of citrate, an Fe chelator, which is essential for the

correct distribution of Fe throughout the plant tissues

(Durrett et al., 2007). Loss-of-function mutation frd3

(formerly man1) causes severe alteration of Fe homeostasis,

characterized by constitutive Fe deficiency responses and

excessive Fe accumulation (Rogers and Guerinot, 2002).

Trancription factors. IDED transcription factors identi-

fied so far include FIT (bHLH29), bHLH38, bHLH39, and

MYB72 (Table 2, Fig. 2). FIT, bHLH38, and bHLH39 are
transcription factors involved in the activation of many Fe

acquisition genes (Colangelo and Guerinot, 2004; Vor-

wieger et al., 2007; Walker and Connolly, 2008; Yuan

et al., 2008). All of them (AtFIT, AtbHLH38, and

AtbHLH39) are induced by ACC in Arabidopsis plants

grown in low Fe conditions (Lucena et al., 2006; Romera,

2008). Although the present microarray analysis only

detected AtFIT and failed to detect AtbHLH38 (it is not
present in the ATH1 chip) and AtbHLH39, RT-PCR

analysis showed that all three genes respond positively to

ethylene (Fig. 2b) and that their response to Fe deficiency

was diminished by both Co and STS (Fig. 2a).

MYB72 was previously identified as an Fe deficiency-

induced transcription factor partially regulated by FIT

(Colangelo and Guerinot, 2004). AtMYB72 expression has

been shown to depend on ethylene in this study (Table 2,

Table 2. Summary of microarray data

Genes listed on this table meet the following requirements. First, they are iron deficiency-induced genes (fold change >2 on Fe-depleted versus
Fe-replete medium, except for translation factor At2g05830). Secondly, their induction on Fe-depleted medium was negatively affected by both
ethylene inhibitors, Co and STS (fold change less than –2 on Fe-depleted medium containing Co or STS versus Fe-depleted medium without
additions, except for translation factor At2g05830 and iron transporter IRT1). Translation factor At2g05830 and iron transporter IRT1 did not
meet the fold change selected value range but were very close to it. Data in this table represent the average of three biological replicates and
were found to be statistically significant (P <0.05). Within each group, genes are ordered by their response to iron deficiency.

Representative
public ID

–Fe versus
+Fe, fold change

–Fe+Co versus
–Fe, fold change

–Fe+STS versus
–Fe, fold change

Annotation

Iron transport

At4g19690 27.3 –1.4 –1.6 IRT1, Fe(II) transporter

At5g56080 9.0 –7.6 –8.0 NAS2, nicotianamine synthase 2

At5g04950 7.5 –3.7 –3.7 NAS1, nicotianamine synthase 1

At3g25190 7.4 –13 –7.3 CCCL1, CCC1-like protein, putative metal

transporter

At1g21140 6.2 –8.1 –4.6 CCCL2, CCC1-like protein, putative metal

transporter

At1g76800 4.8 –8.5 –6.7 CCCL3, CCC1-like protein, putative metal

transporter

At3g08040 4.1 –4.5 –4.0 FRD3, MATE efflux family protein

Amino acid transport

At5g38820 3.7 –2.0 –3.1 AAT, amino acid transporter family protein

Transcription factor

At2g28160 2.8 –2.2 –2.6 FIT, Fe-deficiency induced

transcription factor 1

At1g56160 2.2 –2.1 –2.6 MYB72, myb family transcription factor

Translation factor

At2g05830 1.8 –1.8 –2.1 eIF-2B, putative eukaryotic translation initiation

factor 2B family protein

Metabolism

At3g12900 24.9 –8.4 –6.8 2OGFe, 2OG-Fe(II) oxygenase family protein

At3g53280 3.5 –3.4 –3.6 CYP71B5, cytochrome P450 71B5

At5g36890 3.4 –2.9 –3.3 BGLU42, glycosyl hydrolase family 1 protein

At1g49820 2.4 –2.3 –2.9 MTK, 5-methylthioribose kinase

Unknown

At5g55620 2.1 –2.1 –2.4 Expressed protein
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Fig. 2). The myb72 loss-of-function mutation confers

sensitivity to Fe-deficient conditions (Van de Mortel et al.,

2008). MYB72 is also involved in induced systemic re-

sistance (Van der Ent et al., 2008; Segarra et al., 2009).

Metabolic enzymes. Several genes encoding metabolic

enzymes have also been identified as IDED genes (Table 2).

At3g12900 encodes a protein of the 2OG-Fe(II) oxygenase

family (2OGFe) whose members typically catalyse the
2-oxoglutarate- and Fe(II)-dependent oxidation of an

organic substrate using a dioxygen molecule. In plants,

enzymes of this family catalyse hydroxylation and desatura-

tion steps in the synthesis of gibberellins, anthocyanidins,

and flavones. The ethylene-producing enzyme ACC oxidase

also belongs to this family (Aravind and Koonin, 2001).

At3g53280, another member of this group, encodes

CYP71B5, a protein of the cytochrome P450 monooxyge-
nase family whose members participate in the biosynthesis

of a variety of compounds, such as hormones, defensive

metabolites, fatty acids, and lignin. At5g36890 encodes

BGLU42, a b-glucosidase belonging to the glycosyl hydro-

lase family 1 (GH1) from Arabidopsis. This family contains

48 members which are believed to play important roles in

diverse processes including response to stress, lignification,

phytohormone activation, and cell wall remodelling (Xu
et al., 2004; Opassiri et al., 2006).

Last in this group is AtMTK, the single gene encoding

Arabidopsis 5-methylthioribose kinase, an enzyme of the

‘Yang cycle’ that allows methionine recycling for ethylene

synthesis and is essential for sustained ethylene production

(Sauter et al., 2004; Bürstenbinder et al., 2007).

Others genes. Other IDED genes identified in this work

are At5g38820, encoding an amino acid transporter
(AtAAT); At2g05830, encoding a putative eukaryotic trans-

lation initiation factor from the 2B family (AteIF-2B); and

At5g55620, coding for an unknown expressed protein

(Table 2).

Occurrence of ethylene- and FIT-responsive elements in
the promoters of IDED genes

The occurrence of EREs in the promoters of the selected

IDED genes was investigated as additional evidence of their

ethylene regulation. An 8 bp AWTTCAAA motif has been

identified as an ERE in the promoter region of several

ethylene-induced genes (Montgomery et al., 1993; Itzhaki

et al., 1994; Tapia et al., 2005). Fourteen out of 19 IDED

genes identified in this study contained at least one

AWTTCAAA motif and, in most of them, it is located in
the 1000 bp of sequence upstream of the transcription

Fig. 2. (a) Effects of Fe deficiency and ethylene inhibitors on the

expression of the selected genes. Plants grown in nutrient solution

with 10 lM Fe were transferred for 24 h to nutrient solution with

40 lM Fe (+Fe40), without Fe (–Fe), without Fe supplemented with

50 lM Co (–Fe+Co), or without Fe supplemented with 200 lM

STS (–Fe+STS). (b) Effect of ethylene treatment on the expression

of the selected genes. Plants were grown in nutrient solution with

10 lM Fe (+Fe10) and half of them were treated during the last

24 h with ethylene (+Fe10+ethylene). RT-PCR was performed

using total RNA from roots as template and gene-specific primers

to amplify partial cDNAs from the genes indicated in the figure.

AtCHIT-B and AtEBP are known ethylene-induced genes and

were amplified as positive controls. 18S cDNA was amplified as an

internal control.

3890 | Garcı́a et al.
 by F

rancisco J. R
om

era on O
ctober 14, 2010

jxb.oxfordjournals.org
D

ow
nloaded from

 

54

http://jxb.oxfordjournals.org/


initiation site (Fig. 3). Exceptions are AtFRO2, AtAAT,

AteIF-2B, AtbHLH39, and AtBGLU42. Nevertheless,

AtbHLH39 and AtBGLU42 promoters contain the

GCCGCC motif, which is a target sequence for the

ethylene-responsive element-binding factor (ERF) transcrip-

tion factor family (Chakravarthy et al., 2003; Fig. 3).

The number of AWTTCAAA motifs found in the

promoters of the 19 IDED genes (1000 bp upstream
sequences) is 14, being higher than expected (8.76), accord-

ing to the frequency of this motif in equivalent regions of

the Arabidopsis genome as calculated with the Patmach tool

(TAIR web page). This difference was statistically signifi-

cant (binomial test P-value¼0.003), suggesting an over-

representation of this ERE in the IDED genes.

The bHLH transcription factor FIT is the main switcher

of Fe deficiency responses, controlling the expression of
a great number of Fe acquisition and homeostasis genes. In

fact, most of the genes identified in this work as IDED

genes have been previously reported as requiring FIT in

order to be fully expressed (Colangelo and Guerinot, 2004).

The bHLH transcription factor recognition sequence

CANNTG (E-box) has been proposed as a possible target

for FIT regulation (Colangelo and Guerinot, 2004). Multi-

ple copies of this putative FIT responsive element were
found in the promoters of the IDED genes identified in this

study (Fig. 3). However, in spite of its abundance in the

promoters of the IDED genes, the CANNTG motif was not

found to be over-represented when compared with its

occurrence in equivalent regions of the Arabidopsis genome

(Patmach tool, TAIR web page). A high frequency of

CANNTG, but not a statistically significant over-represen-

tation, has also been previously reported for a wider group

of FIT-regulated genes (Colangelo and Guerinot, 2004) in

which many of the IDED genes were included.

In summary, the occurrence of the above-mentioned cis-

elements in the promoters of the IDED genes is in

accordance with a possible regulation by FIT and ethylene,
although their functionality has to be demonstrated by

further analyses.

Induction of IDED genes, ferric reductase activity, and
subapical root hair development in the ethylene
mutant ein2-1

In order to look further into the role of ethylene in the
regulation of physiological (gene expression and ferric

reductase activity) and morphological (root hair develop-

ment) responses to Fe deficiency, some experiments were

carried out with the ethylene-insensitive mutant ein2-1. In

the ein2-1 mutant, ethylene induced the expression of

relevant Fe-related IDED genes (Fig. 5) and enhanced the

ferric reductase activity, but did not induce the formation of

subapical root hairs (Fig. 4). In this mutant, Fe deficiency
had a similar effect to ethylene since it also induced the

expression of both Fe acquisition genes (Fig. 5) and

enhanced ferric reductase activity (Fig. 4; Schmidt et al.,

2000b), but not the formation of subapical root hairs (not

shown; Schmidt and Schikora, 2001).

Fig. 3. Occurrence of ethylene- and bHLH transcription factor-responsive elements in the promoter regions of IDED genes. A stretch of

2000 bp upstream of the transcription initiation site was examined. The ethylene responsive elements AWTTCAAA and GCCGCC are

represented by square and oval symbols, respectively. The bHLH recognition sequence CANNTG is indicated by triangles. The numbering

below each symbol indicates the position of each motif above the site of initiation of transcription.

Ethylene and nitric oxide regulate iron-related genes | 3891
 by F

rancisco J. R
om

era on O
ctober 14, 2010

jxb.oxfordjournals.org
D

ow
nloaded from

 

55

http://jxb.oxfordjournals.org/


Induction of IDED genes by NO

Graziano and Lamattina (2007) showed that the Fe

acquisition genes SlFER (tomato FIT homologue), SlFRO1,

and SlIRT1 were up-regulated by GSNO (NO precursor),

similarly to what occurred with the ethylene precursor ACC

(Lucena et al., 2006). Based on this, tests were perfromed to

determine whether the Fe-related IDED genes identified in
the present work are also up-regulated by NO. For this,

Arabidopsis ‘Columbia’ plants grown with low levels of Fe

were treated for 24 h with GSNO. As shown in Fig. 6, all

the Fe-related IDED genes were also up-regulated by

GSNO, similarly to what occurred with ethylene (Fig. 2b).

Induction of ethylene synthesis genes in response to
Fe deficiency

The occurrence of IDED genes, such as those identified in

this work, suggests an enhanced ethylene production for

their full expression and it is already known that ethylene

synthesis increases in Fe-deficient roots of Strategy I plants

(Romera et al., 1999; Waters and Blevins, 2000; Li and Li,
2004; Molassiotis et al., 2005; Zuchi et al., 2009). A

possibility is that Fe deficiency up-regulates genes for key

enzymes of the ethylene biosynthetic pathway. To test this

hypothesis, the abundance of transcripts from genes coding

for SAM synthetase, ACC synthase, and ACC oxidase was

determined in roots of plants grown under Fe-sufficient and

Fe-deficient conditions. Two genes for SAM synthetase,
AtSAM1 and AtSAM2; four genes for ACC synthase,

AtACS4, AtACS6, AtACS9, and AtACS11; and three for

ACC oxidase, AtACO1, AtACO2, and AtACO3, were

examined. As shown in Fig. 7, all ethylene synthesis genes,

except AtACS11 and AtACO3, responded with increased

transcript abundance after 1 d of Fe deprivation. Addition-

ally, the AtMTK gene encoding 5-methylthioribose kinase,

an enzyme involved in methionine recycling for sustained
ethylene production (Sauter et al., 2004; Bürstenbinder

et al., 2007), was also induced by Fe deficiency, as detected

by the microarray analysis (Table 2) and confirmed by

RT-PCR (Fig. 2a).

Induction of ethylene signalling genes in response to
Fe deficiency

Besides the increased ethylene production by Fe-deficient
roots, the possibility exists that Fe deficiency could also alter

the ethylene perception and transduction machinery. To test

this hypothesis, the expression of several ethylene signalling

genes (AtETR1, AtCTR1, AtEIN2, AtEIN3, AtEIL1, and

AtEIL3) was determined in roots of plants grown under

Fig. 4. Effect of ethylene on the development of subapical root

hairs (top) and of ethylene and Fe deficiency on ferric reductase

activity in the wild type ‘Columbia’ and in the insensitive mutant

ein2-1 (bottom). Pictures show roots of ethylene-treated plants.

Plants were grown in nutrient solution with 10 lM Fe (+Fe10) and

some of them were transferred for 24 h to nutrient solution without

Fe (–Fe) or with ethylene (+Fe10+ethylene).

Fig. 5. Effect of Fe deficiency and ethylene treatment on the

expression of several Fe acquisition genes in the ethylene-

insensitive mutant ein2-1. Some plants grown in nutrient solution

with 10 lM Fe (+Fe10) were transferred for 24 h to nutrient

solution without Fe (–Fe) or with ethylene (+Fe10+ethylene).

RT-PCR was performed using total RNA from roots as template

and gene-specific primers to amplify partial cDNAs from the genes

indicated in the figure. 18S cDNA was amplified as an internal

control.
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Fe-sufficient and Fe-deficient conditions. As shown in Fig. 8,

all ethylene signalling genes tested responded with increased

transcript abundance after 1 d of Fe deprivation.

Discussion

In a previous work (Lucena et al., 2006), ethylene was
shown to be involved in the up-regulation, under Fe-

deficient conditions, of three relevant genes for Fe acquisi-

tion in Arabidopsis: the transcription factor AtFIT, the

ferric reductase AtFRO2, and the iron transporter AtIRT1.

The results presented in this work extend the role of

Fig. 6. Effect of GSNO treatment on the expression of Fe-related

genes. Plants were grown in nutrient solution with 10 lM Fe

(+Fe10) and half of them were treated during the last 24 h with

GSNO 100 lM (+Fe10+GSNO). RT-PCR was performed using

total RNA from roots as template and gene-specific primers to

amplify partial cDNAs from the genes indicated in the figure. 18S

cDNA was amplified as an internal control.

Fig. 7. Effect of Fe deficiency on the expression of several

ethylene synthesis genes. Plants grown in nutrient solution with

10 lM Fe were transferred for 24 h to nutrient solution with 40 lM

Fe (+Fe40) or without Fe (–Fe). RT-PCR was performed using total

RNA from roots as template and gene-specific primers to amplify

partial cDNAs from the genes indicated in the figure. 18S cDNA

was amplified as an internal control.
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ethylene in the regulation of Fe deficiency-induced genes to
16 new genes. Most of these IDED genes were selected by

microarray analysis (Table 2) and their ethylene dependence

was confirmed in further experiments with ethylene inhib-

itors and ethylene treatment (Fig. 2). Some of them, such as

AtFRO2, AtbHLH38, and AtbHLH39, were not identified

by the microarray analysis (AtFRO2 and AtbHLH38 are

not included in the ATH1 chip) but by RT-PCR (Fig. 2;

Lucena et al., 2006; Romera, 2008). The total number of
IDED genes identified so far is 19, which is small compared

with the 116 genes up-regulated by Fe deficiency (Supple-

mentary Table S1 at JXB online). However, most of the

IDED genes identified in this work have very significant

roles in Fe acquisition and homeostasis, as discussed later.

Nevertheless, since the criterion used to identify IDED

genes was rather restrictive—only genes that were negatively

affected by two different ethylene inhibitors were selected—
their number is expected to increase in future studies.

Among the IDED genes identified are the bHLH tran-

scription factors AtFIT (AtbHLH29), AtbHLH38, and

AtbHLH39. These bHLH transcription factors are consid-

ered as the activators of the main genes involved in Fe

acquisition, such as AtFRO2 and AtIRT1 (Colangelo and

Guerinot, 2004; Jakoby et al., 2004; Bauer et al., 2007;

Walker and Connolly, 2008; Yuan et al., 2008). Yuan et al.

(2008) have shown that the transcription of AtFRO2 and

AtIRT1 is directly activated by a complex of FIT/bHLH38

or FIT/bHLH39. In this work, it has been found that the

up-regulated expression of AtFIT, AtbHLH38, and

AtbHLH39 in Fe-deficient plants is diminished by ethylene

inhibitors (Fig. 2a). On the other hand, ethylene up-regulated

their expression in plants grown in low Fe conditions

(Fig. 2b), which confirms previous results obtained upon

ACC treatment (Lucena et al., 2006; Romera, 2008).

The regulation of the above bHLH transcription factors

by ethylene would imply that those IDED genes dependent
on FIT (and on bHLH38 or bHLH39) could consequently

be affected by ethylene treatments. Besides AtFRO2

and AtIRT1, other IDED genes have been reported to

depend mainly on FIT, such as AtNAS1, AtAAT, AteIF-2B,

At2OGFe, AtCYP71B5, AtBGLU42, and AtMTK (Colangelo

and Guerinot, 2004). All these genes have in their promoters

bHLH transcription factor-responsive elements (Fig. 3) that

could mediate regulation by FIT and also by bHLH38 or
bHLH39. Some of them (AtNAS1, At2OGFe, AtCYP71B5,

AtBGLU42, and AtMTK) also possess EREs (Fig. 3) that

could support regulation by ethylene itself. AtNAS1 encodes

an NAS gene, involved in the synthesis of nicotianamine,

a chelator of metals that plays a role in the internal trans-

port of Fe and other metals (Suzuki et al., 1999, 2001;

Weber et al., 2004; Klatte et al., 2009). AtMTK encodes a

5-methylthioribose kinase, an enzyme of the ‘Yang cycle’
that allows methionine recycling for ethylene synthesis and is

essential for sustained ethylene production (Sauter et al.,

2004; Bürstenbinder et al., 2007). Therefore, it could be

necessary for the enhanced production of ethylene described

in Fe-deficient roots of Strategy I plants (Romera et al.,

1999; Waters and Blevins, 2000; Li and Li, 2004; Molassiotis

et al., 2005; Zuchi et al., 2009). AtCYP71B5 encodes a protein

of the cytochrome P450 monooxygenase family. This and
other cytochrome P450-like proteins have been reported to

be induced by Fe deficiency (Colangelo and Guerinot, 2004;

Buckhout et al., 2009). Although their precise function in Fe

homeostasis is unknown, Van de Mortel et al. (2008)

suggested a possible role in the reinforced lignification of the

vascular cylinder to prevent excess efflux of metals. The other

IDED genes depending on FIT (Colangelo and Guerinot,

2004) encode an amino acid transporter (AtAAT), a putative
eukaryotic translation initiation factor (AteIF-2B), a protein

of the 2OG-Fe(II) oxygenase family (At2OGFe), and a

b-glucosidase (AtBGLU42) that, at the moment, have not

been related to Fe homeostasis.

The transcription factor AtMYB72, another IDED

gene, has been described as partially dependent on FIT

(Colangelo and Guerinot, 2004), which could explain its

dependence on ethylene (Table 2, Fig. 2). Nonetheless, this
gene also has an ERE in its promoter (Fig. 3). Arabidopsis

myb72 mutants show more sensitivity to Fe-deficient

conditions than wild-type plants, which suggests that this

transcription factor is necessary for the development of

a correct response to Fe deficiency (Van de Mortel et al.,

2008). On the other hand, MYB72 is involved in induced

systemic resistance, where it has been shown to interact

physically with the ETHYLENE INSENSITIVE 3-like
protein EIL3 (Van der Ent et al., 2008), a protein related to

ethylene signalling that is also induced (at least, at the

Fig. 8. Effect of Fe deficiency on the expression of several genes

involved in the ethylene transduction pathway. Plants grown in

nutrient solution with 10 lM Fe were transferred for 24 h to nutrient

solution with 40 lM Fe (+Fe40) or without Fe (–Fe). RT-PCR was

performed using total RNA from roots as template and gene-

specific primers to amplify partial cDNAs from the genes indicated

in the figure. 18S cDNA was amplified as an internal control.
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transcriptional level) under Fe deficiency (Fig. 8). Since

ethylene is involved in the regulation of Fe deficiency-

induced genes, this raises the question of whether the

tandem MYB72–EIL3 also plays a regulatory role in Fe

deficiency responses.

In addition to the above-mentioned genes, whose de-

pendence on ethylene could be mainly, or partly, related to

their regulation by FIT, several IDED genes were found
that, as far as is known, have not been related to FIT

(Colangelo and Guerinot, 2004). These genes are AtNAS2,

AtCCCL1, AtCCCL2, AtCCCL3, and AtFRD3; all of them

contain EREs in their promoters that could explain

a regulation by ethylene itself (Fig. 3). These genes are all

involved in different aspects of Fe transport. AtNAS2, as

well as AtNAS1, encodes an NAS that catalyses the

synthesis of nicotianamine, a chelator for the internal
transport of Fe (Suzuki et al., 1999, 2001; Weber et al.,

2004; Klatte et al., 2009). AtCCCL1, AtCCCL2, and

AtCCCL3, that show sequence similarity to nodulins,

encode putative membrane proteins similar to the yeast

CCC1, which is involved in the transport of Fe2+ from the

cytosol to the vacuole for storage (Li et al., 2001).

Curiously, some of these genes are down-regulated during

the first hours of Fe deficiency in other microarrays
(Dinneny et al., 2008; Buckhout et al., 2009; Yang et al.,

2010). A possible explanation for this is that, at first, these

genes are down-regulated to keep the scarce Fe of Fe-

deficient cells in the cytosol. Later on, they would be up-

regulated to accumulate in vacuoles the probable Fe excess

originating from the induction of Fe acquisition genes. The

time course of the expression of these CCCL genes was

analysed at 6, 12, and 24 h after Fe deficiency and it was
found that they are expressed at very low levels at 6 h and

12 h after Fe deficiency, then being up-regulated at 24 h

after Fe deficiency, which agrees with the above suggestion

(data not shown). AtFRD3 is another gene whose full

induction by Fe deficiency seems to require ethylene (Table

2, Fig. 2). AtFRD3 encodes a protein responsible for the

loading into the xylem of citrate, an Fe3+ chelator, which is

essential for the correct distribution of Fe throughout plant
tissues (Durrett et al., 2007).

In summary, the Fe deficiency-induced genes identified as

ethylene dependent in this study include the main regulators

of the Fe deficiency responses (FIT, bHLH38, and

bHLH39); the ferric reductase and the Fe transporter on

the plasma membrane (FRO2 and IRT1); Fe transporters

on the tonoplast (CCCL); internal Fe transport (NAS);

translocation of Fe in the xylem (FRD3); as well as genes
involved in ethylene synthesis (MTK). In addition to its

influence on the Fe-related genes mentioned above, ethylene

is involved in the formation of subapical root hairs (Fig. 4),

one of the responses to Fe deficiency (Romera and

Alcántara, 2004). Taken together, all these results suggest

that ethylene acts as a coordinator of a significant part of

the responses to Fe deficiency at the whole-plant level.

To gain insight into the mechanism by which ethylene
regulates Fe deficiency genes, the induction of selected

IDED genes and the development of subapical root hairs

were examined in the Arabidopsis ethylene-insensitive mu-

tant ein2-1. The ein2-1 mutation did not impair the up-

regulation of the IDED genes by either Fe deficiency or

ethylene treatment (Fig. 5), though it abolished the de-

velopment of subapical root hairs under both treatments

(Fig. 4; Schmidt and Schikora, 2001; Romera and Alcán-

tara, 2004). At first sight, these results could suggest that

ethylene is involved in the development of subapical root
hairs but not in the regulation of the expression of Fe

acquisition genes, as proposed by Schmidt et al. (2000b).

This interpretation would be correct if it is assumed that

ein2 mutations block absolutely all the responses to

ethylene, but this is not the case: when ein2-1 plants grown

under low Fe conditions were treated with ethylene, Fe

acquisition genes were up-regulated (Fig. 5), showing that

ethylene can induce them even in the absence of a functional
EIN2 protein. These results are in accordance with an

ethylene signalling network far more complex than pre-

viously thought, in which an alternative route to EIN2

could exist (Cho and Yoo, 2009). The recent works by Yoo

et al. (2008) and Li et al. (2009) clearly show that ethylene

signals can be transduced to transcriptional events via both

ein2-dependent and -independent pathways. Furthermore, it

was recently found that Fe deficiency induced the expres-
sion of ethylene transduction genes (EIN3, EIL1, and

ERF1) acting downstream of EIN2 in the ein2-1 mutant

(data not shown). These results also show that ethylene

signalling is not totally impaired in the ein2 mutant.

In addition to ethylene, Graziano and Lamattina (2007)

have shown that NO can also up-regulate important Fe

acquisition genes in tomato, such as SlFER, SlFRO1, and

SlIRT1. Based on this, tests were performed to determine
whether NO also up-regulates the Fe-related IDED genes

found in this work. For this, GSNO (an NO precursor)

was applied to Fe-sufficient plants and the results obtained

showed that all the Fe-related IDED genes studied were

also responsive to NO (Fig. 6). Besides ethylene and NO,

salicylic acid (SA) has also been shown to be involved in

the up-regulation of AtbHLH38 and AtbHLH39 (Kang

et al., 2003) and in the enhanced ferric reductase activity of
Fe-deficient peach rootstocks (Molassiotis et al., 2005).

Similarly, auxin has also been shown to be involved in the

regulation of some Fe deficiency responses (Romera and

Alcántara, 2004). Since auxin (Romera and Alcántara,

2004), NO (Wang et al., 2009), and SA (Molassiotis et al.,

2005) can increase ethylene production, the possibility

exists that all of them could act through ethylene, at least

in some of the responses, but this deserves further
research.

A second objective of this work was to analyse whether

Fe deficiency up-regulates the expression of genes involved

in ethylene biosynthesis and signalling. As shown in Figs 7

and 8, Fe deficiency up-regulates the expression of genes

involved in ethylene synthesis (SAM synthetase genes,

AtSAM1 and AtSAM2; ACC synthase genes, AtACS4,

AtACS6, and AtACS9; and ACC oxidase genes, AtACO1

and AtACO2) and signalling (AtETR1, AtCTR1, AtEIN2,

AtEIN3, AtEIL1, and AtEIL3) in the roots. The higher
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expression of ethylene synthesis genes would explain the

higher ethylene production of Fe-deficient roots (Romera

et al., 1999; Waters and Blevins, 2000; Li and Li, 2004;

Molassiotis et al., 2005; Zuchi et al., 2009). It should be

noted that, besides SAM synthetase, ACC synthase, and

ACC oxidase genes (Fig. 7), other genes related to ethylene

synthesis are also induced under Fe deficiency conditions,

such as the AtMTK gene (Fig. 2). Buckhout and Thimm
(2003) also found enhanced expression of ACC oxidase and

SAM synthetase genes under Fe deficiency. Similarly, Li

et al. (2008) found enhanced expression of proteins related

to methionine and SAM synthesis under Fe deficiency in

tomato plants. All these results indicate that the machinery

for ethylene synthesis is changed under Fe deficiency.

Ethylene production also increases under other nutrient

deficiencies, such as phosphorus deficiency and potassium
deficiency (Lynch and Brown, 1997; Gilbert et al., 2000;

Shin and Schachtman, 2004; Jung et al., 2009). Shin and

Schachtman (2004) have found enhanced expression of

ACC oxidase genes, such as AtACO1, under potassium

starvation. In the same way, Hernández et al. (2007) have

found enhanced expression of an ACC oxidase gene in

P-deficient common bean roots.

Besides changing ethylene production, nutrient deficien-
cies can also change ethylene sensitivity. There are several

works in the literature showing that some nutrient

deficiencies can enhance the sensitivity to ethylene. He

et al. (1992) showed enhanced sensitivity to ethylene of

nitrogen- or phosphorus-deficient Zea mays plants. Simi-

larly, other authors have found enhanced sensitivity to

ethylene of phosphorus-deficient Phaseolus vulgaris (Borch

et al., 1999) or A. thaliana (Ma et al., 2003) plants. In this
work, the higher expression of several ethylene signalling

genes under Fe deficiency (Fig. 8) suggests that the

sensitivity to ethylene can change in Fe-deficient roots as

part of the mechanism of ethylene regulation of the Fe

deficiency responses. The results are in accordance with

Ciardi and Lee (2001), who suggest that ‘increases in

receptors at times of increased ethylene synthesis seem to

be a general phenomenon’ since ‘some receptors are
known to be ethylene-inducible’.

In conclusion, in this work complementary aspects of the

relationship between ethylene and NO on Fe acquisition

and homeostasis have been studied, including the identifica-

tion of new Fe deficiency-induced ethylene (and NO)-

dependent genes, the expression of Fe acquisition genes in

an ethylene-insensitive mutant, as well as the effect of Fe

deficiency on ethylene synthesis and signalling genes. The
results obtained reveal an extended influence of ethylene

and NO on Fe acquisition and homeostasis in Strategy I

plants, and a wide influence of Fe deficiency on ethylene

synthesis and signalling.

Supplementary data

Supplementary data are available at JXB online.

Table S1. Genes up-regulated by iron deficiency.
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Ethylene and nitric oxide involvement in the up-regulation of key genes related to iron 
acquisition and homeostasis in Arabidopsis. 
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Table S1. Genes up-regulated by iron deficiency 

     
 IDED genes   
     

Fold 
Change 

(>2)  

p-value 
(<0.05) 

Representa
tive public 

ID 

ProbeID Gene Symbol | Gene Title 

+27.35 0.02085439 At4g19690 254550_at --- | iron-responsive transporter (IRT1) 
+24.85 0.01581344 At3g12900 257135_at --- | oxidoreductase, 2OG-Fe(II) oxygenase family protein 
+13.02 0.00520863 At1g73120 262373_at --- | expressed protein 
+11.79 0.00457945 At3g61930 251293_at --- | expressed protein 
+9.47 0.01076499 At5g26130 246875_at --- | pathogenesis-related protein, putative 
+9.00 0.01489255 At5g56080 248048_at --- | nicotianamine synthase, putative 
+8.25 0.00514323 At3g07720 259228_at --- | kelch repeat-containing protein 
+7.50 0.03057541 At5g04950 250832_at --- | nicotianamine synthase, putative 
+7.43 0.00513674 At3g25190 257823_at --- | nodulin, putative 
+7.03 0.01132517 At5g02780 250983_at In2-1 | In2-1 protein, putative 
+6.22 0.00033142 At1g21140 261448_at --- | nodulin, putative 
+5.14 0.00040150 At1g21110 261450_s_at --- | O-methyltransferase, putative /// O-methyltransferase, 

putative 
+4.84 0.03273244 At3g58810 251545_at --- | zinc transporter, putative 
+4.76 0.00061193 At1g76800 259871_at --- | nodulin, putative 
+4.14 0.00223148 At3g08040 258646_at --- | MATE efflux family protein 
+3.83 0.00002843 At5g28630 246108_at --- | glycine-rich protein 
+3.82 0.03039453 At1g09560 264506_at --- | germin-like protein (GLP4) (GLP5) 
+3.76 0.00199443 At2g02310 266232_at --- | F-box family protein / SKP1 interacting partner 3-related 
+3.70 0.01343675 At5g38820 249535_at --- | amino acid transporter family protein 
+3.70 0.03161716 At3g46900 252502_at --- | copper transporter, putative (COPT 2) 
+3.60 0.00386667 At5g62360 247478_at --- | invertase/pectin methylesterase inhibitor family protein 
+3.49 0.01399799 At3g12820 257689_at --- | myb family transcription factor (MYB10) 
+3.47 0.00781614 At3g53280 251987_at --- | cytochrome P450 71B5 (CYP71B5) 
+3.45 0.00831135 At1g71100 259749_at --- | ribose 5-phosphate isomerase-related 
+3.37 0.00471578 At5g36890 249636_at --- | glycosyl hydrolase family 1 protein 
+3.30 0.01270164 At5g03040 250939_at --- | calmodulin-binding family protein 
+3.25 0.04341414 At2g01880 263594_at --- | purple acid phosphatase (PAP7) 
+3.19 0.03254820 At3g46280 252511_at --- | protein kinase-related 
+3.14 0.00151015 At3g46270 252510_at --- | receptor protein kinase-related 
+3.09 0.01698737 At5g04730 250855_at --- | expressed protein 
+3.09 0.02326689 At4g08620 255105_at --- | sulfate transporter Arabidopsis thaliana SULTR1;1 

(sulfate transporter 1;1) 
+3.04 0.00451651 At2g35930 263935_at --- | U-box domain-containing protein 
+3.02 0.00604113 At4g19680 254534_at --- | iron-responsive transporter (IRT2) 
+2.92 0.02404554 At1g21100 261459_at --- | O-methyltransferase, putative 
+2.88 0.04006585 At5g52710 248319_at --- | heavy-metal-associated domain-containing protein 
+2.84 0.00658043 At2g28160 266162_at ATBHLH029 /FIT1/FRU (FE-DEFICIENCY INDUCED 

TRANSCRIPTION FACTOR 1); DNA binding / transcription 
factor 

+2.83 0.00069265 At4g19370 254571_at --- | hypothetical protein 
+2.81 0.03332949 At3g18200 258145_at --- | nodulin MtN21 family protein 
+2.76 0.02557898 At4g37430 253101_at --- | cytochrome P450 81F1 (CYP81F1) (CYP91A2) 
+2.75 0.00530818 At2g40230 263382_at --- | transferase family protein 
+2.74 0.01291223 At2g46740 266711_at --- | FAD-binding domain-containing protein 
+2.65 0.01899393 At1g49000 260754_at --- | expressed protein 
+2.64 0.00456286 At2g42140 257348_at --- | VQ motif-containing protein 

67



+2.63 0.01372835 At1g12560 259525_at --- | expansin, putative (EXP7) 
+2.61 0.04224712 At4g25820 254044_at XTR9 | xyloglucan:xyloglucosyl transferase / xyloglucan 

endotransglycosylase 
 / endo-xyloglucan transferase (XTR9) 

+2.61 0.04417929 At4g12360 254837_at --- | protease inhibitor/seed storage/lipid transfer protein 
(LTP) family protein 

+2.61 0.02053868 At2g30660 267572_at CHY1 | 3-hydroxyisobutyryl-coenzyme A hydrolase, putative 
/ CoA-thioester hydrolase, putative 

+2.60 0.03177180 At5g57220 247949_at --- | cytochrome P450, putative 
+2.58 0.00014249 At2g15830 265539_at --- | expressed protein 
+2.57 0.00895597 At3g61400 251335_at --- | 2-oxoglutarate-dependent dioxygenase, putative 
+2.57 0.01012970 At2g23770 267289_at --- | protein kinase family protein / peptidoglycan-binding 

LysM domain-containing protein 
+2.56 0.01511523 At3g21510 258184_at HP3 | two-component phosphorelay mediator 3 (HP3) 
+2.55 0.04760340 At5g15130 250153_at --- | WRKY family transcription factor 
+2.54 0.00958268 At5g13030 250275_at --- | expressed protein 
+2.53 0.01169661 At1g48930 260758_at --- | endo-1,4-beta-glucanase, putative / cellulase, putative 
+2.53 0.00586021 At1g21120 261449_at --- | O-methyltransferase, putative 
+2.51 0.00496678 At5g64120 247327_at --- | peroxidase, putative 
+2.50 0.00850398 At1g11670 262813_at --- | MATE efflux family protein 
+2.49 0.04332920 At4g40090 252833_at AGP3 | arabinogalactan-protein (AGP3) 
+2.49 0.03089417 At2g23960 266561_at --- | defense-related protein, putative 
+2.46 0.03432819 At2g40330 263836_at --- | Bet v I allergen family protein 
+2.44 0.01053850 At2g27660 266247_at --- | DC1 domain-containing protein 
+2.44 0.03399669 At2g29750 266669_at --- | UDP-glucoronosyl/UDP-glucosyl transferase family 

protein 
+2.43 0.00893583 At4g36780 246284_at --- | brassinosteroid signalling positive regulator-related 
+2.42 0.03599369 At1g79920/

At1g79930  
262054_s_at --- | heat shock protein 70, putative / HSP70, putative /// heat 

shock protein 70, putative / HSP70, putative 
+2.41 0.01537245 At2g41660 245113_at --- | expressed protein 
+2.41 0.00938110 At3g18560 256799_at --- | expressed protein 
+2.39 0.03150201 At1g18570 255753_at --- | myb family transcription factor (MYB51) 
+2.36 0.04693944 At1g49820 259819_at --- | 5-methylthioribose kinase family 
+2.35 0.03001583 At3g62680 251226_at --- | proline-rich family protein 
+2.35 0.04427124 At1g08650 264783_at --- | phosphoenolpyruvate carboxylase kinase 
+2.35 0.00081394 At1g55450 265075_at --- | embryo-abundant protein-related 
+2.34 0.01474913 At5g05500 250778_at --- | pollen Ole e 1 allergen and extensin family protein 
+2.33 0.00709584 At5g12340 245209_at --- | expressed protein 
+2.32 0.00460576 At3g62020 251297_at --- | germin-like protein (GLP10) 
+2.32 0.00713654 At4g18280 254667_at --- | glycine-rich cell wall protein-related 
+2.32 0.02313529 At1g34760 262412_at GF14omicron | 14-3-3 protein GF14 omicron (GRF11) 
+2.31 0.00499079 At5g17820 250059_at --- | peroxidase 57 (PER57) (P57) (PRXR10) 
+2.28 0.00695202 At3g21550 258183_at --- | expressed protein 
+2.27 0.00863672 At4g16490 245290_at --- | armadillo/beta-catenin repeat family protein 
+2.27 0.00124692 At1g80360 260328_at --- | aminotransferase class I and II family protein 
+2.26 0.01664347 At2g47560 245171_at --- | zinc finger (C3HC4-type RING finger) family protein 
+2.25 0.01114437 At1g31710 246602_at --- | copper amine oxidase, putative 
+2.25 0.01106892 At3g13610 256647_at --- | oxidoreductase, 2OG-Fe(II) oxygenase family protein 
+2.23 0.00297685 At1g10480 263208_at --- | zinc finger (C2H2 type) family protein 
+2.23 0.01724529 At2g32990 267595_at --- | glycosyl hydrolase family 9 protein 
+2.22 0.03604236 At1g02360 259443_at --- | chitinase, putative 
+2.22 0.01934995 At1g56160 262091_at --- | myb family transcription factor (MYB72) 
+2.20 0.04972383 At5g45340 248964_at --- | cytochrome P450 family protein 
+2.20 0.02489374 At5g44910 249032_at --- | Toll-Interleukin-Resistance (TIR) domain-containing 

protein 
+2.18 0.02281366 At1g67110 264470_at --- | cytochrome P450, putative 
+2.15 0.01905333 At4g32020 253455_at --- | expressed protein 
+2.13 0.01547215 At3g23820 256865_at --- | NAD-dependent epimerase/dehydratase family protein 
+2.11 0.01952028 At1g19180 256017_at --- | expressed protein 
+2.09 0.00082459 At5g55620 248028_at --- | expressed protein 
+2.08 0.02763072 At5g47950 248723_at --- | transferase family protein 

     
     

68



+2.06 0.04565240 At3g60330 251405_at --- | ATPase, plasma membrane-type, putative / proton 
pump, putative; Arabidopsis thaliana AHA7 (ARABIDOPSIS 
H(+)-ATPASE 7) 

+2.06 0.01080056 At4g09110 255075_at --- | zinc finger (C3HC4-type RING finger) family protein 
+2.06 0.01047168 At1g17620 260686_at --- | expressed protein 
+2.06 0.01461388 At1g14185/

At1g14190 
262655_s_at --- | glucose-methanol-choline (GMC) oxidoreductase family 

protein /// glucose-methanol-choline (GMC) oxidoreductase 
family protein 

+2.05 0.00054602 At4g16143 245216_at --- | importin alpha-2, putative (IMPA-2) 
+2.05 0.02596648 At5g01040/

At5g01050 
251124_s_at --- | laccase family protein / diphenol oxidase family protein 

/// laccase family protein / diphenol oxidase family protein 
+2.05 0.04173936 At4g02850 255450_at --- | phenazine biosynthesis PhzC/PhzF family protein 
+2.05 0.01428303 At3g16690 258421_at --- | nodulin MtN3 family protein 
+2.05 0.02943765 At1g68490 260268_at --- | expressed protein 
+2.05 0.03801428 At1g19380 260656_at --- | expressed protein 
+2.03 0.02051049 At1g79530 262939_s_at 68414.t08475 glyceraldehyde 3-phosphate dehydrogenase, 

cytosolic, putative 
+2.01 0.01403326 At4g01250 255568_at --- | WRKY family transcription factor 
+2.01 0.00712480 At2g43140 257373_at --- | basic helix-loop-helix (bHLH) family protein 
+2.01 0.03348711 At2g22470 264005_at AGP2 | arabinogalactan-protein (AGP2) 
+2.01 0.03466933 At1g30760 264527_at --- | FAD-binding domain-containing protein 
+2.01 0.01151916 At2g20030 265582_at --- | zinc finger (C3HC4-type RING finger) family protein 
+2.01 0.04526023 At2g35270 266546_at --- | DNA-binding protein-related 
+2.01 0.01271980 At2g23120 267261_at --- | expressed protein 
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a b s t r a c t

In previous work it has been shown that both ethylene and NO (nitric oxide) participate in a similar way
in the up-regulation of several Fe-acquisition genes of Arabidopsis and other Strategy I plants. This raises
the question as to whether NO acts through ethylene or ethylene acts through NO, or whether both act in
conjunction. One possibility is that NO could increase ethylene production. Conversely, ethylene could
increase NO production. By using Arabidopsis and cucumber plants, we have found that both possibilities
occur: NO greatly induces the expression in roots of genes involved in ethylene synthesis: AtSAM1,
AtSAM2, AtACS4, AtACS6, AtACO1, AtACO2, AtMTK; CsACS2 and CsACO2; on the other hand, ethylene greatly
enhances NO production in the subapical region of the roots. These results suggest that each substance
influences the production of the other and that both substances could be necessary for up-regulation of
Fe-acquisition genes. This has been further confirmed in experiments with simultaneous application of
the NO donor GSNO (S-nitrosoglutathione) and ethylene inhibitors; or with simultaneous application
of the ethylene precursor ACC (1-aminocyclopropane-1-carboxylic acid) and an NO scavenger. Both
GSNO and ACC enhanced ferric reductase activity in control plants, but not in those plants simulta-
neously treated with the ethylene inhibitors or the NO scavenger, respectively. To explain all these results
and previous ones we have proposed a new model involving ethylene, NO, and Fe in the up-regulation of
Fe-acquisition genes of Strategy I plants.

� 2011 Elsevier Masson SAS. All rights reserved.

1. Introduction

In Strategy I plants, Fe deficiency up-regulates the expression of
many genes involved in Fe acquisition, transport, and homeostasis.
Among these genes are the transcription factors AtFIT (SlFER in
tomato), AtbHLH38, AtbHLH39 and AtMYB72; the ferric reductase
(EC 1.16.1.7) AtFRO2 (SlFRO1 in tomato, CsFRO1 in cucumber, etc);
the iron transporter AtIRT1 (SlIRT1 in tomato, CsIRT1 in cucumber,
etc); the Hþ-ATPase (EC 3.6.3.6) AtAHA7 (CsHA1 in cucumber); the
nicotianamine synthase (EC 2.5.1.43) AtNAS1 and AtNAS2; and the
citrate efflux transporter AtFRD3 [2,3,6,8,28,29].

The regulation of these Fe-related genes is not totally known,
but in recent years evidence has been presented to support a role
for ethylene and NO (nitric oxide) in their activation. First, several

authors have found that Fe deficiency enhances the production of
both ethylene [14,17,22,33,37] and NO [1,5,10,35] in the roots of
several Strategy I plants. Second, ethylene inhibitors [8,15,20,34]
and NO inhibitors [5,10,11] block the enhanced ferric reductase
activity and the higher expression of several Fe-acquisition genes in
Fe-deficient plants. Third, both ethylene (either ethylene itself or
the ethylene precursor ACC) and NO (the NO donor GSNO) up-
regulate the expression of several Fe-acquisition genes in plants
grown under low or Fe-free conditions, but have almost no effect in
plants grown with high levels of Fe [5,8,10,15,34].

In 2006, Lucena et al. [15] proposed a model to explain the
regulation of Fe-acquisition genes in Strategy I plants. According
to that model, ethylene acts as an activator of SlFER (or AtFIT)
expression, and consequently of FRO and IRT, while Fe (probably
phloem Fe) acts as inhibitor of their expression. Since the propo-
sition of that model, new results have extended the role of ethylene
to the up-regulation of a higher number of Fe-related genes [8]. On
the other hand, recent results also suggest that NO up-regulates
most of the Fe-related genes that ethylene does [5,8,10].

Since ethylene and NO act in a similar way, the question arises as
to whether NO acts downstream of ethylene, or ethylene down-
stream of NO, or if both act in conjunction. Several authors have

Abbreviations: ACC, 1-aminocyclopropane-1-carboxylic acid; cPTIO, 2-(4-car-
boxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide potassium salt; DAF-2
DA, 4,5-diaminofluorescein diacetate solution; EDDHA, N,N0-ethylenebis[2-(2-
hydroxyphenyl)-glycine]; Ferrozine, 3-(2-pyridyl)-5,6-bis(4-phenyl-sulfonic acid)-
1,2,4-triazine; GSNO, S-nitrosoglutathione; SNP, sodium nitroprusside; STS, silver
thiosulfate.
* Corresponding author. Tel.: þ34 957218572.
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found that the application of NO donors, like SNP, enhanced
ethylene production in leaves of maize seedlings [30], in leaf discs
[7] and leaves [18] of tobacco, in apple embryos [9], and in shoots
[16] and callus [32] of Arabidopsis. In some of these works, SNP
induced the expression in leaves of ethylene synthesis genes, like
the ACS of tobacco [7,18]. Moreover, the enhancing effect of SNP on
ethylene production was synergistically potentiated by some
abiotic stresses, such as salinity [32] and UV light [30].

The above results prove thatNOcanenhance ethylene production
but, “can ethylene enhance NO production”? Leshem and Haramaty
[13] found that ACC (ethylene precursor) applied to senescing pea
leaves enhanced their NO emission. However, Ederli et al. [7] found
that tobacco plants treated with ethylene did not show any NO
accumulation. There are also works showing that other hormones
can enhance NO production. As examples, ABA enhances NO
production in guard cells [19] and auxin in root primordia [12].

The objective of this work was to study the interaction of
ethylene and NO on the expression of Fe-deficient up-regulated
genes of Arabidopsis and cucumber, two Strategy I plants. For this,
we have studied whether NO up-regulates genes involved in
ethylene synthesis in roots and, on the other hand, whether
ethylene inducesNOproduction in roots. In addition,wehave tested
whether the inducing effect of either ethylene or NO on ferric
reductase activity can be blocked with inhibitors of the other one.
The results obtained indicate that both ethylene and NO are
necessary for the enhancement of ferric reductase activity; that
both require low Fe conditions to induce Fe-acquisition genes; and
that each one influences the production of the other. Taking all these
results into account, we have proposed a newmodel to explain the
regulation of Fe-acquisition genes in Strategy I plants.

2. Results

The application of GSNO to Arabidopsis plants grown with high
levels of Fe had almost no effect on either the expression of the Fe-
acquisition genes studied (Fig. 1A) or the ferric reductase activity
(Fig. 1B). However, GSNO greatly enhanced both the expression of
the Fe-acquisition genes and the ferric reductase activity when
applied to Fe-deficient plants (Fig. 1). It should be noted that the Fe-
deficient plants were deprived of Fe for only 24 h to avoid a big
induction of the genes by the Fe deficiency itself.

Since the effect of NO on Fe-acquisition genes parallels that of
ethylene, one possibility is that NO affects ethylene production in
roots. To test this possibility, we determinedwhether NO affects the
expression of genes involved in ethylene synthesis in roots. As
shown in Fig. 2, GSNO applied to Fe-sufficient Arabidopsis plants
greatly induced the expression in roots of many genes involved in
ethylene synthesis, such as the SAM synthetase (EC 2.5.1.6) AtSAM1
and AtSAM2; the ACC oxidase (EC 1.14.17.4) AtACO1 and AtACO2; the
ACC synthase (EC 4.4.1.14) AtACS4 and AtACS6; and the 5-methyl-
thioribose kinase (EC 2.7.1.100) AtMTK. To further confirm the
possibility of NO acting through ethylene, we determined the ferric
reductase activity of Fe-deficient Arabidopsis plants treated with
either GSNO or GSNO plus ethylene inhibitors (Co or STS). As shown
in Fig. 3, GSNO greatly enhanced the ferric reductase activity of Fe-
deficient Arabidopsis plants, but that enhancement was inhibited by
either Co or STS. Again, and as in the experiment of Fig. 1, Fe-
deficient plants were deprived of Fe only for 24 h to avoid the
induction of the ferric reductase activity by the Fe deficiency itself.

The promoting effect of NO (GSNO) on the expression of Fe-
acquisition genes (Fig. 1) was also proved in Fe-deficient cucumber
plants. GSNO, applied at 50 or 200 mM, greatly enhanced the
expression of CsFRO1, CsIRT1 and CsHA1 (Fig. 4). However, GSNO did
not affect the expression of CsHA2 (Fig. 4), similarly to what
occurred with ethylene [15]. The CsHA2 gene is rather constitutive

and, in contrast to CsHA1, which is up-regulated by Fe deficiency, its
expression does not change under Fe deficiency [25]. It should be
noted that, as in Figs. 1 and 3, the Fe-deficient plants were deprived
of Fe only for 24 h to avoid a big induction of the genes by the Fe
deficiency itself. Similar to what was found in Arabidopsis (Fig. 2),
GSNO also induced the expression of ethylene synthesis genes (the
ACC oxidase CsACO2 and the ACC synthase CsACS2) in cucumber
roots (Fig. 4).

The results presented in Figs. 2 and 4 suggest that NO can affect
ethylene synthesis in roots of both Arabidopsis and cucumber by
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Fig. 1. Effect of Fe deficiency and GSNO treatment on the expression of some Fe-related
genes (A) and on the ferric reductase activity (B) of Arabidopsis. Plants were grown in
nutrient solution with 10 mM Fe and transferred during the last 24 h to either nutrient
solution with 60 mM Fe (þFe60) or without Fe (�Fe). Half of the plants in each Fe
treatment were treated during the last 24 h with 100 mM GSNO (þFe60 þ GSNO and
�Fe þ GSNO). (A) RT-PCR was performed using total RNA from roots as template and
gene-specific primers to amplify partial cDNAs from the genes indicated in the Figure.
18S cDNA was amplified as an internal control. (B) means � S.E. (n ¼ 6).
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inducing the expression of ethylene synthesis genes but, “does
ethylene affect NO synthesis”? To test this possibility, we observed
NO production in roots of cucumber and Arabidopsis plants treated
with either ACC or ethylene inhibitors. In agreement with results
presented by others [10,35], the subapical region of Fe-deficient
cucumber roots produced more NO than the Fe-sufficient ones
(Fig. 5). This higher NO production of Fe-deficient cucumber roots
was abolished by either Co or STS (Fig. 5). Similar resultswere found
in Fe-deficient tomato and Arabidopsis plants (data not shown). On
the other hand, ACC induced NO production in the subapical region
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Fig. 3. Effects of Fe deficiency, GSNO treatment and ethylene inhibitors on the ferric
reductase activity of Arabidopsis plants. Plants grown in nutrient solution with 10 mM
Fe were transferred for 24 h to nutrient solution with 40 mM Fe (þFe); without Fe
(�Fe); without Fe plus 100 mM GSNO (�Fe þ GSNO); without Fe plus 100 mM GSNO
supplemented with 50 mM Co (�Fe þ GSNO þ Co); or without Fe plus 100 mM GSNO
supplemented with 200 mM STS (�Fe þ GSNO þ STS). Means � S.E. (n ¼ 6).

Fig. 2. Effect of GSNO treatment on the expression of several ethylene synthesis genes
of Arabidopsis. Plants grown in nutrient solution with 10 mM Fe were transferred for
24 h to nutrient solution with 60 mM Fe (þFe) or with 60 mM Fe þ 100 mM GSNO
(þFe þ GSNO). RT-PCR was performed using total RNA from roots as template and
gene-specific primers to amplify partial cDNAs from the genes indicated in the Figure.
18S cDNA was amplified as an internal control.

Fig. 4. Effect of Fe deficiency and GSNO treatment on the expression of some Fe-
acquisition genes and ethylene synthesis genes of cucumber. Plants grown in nutrient
solution with 20 mM Fewere transferred during the last 24 h to either nutrient solution
with 60 mM Fe (þFe); without Fe (�Fe); and without Fe plus 50 mM or 200 mM GSNO
(�Fe þ GSNO50 or �Fe þ GSNO200). RT-PCR was performed using total RNA from
roots as template and gene-specific primers to amplify partial cDNAs from the genes
indicated in the Figure. 18S cDNA was amplified as an internal control.
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of the roots of Fe-sufficient cucumber and Arabidopsis plants after
2 h (Fig. 5) and 24 h (not shown) of its application. These results
suggest that ethylene could act through NO in the induction of Fe
deficiency responses. To test this possibility, we determined the
ferric reductase activity of Fe-deficient cucumber plants treated
with either ACC or ACC plus an NO scavenger (cPTIO). As shown in
Fig. 6, ACC greatly enhanced the ferric reductase activity of Fe-
deficient cucumber plants, but that enhancement was inhibited by
cPTIO. Again, and as in the experiments of Figs. 1, 3 and 4, Fe-defi-
cient plants were deprived of Fe only for 24 h to avoid a big
induction of the ferric reductase activity by the Fe deficiency itself.

3. Discussion

In 2006, Lucena et al. [15] proposed a model to explain the
regulation of Fe-acquisition genes in Strategy I plants. According to
that model, ethylene acts as an activator of SlFER (or AtFIT)
expression, and consequently of FRO and IRT expression, while Fe
(probably phloem Fe) acts as inhibitor of it. This model was based
on the fact that ethylene (or ACC) up-regulated the expression of
some Fe-acquisition genes in plants grownwith low levels of Fe (or
without Fe), but not in plants grown with high levels of Fe [17,36].
After the publication of this model, Graziano and Lamattina [10]

also found that NO (the NO donor GSNO) up-regulated the
expression of some Fe-acquisition genes in tomato plants grown
without Fe, but had almost no effect in tomato plants grown with
high levels of Fe. Very recently, Chen et al. [5] have also found that
both auxin (NAA) and NO (GSNO) enhanced the expression of AtFIT
and AtFRO2 in Arabidopsis plants grownwithout Fe, but had almost
no effect in plants grown with high levels of Fe. Similarly, in this
work (Fig. 1) we have found that NO enhanced the ferric reductase
activity and the expression of several Fe-acquisition genes in plants
grown without Fe but had almost no effect in plants grown with
high levels of Fe. These results agree with the results described
elsewhere [5] and extend the role of NO to other Fe relevant genes,
like the transcription factors AtbHLH38, AtbHLH39 and AtMYB72.
AtbHLH38 and AtbHLH39 are transcription factors very important
in Fe acquisition, since the transcription of AtFRO2 (ferric reductase)
and AtIRT1 (iron transporter) is directly activated by a complex of
FIT/bHLH38 or FIT/bHLH39 [36]. MYB72 is also a transcription
factor whose role in Fe nutrition is not clear but that is greatly
induced under Fe deficiency [3,6,8]. MYB72 physically interacts
with the ETHYLENE INSENSITIVE 3-like protein EIL3 in the induc-
tion of systemic resistance and, since EIL3 is also induced under Fe
deficiency, it has been suggested that perhaps the tandem MYB72-
EIL3 could play a role in the regulation of Fe responses [8].

Fig. 5. Effect of Fe deficiency, ethylene inhibitors and ACC treatment on NO production by cucumber (left) and Arabidopsis (right) roots. Plants were grown in nutrient solution with
10 mM Fe (þFe). Some of themwere treated with 1 mM ACC during 2 h [þFe þ ACC]; without Fe during 2 d (�Fe 2 d) or 3 d (�Fe 3 d); or without Fe plus 10 mM CoSO4 or 200 mM STS
during 2 d (�Fe 2 d þ Co or �Fe 2 d þ STS). NO was visualized with the NO-sensitive fluorescent dye DAF-2 DA. Notice the subapical swollen of the Fe-deficient cucumber roots (�Fe
2 d and �Fe 3 d) and the localization of NO production induced by either ACC treatment or Fe deficiency on the subapical region of the roots.
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Taken together, all the results described in the previous para-
graph suggest that the different substances (ethylene, NO, auxin)
that activate the expression of Fe-acquisition genes need a low level
of Fe to be effective, which agrees with the model proposed by
Lucena et al. [15]. But, which is the Fe that acts as inhibitor of the
expression of Fe-acquisition genes? Lucena et al. [15] proposed that
is the phloem Fe (or some signal derived from it), based on the fact
that some mutants, like the Arabidopsis frd3 and the pea bronze,
that accumulate high levels of Fe in their roots, however present
a constitutive activation of Fe-acquisition genes. This clearly indi-
cates that total Fe in the roots is not responsible for inhibiting the
expression of Fe-acquisition genes. However, the frd3 mutant
down-regulates the Fe-acquisition genes after spraying its leaves
with Fe [15]. This suggests that the Fe absorbed by its leaves could
move, through the phloem, to the roots to inhibit the expression of
Fe-acquisition genes [15]. It is also possible that other signals
related to Fe levels in leaves could act as the inhibitory signals.

All the genes up-regulated by NO in Fe-deficient Arabidopsis
plants (Fig. 1) and Fe-deficient cucumber plants (Fig. 4), as well as
some other Fe-deficient induced genes up-regulated by NO
(AtNAS1, AtNAS2, AtCCCL1, AtCCCL2, AtCCCL3, and AtFRD3 [8]), were
similarly up-regulated by ethylene in Arabidopsis and cucumber
plants grown under low Fe conditions [8,15,34]. Since ethylene and
NO up-regulate the same set of Fe-deficient induced genes, and
since both ethylene and NO require low Fe conditions to be effec-
tive, the question arises as to whether NO acts through ethylene or
ethylene through NO, or whether both of them act in conjunction.
At first, we test the possibility that NO could enhance ethylene
production in roots. As shown in Fig. 2, NO (GSNO) applied to Fe-
sufficient Arabidopsis plants greatly induced the expression in roots
of many genes involved in ethylene synthesis [31], like the SAM
synthetase AtSAM1 and AtSAM2; the ACC oxidase AtACO1 and
AtACO2; the ACC synthase AtACS4 and AtACS6; and the 5-methyl-
thioribose kinase AtMTK. AtMTK encodes a 5-methylthioribose
kinase, an enzyme of the “Yang cycle” that allows methionine
recycling for ethylene synthesis and is essential for sustaining
ethylene production [4,26]. These results agree with results
obtained by others showing that NO (SNP) enhances ethylene
production in leaves, embryos and callus of different plant species
and expression of ACS genes in tobacco leaves [7,9,16,18,30,32].
To our knowledge, this work is the first one showing that NO
enhances the expression of a wide group of ethylene synthesis
genes (5-Methylthioribose kinase, SAM synthetases, ACC oxidases,

ACC synthases) in roots. Moreover, all the ethylene synthesis genes
induced by NO (Fig. 2) were also induced under Fe deficiency [8],
which suggests that Fe deficiency could up-regulate their expres-
sion through NO. The results obtained with Arabidopsis were
further confirmed with cucumber, where GSNO applied to Fe-
deficient plants enhanced the expression in roots of the ACC
oxidase CsACO2 and the ACC synthase CsACS2 (Fig. 4). All these
results suggest that NO could enhance ethylene production in roots
by up-regulating ethylene synthesis genes. To further confirm the
NO dependence upon ethylene synthesis to induce Fe-deficiency
responses, we studied the effect of NO and ethylene inhibitors on
the ferric reductase activity of Fe-deficient Arabidopsis plants, since
its enhancement is a clear indication of Fe responses in roots. As
shown in Fig. 3, GSNO greatly enhanced the ferric reductase activity
of Fe-deficient Arabidopsis plants, but that enhancement was
greatly inhibited by either Co or STS, suggesting that NO could act
through ethylene.

Oncewe found that NO affects ethylene synthesis genes in roots,
we tested whether ethylene could affect NO production in roots. To
check this possibility, we applied ACC to Fe-sufficient cucumber
and Arabidopsis plants, and ethylene inhibitors (Co or STS) to Fe-
deficient cucumber and Arabidopsis plants, and visualized NO
production by using DAF-2 DA and epifluorescence microscopy. As
shown in Fig. 5, ACC induced NO production in the subapical
regions of Arabidopsis and cucumber Fe-sufficient roots. On the
other hand, both Co and STS blocked the accumulation of NO in the
subapical region of Fe-deficient cucumber roots. Same results were
obtained with Fe-deficient Arabidopsis and tomato plants treated
with ethylene inhibitors (data not shown). These results clearly
suggest that ethylene could act by enhancing NO production, as
occurred with ABA in guard cells [19] and auxin in root primordia
[12]. To further confirm this possibility, we determined the ferric
reductase activity of Fe-deficient cucumber plants treated with
either ACC or ACC plus the NO scavenger cPTIO. As shown in Fig. 6,
ACC greatly enhanced the ferric reductase activity of Fe-deficient
cucumber plants, but that enhancement was inhibited by cPTIO,
suggesting that ethylene could act through NO.

So, in this work we have found results suggesting that NO can
enhance ethylene production in roots by inducing ethylene
synthesis genes and results showing that ethylene can enhance NO
production in roots. This depicts a situation inwhich each substance
influences the production of the other. Our guess is that this mutual
influence could lead to amplification of an activating signal involved
in the up-regulation of Fe-acquisition genes. This activating signal
would be effective only when the level of an inhibitory signal
(probably related to phloem Fe or to Fe levels in leaves) is low
enough to allow the expression of the genes (Fig. 1). Based on the
results found in this work and also in other published research
[5,8,10,15,34], we propose a model integrating phloem Fe, ethylene
andNO to explain the regulation of Fe-acquisition genes in Strategy I
plants (Fig. 7). According to this model, Fe deficiency enhances the
production of both ethylene and NO in roots, each one influencing
the accumulation of the other. This leads to the amplification of an
activating signal, which would up-regulate the expression of Fe-
acquisition genes, like FIT, AtbHLH38 and AtbHLH38, only if there is
not enough inhibitory signal (probably related to phloem Fe) to
inhibit it. This model does not preclude either the involvement of
other activating signals, such as auxin and ROS, also related to Fe-
deficiency responses [5,12,23,24,35], or the involvement of other
inhibitory signals besides phloem Fe. Curiously, both auxin and ROS
can affect ethylene biosynthesis [21,23,30].

The model proposed in Fig. 7 would explain several experi-
mental results. First, it would explain why ethylene [14,17,22,33,37]
andNO (Fig. 5; [1,10,35]) production increases in Fe-deficient plants.
Second, it would explain why ethylene and NO inhibitors partially
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Fig. 6. Effects of Fe deficiency, ACC treatment and NO scavenger on the ferric reductase
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block the expression of many genes related to Fe acquisition and
homeostasis and, consequently, of the activity of those genes, like
the ferric reductase activity (Figs. 3 and 6; [8,10,11,15,34]). Third, it
would explainwhyGSNO (Fig. 3) or ACC (Fig. 6) did not induce ferric
reductase activity in the presence of ethylene inhibitors or an NO
scavenger, respectively. Fourth, it would explain why the applica-
tion of NO (GSNO, SNP), ethylene (ACC, ethylene itself) or auxin
induces Fe-acquisition genes (and ferric reductase activity) in plants
grownwith low levels of Fe (or without Fe), but has almost no effect
in plants grown with high levels of Fe (Fig. 1; [5,10,15,34]): high
phloem Fe (or other inhibitory signals related to Fe levels in leaves)
would inhibit the promoting effect of the activating signal. Fifth, this
model would explain why the ferric reductase is not constitutively
activated in the constitutive ethylene responsemutant ctr1, or in the
ethylene overproducer mutants eto, of Arabidopsis, when grown in
Fe-sufficient conditions [27]. Sixth, it would explain the recent
results presented by Chen et al. [5] showing that auxin acts
upstream of NO in the up-regulation of some Fe-acquisition genes.
Since we have already presented evidence suggesting that auxin
could act through ethylene [21,23], it is logical according to our
model (Fig. 7) that, if auxin acts upstream of ethylene, then it would
also act upstream of NO. Seventh, it would explain why there are
mutants, like the Arabidopsis frd3 and the pea bronze, that present
constitutive activation of Fe-acquisition genes even when grown
under Fe-sufficient conditions and accumulate high levels of Fe in
their roots [15,21,23]. These mutants can accumulate high levels of
Fe in their roots, but can have low levels of phloem Fe; in fact, the
constitutive activation of Fe-acquisition genes in the frd3 mutant is

abolished when its leaves are sprayed with Fe, which would
increase phloem Fe [15].

In conclusion, the results found in this work show that ethylene
and NO, that increase under Fe deficiency, are both necessary for
the up-regulation of Fe-acquisition genes. Each one influences the
production of the other, and both require low Fe (probably low
phloem Fe) to be effective. This low Fe requirement would give
specificity to the response, with phloem Fe (or some other inhibi-
tory signals related to Fe levels in leaves) acting as a lock that
prevents the induction of Fe responses under other stresses that
also enhance ethylene and/or NO synthesis. In addition, the role of
phloem Fe on Fe responses would allow the plant to establish
a feedback loop between the aerial part and the roots. To integrate
the results of this work, as well as previous results of our group and
other groups, we have proposed a new model about the regulation
of Fe-acquisition genes in Strategy I plants (Fig. 7).

4. Materials and methods

4.1. Plant materials, growth conditions and treatments

Arabidopsis and cucumber plants were grown in a growth
chamber at 22 �C day/20 �C night temperatures, with relative
humidity between 50% and 70%, and a 14 h photoperiod (8 h for
Arabidopsis, to postpone flowering) at a photosynthetic irradiance
of 300 mmol m�2 s�1 provided by fluorescent tubes (Sylvania Cool
White VHO). Arabidopsis thaliana (L.) Heynh ecotype ‘Columbia’
seeds were germinated in black peat. When plants were 30 d old,

Fig. 7. Model to explain the regulation of Fe-acquisition genes in Strategy I plants. Under Fe deficiency, roots increase the production of ethylene and NO, each one influencing the
production of the other. This leads to the amplification of the Fe stress signal and generates finally an activating signal that up-regulates the transcription of the Fe-acquisition genes
(FIT, bHLH38, etc), only if there is not enough phloem Fe (or perhaps other inhibitory signals related to Fe levels in leaves) to inhibit it. On the right part of the figure are depicted
different situations that can be presented: 1) Fe-sufficient plants: there is enough inhibitory signal and no activating signal, consequently transcription is low; 2) Fe-sufficient plants
treated with exogenous “activating signals” (ethylene, NO or auxin): there is activating signal but the presence of enough inhibitory signal inhibits transcription; 3) Fe-deficient
plants: there is activating signal and no inhibitory signal, consequently transcription is high. Transcription will increase when plants grown under low Fe conditions (or without Fe)
are treated with “activating signals”(ethylene, NO or auxin); 4) Fe-deficient plants treated with either ethylene inhibitors or NO inhibitors: there is no inhibitory signal but, because
there is no activating signal, transcription is low.
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they were inserted in plastic lids and held in the holes of a thin
polyurethane raft floating on aerated nutrient solution. After
10e15 d in this hydroponic system, the plants were individually
transferred to 70 mL plastic vessels containing continuously
aerated nutrient solution with 10 mM Fe EDDHA. After 2e5 days in
this nutrient solution, plants were transferred to the different
treatments. Cucumber (Cucumis sativus L. cv ‘Ashley’) seeds were
germinated in the dark within papers moistened with 5 mM CaCl2.
After 2e3 d, the seedlings were transferred to a plastic mesh held
over half-strength nutrient solution with 5 mM Fe EDDHA, and kept
in the dark for 2 d. Seedlings were then transplanted individually to
70 mL plastic vessels containing continuously aerated nutrient
solution with 10e20 mM Fe EDDHA. After 2e5 days in this nutrient
solution, plants were transferred to the different treatments. The
nutrient solution (without Fe) had the following composition:
2 mM Ca(NO3)2, 0.75 mM K2SO4, 0.65 mMMgSO4, 0.5 mM KH2PO4,
50 mMKCl, 10 mMH3BO3, 1 mMMnSO4, 0.5 mMCuSO4, 0.5 mMZnSO4,
0.05 mM (NH4)6Mo7O24. The pH was adjusted to 6.0 with 0.1 N KOH.
Fe EDDHA was added to the nutrient solution at different concen-
trations depending on the experiments.

The treatments imposed were: þFe: nutrient solution with
different Fe EDDHA concentrations; þFe þ GSNO: same as þFe
treatment, but with GSNO addition during the last 24 h;þFeþ ACC:
same as þFe treatment, but with ACC addition during the last
2e24 h; �Fe: nutrient solution without Fe (1 de3 d); �Fe þ ACC:
same as �Fe treatment (1 d), but with ACC addition; �Fe þ ACC þ
cPTIO: same as �Fe þ ACC treatment, but with cPTIO added; �Fe þ
GSNO: same as�Fe treatment (1 d), but with GSNO addition;�Feþ
GSNO þ Co or �Fe þ GSNO þ STS: same as �Fe þ GSNO treatment,
but with CoSO4 or STS added. Stock solution of GSNO was prepared
by reacting equimolar (200 mM) concentrations of reduced gluta-
thione and NaNO2 in 0.1 M HCl. Stock solution of STS was prepared
as previously described [20]. After treatments, root ferric reductase
activity was determined as described below. Finally, the roots were
collected and kept at �80 �C for mRNA analysis. Each treatment
consisted of 6 plant replications and, when appropriate, results
were presented as means � standard error.

4.2. Ferric reductase activity determination

Intact plants were pretreated for 30 min in plastic vessels with
50 mL of a nutrient solution without micronutrients, pH 5.5, and
then placed into 50 mL of a Fe(III) reduction assay solution for
30 min. This assay solution consisted of nutrient solution without
micronutrients, 100 mM Fe (III)-EDTA and 300 mM Ferrozine, pH 5.0
(adjusted with 0.1 N KOH). The environmental conditions during
the measurement of Fe(III) reduction were the same as the growth
conditions described above. The ferric reductase activity was
determined spectrophotometrically by measuring the absorbance
(562 nm) of the Fe (II)-Ferrozine complex and by using an extinc-
tion coefficient of 29,800M�1 cm�1. After the reduction assay, roots
were excised andweighed, and the results were expressed on a root
fresh weight basis.

4.3. RT-PCR analysis

Roots were ground to a fine powder in a mortar and pestle in
liquid nitrogen. Total RNA was extracted using the Tri Reagent
solution (Molecular Research Center, Inc. Cincinnati, OH, USA)
according to the manufacturer’s instructions. M-MLV reverse
transcriptase (Promega, Madison, WI, USA) was used to generate
cDNA with 3 mg of total RNA from roots as template and random
hexamers as primers. Negative controls included all reaction
components except M-MLV enzyme. One-tenth of each RT reaction
was used as PCR template. The PCR reaction were carried out with

gene-specific primers (Table 1). 18S cDNA was amplified using
Quantum RNAUniversal 18S Standards primer set (Ambion, Austin,
TX, USA) as internal control. The thermal cycler programme was
one initial cycle of 94 �C, 5:00; followed by cycles of 94 �C, 00:45;
55 �C, 00:45; 72 �C, 1:00, with 27e30 cycles, all followed by a final
72 �C elongation cycle of 7:00. The amplified cDNA fragments
(maximum 800 pb) were separated in 0.8% (w/v) agarose gels.

4.4. NO localization

Nitric oxide was imaged using DAF-2 DA and epifluorescence
microscopy. Roots were loaded with 5 mM DAF-2 DA in 10 mM
HEPES/NaOH pH 7.5 buffer for 1 h, washed 3 times in fresh buffer
and analyzed microscopically (Leika DMRB; excitation 488 nm,
emission 495e575 nm).
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Table 1
Primers used in this work.

Purpose Sequence (50e30)

AtFRO2 (At1g01580) Fow-TGGTTGCCACATCTGCGT
Rev-GAGAGCGATGAAGGAGAAACTT

AtIRT1 (At4g19690) Fow-TGTCTCTTTTGCAATCTCTCCA
Rev-GATAATCCAATGACCACCGAGT

AtFIT (At2g28160) Fow-CCCTGTTTCATAGACGAGAACC
Rev-CCGGAGAGGAGAGCTTAGG

AtBHLH38 (At3g56970) Fow-CTTCATTTTTCACAAACTTCGGTTG
Rev-ATCCACAAGAACAAACCCATCTTCT

AtBHLH39 (At3g56980) Fow-TAATCACAATGCTAGTGAGCGTGAC
Rev-ATGACATGTCCACAAGAACAAACCT

AtMYB72 (At1g56160) Fow-AAAACTGGAGATCTCTTCCCAAG
Rev-TGAAGAAGAGAGTCTAGCGGAAA

AtSAM1 (At1g02500) Fow-GACACCTGTCGCGCCATTGGAT
Rev-CGTGAGCTCCCCATCCACCGTA

AtSAM2 (At4g01850) Fow-GTTAAGACCAGATGGCAAGACC
Rev-TCCTCCTCTCTTCAAGTCCAAG

AtACO1 (At2g19590) Fow-TGTCAGATCCCAAACATTTCAG
Rev-AAGAGCTTTGGAGCTGGAGATA

AtACO2 (At1g62380) Fow-CAAGCTCAATGGGGAAGAGA
Rev-GTGTGGGCCCTAAGACCTTT

AtACS4 (At2g22810) Fow-TTGATCCAAGCAAGATTGTCCT
Rev-TCGTCGAGGTATGTACTTGTGA

AtACS6 (At4g11280) Fow-CTGGATCAACCTCGGCTAACGA
Rev-TGGCTAGCAAATGTTGAGTTTG

AtMTK (At1g49820) Fow-TTTACGCCGTTAAACGAGAAGT
Rev-ATATGGGTCCGAAAACACAACT

CsIRT1 (AY590764) Fow-AAACGTCAAAACCAGAAAAGGA
Rev-ACGAATGCGAGGAATAG

CsFRO1 (AY590765) Fow-ATGGATAGAGAGAGGGTTTTGAGC
Rev-TCACCAAGTGAACCTGATGGAGTG

CsHA1 (AJ703810) Fow-CTCCAACCAGCACCAGAAA
Rev-TCCTTCATCTCTTTCTGCAACA

CsHA2 (EU735752) Fow-ACCCGAGTCGACAAACATCT
Rev-CTTGGCACAGCAAAGTGAAA

CsACO2 (AF033582) Fow-GCTTCCAAAGGGTTGGATTCA
Rev-TTCAAGCTGGTCTCCTAAATTGATA

CsACS2 (AB032938) Fow-GCATCGATGTTGTTGGATGATGTG
Rev-TTTTGCTTTTTGATTAGTTACGCCTTA
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Abstract Previous research showed that auxin, ethylene,

and nitric oxide (NO) can activate the expression of iron

(Fe)-acquisition genes in the roots of Strategy I plants

grown with low levels of Fe, but not in plants grown with

high levels of Fe. However, it is still an open question as to

how Fe acts as an inhibitor and which pool of Fe (e.g., root,

phloem, etc.) in the plant acts as the key regulator for gene

expression control. To further clarify this, we studied the

effect of the foliar application of Fe on the expression of

Fe-acquisition genes in several Strategy I plants, including

wild-type cultivars of Arabidopsis [Arabidopsis thaliana

(L.) Heynh], pea [Pisum sativum L.], tomato [Solanum

lycopersicon Mill.], and cucumber [Cucumis sativus L.],

as well as mutants showing constitutive expression of

Fe-acquisition genes when grown under Fe-sufficient

conditions [Arabidopsis opt3-2 and frd3-3, pea dgl and brz,

and tomato chln (chloronerva)]. The results showed that

the foliar application of Fe blocked the expression of

Fe-acquisition genes in the wild-type cultivars and in the

frd3-3, brz, and chln mutants, but not in the opt3-2 and dgl

mutants, probably affected in the transport of a Fe-related

repressive signal in the phloem. Moreover, the addition of

either ACC (ethylene precursor) or GSNO (NO donor) to

Fe-deficient plants up-regulated the expression of Fe-

acquisition genes, but this effect did not occur in Fe-defi-

cient plants sprayed with foliar Fe, again suggesting the

existence of a Fe-related repressive signal moving from

leaves to roots.

Keywords dgl � Ethylene � Iron � Nitric oxide � opt3 �
Peptide � Phloem

Abbreviations

ACC 1-Aminocyclopropane-1-carboxylic acid

EDDHA N,N0-ethylenebis[2-(2-hydroxyphenyl)-

glycine]

Ferrozine 3-(2-Pyridyl)-5,6-bis(4-phenyl-sulfonic acid)-

1,2,4-triazine

NA Nicotianamine

GSNO S-nitrosoglutathione

Introduction

The main characteristic of Strategy I plants is that they

need to reduce Fe(III), the most abundant form of iron in

soils, to Fe(II), prior to uptake. The Fe(III) reduction is

mediated by a ferric reductase (EC 1.16.1.7), encoded by

the FRO gene, and Fe(II) uptake is mediated by a trans-

porter encoded by the IRT1 gene (Walker and Connolly

2008; Ivanov et al. 2011). Both genes are up-regulated

under Fe deficiency and are activated by specific bHLH

transcription factors, which are also up-regulated by Fe

deficiency. These bHLH transcription factors include
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AtFIT, AtbHLH038, and AtbHLH039 in Arabidopsis

(Yuan et al. 2008; Ivanov et al. 2011); SlFER is the FIT

homolog in tomato (Brumbarova and Bauer 2005). Besides

these genes, there are other important Fe-related genes also

up-regulated under Fe deficiency, such as AtAHA2,

AtAHA7, and CsHA1, encoding H?-ATPases (EC 3.6.3.6)

involved in H? extrusion (Santi et al. 2005; Santi and

Schmidt 2009; Ivanov et al. 2011); AtNAS1 and AtNAS2,

encoding nicotianamine synthase enzymes (NAS; EC

2.5.1.43) involved in the synthesis of the Fe(II) chelating

agent nicotianamine (NA) (Klatte et al. 2009); AtFRD3,

encoding a protein of the multidrug and toxin efflux

(MATE) family, responsible for the loading into the xylem

of citrate, an Fe chelator, which is essential for the correct

distribution of Fe throughout the plant tissues (Durrett et al.

2007; Roschzttardtz et al. 2011); AtCCCL1-3, with simi-

larities to nodulins, probably involved in vacuolar Fe

transport (Garcı́a et al. 2010); and AtMYB72, encoding a

transcription factor involved in Fe responses and induced

systemic resistance (Garcı́a et al. 2010). The pathways that

regulate the expression of these Fe-related genes are not

totally known, but several published reports suggest a role

for different hormones, like auxin, ethylene, and nitric

oxide (NO) (Lucena et al. 2006; Graziano and Lamattina

2007; Waters et al. 2007; Garcı́a et al. 2010, 2011; Chen

et al. 2010; Bacaicoa et al. 2011; Lingam et al. 2011;

Meiser et al. 2011; Ramı́rez et al. 2011; Romera et al.

2011; Wu et al. 2012). Auxin, ethylene, and NO can up-

regulate the expression of Fe-acquisition genes in plants

grown with low levels of Fe (or without Fe), but have

almost no effect in plants grown with high levels of Fe

(Lucena et al. 2006; Graziano and Lamattina 2007; Chen

et al. 2010; Garcı́a et al. 2011). This suggests that the up-

regulation of Fe-acquisition genes does not solely depend

on hormones (auxin, ethylene and NO), that act as acti-

vators, but also on Fe availability (Lucena et al. 2006;

Romera et al. 2011).

It is still an open question as to how Fe acts to repress

gene expression and which pool of Fe (e.g., root, phloem,

intracellular, apoplastic, etc.) is monitored by the plant to

mediate this control. Maas et al. (1988) proposed phloem

Fe as an inhibitor of Fe deficiency responses in Strategy I

plants. These authors found more Fe in the phloem of Fe-

sufficient Ricinus plants (traveling as a Fe complex) than in

Fe-deficient plants. Additionally, they also found that the

application of Fe-EDTA to leaves decreased some of the Fe

deficiency responses, such as proton extrusion and ferric

reductase activity (Maas et al. 1988). Based on these

results, they proposed that leaves could modulate Fe defi-

ciency responses through phloem Fe, leading to suppres-

sion of gene expression under Fe-sufficient conditions

(Maas et al. 1988). Several other reports also indicated that

application of Fe (as FeSO4 or Fe-citrate) to leaves of

Fe-deficient plants suppressed root Fe deficiency responses

(Venkatraju and Marschner 1981; Romera et al. 1992;

Enomoto et al. 2007).

In contrast with phloem Fe, it is unlikely that total Fe in

the roots is involved in the repression of Fe-acquisition

genes since some mutants, like the Arabidopsis frd3

mutant, show constitutive activation of Fe-responsive

genes even though they accumulate high levels of Fe in

their roots (Rogers and Guerinot 2002). The frd3 mutant,

affected in xylem Fe transport (Durrett et al. 2007;

Roschzttardtz et al. 2011), is chlorotic when grown under

Fe-sufficient conditions (Rogers and Guerinot 2002), but it

becomes green, and its Fe-acquisition genes are down-

regulated, when its leaves are sprayed with Fe (Lucena

et al. 2006). These results are again suggestive of the role

of phloem Fe, specifically the phloem movement of Fe

from shoot to root, in inhibiting the expression of the Fe-

acquisition genes (Lucena et al. 2006; Garcı́a et al. 2011).

Besides the Arabidopsis frd3 mutant, there are other

mutants of Arabidopsis (opt3-2, nas4x-1), pea (dgl, brz),

and tomato (chloronerva: chln), that show constitutive

activation of Fe-acquisition genes when grown under Fe-

sufficient conditions (Scholz et al. 1985; Grusak et al.

1990; Kneen et al. 1990; Grusak and Pezeghi 1996; Pich

et al. 2001; Stacey et al. 2008; Klatte et al. 2009). The

Arabidopsis mutant opt3-2 harbors a T-DNA insertion in

the AtOPT3 promoter resulting in reduced AtOPT3

expression (Stacey et al. 2008). AtOPT3, the expression of

which is enhanced under Fe deficiency, belongs to the

oligopeptide transporter (OPT) family, involved in peptide

transport (Stacey et al. 2006, 2008). This mutant is able to

accumulate high levels of intracellular Fe in both shoots

and roots as demonstrated by wild-type levels of chloro-

phyll and AtFER1 (ferritin) transcripts under Fe-sufficient

conditions (Stacey et al. 2008). However, this mutant

presents lower levels of Fe in seeds than wild-type plants.

Since the movement of Fe to non-transpirating organs is

believed to occur exclusively via phloem transport, it was

suggested that the opt3-2 mutation is involved in the

transport of a peptide Fe chelator via the phloem (Stacey

et al. 2008). Like the Arabidopsis mutant opt3-2, the pea

mutants dgl and brz accumulate high levels of Fe in roots

and shoots when grown under Fe-sufficient conditions and

do not show chlorosis, but symptoms of Fe toxicity

(Grusak et al. 1990; Kneen et al. 1990; Grusak and Pezeghi

1996). The specific genes defined by the dgl and brz

mutants have not been identified yet. However, in the case

of the dgl mutant, it is known, by studies with reciprocal

shoot:root grafts, that the constitutive expression of the Fe

deficiency responses depends on the genotype of the shoot

(Grusak and Pezeghi 1996). Moreover, Marentes et al.

(1997) and Marentes and Grusak (1998) found that Fe was

bound as part of a molecular complex (Fe-binding peptide)
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in the phloem of the wild-type pea, but that this complex

was not formed in the phloem of the dgl mutant. These

results suggest that the dgl mutant phenotype may also be

related to defects in phloem Fe transport. The tomato

mutant chln was identified as a spontaneous mutation in the

cultivar Bonner Beste, later on related to a NAS gene (Ling

et al. 1999). The chln mutant does not produce detectable

amounts of NA and its constitutive expression of Fe defi-

ciency responses is reduced upon exogenous application of

NA (Pich et al. 2001). The nas4x-1 mutant is a quadruple

mutant with mutations in the four NAS genes present in

Arabidopsis and, consequently, produces very low levels of

NA, similar to the tomato mutant chln (Klatte et al. 2009).

Some years ago, it was suggested that Fe traveled in the

phloem as a Fe–NA complex (Stephan and Scholz 1993).

Later on, this idea was discarded, but NA is still thought to

play a role in Fe loading and, probably, unloading of the

phloem (Schmidke et al. 1999). The fact that all the above

cited mutants accumulate high levels of Fe in their roots,

when grown under Fe-sufficient conditions, suggests that

total Fe in roots is not a key factor in the regulation of Fe-

acquisition genes. On the other hand, the fact that most of

these mutants (opt3-2, dgl, chln, nas4x-1), either directly or

indirectly, are likely affected in the transport of Fe in the

phloem suggests that phloem Fe is a key factor in Fe

regulation.

The suggestion that the plant monitors phloem Fe to

control iron homeostasis (Maas et al. 1988) is not suffi-

cient, however, to fully explain the up-regulation of Fe-

acquisition genes caused by ethylene, auxin, and NO in

plants grown under low Fe conditions (Lucena et al. 2006;

Graziano and Lamattina 2007; Waters et al. 2007; Chen

et al. 2010; Garcı́a et al. 2010, 2011; Bacaicoa et al. 2011;

Romera et al. 2011; Wu et al. 2012). To address this issue,

Lucena et al. (2006) proposed a model that implicates both

phloem Fe and ethylene in the regulation of Fe-acquisition

genes by Strategy I plants. Accordingly, ethylene, the level

of which increases under Fe deficiency, would act as an

activator of AtFIT (or SlFER) expression, and consequently

of FRO and IRT1, while phloem Fe would act to repress

their expression. Very recently, Garcı́a et al. (2011)

extended this model to more Fe-related genes and also

included NO as an activator (already proposed by Graziano

and Lamattina 2007) in conjunction with ethylene of

Fe-acquisition genes.

One objective of this work was to study the effect of

foliar application of Fe on the expression of Fe-acquisition

genes in wild-type and mutant plants that constitutively

express Fe-acquisition genes, namely the Arabidopsis frd3

and opt3-2 mutants, the pea dgl and brz mutants, and the

tomato chln mutant. Another objective was to study the

interaction between the foliar application of Fe and ethyl-

ene (and NO) on Fe-acquisition genes. Taken together, the

results confirm that ethylene and NO activate the expression

of Fe-acquisition genes, while Fe (probably as a Fe-related

repressive signal coming from the shoot) inhibits it, con-

sistent with earlier reports (Lucena et al. 2006; Graziano and

Lamattina 2007; Garcı́a et al. 2010, 2011).

Materials and methods

Plant material, growth conditions, and treatments

To analyze the effect of foliar application of Fe on the reg-

ulation of Fe-acquisition genes, we used wild-type Arabid-

opsis [Arabidopsis thaliana (L.) Heynh ecotype Columbia],

pea (Pisum sativum L. cv Sparkle), and tomato (Solanum

lycopersicon Mill. cv Bonner Beste) plants, and some of their

mutants that show constitutive up-regulation of Fe-acquisi-

tion genes even when grown under Fe-sufficient conditions.

Among these mutants, we used the Arabidopsis opt3-2 and

frd3-3, the pea dgl (Sparkle [dgl,dgl]) and brz, and the tomato

chloronerva (chln). For some studies, we also used wild-type

cucumber (Cucumis sativus L. cv Ashley) plants. Arabid-

opsis, pea, tomato, and cucumber plants were grown on

aerated nutrient solution as previously described (Lucena

et al. 2006, 2007). When appropriate, plants were transferred

to the different treatments.

The treatments imposed were as follows: ?Fe: nutrient

solution with Fe-EDDHA; ?Fe ? foliarFe: same as 1Fe

treatment, but with FeSO4 application to leaves; -Fe:

nutrient solution without Fe; -Fe ? foliarFe: same as -Fe

treatment, but with FeSO4 application to leaves;

-Fe ? ACC: -Fe treatment with ACC addition during the

last 24 h; -Fe ? ACC ? foliarFe: same as -Fe ? ACC

treatment, but with FeSO4 application to leaves;

-Fe ? GSNO: -Fe treatment with GSNO addition during

the last 24 h; -Fe ? GSNO ? foliarFe: same as -Fe ?

GSNO treatment, but with FeSO4 application to leaves.

FeSO4 was dissolved in deionized water (0.05 or 0.1 %

w/v) and Tween 20 was added as surfactant. For treatments

with FeSO4, leaves were sprayed once at day until total

moistening. A stock solution of ACC (Sigma, St Louis,

MO, USA) was prepared in deionized water. The stock

solution of GSNO was prepared as in Garcı́a et al. (2010).

After treatments, root ferric reductase activity was deter-

mined as described previously (Lucena et al. 2006).

Finally, the roots were collected and kept at -80 �C for

subsequent analysis of mRNA levels.

RT-PCR analysis

Roots were ground to a fine powder in a mortar and pestle

in liquid nitrogen. Total RNA was extracted using the Tri

Reagent solution (Molecular Research Center, Inc.
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Cincinnati, OH, USA) according to the manufacturer’s

instructions. M-MLV reverse transcriptase (Promega,

Madison, WI, USA) was used to generate cDNA with 3 lg

of total RNA from roots as the template and random

hexamers as the primers. Negative controls included all

reaction components except M-MLV enzyme. One tenth of

each RT reaction was used as PCR template.

Primer pairs for Arabidopsis, tomato, and cucumber

genes were designed as previously described (Lucena et al.

2006; Waters et al. 2007; Garcı́a et al. 2010). Primer pairs

for pea PsFRO1 and PsRIT1 were as follows: PsFRO1F

(GCA AAA CAC CAA ACA TTG TTC); PsFRO1R (ACT

ACC AGG TGA AAC TGA TTG); PsRIT1F (GAG ATC

AAG AGA TGG GTG CT); and PsRIT1R (CAT CAA

TAA CTT CAA GCC CA).

18S cDNA was amplified using QuantumRNA Uni-

versal 18S Standards primer set (Ambion, Austin, TX,

USA) as the internal control. The thermal cycler program

was one initial cycle of 94 �C, 5:00; followed by cycles of

94 �C, :45; 55 �C, :45; 72 �C, 1:00 with 30 cycles for all

genes all followed by a final 72 �C elongation cycle of

7:00.

57Fe determination

In some experiments, 57FeSO4 (0.05 %, w/v) was sprayed

onto shoots of different genotypes grown under Fe-suffi-

cient conditions and, after two additional days, roots were

harvested to analyze their 57Fe content as described by

Rodriguez-Castrillón et al. (2008). For Fe determinations,

samples were dried and digested with nitric acid in a

microwave oven. Total Fe and 57Fe were determined using

Inductively Coupled Plasma Mass Spectrometry (ICP-MS),

model Agilent 7500c. The concentration of 57Fe in roots

(coming from the 57FeSO4 applied to leaves) was calcu-

lated taking into account that approximately 2.2 % of the
57Fe in roots is due to its natural abundance.

Results

Effect of foliar application of Fe on ferric reductase

activity and expression of Fe-related genes

As shown in Fig. 1, the application of FeSO4 to leaves

of Fe-deficient Arabidopsis Columbia plants greatly

decreased ferric reductase activity as well as the expression

of AtFRO2, AtIRT1, and the bHLH transcriptional regula-

tory genes AtFIT1, AtbHLH038, and AtbHLH039. How-

ever, the FeSO4 treatment did not significantly affect either

ferric reductase activity or gene expression in Fe-deficient

Arabidopsis opt3-2 plants (Fig. 1). Similar to Arabidopsis

Columbia plants, the application of FeSO4 to leaves of

Fe-deficient pea Sparkle and tomato Bonner Beste plants

greatly decreased their ferric reductase activity and the

expression of Fe-acquisition genes (Figs. 2, 4). By contrast,

the FeSO4 treatment did not decrease, but slightly

increased both ferric reductase activity and expression of

Fe-acquisition genes in Fe-sufficient pea dgl plants

Fig. 1 Effect of the foliar application of Fe on ferric reductase

activity and expression of Fe-acquisition genes in Fe-deficient

Arabidopsis Columbia and opt3-2 plants. Plants were grown in

nutrient solution with 20 lM Fe and transferred to nutrient solution

without Fe (-Fe). After 1 day, half of the -Fe plants were sprayed

with FeSO4 (0.05 % w/v; -Fe ? fol Fe). One day later, the ferric

reductase activity was determined and total root RNA extracted.

a Notice the color of the reduction assay in a Columbia (drastically

inhibited) and an opt3-2 (not inhibited) plant treated with foliar Fe.

b Ferric reductase activity (values are the mean ± SE of six

replicates). c Expression of Fe-acquisition genes. RT-PCR was

performed using total RNA from roots as template and gene-specific

primers to amplify partial cDNAs of AtFRO2, AtIRT1, AtFIT,

AtbHLH038, and AtbHLH039. 18S cDNA was amplified as positive

control
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(Fig. 3). In the case of the brz and dgl mutants, we did the

experiments with plants grown with low levels of Fe

because it has been shown that these mutants present

higher ferric reductase activity when grown under these

conditions (Grusak et al. 1990; Grusak and Pezeshgi 1996).

Taken together, the above results clearly show that the

application of Fe to leaves of Fe-deficient wild-type culti-

vars greatly decreased both ferric reductase activity and the

expression of Fe-acquisition genes. In the same way,

although less drastically, foliar Fe application also inhib-

ited the ferric reductase activity and the expression of Fe-

acquisition genes in the pea brz mutant and in the tomato

chln mutant (Figs. 3, 4). However, the application of foliar

Fe to the opt3-2 and dgl mutants, which are presumably

affected in the transport of a Fe-related repressive signal in

the phloem, did not inhibit Fe responses. In comparison

with the ‘‘phloem Fe’’ mutants opt3-2 and dgl, we also

examined the Arabidopsis frd3 mutant impaired in xylem

Fe transport (Durrett et al. 2007; Roschzttardtz et al. 2011).

When FeSO4 was applied to leaves of the frd3 mutant

(either grown with Fe or without Fe), both the ferric

reductase activity and the expression of Fe-acquisition

genes were greatly decreased (Fig. 5) as occurred in the

wild-type cultivar Columbia (Fig. 1), confirming previous

results (Lucena et al. 2006). In addition to the above Fe-

acquisition genes, we also found that foliar Fe application

to Columbia and frd3 plants also inhibited the expression

of other Fe-related genes (AtFRD3, AtNAS1, AtNAS2,

AtCCCL1, AtCCCL2, AtMYB72, At2OGFe; Fig. 6), identi-

fied as ethylene (NO)-responsive genes by Garcı́a et al.

(2010). This is in contrast to opt3-2 plants, where the

expression of all these genes remained constitutively high

(Fig. 6). Since the three bHLH transcription factors (AtFIT1,

AtbHLH038, and AtbHLH039) are key regulators of

Fe-acquisition genes (Yuan et al. 2008), these results suggest

that the tight control of Fe-acquisition responses is abolished

in the opt3-2 mutant and that the expression of many

Fe-related genes are de-regulated in this mutant (Fig. 6).

To test whether the inhibitory effect of foliar-applied Fe

was related to Fe moving from leaves to roots, we used

Fig. 2 Effect of the foliar application of Fe on ferric reductase

activity and expression of Fe-acquisition genes in Fe-deficient pea

Sparkle plants. Plants were grown in nutrient solution with 20 lM Fe

(?Fe) and some of them transferred to nutrient solution without Fe

(-Fe). On this and the following day, half of the -Fe plants were

sprayed with FeSO4 (0.1 % w/v; -Fe ? fol Fe). One day later, the

ferric reductase activity was determined and total root RNA extracted.

a Ferric reductase activity (values are the mean ± SE of six

replicates). b Expression of Fe-acquisition genes. RT-PCR was

performed using total RNA from roots as template and gene-specific

primers to amplify partial cDNAs of PsFRO1 and PsRIT1. 18S cDNA

was amplified as positive control

Fig. 3 Effect of the foliar application of Fe on ferric reductase activity

and expression of Fe-acquisition genes in Fe-sufficient pea brz and dgl
plants. Plants were grown in nutrient solution with 3 lM Fe (?Fe). Half

of the ?Fe plants were sprayed with FeSO4 (0.1 % w/v) during 2 days

(?Fe ? fol Fe). One day later, ferric reductase activity and expression

of Fe-acquisition genes were determined as in Fig. 2. a Notice the lower

intensity of the red color, corresponding to a lower reductase activity, in

the reduction assay of the brz plant treated with foliar Fe and the inverse

in the dgl plant not inhibited by this treatment. b Ferric reductase

activity. c Expression of Fe-acquisition genes
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57Fe to check the movement of Fe in the different wild-type

and mutant genotypes. All the genotypes treated with foliar
57Fe showed accumulation of this isotope in roots higher

than the 2.2 % expected from natural abundance (data not

shown), which means that 57Fe moved from leaves to roots

in all cases. The concentration of 57Fe in roots (after sub-

tracting the 2.2 % expected from natural abundance) was

similar in the different mutants when compared to their

respective wild-type cultivars (Table 1).

Effect of the interaction of foliar-applied Fe

with ethylene and NO on ferric reductase activity

and expression of Fe-acquisition genes

Besides ethylene, NO has also been implicated in the up-

regulation of Fe-acquisition genes (Graziano and Lamattina

2007; Chen et al. 2010; Garcı́a et al. 2010, 2011; Ramı́rez

et al. 2011; Romera et al. 2011). Both ethylene and NO

up-regulate the expression of Fe-acquisition genes in

plants grown with low levels of Fe (or without Fe), but

barely in those grown with high levels of Fe (Lucena et al.

2006; Graziano and Lamattina 2007; Chen et al. 2010;

Garcı́a et al. 2011). To examine this further, we studied the

expression of Fe-acquisition genes in Fe-deficient Arabid-

opsis and cucumber plants treated with either ACC (eth-

ylene precursor) or GSNO (NO donor) and with foliar

application of Fe. The results showed that either ACC or

GSNO up-regulated the expression of Fe-acquisition genes

(and ferric reductase activity) when applied to plants

growing without Fe (Fig. 7; it should be noted that plants

were grown without Fe only for 24 h to avoid the induction

of genes by the Fe deficiency itself). However, neither

ACC nor GSNO up-regulated the expression of Fe-acqui-

sition genes (and ferric reductase activity) when applied

simultaneously with foliar Fe (Fig. 7). Similar patterns of

Fig. 4 Effect of the foliar application of Fe on ferric reductase

activity and expression of Fe-acquisition genes in Fe-deficient tomato

Bonner Beste and chloronerva plants. Plants were grown in nutrient

solution with 20 lM Fe (?Fe) and some of them transferred to

nutrient solution without Fe (-Fe). On this and the following

day, half of the -Fe plants were sprayed with FeSO4 (0.1 % w/v;

-Fe ? fol Fe). One day later, the ferric reductase activity was

determined and total root RNA extracted. a Ferric reductase activity

(values are the mean ± SE of six replicates). b Expression of Fe-

acquisition genes. RT-PCR was performed using total RNA from

roots as template and gene-specific primers to amplify partial cDNAs

of SlFRO1, SlIRT1, and SlFER. 18S cDNA was amplified as positive

control

Fig. 5 Effect of the foliar application of Fe on ferric reductase

activity and expression of Fe-acquisition genes in Fe-deficient and Fe-

sufficient Arabidopsis frd3-3 plants. Plants were grown in nutrient

solution with 20 lM Fe (?Fe) and half of them transferred to nutrient

solution without Fe (-Fe). After 1 day, half of the –Fe and ?Fe

plants were sprayed with FeSO4 (0.05 % w/v; -Fe ? fol Fe;

?Fe ? fol Fe). One day later, ferric reductase activity and expression

of Fe-acquisition genes were determined as in Fig. 1. a Notice the

lack of red color in the reduction assay of the frd3-3 plant treated with

foliar Fe, corresponding to inhibition of the reductase activity.

b Ferric reductase activity. c Expression of Fe-acquisition genes
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expression were observed for the Fe-responsive genes

CsFRO1, CsIRT1, and CsHA1 in cucumber (Fig. 8).

However, CsHA2, the expression of which is independent

of Fe availability (Santi et al. 2005), was not affected by

ethylene, NO, or foliar Fe treatment (Fig. 8), which sug-

gests that these treatments are rather specific to Fe-

responsive genes.

Discussion

Although detached roots can respond to Fe deficiency

(Bienfait et al. 1987; Enomoto et al. 2007), most published

work suggests a key role for the aerial part of the plant in

the regulation of Fe deficiency responses (Landsberg 1984;

Maas et al. 1988; Grusak and Pezeghi 1996; Li et al. 2000;

Lucena et al. 2006; Enomoto et al. 2007; Bacaicoa et al.

2011; Garcı́a et al. 2011; Wu et al. 2012). A model sug-

gests that shoots suffering from Fe deficiency send pro-

motive signals to the roots, leading to the induction of Fe

deficiency responses (Landsberg 1984; Grusak and Pezeghi

1996; Li et al. 2000; Enomoto et al. 2007; Bacaicoa et al.

2011; Wu et al. 2012). Among the promotive signals,

several results support a role for auxin, ethylene, and NO,

either coming from the shoots or produced by the roots

(Landsberg 1984; Li et al. 2000; Han et al. 2005; Lucena

et al. 2006; Graziano and Lamattina 2007; Waters et al.

2007; Chen et al. 2010; Garcı́a et al. 2010, 2011; Bacaicoa

et al. 2011; Romera et al. 2011; Wu et al. 2012). It should

be noted that the production and regulation of auxin, eth-

ylene, and NO are tightly interrelated (Chen et al. 2010;

Fig. 6 Effect of the foliar application of Fe on the expression of

Fe-related genes in Fe-deficient Arabidopsis Columbia, frd3-3, and

opt3-2 plants. Experimental conditions as in Fig. 1. RT-PCR was

performed using total RNA from roots as template and gene-specific

primers to amplify partial cDNAs of AtFRD3, AtNAS1, AtNAS2,

AtCCCL1, AtCCCL2, AtMYB72, and At2OGFe. 18S cDNA was

amplified as positive control

Table 1 Concentration of 57Fe (lg g-1 DW) in roots of wild-type

and mutants of Arabidopsis, pea, and tomato plants after 2 days of the

foliar application of 57FeSO4

Arabidopsis Pea Tomato

Col. opt3-2 Sparkle dgl brz Bonner Beste chln

65a 53a 11a 13a 9a 27a 35a

Within each plant species, values followed by the same letter are not

significantly different at the 0.05 level, according to Duncan’s mul-

tiple range test (n = 3)

Fig. 7 Effect of the interaction between the foliar application of Fe

and the treatments with either ACC or GSNO on ferric reductase

activity and expression of Fe-acquisition genes in Fe-deficient

Arabidopsis Columbia plants. Plants were grown in nutrient solution

with 20 lM Fe (?Fe) and some of them transferred to nutrient

solution without Fe (-Fe). Some of the -Fe plants were treated with

either GSNO 100 lM (-Fe ? GSNO) or ACC 1 lM (-Fe ? ACC)

and half of the -Fe ? GSNO and -Fe ? ACC plants were sprayed

with FeSO4 (0.05 % w/v; -Fe ? GSNO ? folFe and -Fe ?

ACC ? folFe). One day later, ferric reductase activity and expression

of Fe-acquisition genes were determined as in Fig. 1. a Ferric

reductase activity. b Expression of Fe-acquisition genes
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Garcı́a et al. 2011; Romera et al. 2011). A competing

model suggests that Fe-sufficient shoots send repressive

signals (phloem Fe) to the roots, which repress the Fe

deficiency responses, with this repression released under Fe

deficiency (Maas et al. 1988).

Some years ago, Lucena et al. (2006) proposed a model

which integrates both promotive and repressive signals

in the regulation of Fe-acquisition genes in the roots.

According to that model, shoots can send both promotive

(ethylene or substances that promote its synthesis, like

auxin or ACC) and repressive signals (related to phloem

Fe) to the roots. The root can subsequently also produce

and amplify the promotive signals, integrate both kind of

signals, and ‘‘decide’’ whether to induce or repress

Fe-acquisition genes (Lucena et al. 2006). This model is

supported by the fact that exogenous application of auxin,

ethylene, or NO can up-regulate the expression of Fe-

acquisition genes in plants grown under low levels of Fe

(or without Fe), but has little effect on plants grown under

high levels of Fe, presumably due to the presence of Fe-

related repressive signals under these conditions (Lucena

et al. 2006; Graziano and Lamattina 2007; Chen et al.

2010; Garcı́a et al. 2011). The question arises, therefore, as

to whether Fe itself, when present in sufficient levels, acts

as a repressive signal. Lucena et al. (2006) proposed

phloem Fe (or some signal derived from it), rather than

total Fe in the root, as the repressive signal of Fe-acqui-

sition genes. Their proposal was based on the fact that there

are mutants, like the Arabidopsis frd3 mutant, that show

constitutive activation of Fe-acquisition genes when grown

under Fe-sufficient conditions, despite the accumulation of

high levels of Fe in their roots. The same occurs with the

Arabidopsis opt3-2 and nas mutants, the tomato chln

mutant, and the pea brz and dgl mutants. The fact that all

the above cited mutants accumulate high levels of Fe in

their roots, when grown under Fe-sufficient conditions,

suggests that total Fe in roots is not a key factor in the

regulation of Fe-acquisition genes. On the other hand, the

fact that most of these mutants (opt3-2, dgl, chln, nas4x-1),

either directly or indirectly, are likely affected in the

transport of Fe in the phloem suggests that phloem Fe is a

key factor in Fe regulation.

To test the possibility that the repressive signal could be

related to Fe recirculating back from leaves to root, as

proposed by Maas et al. (1988), we compared the effect of

the foliar application of Fe on ferric reductase activity and

gene expression in wild-type and mutant plants that con-

stitutively express Fe-acquisition (and other Fe-related)

genes. As shown in Figs. 1, 2, 4, and 6, the application of

Fe to leaves of Fe-deficient Arabidopsis, pea, and tomato

wild-type plants drastically decreased both ferric reductase

activity and expression of Fe-acquisition (and other Fe-

related; see Introduction) genes, which confirms previous

published results (Venkatraju and Marschner 1981; Maas

et al. 1988; Romera et al. 1992; Enomoto et al. 2007). The

same occurred when Fe was applied to leaves of the pea brz

mutant (Fig. 3), the tomato chln mutant (Fig. 4), and the

Arabidopsis frd3 mutant (Figs. 5, 6; Lucena et al. 2006).

However, when Fe was applied to leaves of the Arabid-

opsis opt3-2 mutant (Figs. 1, 6) and the pea dgl mutant

(Fig. 3), ferric reductase activity and the expression of all

genes studied remained high. These results clearly indicate

that opt3-2 and dgl plants lack the ability to repress the

expression of Fe-acquisition (and other Fe-related) genes in

roots upon foliar Fe application. Curiously, both mutants,

opt3-2 and dgl, are presumably affected in the transport of

a Fe-related repressive signal (Fe-peptide?) in the phloem

(Marentes et al. 1997; Marentes and Grusak 1998; Stacey

Fig. 8 Effect of the interaction between the foliar application of Fe

and the treatments with either ACC or GSNO on ferric reductase

activity and expression of Fe-acquisition genes in Fe-deficient

cucumber plants. Plants were grown in nutrient solution with

20 lM Fe (?Fe) and some of them transferred to nutrient solution

without Fe (-Fe). Some of the -Fe plants were treated with either

GSNO 100 lM (-Fe ? GSNO) or ACC 1 lM (-Fe ? ACC) and

half of the -Fe ? GSNO and -Fe ? ACC plants were sprayed with

FeSO4 (0.1 % w/v; -Fe ? GSNO ? folFe and -Fe ? ACC ? fol-

Fe). One day later, the ferric reductase activity was determined and

total root RNA extracted. a Ferric reductase activity (values are the

mean ± SE of six replicates). b Expression of Fe-acquisition genes.

RT-PCR was performed using total RNA from roots as template and

gene-specific primers to amplify partial cDNAs of CsFRO1, CsIRT1,

CsHA1, and CsHA2. 18S cDNA was amplified as positive control
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et al. 2008). AtOPT3 belongs to the OPT family related to

peptide transport and has been involved in the transport of

a peptide Fe chelator via the phloem (Stacey et al. 2006,

2008). In the case of the dgl mutant, although the mutation

has not been identified yet, Marentes et al. (1997) and

Marentes and Grusak (1998) found a probable Fe-binding

peptide in the phloem of the wild-type pea that was not

present in the phloem of the dgl mutant.

Like opt3-2 and dgl, the pea brz mutant and the tomato

chln mutant also present constitutive Fe responses and

accumulate very high amounts of Fe in their shoots when

grown under Fe-sufficient conditions (Scholz et al. 1985;

Kneen et al. 1990). However, these mutants, by contrast to

opt3-2 and dgl, can still respond to foliar Fe application

(Figs. 3, 4). Why do they respond to exogenous applied Fe

and not respond to the internal Fe accumulated in their

shoots when grown under Fe-sufficient conditions? A

possible explanation for this is that perhaps both brz and

chln mutants fail in the rate by which the probable Fe-

related repressive signal is loaded (or unloaded) into (or out

of) phloem; upon foliar Fe application, this rate can

increase and phloem can attain the sufficient concentration

of Fe-related repressive signal to repress Fe responses.

Although the brz mutation has not been identified yet, this

mutant was less drastically inhibited than the wild-type

cultivar Sparkle upon foliar Fe application (Figs. 2, 3).

Similarly, the chln mutant was less drastically inhibited

than the wild-type cultivar Bonner Beste (Fig. 4). Although

NA has been involved in Fe loading (Schmidke et al. 1999)

and the chln mutation is related to a NAS gene (Ling et al.

1999), it is probable that the residual NA produced by other

NAS genes (in Arabidopsis, there have been identified 4

NAS genes; Klatte et al. 2009) could be enough for the

loading (or unloading) of a sufficient Fe-related repressive

signal upon foliar Fe application. Very recently, it has been

found that nas mutant, also related to NA as chln, can

accumulate Fe in phloem, but there are problems in

unloading it out of the phloem (Schuler et al. 2012). In the

case of the Arabidopsis frd3 mutant (Figs. 5, 6), the load-

ing of a Fe-related repressive signal into the phloem would

not be a problem because this mutant is only affected in

xylem Fe transport (Durrett et al. 2007; Roschzttardtz et al.

2011).

Since some of the mutants used in this work (opt3-2,

dgl, chln) are probably affected in the transport of Fe in the

phloem, the question arises as to whether the Fe-related

repressive signal is the whole Fe moving in the phloem or

not. To further clarify this, we applied 57Fe to leaves of

opt3-2, dgl, brz, and chln mutants and found that all of

them accumulated similar levels of 57Fe in their roots than

their respective wild-type cultivars (Table 1). Since no

statistical significant differences between the values of Fe

translocation between mutants and WT were found, it is

obvious that Fe applied to leaves achieves the roots in all

mutants. This result emphasizes that whole Fe in the

phloem is not the inhibitor of Fe responses, and suggests

that the mutants might be impaired in the transport of a

specific Fe compound (or a Fe-related signal). This opens

the way to two possibilities: (i) foliar-applied Fe generates

specific repressive signal(s) or (ii) foliar-applied Fe

restricts the sending of promotive signal(s) to the roots.

This second possibility is difficult to assume for at least

two reasons. First, if OPT3 were able to transport a pro-

motive signal, then the opt3-2 mutant, with lower abun-

dance of this transporter (Stacey et al. 2008), should

transport much less of this promotive signal and the Fe

responses would be abolished more drastically than in the

wild-type Columbia upon foliar Fe application, but this

does not occur (Figs. 1, 6). Second, the results presented in

Figs. 7 and 8 show that the addition of known promotive

signals (ethylene, NO) to Fe-deficient plants greatly

enhanced both ferric reductase activity and expression of

Fe-acquisition genes when foliar Fe was not applied, but

not when it was. These results suggest that Fe-sprayed

leaves send repressive signal(s) to roots that counteract the

promotive effects of ethylene and NO. The first possibility

suggesting that foliar-applied Fe generates specific

repressive signal(s) agrees with the fact that opt3-2 and dgl

are presumably affected in the transport of a Fe-peptide in

the phloem (Marentes et al. 1997; Marentes and Grusak

1998; Stacey et al. 2008), which could be the actual

repressive signal. It is also possible that the repressive

signal could be a non-peptide compound or a Fe-unrelated

compound (i.e., a hormone, a small RNA,…). In any case,

the repressive signal should be transported through the

OPT3 transporter; if not, it would enter into (or unload out

of) the phloem of the opt3-2 mutant and should repress Fe

responses.

In conclusion, the results obtained in this work suggest

that Fe-sprayed leaves send repressive signal(s) to roots

and imply that ethylene and NO by themselves are not

sufficient to induce Fe-acquisition genes until these

repressing signal(s) are released. These results support the

model proposed by our group considering both promotive

(auxin, ethylene, NO) and repressive (Fe-related compound

in phloem) signals in the regulation of Fe-acquisition genes

(Lucena et al. 2006; Garcı́a et al. 2011; Romera et al.

2011). The combinatorial control of Fe responses by pro-

motive (ethylene, NO,..) and repressive (Fe-related com-

pounds in phloem) signals would confer Fe specificity to

the system, avoiding the induction of Fe responses by

increases of the promotive signals originated by other

causes besides Fe deficiency. The existence of nutrient-

specific signals acting in conjunction with ethylene is

logical since this hormone has also been involved in the

responses to other nutrient deficiencies, such as K and P
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deprivation (Jung et al. 2009; Lei et al. 2011). As an

example, ACC up-regulated P-acquisition genes in P-defi-

cient plants, but had almost no effect in the P-sufficient

ones (Lei et al. 2011). On the other hand, the existence of

Fe-related repressive signal(s) moving from leaves to roots

is a way for shoots to communicate their Fe status to roots.

Evidence for shoot to root communication also exists for

the regulation of the uptake of other mineral nutrients, such

as N and S, where phloem-transported aminoacids (N) and

glutathione (S) appear to regulate their uptake (Liu et al.

2009). Recently, small RNAs have been implicated in the

long-distance communication via phloem between shoots

and roots following nutrient deprivation (Buhtz et al.

2010).

Without discarding a role for small RNAs and other

compounds in the shoot to root communication of Fe

deprivation, the results found with the opt3-2 (Figs. 1, 6)

and dgl (Fig. 3) mutants suggest a role for a Fe-peptide

moving in the phloem in this process. The existence of a

Fe-peptide acting as a long-distance repressive signal of Fe

responses should not be considered extraordinary. Peptides

in plants play crucial roles in biotic and abiotic stress

responses (Germain et al. 2006) and in animals, the peptide

hepcidin is a key regulator of iron homeostasis (Clark et al.

2011). In plants, it is tempting to speculate that the prob-

able Fe-peptide moving in the phloem could act by inter-

fering with ethylene (and NO) synthesis and signaling

(Figs. 7, 8). In this respect, it should be mentioned that the

flagellin-derived flg22 peptide regulates the release of an

ethylene response factor in the ethylene signaling of Ara-

bidopsis (Bethke et al. 2009). Consequently, it is possible

that other peptides (such as a probable Fe-peptide) could

also interact with this signaling pathway. In supporting this

view, it should be mentioned that all the Fe-related

genes inhibited by foliar Fe application in Arabidopsis

(Figs. 1, 6) have also been identified as iron-deficiency eth-

ylene-dependent genes (Garcı́a et al. 2010). Future research

should be focused on the identification of this probable Fe-

binding peptide (i.e., the unidentified substrate of the OPT3

transporter; Lubkowitz 2011) and, if found, on its possible

relationship with ethylene synthesis and signaling.
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Schmidke I, Krüger C, Frömmichen R, Scholz G, Stephan UW (1999)

Phloem loading and transport characteristics of iron in interac-

tion with plant-endogenous ligands in castor bean seedlings.

Physiol Plant 106:82–89

Scholz G, Schlesier G, Seifert K (1985) Effect of nicotianamine on

iron uptake by the tomato mutant ‘chloronerva’. Physiol Plant

63:99–104
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 CONCLUSIONES 

 

 El etileno es un regulador clave de las respuestas a la deficiencia de 

hierro, necesario para la plena expresión tanto de genes reguladores de 

las respuestas (AtFIT, AtbHLH38, AtbHLH39) como de genes 

directamente implicados en la adquisición de hierro (AtFRO2, AtIRT1) y 

en su transporte y homeostasis en la planta (AtFRD3, AtNAS1, AtNAS2, 

AtCCCL1, AtCCCL2, AtCCCL3).  

 

 La deficiencia de hierro induce la expresión de genes implicados en la 

síntesis de etileno (AtMTK, AtSAM1, AtSAM2, AtACS4, AtACS6, AtACS9, 

AtACO1 y AtACO2) y en su señalización (AtETR1, AtCTR1, AtEIN2, 

AtEIN3, AtEIL1 y  AtEIL3).  

 

 El mutante de Arabidopsis ein2-1, descrito hasta el momento como 

insensible a etileno, es capaz de responder a dicha hormona con un 

incremento de la capacidad reductora  y la inducción de la expresión de 

los genes de adquisición de hierro. Sin embargo, no es capaz de 

desarrollar pelos radicales subapicales en respuesta a etileno. Esto 

sugiere que el etileno puede inducir diferentes respuestas a través de 

diferentes rutas de señalización,  debiendo existir una ruta alternativa a 

EIN2 para poner en marcha algunas de las respuestas reguladas por 

etileno, como el incremento de la capacidad reductora. 

 

 El óxido nítrico es también un regulador principal de las respuestas a la 

deficiencia de hierro, capaz de inducir la expresión del mismo tipo de 

genes que el etileno, tanto reguladores de las respuestas (AtFIT, 

AtbHLH38, AtbHLH39) como genes directamente implicados en la 

adquisición de hierro (AtFRO2, AtIRT1) y en su transporte y homeostasis 

en la planta (AtFRD3, AtNAS1, AtNAS2, AtCCCL1, AtCCCL2, 

AtCCCL3). 
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 Etileno y NO son inductores de las respuestas a la deficiencia de hierro 

que actúan en paralelo y cuya acción se refuerza mutuamente. Ambos 

requieren escasez de hierro para ser efectivos. 

 

 Las respuestas a la deficiencia de hierro están reguladas negativamente 

por una señal represora que no depende del hierro acumulado en la raíz 

sino del que retorna desde las hojas. Los resultados obtenidos con el 

mutante opt3-2 de Arabidopsis sugieren que esta señal represora puede 

ser un complejo Fe-péptido que requiere de la proteína OPT3 para su 

transporte de la hoja a la raíz. 
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 CONCLUSIONS 

 

 Ethylene is a key regulator of the iron deficiency responses, it is 

necessary for the full expression of both responses regulatory genes 

(AtFIT, AtbHLH38, AtbHLH39) and genes directly involved in iron 

acquisition (AtFRO2, AtIRT1) and its transport and homeostasis in the 

plant (AtFRD3, AtNAS1, AtNAS2, AtCCCL1, AtCCCL2, AtCCCL3). 

 

 Iron deficiency induces the expression of genes involved in ethylene 

synthesis (AtMTK, AtSAM1, AtSAM2, AtACS4, AtACS6, AtACS9, and 

AtACO2 AtACO1) and ethylene signaling (AtETR1, AtCTR1, AtEIN2, 

AtEIN3, and AtEIL3 AtEIL1). 

 

 The ethylene insensitive Arabidopsis mutant ein2-1, is able to respond to 

this hormone by increasing the iron reductase activity and by inducing 

the expression of iron acquisition genes. However, this mutant  is unable 

to develop subapical root hairs in response to ethylene. This suggests 

that ethylene can induce different responses through different signaling 

pathways, and that there must be an alternative route to EIN2 to initiate 

some responses such as the iron reductase activity increase.  

 

 Nitric oxide is also a major regulator of the iron deficiency responses It is 

able to induce the expression of the same genes than ethylene does, 

regulatory genes (AtFIT, AtbHLH38, AtbHLH39)  genes directly involved 

in iron acquisition (AtFRO2, AtIRT1) and its transport and homeostasis in 

the plant (AtFRD3, AtNAS1, AtNAS2, AtCCCL1, AtCCCL2, AtCCCL3). 

 

 Ethylene and NO are inducers of the iron deficiency responses that act in 

parallel and whose action is mutually reinforcing. Both require iron 

shortage to be effective. 

 

 Iron deficiency responses are negatively regulated by a repressor signal 

which is not dependent of the iron accumulated in the root but on the iron 

that returns from the leaves. The results obtained with the Arabidopsis 
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mutant opt3-2 suggest that this repressor signal may be a Fe-peptide 

complex that require a functional OPT3 protein to its transport. 
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Abstract

In previous works, it has been shown, by using ethylene

inhibitors and precursors, that ethylene could partici-

pate in the regulation of the enhanced ferric reductase

activity of Fe-deficient Strategy I plants. However, it

was not known whether ethylene regulates the ferric

reductase gene expression or other aspects related

to this activity. This paper is a study of the effects of

ethylene inhibitors and precursors on the expression

of the genes encoding the ferric reductases and iron

transporters of Arabidopsis thaliana (FRO2 and IRT1)

and Lycopersicon esculentum (=Solanum lycopersi-

cum) (FRO1 and IRT1) plants. The effects of ethylene

inhibitors and precursors on the activity of the iron

reductase and the iron transporter have been examined

in parallel. Also studied were the effects of ethylene

inhibitors and precursors on the expression of the

H+-ATPase genes of cucumber (CsHA1 and CsHA2) and

the transcription factor genes of tomato (LeFER) and

Arabidopsis (AtFRU or AtFIT1, an LeFER homologue)

that regulate ferric reductase, iron transporter, and

H+-ATPse activity. The results obtained suggest that

ethylene participates in the regulation of ferric re-

ductase, the iron transporter, and H+-ATPase gene

expression by affecting the FER (or FER-like) levels.

Key words: Arabidopsis, cadmium, cucumber, ethylene, ferric

reductase, H+-ATPase, iron, iron transporter, tomato.

Introduction

Iron (Fe) is essential for the survival and function of plants
and most other organisms. In dicots and non-grass mono-
cots (Strategy I plants), some Fe-regulated proteins, ferric
reductases, iron transporters, and H+-ATPases, play key
roles in Fe uptake by the roots (Hell and Stephan, 2003).
Most soil Fe is sparingly soluble and occurs in the Fe(III)
form. Fe(III) reductases, or ferric reductases, are integral
plasmamembrane proteins that transfer electrons from cyto-
plasmic NAD(P)H to reduce Fe(III) to Fe(II) outside the
cell. The reduced Fe is then a substrate for integral plasma
membrane Fe(II) transporter, or iron transporter, proteins.
In recent years, several genes that encode these proteins
have been identified. Ferric reductases AtFRO2 of Arabi-
dopsis thaliana (Robinson et al., 1999), PsFRO1 of pea
(Waters et al., 2002), and LeFRO1 of tomato (Li et al.,
2004) have been characterized, and cDNA sequences with
significant similarity can be found in genome databases.
The first iron transporter gene to be identified, and a found-
ing member of the ZIP (ZRT/IRT like Proteins) family of
metal transporters, was Arabidopsis IRT1 (Iron-Regulated
Transporter; Eide et al., 1996). ZIP family plant iron
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transporter genes include AtIRT2 (Vert et al., 2001),
LeIRT1 and LeIRT2 (Eckhardt et al., 2001), OsIRT1
(Bughio et al., 2002), and PsRIT1 (Cohen et al., 2004).
In relation to H+-ATPases, responsible for rhizosphere
acidification, some Fe-regulated genes identified are the
AtAHA7 of Arabidopsis (Colangelo and Guerinot, 2004)
and the CsHA1 of cucumber (Santi et al., 2005). These
latter authors also identified another H+-ATPase gene in
cucumber roots, CsHA2, which did not respond to Fe-
deficiency (Santi et al., 2005). Genes for ferric reductase,
iron transporter, and H+-ATPase proteins are up-regulated
in Fe-deficient roots and, in some cases, in other tissues,
in order to maintain Fe homeostasis within the plant (Vert
et al., 2001, 2002, 2003; Connolly et al., 2002, 2003;
Henriques et al., 2002; Bauer et al., 2004; Li et al., 2004;
Santi et al., 2005). Additional Fe deficiency-stress res-
ponses include development of transfer cells and subapical
root hairs (Romera and Alcántara, 2004).
Although up-regulation of Fe acquisition genes under

Fe deficiency has been well established, the signals for
plant Fe status and the mechanisms of their regulation re-
main elusive. Bienfait et al. (1987) found that isolated po-
tato roots developed Fe deficiency-stress responses (i.e.
enhanced ferric reductase activity, acidification, root hairs,
and transfer cells) when grown in a Fe-free medium. This
result suggested that the root itself can control the develop-
ment of Fe deficiency stress responses. However, other
results indicate that the control of the Fe deficiency-stress
responses does not depend only on the root Fe content,
but that their regulation is far more complex and probably
involves signals coming from the aerial part. Grusak and
Pezeshgi (1996) showed, by grafting the pea mutant dgl
(degenerated leaflets) onto its wild-type DGV (Dippes
Gelbe Viktoria), that the reductase activity of the grafted
plants was up-regulated, which suggests that the dgl shoot
transmits a signal compound that acts as a promoter of this
response. In addition, several split root experiments have
shown that a root half growing in Fe-replete media induced
Fe-stress responses when the other root half was growing
without Fe (Romera et al., 1992; Li et al., 2000; Schikora
and Schmidt, 2001; Schmidt et al., 2003; Vert et al.,
2003). To explain these results, it has also been proposed
that systemic signal(s) exist that could move within the
plant (Romera et al., 1992; Vert et al., 2003).
As systemic signals involved in the regulation of Fe de-

ficiency-stress responses, some authors have proposed the
plant hormones auxin (Landsberg, 1984) or ethylene
(Romera and Alcántara, 1994). Ethylene production is in-
creased under Fe deficiency in several Strategy I plants
(Romera et al., 1999; Waters and Blevins, 2000; Li and
Li, 2004; Molassiotis et al., 2005). Moreover, treatment
of several Strategy I plants with inhibitors of ethylene syn-
thesis or action greatly decreased their ferric reductase
activity, while treatment with precursors of ethylene syn-
thesis enhanced it (Romera and Alcántara, 1994, 2004;

Romera et al., 1999; Molassiotis et al., 2005). Despite these
results, normal induction of ferric reductase activity occurs
in some Fe-challenged ethylene-insensitive mutants, put-
ting into question the role of ethylene in the regulation of
this response (Schmidt et al., 2000; Li and Li, 2004). How-
ever, and according to what is already known about ethy-
lene perception and signalling, such questioning is not
adequate because ethylene may use different receptors
and transduction pathways to regulate different responses
(Larsen and Chang, 2001; Moshkov et al., 2003; Stepanova
and Alonso, 2005). Five ethylene receptors have been de-
scribed (ETR1, ETR2, EIN4, ERS1, and ERS2) in Arabi-
dopsis (Stepanova and Alonso, 2005) and six ethylene
receptors in tomato (Klee and Tieman, 2002). Therefore,
a particular mutation in one receptor may render plants un-
able to induce some of the ethylene-triggered responses,
like the development of subapical root hairs, while con-
serving a wild-type regulation for others, like the enhan-
cement of the ferric reductase activity (Romera and
Alcántara, 2004, and references therein).
In relation to the up-regulation of Fe acquisition genes

under Fe deficiency, it is also known that the FER protein,
recently identified in tomato as a bHLH transcription factor
(Ling et al., 2002), is necessary for the transcription of
LeFRO1 and LeIRT1, since the tomato mutant fer fails to
up-regulate both genes (Ling et al., 2002; Bereczky et al.,
2003; Li et al., 2004). Similarly, the FER protein is also
necessary for the acidification response, due to enhanced
H+-ATPase activity (Dell’Orto et al., 2000), since the to-
mato mutant fer did not acidify the nutrient solution under
Fe-deficient conditions (Brown et al., 1971). The FRU pro-
tein (also named FIT1), a homologue of the tomato FER
protein recently identified in Arabidopsis, is also necessary
for the activation of AtFRO2 (Colangelo and Guerinot,
2004; Jakoby et al., 2004) and AtIRT1 transcription (Jakoby
et al., 2004). LeFER and AtFRU expression is induced in
roots in response to Fe deficiency (Bauer et al., 2004;
Colangelo and Guerinot, 2004; Jakoby et al., 2004;
Brumbarova and Bauer, 2005). However, until now no re-
lationship between LeFER, or AtFRU, and ethylene has
been established.
The aim of this work was to study the involvement of

ethylene on the expression of the ferric reductase, the iron
transporter, and the H+-ATPase genes in Arabidopsis, to-
mato, and cucumber plants, as well as on the expression
of the transcription factor genes of tomato (FER) and Arabi-
dopsis (FRU). Plant species, in which ferric reductase, iron
transporter, H+-ATPase, and FER (or FER-like) genes had
already been isolated, were chosen. Also studied were the
Arabidopsis ethylene-insensitive mutant etr1 and the Ara-
bidopsis frd3-3(man1) mutant. The etr1 mutant did not de-
velop subapical root hairs either under Fe deficiency or
upon treatment with 1-aminocyclopropane-1-carboxylic
acid (ACC), while it enhanced its ferric reductase activity
under both treatments (Romera and Alcántara, 2004). The
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frd3 mutant shows constitutive expression of AtFRO2,
AtIRT1, and AtFRU genes despite high levels of Fe in their
roots (Green and Rogers, 2004). The expression of Arabi-
dopsis AtFRO2, AtIRT1 and AtFRU; tomato LeFRO1,
LeIRT1, and LeFER; and cucumber CsHA1 and CsHA2,
is examined in response to plant Fe status, ethylene inhib-
itors and ethylene precursors. In addition, the basic chiti-
nase gene (AtCHIT-B), which is known to be regulated
by ethylene, has been studied in some experiments with
Arabidopsis plants.

Materials and methods

Plant materials, growth conditions, and treatments

Arabidopsis, cucumber, and tomato plants were grown in a growth
chamber at 22 �C day/20 �C night temperatures, with relative humid-
ity between 50% and 70%, and a 14 h photoperiod (8 h for Arabidop-
sis, to postpone flowering) at a photosynthetic irradiance of 300 lmol
m�2 s�1 provided by fluorescent tubes (Sylvania Cool White VHO).
Seeds of Arabidopsis thaliana (L.) Heynh ecotype Columbia, the
ethylene-insensitive etr1-1 mutant, the frd3-3 (man1) mutant, and
the transgenic lines 3-18H (overexpressing IRT1; Connolly et al.,
2002) and 15G (overexpresing FRO2; Connolly et al., 2003) were
germinated in black peat. When plants were 30-d-old, they were
inserted in plastic lids and held in the holes of a thin polyurethane raft
floating on aerated nutrient solution. After 10–15 d in this hydroponic
system, the plants were individually transferred to 70 ml plastic ves-
sels and given different treatments. Seeds of cucumber (Cucumis sat-
ivus L. cv. Ashley) were germinated in the dark within papers
moistened with 5 mM CaCl2. After 2–3 d, the seedlings were trans-
ferred to a plastic mesh held over half-strength nutrient solution,
and kept in the dark for 2 d. Cucumber seedlings were then trans-
planted individually to 70 ml plastic vessels containing continuously
aerated nutrient solution with 20 lM FeEDDHA. After 2–3 d in this
nutrient solution, cucumber plants were transferred to the different
treatments. Seeds of tomato [Lycopersicon esculentum (¼Solanum
lycopersicum) Mill. cv. Tres Cantos, T3238FER, and T3238fer] were
germinated and grown in sand until they were c. 15-d-old. Tomato
seedlings were transplanted to 70 ml plastic vessels containing con-
tinuously aerated nutrient solution with 20 lM FeEDDHA or 100 lM
FeHEDTA (for tomato fer; it did not grow very well in nutrient
solution with FeEDDHA). After 5–7 d in this nutrient solution, to-
mato plants were transferred to the different treatments. The nutrient
solution (without Fe) had the following composition: 2 mM
Ca(NO3)2, 0.75 mM K2SO4, 0.65 mM MgSO4, 0.5 mM KH2PO4,
50 lM KCl, 10 lM H3BO3, 1 lM MnSO4, 0.5 lM CuSO4, 0.5
lM ZnSO4, 0.05 lM (NH4)6Mo7O24. Fe-EDDHA was added at dif-
ferent concentrations depending on the experiments. The pH was ad-
justed to 6.0 with 0.1 N KOH.
The treatments imposed were: +Fe, nutrient solution with Fe-

EDDHA; +Fe+ACC, same as +Fe treatment but with ACC addition
during the previous 24 h; –Fe, nutrient solution without Fe;
–Fe+ACC, –Fe treatment with ACC addition during the previous
24 h; –Fe+Co, –Fe+aminoethoxyvinylglycine (AVG), –Fe+
amino-oxyacetic acid (AOA); or –Fe+silver thiosulphate (STS), –Fe
treatment (1, 2, or 3 d) with CoSO4, AVG, AOA, or STS added
during the previous 24 h. Stock solutions of ACC and AVG
(Sigma) were prepared in deionized water. Stock solution of STS
was prepared as previously described (Romera and Alcántara,
1994). After treatment, root ferric reductase activity was determined
as described below. Finally, the roots were collected and kept at
�80 �C for later analysis of mRNA.

Ferric reductase activity determination

Intact plants were pretreated for 30 min in plastic vessels with 50–
70 ml of a nutrient solution without micronutrients, pH 5.5, and then
placed into 50–70 ml of a Fe(III) reduction assay solution for 30 min.
This assay solution consisted of nutrient solution without micro-
nutrients, 100 lM Fe(III)-EDTA and 300 lM Ferrozine, pH 5.0 (ad-
justed with 0.1 N KOH). The environmental conditions during the
measurement of Fe(III) reduction were the same as the growth con-
ditions described above. The ferric reductase activity was determined
spectrophotometrically by measuring the absorbance (562 nm) of the
Fe(II)–Ferrozine complex and using an extinction coefficient of
29 800 M�1 cm�1. After the reduction assay, roots were excised and
weighed, and the results were expressed on a root fresh weight basis.
In some treatments, the location of the ferric reductase activity

along the roots was visualized in agar plates with ferric reduction
assay solution.

Cd uptake capacity determination

The method for Cd uptake determination was based on the method
used by Cohen et al. (1998). Tomato [Lycopersicon esculentum
(¼Solanum lycopersicum) Mill. cv. Tres Cantos] seedlings, 22-d-old,
were transferred to either nutrient solution with 40 lM Fe-EDDHA
or without Fe for 3 d. CoSO4, at 10 lM, or STS, at 200 lM,
were added to the nutrient solution of some of the Fe-deficient plants
during the previous 24 h, prior to Cd uptake determination. To deter-
mine Cd uptake capacity, intact plants were pretreated for 30 min in
a solution with 0.2 mM CaSO4 and then transferred for a period of
30 min to 70 ml of a solution with 0.2 mM CaSO4, 25 lM Cd(NO3)2
at pH 5.5, buffered with 5 mM MES. After a desorption period
of 15 min in a solution with 5 mM CaSO4 and 5 mM MES, pH
5.5, roots were separated from the aerial part and Cd content was
analysed by acid digestion and atomic absorption spectrophotometry.

RT-PCR analysis

Roots were ground to a fine powder in a mortar and pestle in liquid
nitrogen. Total RNA was extracted using the Tri Reagent solution
(Molecular Research Center, Inc. Cincinnati, OH, USA) according
to the manufacturer’s instructions. M-MLV reverse transcriptase
(Promega, Madison, WI, USA) was used to generate cDNA with
3 lg of total RNA from roots as template and random hexamers or
oligo dT(20) as primers. Negative controls included all reaction com-
ponents except M-MLV enzyme. One-tenth of each RT reaction was
used as PCR template. Primer pairs AtFRO2F/AtFRO2R and
AtIRT1F/AtIRT1F were designed to amplify specifically Arabidopsis
AtFRO2 and AtIRT1 cDNA, respectively (Table 1). Oligonucleotides
designed by Li et al. (2004) were used to amplify LeFRO1 and
LeIRT1 cDNA. Primers from Brumbarova and Bauer (2005) were
used to amplify LeFER cDNA. AtFRU cDNA was amplified with
the primers described in Jakoby et al. (2004). CsHA1 and CsHA2
cDNA was amplified with the primers designed by Santi et al.
(2005). Actin cDNA was amplified with primers ActPsCsF and
ActCSPcR (Table 1) as an internal control in some RT-PCR experi-
ments. Alternatively, 18S cDNA was amplified using QuantumRNA
Universal 18S Standards primer set (Ambion, Austin, TX, USA) as
internal control to another set of experiments. The thermalcycler
programme was one initial cycle of 94 �C, 5:00; followed by cycles
of 94 �C, :45; 55 �C, :45; 72 �C, 1:00, with 27 cycles for AtFRO2,
AtIRT1, AtFRU, AtCHI-B, LeFRO1, LeIRT1, LeFER, CsHA1, and
CsHA2, and 25 cycles for actin and 18S, all followed by a final
72 �C elongation cycle of 7:00.

Northern analysis

Samples containing 20 lg total RNA were separated by electroph-
oresis, blotted onto nylon filters and hybridized to radioactively
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labelled probes according to standard procedures (Sambrook et al.,
1989). Hybridization was performed at 42 �C overnight, in solutions
containing 50% formamide and the corresponding probe. Probe for
LeIRT1 was prepared by labelling the full-length LeIRT1 (a generous
gift from Dr Y Wang) cDNA. The probe was labelled by random
priming with the Rediprime II Random Prime Labelling System kit
(Amersham Biosciences, Amersham, Bucks, UK). After hybridiza-
tion, filters were washed twice for 15 min in 0.23 SSC, 0.1% (w/
v) SDS at 65 �C. Results of the northern analyses were revealed
by autoradiography after exposing X-ray films (Kodak X-Omat AR)
to the filters for 5 d at �80 �C.

Results

Regulation of the ferric reductase, the iron transporter,
and the H+-ATPase genes in Arabidopsis, tomato, and
cucumber plants

Ethylene has been involved in triggering several physio-
logical and morphological responses to Fe-deficiency in
Strategy I plants (Romera and Alcántara, 2004). However,
its ability to regulate key genes for Fe acquisition, like FER,
FRO, IRT, or HA, has not yet been proved. In this work,
inhibitors of ethylene synthesis or ethylene action were
tested to find out if they affect message levels of AtFRO2,
AtIRT1, and AtFRU genes in response to Fe deficiency. In
both the Arabidopsis wild-type cultivar Columbia (Fig. 1)
and its ethylene-insensitive mutant etr1 (Fig. 2), FRO2,
IRT1, and FRU transcript levels were greatly increased
when plants were challenged with Fe-deficiency stress
(+Fe40 versus –Fe). However, when roots were treated
for 24 h with Co (ethylene synthesis inhibitor; Yang and
Hoffman, 1984), message levels of all three genes were in-
duced to lower levels in both WT (Fig. 1) and etr1 (Fig. 2).
Treatment with STS (ethylene action inhibitor; Yang and
Hoffman, 1984) also led to lower transcript levels in WT
(Fig. 1) and etr1 (Fig. 2). These ethylene inhibitors also
attenuated the enhanced ferric reductase activity of both
Fe-deficient Columbia and etr1 (Figs 1, 2). However, the

addition of ethylene inhibitors (AOA, Co, or STS) to the
Arabidopsis transgenic lines 3-18H (that overexpress
IRT1) and to the 15G (that overexpress FRO2) did not
inhibit the mRNA accumulation of either IRT1 or FRO2,
respectively (Fig. 3).
To test whether ethylene alone could induce Fe defi-

ciency-responsive genes, the ethylene precursor ACC
(Yang and Hoffman, 1984) was added to the growth me-
dium. In Columbia, AtFRO2, AtIRT1, and AtFRU expres-
sion was not substantially increased following ACC
treatment in high-Fe plants (+Fe40+ACC; Fig. 1A), nor
was ferric reductase activity substantially increased by this
treatment (Fig. 1C). In low-Fe plants (+Fe10+ACC; Fig.
1B), transcripts of FRO2, IRT1, and FRU were increased,
and ferric reductase activity was induced to levels nearly
as high as those in the –Fe treatment. In the etr1 genotype,
the effect of ACC was similar to the one in Columbia
plants, inducing higher levels of FRO2, IRT1, and FRU

Fig. 1. Regulation of AtFRO2, AtIRT1, AtFRU, and AtCHIT-B
expression (A, B) and ferric reductase activity (C) by ethylene inhibitors
and precursors in Arabidopsis Columbia plants. Some plants grown in
nutrient solution with 40 lM Fe (+Fe40), 10 lM Fe (+Fe10), or the
previous day without Fe (–Fe) were treated during the previous 24 h with
1 lM ACC, 50 lM Co, or 200 lM STS. After treatment, the ferric
reductase activity (C) was determined (values are the means 6 standard
error of six replicates) and total root RNA extracted. RT-PCR (A, B) was
performed using total RNA from roots as template and gene-specific
primers to amplify partial cDNAs of AtFRO2, AtIRT1, AtFRU, and
AtCHIT-B. 18S cDNA was amplified as a positive control.

Table 1. Primers designed for this study

Primer
name

Sequence (5#–3#) Purpose

AtFRO2F TGG TTG CCA CAT CTG CGT AT AtFRO2
forward

AtFRO2R GAG AGC GAT GAA GGA GAA ACT T AtFRO2
reverse

AtIRT1F CAT TGC AAG CAT GAT TGG TGT TGG AtIRT1
forward

AtIRT1R ACC CGA GAA GAG CCG CGA TT AtIRT1
reverse

AtCHIBF ATG AAA CTA CAG GTG GAT GGG CTA CA AtCHI-B
forward

AtCHIBR GGA AAT AAA ATC GCA ACA TAA ACA
GTG

AtCHI-B
reverse

ActPsCsF AGA TGA CGC AGA TAA TGT TTG AGA C Actin
forward

ActPsCsR TCA GGA AGT TCA TAG TTC TTC TCA A Actin
reverse
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message (Fig. 2B) in the lower-Fe plants but hardly in the
high-Fe ones (Fig. 2A).
The present study was extended to tomato to further

confirm the involvement of ethylene in the regulation of

FER, FRO, and IRT genes. Again, ethylene inhibitors
(Co, AVG, AOA, and STS; Yang and Hoffman, 1984) eff-
iciently prevented the accumulation of LeFER, LeFRO1, and
LeIRT1 mRNA (Figs 4A, 5) and prevented the normal up-
regulation of ferric reductase activity (Fig. 4C) and the en-
hanced Cd uptake capacity of Fe-deficient plants (Fig. 5).
Iron-deficient plants have an increased uptake capacity
for a broad range of metals, resulting from the increased ex-
pression of relatively low-specificity IRT1 transporters. As
an indirect measurement of Fe-uptake capacity, the accu-
mulation of Cd in roots was measured. Fe-deficient tomato
plants had enhanced capacity for Cd uptake in relation to
the Fe-sufficient ones, while this enhanced capacity was
greatly inhibited in Fe-deficient Co-treated and STS-treated
plants (Fig. 5). The differences in capacity for Cd uptake
were consistent with the observed LeIRT1 expression in
the different treatments (Fig. 5). Treatment of low-Fe plants
(10 lM) with ACC resulted in higher LeFRO1, LeIRT1, and
LeFER message levels (Fig. 4B) and a slight increase in

Fig. 2. Regulation of AtFRO2, AtIRT1, and AtFRU expression (A, B)
and ferric reductase activity (C) by ethylene inhibitors and precursors
in the Arabidopsis ethylene-insensitive mutant etr1. Experimental
conditions as in Fig. 1.

Fig. 3. Effects of Fe deficiency and ethylene inhibitors on AtIRT1 and
AtFRO2 expression in the Arabidopsis transgenic lines 3-18H (that
overexpress IRT1) and 15G (that overexpress FRO2). Plants were grown
in nutrient solution with 40 lM Fe (+Fe) or the previous 2 d without
Fe (–Fe). Some of the –Fe plants were treated during the previous 24 h
with 50 lM AOA, 50 lM Co, or 200 lM STS. RT-PCR was performed
using total RNA from roots as template and gene-specific primers to
amplify partial cDNAs of AtIRT1 and AtFRO2. 18S cDNA was amp-
lified as a positive control.

Fig. 4. Regulation of LeFRO1, LeIRT1, and LeFER expression (A, B)
and ferric reductase activity (C) by ethylene inhibitors and precursors in
tomato plants. Some plants grown in nutrient solution with 40 lM Fe
(+Fe40), 10 lM Fe (+Fe10) or the previous 3 d without Fe (–Fe) were
treated during the previous 24 h with 1 lM ACC, 200 lM STS, 10 lM
AVG, or 25 lM AOA. After treatment, the ferric reductase activity (C)
was determined (values are the means 6 standard error of six replicates)
and total root RNA extracted. RT-PCR was performed using total RNA
from roots as template and gene-specific primers to amplify partial
cDNAs of LeFRO1, LeIRT1, and LeFER. 18S cDNA was amplified as
a positive control.
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ferric reductase activity (Fig. 4C). The enhanced reductase
activity provoked by the ACC addition was not observed
in the tomato mutant fer (Fig. 6). Similar results to the ones
found in Arabidopsis and tomato plants with ethylene
inhibitors and precursors have also been found in cucumber
and pea plants (FJ Romera, C Lucena; MJ Garcı́a, and
R Pérez-Vicente, unpublished results).

In cucumber plants, upon treatment of half of the root
with ACC and 1 d of Fe deprivation, there was an enhanced
ferric reductase activity in that half root, located in the
subapical region of the roots (Fig. 7) and associated with
the development of subapical root hairs, as occurred in
Fe-deficient plants (Romera and Alcántara, 1994, 2004).
The study of the expression of the CsHA1 and CsHA2
H+-ATPase genes showed that the CsHA1 gene was up-
regulated by Fe deficiency, enhanced by ACC treatment,
and inhibited by Co treatment, similarly to the other Fe-
acquisition genes of Arabidopsis and tomato, while the
CsHA2 gene was not affected by any of these treatments
(Fig. 8).
The Arabidopsis mutant frd3 shows constitutive activa-

tion of AtFRO2, AtIRT1, and AtFRU gene expression even
when grown in Fe-sufficient conditions and accumulates
high levels of Fe in their roots. However, it presents leaf
chlorosis because the Fe cannot reach the leaves properly
(Green and Rogers, 2004). To test whether the foliar appli-
cation of Fe could block the up-regulation of the AtFRO2,
AtIRT1, and AtFRU genes, Fe was sprayed onto the leaves
of this mutant and after that the expression of the genes
was determined. As shown in Fig. 9, the foliar application
of Fe caused the regreening of the leaves and blocked
the expression of the AtFRO2, AtIRT1, and AtFRU genes.
Furthermore, the addition of ACC to the Fe-sprayed plants
did not enhance the expression of these three genes,

Fig. 6. Effect of ACC on the ferric reductase activity of tomato FER and
fer plants. Tomato plants were grown in nutrient solution with 20 lM Fe
and during the previous 24 h half of the plants were treated with 0.6 lM
ACC. After treatment, the ferric reductase activity was determined
(values are the means 6 standard error of six replicates).

Fig. 5. Effects of the Fe status and the ethylene inhibitors Co and STS on
LeIRT1 expression and Cd uptake capacity of tomato plants. Plants were
grown in nutrient solution with Fe (+Fe). Some of them were transferred
to nutrient solution without Fe during the previous 3 d (–Fe). Some of the
Fe-deficient plants were treated with 10 lMCo (–Fe+Co) or 200 lMSTS
(–Fe+STS) 24 h before Cd uptake determination. Cd uptake capacity was
determined without the presence of ethylene inhibitors in the Cd uptake
medium. Values are the means 6 standard error of six replicates. For
northern blot analysis, LeIRT1 probe was hybridized to a blot containing
20 lg of total RNA extracted from roots of tomato plants.

Fig. 7. Localization of ferric reductase activity induction by ACC in
cucumber roots. Cucumber plants were grown in nutrient solution
without Fe in a split-root experiment: half of the roots was treated with
10 lMACC addition (left) while the other half was not (right). After 24 h,
the ferric reductase activity was determined in agar plates. The more
intense colour around the subapical region of the roots is due to the
Fe(II)–ferrozine complex formed (red) and denotes higher ferric
reductase activity. This intense red colour is not presented in the half
root not treated with ACC (right).
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although it did enhance that of the basic chitinase gene
(Fig. 9).

Discussion

In previous works it has been shown that the addition of
ethylene inhibitors to Strategy I plants greatly inhibited
their ferric reductase activity while ethylene precursors en-
hanced it (reviewed in Romera and Alcántara, 2004). How-
ever, it was not known whether ethylene affected FRO
expression or other components involved in the ferric re-
ductase activity. Here, it is shown that the addition of ethy-
lene inhibitors (Co, AVG, AOA, or STS), for only 24 h,
to Fe-deficient Arabidopsis (both wild-type Columbia and
its ethylene-insensitive mutant etr1) and tomato plants neg-
atively affected AtFRO2 and LeFRO1 (ferric reductase
genes) expression, and ferric reductase activity (Figs 1, 2, 4),
and also decreased AtIRT1 and LeIRT1 (iron transporter
genes) expression (Figs 1, 2, 4, 5), and Cd uptake capacity
(Fig. 5). The inhibition of LeIRT1 expression by the ethy-
lene inhibitors Co or STS would explain the lower Cd
uptake capacity of the Fe-deficient Co-treated or STS-
treated plants in relation to the Fe-deficient ones (Fig. 5),
since IRT1 has been considered as a Cd transporter in
Fe-deficient plants (Eide et al., 1996; Cohen et al., 1998,
2004; Korshunova et al., 1999; Eckhardt et al., 2001).
The ethylene inhibitor Co also inhibited the mRNA accu-
mulation of CsHA1 (Fe-regulated H+-ATPase gene; Santi
et al., 2005) but not that of CsHA2 (H+-ATPase gene not
regulated by Fe; Santi et al., 2005) (Fig. 8). All these results
indicate that ethylene could be involved in the regula-
tion of AtFRO2, LeFRO1, AtIRT1, LeIRT1, and CsHA1
transcription.

Ethylene could affect mRNA stability instead of tran-
scription of the genes. However, results shown in Fig. 3,
obtained with Arabidopsis transgenic lines overexpressing
either IRT1 or FRO2, suggest that ethylene affects tran-
scription rather than mRNA stability. The mRNA levels
of the 35S-IRT1 transgenic line 3-18H, overexpressing
IRT1, and those of the 35S-FRO2 transgenic line 15G, over-
expressing FRO2, were not decreased by ethylene inhibi-
tors (Fig. 3), as was observed in the wild-type cultivar
(Fig. 1). These results clearly suggest that ethylene mainly
affects FRO2 and IRT1 transcription.

Fig. 9. Effects of foliar application of Fe on leaf regreening (A) and
AtFRO2, AtIRT1, AtFRU, and AtCHIT-B expression (B) of the
Arabidopsis mutant frd3 (man1). Plants were grown either in black peat
(A) or in nutrient solution with 20 lM Fe (B). Some of the plants were
sprayed with FeSO4 [0.03% (w/v)] for 2 d (twice a day). After treatment
of plants grown in nutrient solution, roots were harvested and total
RNA was extracted. RT-PCR (B) was performed using total RNA from
roots as template and gene-specific primers to amplify partial cDNAs of
AtFRO2, AtIRT1, AtFRU, and AtCHIT-B. 18S cDNA was amplified as
a positive control.

Fig. 8. Regulation of CsHA1 and CsHA2 expression by ethylene
inhibitors and precursors in cucumber plants. Plants were grown in
nutrient solution with 60 lM Fe (+Fe) or no Fe (–Fe). Fe-deficient plants
(–Fe) were grown in nutrient solution without Fe during the previous
1 d (–Fe1d) or 2 d (–Fe2d). Some of the –Fe1d plants were treated during
the previous 24 h with 1 lM ACC, and some of the –Fe2d plants were
treated during the previous 24 h with 10 lM Co. RT-PCR was performed
using total RNA from roots as template and gene-specific primers to
amplify partial cDNAs of CsHA1 and CsHA2. ACTIN cDNA was
amplified as a positive control.
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The addition of the ethylene precursor ACC for 24 h to
either Arabidopsis, tomato, or cucumber plants grown in
low-Fe conditions enhanced the expression of FRO,
IRT1, and HA1 (but not HA2) genes (Figs 1, 2, 4, 8), and
ferric reductase activity (Figs 1, 2, 4, 6, 7), which also sug-
gests that ethylene is involved in their regulation. It is im-
portant to note that ACC enhanced the ferric reductase
activity in the subapical region of cucumber roots after
1 d of Fe deprivation, as eventually occurred in Fe-deficient
roots after 2–3 d of Fe deprivation (Fig. 7; Romera and
Alcántara, 1994, 2004). When ACC was applied to plants
grown in high-Fe conditions, there was little enhancement
of induction of either gene (Figs 1, 2). Similar results have
been found in cucumber and pea plants (FJ Romera,
C Lucena; MJ Garcı́a, and R Pérez-Vicente, unpublished
data). These results imply that ethylene alone, whose
production is increased in Fe-deficient roots (Romera
et al., 1999; Waters and Blevins, 2000; Li and Li, 2004;
Molassiotis et al., 2005), is not sufficient to induce FRO
and IRT1 transcription. It is suggested that ethylene acts
as enhancer, and Fe acts as inhibitor, either directly or indi-
rectly, of Fe stress genes. Probably, the enhancement of ex-
pression by ethylene would not be possible until some
repressing factor related to Fe is removed.
The mechanism of ethylene enhancement of FRO, IRT,

and HA1 expression is not yet understood, but results in
this work suggest that ethylene could affect Fe-stress
genes by regulating FER (or FER-like) transcription factor
levels. The addition of ethylene inhibitors to Fe-deficient
tomato plants diminished their FER mRNA levels (Fig. 4)
and similar results with FRU mRNA levels were found in
both Arabidopsis Columbia and etr1 plants (Figs 1, 2).
On the other hand, ACC enhanced FRU mRNA levels (or
FER mRNA levels) in plants grown under low-Fe condi-
tions but hardly in those grown under high-Fe conditions
(Figs 1, 2, 4). The hypothesis that ethylene could affect
FRO, IRT, and HA1 expression by acting through the
FER (or FER-like) transcription factor is supported by the
fact that the tomato mutant fer (defective in the FER tran-
scription factor; Brumbarova and Bauer, 2005) did not
enhance its ferric reductase activity upon ACC treat-
ment while its wild-type cultivar did (Fig. 6). Furthermore,
an 8 bp AWTTCAAA motif has been identified as an
ethylene-responsive element in the promoter region of
several ethylene-induced genes, like the tomato E4 gene
(Montgomery et al., 1993), the carnation GST1 gene
(Itzhaki et al., 1994), and the TLC1.1 retrotransposon
from Lycopersicon chilense (Tapia et al., 2005). Analysis
of AtFRU promoter region (locus AT2G28160) revealed
the presence of AWTTCAAA motives at –303 and –771
bp (result not shown) which is in agreement with an ethy-
lene regulation of this key regulatory gene.
A model, which has been proposed to explain the in-

teraction of Fe deficiency, ethylene, FER (or FER-like)
transcription factor, FRO, IRT1, and HA1, is shown in

Fig. 10. According to this model, Fe-deficiency would
cause an increase in ethylene production (and perhaps in-
creased sensitivity) in the roots, possibly affected by
ACC or other signals (auxin, etc) coming from the shoots
or its own roots. Ethylene would then promote FER (or
FER-like) transcription or FERmRNA stability in the roots.
Sufficient plant Fe status could block the ethylene effect on
FER, if a high Fe level ultimately acts as an inhibitor of ex-
pression of Fe-stress genes. This combinatorial control
would provide Fe-specificity to the system, and both Fe de-
ficiency and ethylene action are necessary for full trans-
criptional activation. A precedent for combinatorial control
over regulation is the FET4 Fe transporter of yeast, which
is transcriptionally repressed by Rox1, and transcriptionally
activated by Aft1 and/or Zap1. Removal of Rox1 repression
is needed for full expression (Waters and Eide, 2002). The
model proposed in Fig. 10 would explain several experimen-
tal results. First, it would explain why ethylene production
increases in Fe-deficient plants (Romera et al., 1999; Waters
and Blevins, 2000; Li and Li, 2004; Molassiotis et al., 2005),
which agrees with the enhanced expression of the ethylene-
regulated basic chitinase gene in these plants (Fig. 1). Sec-
ondly, it would explain why ethylene inhibitors partially
block FRO1 (or FRO2), IRT1, and HA1 expression, and fer-
ric reductase activity and Cd uptake capacity (Figs 1, 2, 4, 5,
8; Romera and Alcántara, 2004). Thirdly, it would explain
why ACC application to Fe-sufficient plants did not induce
ferric reductase activity on all occasions (Figs 1, 2, 4, 9;
Romera and Alcántara, 2004) since, depending on the inter-
nal Fe level, plants may or may not have enough Fe to pre-
vent it. Fourthly, this model would explain (taking also into
account the post-transcriptional regulation of AtFRO2 by

Fig. 10. Schematic representation of a model proposed to explain the co-
ordinated regulation of FRO1 (or FRO2), IRT1, and HA1 expression by
ethylene. According to this model, Fe-deficiency would cause an increase
in ethylene production in the roots, perhaps influenced by some signals
(like ACC or auxin) coming from the shoots or their own roots. Ethylene
then would promote FER (or FER-like) transcription (or mRNA
stability), which subsequently would affect FRO1 (or FRO2), IRT1,
and HA1 transcription in the roots. Fe (phloem–Fe?) would inhibit, either
directly or indirectly, the activation of FER transcription by ethylene, as
well as its post-transcriptional regulation.
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Fe; Connolly et al., 2003) why ferric reductase is not con-
stitutively activated in the constitutive ethylene-response
mutant ctr1, or in the ethylene-overproducer mutant eto,
of Arabidopsis, when grown in Fe-sufficient conditions
(Schmidt et al., 2000).
According to the model described above (Fig. 10), Fe

would act to block FER (or FRU), FRO1 (or FRO2),
IRT1, and HA1 transcription even in the presence of ethy-
lene. But, is it the total symplastic Fe in the root which
blocks transcription? We think not. Very recently, Green
and Rogers (2004) have found that the frd3 Arabidopsis
mutant, which has constitutively up-regulated FRU,
FRO2, and IRT1 expression, is able to accumulate enough
symplastic Fe in its root when grown under Fe-sufficient
conditions, as suggested by ferritin accumulation (Green
and Rogers, 2004). Consequently, it can be deduced that
the total symplastic Fe in the root would not be the inhibitor
of FRU, FRO2, and IRT1 expression. It is possible that the
Fe that acts as inhibitor of FRO2 and IRT1 expression in the
root is the Fe that recirculates from the leaves to the root via
the phloem, as suggested by Maas et al. (1988). In the frd3
mutant there would be less Fe recirculating back in the
phloem sap from leaves to roots since Fe cannot reach leaf
cells properly (Green and Rogers, 2004). When frd3 plants
were sprayed with Fe, their leaves regreened and FRU,
FRO2, and IRT1 expression was blocked (Fig. 9), which
suggests that the Fe provided by the leaves was the inhibitor
of the expression of these Fe-acquisition genes. The Fe in
the phloem has special characteristics since it is complexed
with some proteins of the LEA family (Krüger et al., 2002).
It should be noted that the addition of ACC to frd3 Fe-
sprayed plants induced CHIT-B expression but not FRU,
FRO2, or IRT1 expression (Fig. 9), which agrees with the
idea that the expression of these latter genes does not de-
pend only on ethylene (Fig. 10).
Ethylene has also been involved in the regulation of the

development of subapical root hairs under Fe deficiency
by Strategy I plants (reviewed in Romera and Alcántara,
2004). The results obtained in this work with the Arabi-
dopsis ethylene-insensitive mutant etr1 suggest that the sub-
apical root hairs and the physiological responses (ferric
reductase and iron transporter) are probably regulated by
ethylene through different ways. This mutant is unable to
develop subapical root hairs either under Fe deficiency or
upon ACC treatment (Romera and Alcántara, 2004). How-
ever, it responds to ethylene inhibitors and ACC similarly
to the wild-type cultivar Columbia in relation to the
FRO2, IRT1, and FRU expression (Figs 1, 2). These results
indicate that ethylene may use different receptors and trans-
duction pathways to regulate different responses (Larsen
and Chang, 2001; Moshkov et al., 2003). Therefore, partic-
ular mutations (like the ETR1 mutation) may render plants
unable to induce some of the ethylene-triggered responses,
like the development of subapical root hairs, while con-
serving a wild-type regulation for others, like the enhance-

ment of the ferric reductase activity (Romera and Alcántara,
2004, and references therein).
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Romera FJ, Alcántara E, De la Guardia MD. 1999. Ethylene
production by Fe-deficient roots and its involvement in the
regulation of Fe-deficiency stress responses by strategy I plants.
Annals of Botany 83, 51–55.

Sambrook J, Fritsch EF, Maniatis T. 1989. Molecular cloning:
a laboratory manual, 2nd edn. Cold Spring Harbor, NY: Cold
Spring Harbor Laboratory Press.

Santi S, Cesco S, Varanini Z, Pinton R. 2005. Two plasma
membrane H+-ATPase genes are differentially expressed in iron-
deficient cucumber plants. Plant Physiology and Biochemistry
43, 287–292.

Schikora A, Schmidt W. 2001. Iron stress-induced changes in root
epidermal cell fate are regulated independently from physiolog-
ical responses to low iron availability. Plant Physiology 125,
1679–1687.

Schmidt W, Michalke W, Schikora A. 2003. Proton pumping by
tomato roots: effect of Fe deficiency and hormones on the activity
and distribution of plasma membrane H+-ATPase in rhizodermal
cells. Plant, Cell and Environment 26, 361–370.

Schmidt W, Tittel J, Schikora A. 2000. Role of hormones in the
induction of iron deficiency responses in Arabidopsis roots. Plant
Physiology 122, 1109–1118.

Stepanova AN, Alonso JM. 2005. Ethylene signalling and response
pathway: a unique signalling cascade with a multitude of inputs and
outputs. Physiologia Plantarum 123, 195–206.

Tapia G, Verdugo I, Yanez M, Ahumada I, Theoduloz C, Cordero
C, Poblete F, Gonzalez E, Ruiz-Lara S. 2005. Involvement of
ethylene in stress-induced expression of the TLC1.1 retro-
transposon from Lycopersicon chilense Dun. Plant Physiology
138, 2075–2086.

Vert G, Briat JF, Curie C. 2001. Arabidopsis IRT2 gene
encodes a root-periphery iron transporter. The Plant Journal 26,
181–189.

Vert G, Briat JF, Curie C. 2003. Dual regulation of the Arabidopsis
high affinity root iron uptake system by local and long-distance
signals. Plant Physiology 132, 796–804.
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Abstract. Bicarbonate is considered one of the most important factors causing Fe chlorosis in Strategy I plants, mainly
on calcareous soils. Most of its negative effects have been attributed to its capacity to buffer a high pH in soils, which can
diminish both Fe solubility and root ferric reductase activity. Besides its pH-mediated effects, previous work has shown
that bicarbonate can inhibit the induction of enhanced ferric reductase activity in Fe-deficient Strategy I plants. However,
to date it is not known whether bicarbonate affects the upregulation of the ferric reductase gene and other genes involved
in Fe acquisition. The objective of this work has been to study the effect of bicarbonate on the expression of several Fe
acquisition genes in Arabidopsis (Arabidopsis thaliana L.), pea (Pisum sativum L.), tomato (Lycopersicon esculentum
Mill.) and cucumber (Cucumis sativus L.) plants. Genes for ferric reductases AtFRO2, PsFRO1, LeFRO1 and CsFRO1;
iron transporters AtITR1, PsRIT1, LeIRT1 and CsIRT1; H+-ATPases CsHA1 and CsHA2; and transcription factors AtFIT
and LeFER have been examined. The results showed that bicarbonate could induce Fe chlorosis by inhibiting the expression
of the ferric reductase, the iron transporter and the H+-ATPase genes, probably through alteration of the expression of Fe
efficiency reactions (FER) (or FER-like) transcription factors.

Additional keywords: iron deficiency, reductase, transporter.

Introduction

The main characteristic of Strategy I plants is the necessity
for reduction of Fe3+ to Fe2+ before its absorption (Chaney
et al. 1972). This reduction is mediated by a plasma membrane
ferric reductase EC 1.16.1.7, encoded by the AtFRO2 gene in
Arabidopsis (Arabidopsis thaliana L.) (Robinson et al. 1999),
the PsFRO1 gene in pea (Pisum sativum L.) (Waters et al.
2002), the LeFRO1 gene in tomato (Lycopersicon esculentum
Mill.) (Li et al. 2004) and the CsFRO1 gene in cucumber
(Cucumis sativus L.) (Waters et al. 2007). The Fe2+ is then
taken up by an iron transporter, encoded by the AtIRT1 gene
in Arabidopsis (Eide et al. 1996), the LeIRT1 gene in tomato
(Eckhardt et al. 2001), the PsRIT1 gene in pea (Cohen et al.
2004), and the CsIRT1 gene in cucumber (Waters et al. 2007).
When grown under Fe deficiency, Strategy I plants induce
several morphological and physiological responses in their roots,
aimed at facilitating Fe mobilisation and uptake. Some of
these responses include development of subapical swelling with
abundant root hairs, development of transfer cells, enhancement
of ferric reductase activity (due to enhanced expression of
AtFRO2-like genes), enhancement of Fe2+ uptake capacity (due
to enhanced expression of AtIRT1-like genes), acidification of

the extracellular medium (due to enhanced expression of H+-
ATPase genes), and release of flavins and phenolics (Römheld
and Marschner 1986; Hell and Stephan 2003). Besides Fe2+,
enhanced expression of AtIRT1-like genes under Fe deficiency
has been associated with increased uptake capacity of divalent
metals such as Cd2+, Zn2+ and Mn2+, which suggests that the
IRT1 transporter have a broad range of substrates (Cohen et al.
1998, 2004; Korshunova et al. 1999). In relation to H+-ATPases
(EC 3.6.3.6), some Fe-regulated identified genes are the AHA2
(Fox and Guerinot 1998) and AHA7 (Colangelo and Guerinot
2004) of Arabidopsis and the CsHA1 of cucumber (Santi et al.
2005). Santi et al. (2005) also identified another H+-ATPase
gene in cucumber roots, CsHA2, which did not respond to Fe
deficiency (Santi et al. 2005).

The responses to Fe deficiency are switched on or off
depending on the Fe requirements of the plant. Their regulation
is not totally known, but some hormones like ethylene and
auxin have been involved in this process (Romera and Alcántara
2004). In addition, the Fe efficiency reactions (FER) protein,
identified in tomato as a bHLH transcription factor (Ling et al.
2002), is necessary for the transcription of LeFRO1 and LeIRT1,
since the tomato fer mutant fails to upregulate both genes
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under Fe-deficient conditions (Ling et al. 2002; Bereczky et al.
2003; Li et al. 2004). Moreover, the FER protein may also be
necessary for the acidification response [due to enhanced H+-
ATPase activity (Dell’Orto et al. 2000)], since the tomato fer
mutant did not acidify the nutrient solution under Fe-deficient
conditions (Brown et al. 1971). The Arabidopsis FIT protein
(also named FRU or BHLH029; Jakoby et al. 2004; Bauer et al.
2007), a homologue of the tomato FER protein, is also necessary
for the activation of the ferric reductase AtFRO2 (Colangelo
and Guerinot 2004; Jakoby et al. 2004), the iron transporter
AtIRT1 (Jakoby et al. 2004) and the H+-ATPase AtAHA7 gene
expression (Colangelo and Guerinot 2004). The Arabidopsis
fit mutant did not induce the expression of AtFRO2, AtIRT1
and AtAHA7 genes under Fe-deficient conditions (Colangelo
and Guerinot 2004; Jakoby et al. 2004). LeFER and AtFIT
expression is induced in roots in response to Fe deficiency (Bauer
et al. 2004; Colangelo and Guerinot 2004; Jakoby et al. 2004;
Brumbarova and Bauer 2005). Recently, Lucena et al. (2006)
have shown that ethylene regulated FRO, IRT and HA gene
expression by affecting the FER (or FIT) gene activity.

Bicarbonate is one of the most important factors causing Fe
chlorosis in Strategy I plants, mainly on calcareous soils (Boxma
1972; Chaney 1984; Mengel et al. 1984). Its concentration
in calcareous soils can reach values up to 9–15 mmol kg−1

of soil (Boxma 1972; Zuo et al. 2007), which implies higher
values when expressed on a mmol per L of soil solution basis.
When working in nutrient solution, researchers frequently use
bicarbonate concentrations from 5 to 35 mmol L−1 (Wadleigh
and Brown 1952; Porter and Thorne 1955; Coulombe et al.
1984). Factors that increase bicarbonate concentration in soils,
like high moisture and compaction, can also induce Fe chlorosis
(Boxma 1972; Chaney 1984; Mengel et al. 1984; Bloom and
Inskeep 1986). However, the bicarbonate mode of action is not
well understood. Due to its pH buffering capacity, bicarbonate
can maintain a high pH (7.5–8.0) in the medium, which can
diminish both Fe solubility and root ferric reductase activity,
since the latter has an optimum pH around 5.0 (Römheld
et al. 1982; Romera et al. 1992; Moog and Brüggemann
1995; Kosegarten et al. 2004). Besides these pH-mediated
effects, bicarbonate can inhibit the induction of enhanced
ferric reductase activity in Fe-deficient cucumber, sunflower
(Helianthus annuus L.) and peach (Prunus persica L.) plants
(Romera et al. 1992, 1997; Alcántara et al. 2000; Bohórquez
et al. 2001), although it is not clear whether bicarbonate affects
the upregulation of the ferric reductase genes. Mengel et al.
(1994) have proposed that bicarbonate could induce Fe chlorosis
by alkalinisation of the xylem sap and, in turn, of the leaf
apoplast. This would depress leaf Fe3+ reduction, which is a
prerequisite for Fe uptake by mesophyll cells (Brüggemann
et al. 1993). Nonetheless, the support of this hypothesis is
controversial. While Wegner and Zimmermann (2004) have
found an increase of the pH of xylem sap upon treatment
of maize plants with bicarbonate, other authors (Nikolic and
Römheld 2002) have not found any modification of the pH
of the leaf apoplastic fluid upon bicarbonate treatment of
sunflower plants.

In the present work, we aimed at studying the role of
bicarbonate on the expression of several genes involved in
Fe acquisition, like those encoding the ferric reductase, the

iron transporter, the H+-ATPase, and the FER (or FER-like)
transcription factor, to further understand its mode of action.
To this aim, we have chosen four different plant species: pea,
tomato, Arabidopsis and cucumber. In principle, we decided to
work with pea and tomato because the cDNA probes for PsFRO1,
PsRIT1 and LeIRT1 were available, and because these two plant
species differ from each other in their sensitivity to bicarbonate.
Pea, as other legumes, like soybean (Glycine max L.) and lupin
(Lupinus spp.), is sensitive to calcareous soils and consequently
to bicarbonate (Zribi and Gharsalli 2002). We observed that
bicarbonate blocked the expression of ferric reductase and iron
transporter genes in these two plant species. Since the expression
of both genes is dependent on the transcription factor FER (or
FER-like) (Ling et al. 2002; Bereczky et al. 2003; Colangelo
and Guerinot 2004; Jakoby et al. 2004; Li et al. 2004), whether
bicarbonate inhibited FER (or FER-like) expression was then
tested. Since the FER (or FER-like) gene was not cloned in
pea but it was in tomato and Arabidopsis, we adopted these
last species as models for studying the above gene. Finally,
since the transcription factor FER (or FER-like) has also been
involved in the regulation of the acidification response (due
to ATPase) induced under Fe deficiency (Brown et al. 1971),
whether bicarbonate could inhibit any ATPase gene regulated
by Fe was tested. This was accomplished by adopting cucumber
as a further species, because in the roots of this plant Santi et al.
(2005) described one ATPase gene regulated by Fe (CsHA1) and
another one which is not (CsHA2), which constitutes a perfect
model for testing the specificity of bicarbonate on Fe regulated
genes. Instead, no Fe-regulated ATPase gene was available either
in pea or in tomato. In contrast, two ATPase genes regulated
by Fe have been described in Arabidopsis (Fox and Guerinot
1998; Colangelo and Guerinot 2004), but their very low level of
induction rendered them not adequate for the present study.

Materials and methods
Plant materials, growth conditions and treatments
Arabidopsis (Arabidopsis thaliana L.), cucumber (Cucumis
sativus L. cv. Ashley), pea (Pisum sativum L. cv. Sparkle)
and tomato (Lycopersicon esculentum Mill. cv. Tres Cantos)
plants were grown in a growth chamber at 22◦C day/20◦C
night temperatures, with relative humidity between 50 and
70%, and a 14 h photoperiod (8 h for Arabidopsis, to postpone
flowering) at a photosynthetic irradiance of 300 µmol m−2 s−1

provided by fluorescent tubes (Sylvania Cool White VHO,
Norampac Inc., Drummondville, Canada). A. thaliana L. Heynh
ecotype Columbia seeds were germinated in black peat. When
plants were 30 days old, they were inserted in plastic lids
and held in the holes of a thin polyurethane raft floating on
aerated nutrient solution. After 10–15 days in this hydroponic
system, plants were individually transferred to 70 mL plastic
vessels containing continuously aerated nutrient solution with
20 µM FeEDDHA. After 2–5 days in this nutrient solution,
plants were transferred to the different treatments. Cucumber
and pea seeds were germinated in the dark within papers
moistened with 5 mM CaCl2. After 2–3 days, the seedlings were
transferred to a plastic mesh held over half strength nutrient
solution with 5 µM FeEDDHA, and kept in the dark for 2 days.
Seedlings were then transplanted individually to 70 mL plastic
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vessels (cucumber) or 550 mL plastic pots (pea) containing
continuously aerated nutrient solution with 20 µM FeEDDHA.
After 2–5 days in this nutrient solution, plants were transferred
to the different treatments. Tomato seeds were germinated
and grown in sand until they were ∼15 days old. Tomato
seedlings were transplanted to 70 mL plastic vessels containing
continuously aerated nutrient solution with 20 µM FeEDDHA.
After 5–7 days in this nutrient solution, tomato plants were
transferred to the different treatments. The nutrient solution
(without Fe) had the following composition: 2 mM Ca(NO3)2,
0.75 mM K2SO4, 0.65 mM MgSO4, 0.5 mM KH2PO4, 50 µM
KCl, 10 µM H3BO3, 1 µM MnSO4, 0.5 µM CuSO4, 0.5 µM
ZnSO4, 0.05 µM (NH4)6Mo7O24. FeEDDHA was added to
the nutrient solution at different concentrations depending on
the experiments.

The treatments imposed were: +Fe, nutrient solution with
40 µM FeEDDHA; –Fe, nutrient solution without Fe during
the last 2–5 days; –Fe + Bic, –Fe treatment with NaHCO3

addition (5–30 mM) during the last 2–5 days; –Fe + Bic + Fe,
–Fe treatment with NaHCO3 addition during the last 3 days and
FeEDDHA addition during the last 8 h. The pH of the different
treatments was not adjusted. However, at the beginning of
experiments, pH was ∼6.0 for both the + Fe and –Fe treatments,
and ∼8.0 for the bicarbonate treatments. Later on, the pH of
the +Fe and –Fe plants increased slightly to ∼7.0, except in
the Fe-deficient tomato and cucumber plants where it decreased
to ∼5.0 due to the capacity of both species to acidify the
nutrient solution under Fe deficiency. After treatments, root
ferric reductase activity and Cd uptake capacity were determined
as described below. Finally, the roots were collected and stored
at –80◦C until mRNA analysis. In one experiment with tomato,
younger leaves were collected to determine Fe concentration
by atomic absorption spectrometry after acid digestion of
dried samples.

Each experiment was repeated at least twice and
representative results are presented. Data are given as
means ± s.e. (n = 6).

Ferric reductase activity determination
Intact plants were pretreated for 30 min in plastic vessels
with 50–70 mL of a nutrient solution without micronutrients,
pH 5.5, and then placed into 50–70 mL of a Fe(III) reduction
assay solution for 30 min. This assay solution consisted of
nutrient solution without micronutrients, 100 µM Fe(III)-EDTA
and 300 µM Ferrozine, pH 5.0 (adjusted with 10 mM MES).
The environmental conditions during the measurement of
Fe(III) reduction were the same as the growth conditions
described above. The ferric reductase activity was determined
spectrophotometrically by measuring the absorbance (562 nm)
of the Fe(II)-Ferrozine complex and using an extinction
coefficient of 29 800 M−1 cm−1. After the reduction assay, roots
were excised and weighed, and the results were expressed on a
root fresh weight basis.

Cd uptake capacity determination
Cd uptake capacity determination was based on the method
used by Cohen et al. (1998). Tomato and pea seedlings were
transferred during 3 days to either nutrient solution with 40 µM
FeEDDHA, without Fe, or without Fe plus NaHCO3 (at 10 mM

for pea or 30 mM for tomato). To determine Cd uptake capacity,
intact plants were pretreated during 30 min in a solution with
0.2 mM CaSO4 and then transferred for a period of 30 min to
70 mL of a solution with 0.2 mM CaSO4, 25 µM Cd(NO3)2 and
pH 5.5, buffered with 5 mM MES. After a desorption period
of 15 min in a solution with 5 mM CaSO4 and 5 mM MES,
pH 5.5, roots were separated from the aerial part and root Cd
content was analysed by acid digestion and atomic absorption
spectrophotometry.

RT–PCR analysis
Roots were ground to a fine powder in a mortar with liquid
nitrogen. Total RNA was extracted using the Tri Reagent
solution (Molecular Research Center, Inc. Cincinnati, OH,
USA) according to the manufacturer’s instructions. M-MLV
reverse transcriptase (Promega, Madison, WI, USA) was used
to generate cDNA from 3 µg of total root RNA as template
and random hexamers as primers. Negative controls included
all reaction components except M-MLV enzyme. One tenth
of each RT reaction was used as PCR template. Primers from
Lucena et al. (2006) were used to specifically amplify AtFRO2
and AtIRT1 cDNA. AtFIT cDNA was amplified with the primers
described in Jakoby et al. (2004). Oligonucleotides designed by
Li et al. (2004) were used to amplify LeFRO1 cDNA. Primers
from Brumbarova and Bauer (2005) were used to amplify
LeFER cDNA. Primers from Waters et al. (2007) were used
to specifically amplify CsFRO1 and CsIRT1 cDNA. CsHA1
and CsHA2 cDNA was amplified with the primers designed by
Santi et al. (2005). Actin cDNA was amplified with the primers
ActPsCsF and ActCSPcR described by Lucena et al. (2006), as
an internal control in some RT–PCR experiments. Alternatively,
18S cDNA was amplified using QuantumRNA Universal 18S
Standards primer set (Ambion, Austin, TX, USA) as internal
control to other set of experiments. The thermalcycler program
was one initial cycle of 94◦C, 5 min; followed by cycles of
94◦C, 45 s; 55◦C, 45 s; 72◦C, 1 min, with 27 cycles for AtFRO2,
AtIRT1, AtFIT, LeFRO1, LeIRT1, LeFER, CsHA1 and CsHA2,
and 25 cycles for actin and 18S, all followed by a final 72◦C
elongation cycle of 7 min.

Northern analysis
Samples containing 20 µg total RNA were separated by
electrophoresis, blotted onto nylon filters and hybridised to
radioactively labelled probes according to standard procedures
(Sambrook et al. 1989). Hybridisation was performed overnight
at 42◦C in solutions containing 50% formamide and the
corresponding probe. Pea FRO1 probes were prepared by
labelling the full-length pea FRO1 cDNA (Waters et al. 2002).
Pea RIT1 probes were derived from a 932 bp pea RIT1 cDNA
fragment encompassing nucleotides 233 to 1165 (Waters et al.
2002). Probe for LeIRT1 was prepared by labelling the full-length
LeIRT1 cDNA. The probes were labelled by random priming
with the Rediprime II Random Prime Labelling System kit
(Amersham Biosciences, England). After hybridisation, filters
were washed twice for 15 min in 0.2× SSC, 0.1% (w/v) SDS
at 65◦C. Results of the Northern analyses were revealed by
autoradiography after exposing X-ray films (Kodak X- Omat AR,
Eastman Kodak Company, Rochester, NY, USA) to the filters for
5 days at –80◦C.
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Results

The addition of bicarbonate at higher concentrations to the
nutrient solution inhibited the Fe deficiency-enhanced ferric
reductase activity and the mRNA accumulation of ferric
reductase genes PsFRO1, LeFRO1, AtFRO2 and CsFRO1 in
different Strategy I plant species (Figs 1, 3, 5, 6 and 7). Similarly,
bicarbonate at higher concentrations inhibited the Fe deficiency-
enhanced Cd uptake capacity and the mRNA accumulation of
the iron transporter genes PsRIT1, LeIRT1, AtIRT1 and CsIRT1
(Figs 2, 4, 5, 6 and 7). The expression of the H+-ATPase CsHA1
gene (induced by Fe deficiency) was also negatively affected by
bicarbonate (Figs 6, 7 and 8) while that of the H+-ATPase CsHA2
gene (not induced by Fe deficiency) was not (Fig. 8). The mRNA
accumulation of the transcription factor LeFER (Fig. 3) and that
of the transcription factor AtFIT (Fig. 5) were also negatively
affected by higher concentrations of bicarbonate. The negative
effect of bicarbonate on the expression of all the Fe acquisition
genes described above was reflected in the higher leaf chlorosis
and lower leaf Fe content of the bicarbonate-treated plants (data
not shown).

The inhibitory effect of bicarbonate on the mRNA
accumulation of ferric reductase, iron transporter, H+-ATPase
and transcription factor FER (or FER-like) genes depended on
bicarbonate concentration and plant species. The treatment with
5 mM bicarbonate did not inhibit, but even enhanced mRNA
accumulation of several Fe acquisition genes of Arabidopsis
(Fig. 5) and cucumber (Fig. 6) plants while at higher bicarbonate
concentrations, the inhibition was severe (Figs 5 and 6). In
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Fig. 1. Effect of iron deficiency and bicarbonate on PsFRO1 expression
and ferric reductase activity of pea plants. Fe grown plants were transferred
during the last 3 days to solution with 40 µM Fe (+Fe), without Fe (–Fe) or
without Fe plus 10 mM bicarbonate (–Fe + Bic). After treatments, the ferric
reductase activity was determined and total root RNA extracted. PsFRO1
expression was determined by northern blot analysis.

tomato, the treatments with 10 or 20 mM bicarbonate had not
effect on the mRNA accumulation of LeFRO1, LeIRT1 and
LeFER (data not shown) while at 30 mM, the inhibitory effect
was clear (Figs 3 and 4). On the other hand, the treatment with
10 mM bicarbonate had a drastic negative effect on the mRNA
accumulation of Fe acquisition genes of pea (Figs 1 and 2) while
its effect was less severe on Arabidopsis (Fig. 6) and tomato (data
not shown).

The negative effect of bicarbonate on the mRNA
accumulation of Fe acquisition genes was reversed by the
application of Fe during several hours (Fig. 7), which discards
an unspecific and general toxic effect of bicarbonate.

Discussion

The treatment of Fe-deficient pea, tomato, Arabidopsis and
cucumber plants with bicarbonate, when applied at higher
concentrations, inhibited their enhanced ferric reductase (Figs 1,
3, 5 and 6) and the expression of their respective FRO genes
(PsFRO1, Fig. 1; LeFRO1, Fig. 3; AtFRO2, Fig. 5; CsFRO1,
Figs 6 and 7). Similarly, bicarbonate at higher concentrations
also inhibited the enhanced capacity of Fe-deficient pea (Fig. 2)
and tomato (Fig. 4) plants for Cd uptake and the enhanced
expression of IRT genes (PsRIT1, Fig. 2; LeIRT1, Fig. 4; AtIRT1,
Fig. 5; CsIRT1, Figs 6 and 7). The enhanced capacity of Fe-
deficient pea plants for Cd uptake have been described by Cohen
et al. (1998) and attributed to the enhanced expression of the
iron transporter PsRIT1 (an AtIRT1 homologue), since this
transporter might facilitate Cd2+ uptake besides Fe2+ uptake
(Korshunova et al. 1999; Cohen et al. 2004). In addition to ferric
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Fig. 2. Effect of iron deficiency and bicarbonate on PsRIT1 expression and
Cd uptake capacity of pea plants. Plants were grown and treated as in Fig. 1.
After treatments, the Cd uptake capacity was determined and total root RNA
extracted. PsRIT1 expression was determined by northern blot analysis.
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Fig. 3. Effect of iron deficiency and bicarbonate on LeFRO1 and LeFER
expression and ferric reductase activity of tomato plants. Fe grown plants
were transferred during the last 3 days to solution with 40 µM Fe (+Fe),
without Fe (–Fe) or without Fe plus 30 mM bicarbonate (–Fe + Bic). After
treatments, the ferric reductase activity was determined and total root RNA
extracted. LeFRO1 and LeFER expression was determined by RT–PCR. 18S
cDNA was amplified as internal control.

reductase and iron transporter genes, bicarbonate also inhibited
the expression of the H+-ATPase CsHA1 gene of cucumber
plants (Figs 6 and 7).

The effect of bicarbonate on the expression of the Fe
acquisition genes studied in this work depended on its
concentration and plant species. As shown in Figs 5 and 6, lower
bicarbonate concentrations did not inhibit, but even enhanced,
the expression of the Fe acquisition genes. On the other hand, a
bicarbonate concentration (i.e. 10 mM) that drastically inhibited
the expression of the ferric reductase and iron transporter genes
in pea plants (Figs 1 and 2) had less severe effect on Arabidopsis
plants (Fig. 5). These results agree with those obtained by
Fleming et al. (1984) in different soybean genotypes pretreated
with bicarbonate, where 59Fe uptake (related to iron transporter
activity) was more negatively affected in some genotypes than
in others.

The way bicarbonate inhibits the expression of these Fe
acquisition genes it not clear but several suggestions can be
derived from this work. First, such inhibition is not due to a
general toxic effect of bicarbonate. The H+-ATPase CsHA2
gene of cucumber plants, not regulated by Fe (Santi et al. 2005),
was not affected by bicarbonate (Fig. 8) while the H+-ATPase
CsHA1 gene, regulated by Fe (Santi et al. 2005), was affected
by bicarbonate (Figs 6 and 7). This suggests that the effect of
bicarbonate is rather specific. On the other hand, the expression
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Fig. 4. Effect of iron deficiency and bicarbonate on LeIRT1 expression and
Cd uptake capacity of tomato plants. Plants grown and treated as in Fig. 3.
After treatments, the Cd uptake capacity was determined and total root RNA
extracted. LeIRT1 expression was determined by northern blot analysis.

of all the Fe-regulated genes inhibited by bicarbonate (CsFRO1,
CsIRT1 and CsHA1) was reversed upon addition of Fe for several
hours (Fig. 7), which suggests that the effect of bicarbonate
is neither unspecific nor irreversible. This latter result agrees
with those obtained by Romera et al. (1997) who found that
the addition of Fe or other divalent metals to bicarbonate-
treated Fe-deficient cucumber plants reversed the inhibition of
their ferric reductase activity provoked by bicarbonate. Some
divalent metals, like Fe2+, Mn2+ or Zn2+, are necessary for
the induction of Fe deficiency stress responses by Strategy I
plants, like the acidification response and the enhanced ferric
reductase activity (Bienfait et al. 1989; Romera et al. 1997).
Each of these divalent metals may possibly participate in an,
until now, unknown role where their ionic radio would be
important (all of them have similar ionic radio; Romera et al.
1997). Since the inhibition caused by bicarbonate is reversed by
the addition of Fe (Fig. 7), and other divalent metals (Romera
et al. 1997), it can be suggested that bicarbonate could inhibit
the expression of Fe acquisition genes probably by diminishing
the internal availability of these divalent metals (Romera et al.
1997; Bohórquez et al. 2001). Second, bicarbonate inhibited
the mRNA accumulation of the tomato LeFER transcription
factor (Fig. 3) and that of the Arabidopsis AtFIT transcription
factor (Fig. 5), both of them necessary for the expression
of several Fe acquisition genes, like ferric reductase, iron
transporter, and H+-ATPases genes (Ling et al. 2002; Bereczky
et al. 2003; Colangelo and Guerinot 2004; Jakoby et al. 2004;
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Fig. 5. Effects of bicarbonate concentration on AtFRO2, AtIRT1 and AtFIT
expression and ferric reductase activity of Fe-deficient Arabidopsis plants.
Fe grown plants were transferred during the last 2 days to solution with
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at different concentrations (5, 10 or 30 mM). After treatments, the ferric
reductase activity was determined and total root RNA extracted. AtFRO2,
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amplified as internal control.

Li et al. 2004). This implies that bicarbonate could negatively
affect FER-regulated genes by blocking FER (or FER-like)
gene expression.

Another question is how bicarbonate blocks FER (or FER-
like) gene expression. A possibility is that bicarbonate might
interact somehow with any of the signals, like ethylene,
involved in the enhanced expression of the FER (or FER-
like) transcription factor (Lucena et al. 2006). Romera et al.
(2001) showed that bicarbonate did not inhibit, but even
enhanced, ethylene production in Fe-deficient cucumber plants,
which discards a decrease of ethylene production as the
cause of the inhibition of FER (or FER-like) gene expression.
However, there is another possibility: the inhibition of ethylene
perception by bicarbonate (Romera et al. 2001). It should
be noted that bicarbonate is intimately related to carbon
dioxide, known as inhibitor of ethylene action (Sisler and
Wood 1988). Based on these ideas, we propose a model
where under Fe deficiency, Strategy I plants increase their
ethylene production (Romera and Alcántara 2004), which in
turn enhances FER (or FER-like) gene expression (Lucena
et al. 2006). This subsequently activates FRO (ferric reductase),
IRT (iron transporter) and HA (H+-ATPase) gene expression.
By blocking ethylene perception (perhaps divalent metals are
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Fig. 6. Effect of bicarbonate concentration on CsFRO1, CsIRT1 and
CsHA1 expression and ferric reductase activity of Fe-deficient cucumber
plants. Fe grown plants were transferred during the last 3 days to solution
with Fe 40 µM Fe (+Fe), without Fe (–Fe) or without Fe plus bicarbonate
(–Fe + Bic) at different concentrations (5, 10, 15 or 20 mM). After
treatments, the ferric reductase activity was determined and total root RNA
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RT–PCR. Actin partial cDNA was amplified as internal control.
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Fig. 7. Effect of Fe addition on CsFRO1, CsIRT1 and CsHA1 expression
of bicarbonate-treated Fe-deficient cucumber plants. Fe grown plants were
transferred during the last 3 days to either solution without Fe (–Fe) or without
Fe plus 20 mM bicarbonate (–Fe + Bic). Subsequently, 10 µM FeEDDHA
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Fig. 8. Effect of iron deficiency and bicarbonate on CsHA1 and CsHA2
expression of cucumber plants. Fe grown plants were transferred during the
last 3 days to solution with Fe 40 µM Fe (+Fe), without Fe (–Fe) or without
Fe plus 20 mM bicarbonate (–Fe + Bic). After treatments, total root RNA
was extracted. Analysis of gene expression as in Fig. 6.

involved at this step), bicarbonate inhibits FER (or FER-
like) gene expression and consequently FRO, IRT and HA
gene expression:

Fe deficiency → Ethylene → FER (or FER-like)
→ FRO, IRT, HA

Fe deficiency → Ethylene-Bicarbonate—|| FER (or FER-like)
—|| FRO, IRT, HA

Research is now being done to verify this model. Some
preliminary results, such as the reversion of the inhibition caused
by bicarbonate upon treatment with the ethylene precursor ACC,
support this model.

The results obtained in this work show that bicarbonate
could cause Fe deficiency by inhibiting the expression of
several Fe acquisition genes. In comparison with bicarbonate,
the addition of nitrate, another anion involved in causing
iron chlorosis, to Fe-deficient cucumber plants did not affect
negatively either the ferric reductase activity or the iron
transporter activity (Nikolic et al. 2007). It is important to point
out the difference between this bicarbonate effect (inhibition
of expression of Fe acquisition genes) and other effects due
to its pH buffer capacity. In calcareous soils, the ability of
plants to induce the ferric reductase, the iron transporter and
the H+-ATPase genes could allow them to locally acidify (by
the subapical regions of the roots) the rhizosphere (Schaller
1987) and to mobilise Fe from the soil particles. However, if
the expression of the genes is blocked by a high bicarbonate
concentration in soil (as found in this work), this capacity
would not exist, and plants would not be able to remobilise Fe
from soil.
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Under Fe deficiency, Strategy I 
(non-graminaceous) plants upreg-

ulate the expression of many Fe acqui-
sition genes and develop morphological 
changes in their roots. The regulation of 
these responses is not completely known, 
but since the 1980s different results sug-
gest a role for auxin, ethylene and, more 
recently, nitric oxide. The upregulation 
of the Fe acquisition genes does not 
depend solely on these hormones that 
would act as activators, but also on some 
other signals, probably phloem Fe, that 
would act as inhibitors. It is not known 
which of the hormones considered is the 
last activator of the Fe acquisition genes, 
but some results suggest that auxin acts 
upstream of ethylene and NO and that, 
perhaps, ethylene is the last activator.

To acquire iron (Fe) from soils plants 
have developed different strategies aimed 
to facilitate the acquisition of this abun-
dant but usually unavailable element. 
So far, two different strategies have been 
described: the Strategy I, present in non 
graminaceous plants, such as dicots, and 
the Strategy II, present in graminaceous 
plants.1 The present review is devoted to 
Strategy I plants. The main character-
istic of these plants is that they need to 
reduce Fe(III), the most abundant form 
of Fe found in soils, to Fe(II), prior to 
uptake. The Fe(III) reduction is medi-
ated by a ferric reductase encoded by the 
FRO gene, and the Fe(II) uptake is medi-
ated by a transporter encoded by the IRT1 
gene.1 Both genes are upregulated under 
Fe deficiency and are activated by some 
bHLH transcription factors, which are 
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also upregulated by Fe deficiency. Some 
of these bHLH transcription factors are 
AtFIT, AtbHLH38 and AtbHLH39 in 
Arabidopsis;2 SlFER is the FIT homo-
log in tomato.3 Besides these genes, there 
are other important Fe-related genes 
also upregulated under Fe deficiency, 
such as AtAHA7 and CsHA1, encod-
ing H+-ATPases;4 AtNAS1 and AtNAS2, 
encoding nicotianamine synthases, 
involved in the synthesis of the Fe(II) che-
lating agent nicotianamine;5 and AtFRD3, 
encoding a protein of the MATE (multi-
drug and toxin efflux) family responsible 
for the xylem loading of citrate, an Fe 
chelator, which is essential for the correct 
distribution of Fe throughout the plant 
tissues.6 In addition to the upregulation 
of the above-cited genes, and of others, 
Strategy I plants also develop morpho-
logical changes in their roots under Fe 
deficiency, such as subapical root hairs 
and transfer cells.7 The regulation of the 
expression of the Fe-related genes and of 
the morphological changes is not com-
pletely known, but since the early 1980s 
Landsberg suggested a role for auxin in the 
regulation of Fe deficiency stress responses 
by Strategy I plants.8 Since then, several 
studies have been published suggesting a 
role for auxin and for other hormones in 
such a regulation.7

In 2007, we published a broad review 
on the influence of plant hormones on iron 
uptake by plants.7 That review was mainly 
devoted to Strategy I plants, since at that 
time (and even today) almost no research 
has been done about the role of hormones 
on the regulation of Fe deficiency responses 
by Strategy II plants. In that work, we 
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enhance NO production in the subapical 
regions of the roots of several Strategy I 
plants (Fig. 2).25 Furthermore, auxin can 
enhance nitrate reductase-associated NO 
production26 and NO can increase auxin 
content by reducing auxin degradation 
mediated by IAA oxidase.27 So, each of 
the hormones considered, auxin, ethylene 
and NO, can influence the production (or 
accumulation) of the other two (Fig. 1).

Role of Auxin, Ethylene and Nitric 
Oxide on Morphological  

Responses to Fe Deficiency

In Strategy I plants the roles of auxin and/or 
ethylene in the regulation of some of their 
Fe deficiency morphological responses are 
widely accepted, and include the develop-
ment of subapical root hairs and transfer 
cells.16,28,29 The role of both hormones in 
these morphological responses is based on 
the fact that their addition to Fe-sufficient 
plants caused the development of these 
morphological changes while the addition 
of either auxin or ethylene inhibitors to 
Fe-deficient plants inhibits them.7,16 There 
is evidence that in some of these morpho-
logical changes auxin could act through 
ethylene since auxin did not induce sub-
apical root hairs when applied to ethylene 
insensitive mutants, such as Arabidopsis 
etr1 and ein2, or when applied simul-
taneously with ethylene inhibitors.7,16 
Nonetheless, the results of Takahashi et 
al. suggesting that ethylene promotes root 
hair initiation by increasing the sensitivity 
of the hair-forming cells to auxin, implies 
that both hormones are required for root 
hair formation.30 So, it is probable that 
under Fe deficiency both hormones could 
participate in the development of subapi-
cal root hairs.

Recently, Graziano and Lamattina 
have also shown that NO can cause devel-
opment of subapical root hairs in the 
roots of tomato plants.11 In our group, 
we have done some preliminary experi-
ments by applying simultaneously GSNO 
(NO donor) and ethylene inhibitors to 
Fe-sufficient cucumber plants and the 
results found show that the subapical root 
hairs are not induced by GSNO in the 
presence of ethylene inhibitors. These pre-
liminary results suggest that NO could act 
through ethylene.

recently, García et al. have presented evi-
dence that Fe deficiency upregulates the 
expression of many genes involved in eth-
ylene synthesis and signalling.17 Although 
different researchers have assigned the 
regulation of Fe deficiency responses 
to the individual action of one of these 
hormones, every day it is more difficult 
to maintain these assignments. Firstly 
because some hormones affect the bio-
synthesis of others, and secondly because 
hormones act through complex signalling 
pathways, in which there is cross-talk.18,19 
Auxin, ethylene and NO can interact 
at different levels (Fig. 1). Auxin can 
enhance ethylene production by affect-
ing the ACC synthase activity.19-21 On 
the other hand, ethylene can affect auxin 
accumulation and polar auxin trans-
port.20 Although ethylene and NO are 
negatively related in ripe fruits, where 
ethylene increases and NO decreases upon 
ripening, there are several works showing 
that NO can enhance ethylene produc-
tion.22-24 Garcia et al. have found that NO 
upregulates the expression of many genes 
involved in ethylene synthesis, coding for 
SAM synthetases, ACC synthases, and 
ACC oxidases, in the Strategy I plants 
Arabidopsis and cucumber.25 On the 
other hand, it was published that ACC 
(ethylene precursor) enhanced NO emis-
sion in senescing pea leaves22 and recently, 
García et al. have found that ACC can 

reviewed a role for two hormones, auxin 
and ethylene, on the regulation of Fe 
deficiency responses by Strategy I plants. 
In 2006, Lucena et al. published a work 
showing that ethylene could upregulate 
Fe acquisition genes in several Strategy I 
plants.9 Later on, Waters, et al. published 
a work extending the role of ethylene to 
more Fe-related genes;10 and Graziano 
and Lamattina published a work showing 
that NO could also upregulate Fe acqui-
sition genes in tomato.11 All these works 
suggested that hormones, like ethylene 
and NO, can affect the regulation of Fe 
acquisition genes. NO was previously 
involved on internal iron availability by 
Lamattina’s group12 but was not related to 
Fe acquisition genes until the above-cited 
work of 2007. Very recently, a work by 
Chen et al. has also shown that auxin can 
be involved in the upregulation of some 
Fe acquisition genes in Arabidopsis.13 In 
the present review we will try to put into 
context the possible interactions of auxin, 
ethylene and NO on the regulation of Fe 
deficiency responses by Strategy I plants.

Interactions Among Auxin,  
Ethylene, Nitric Oxide and Fe 

Deficiency

Under Fe deficiency, the production of 
auxin,13-15 ethylene7,16 and NO11,13 increase 
in roots of several Strategy I plants. Very 

Figure 1. influence of auxin, ethylene and nO on the expression of Fe acquisition genes. under 
Fe deficiency, the production of auxin, ethylene and nO increase in roots of Strategy i plants. Fe 
deficiency upregulates the expression of genes encoding ethylene synthesis enzymes, such as 
Sam synthetases (SamS), acc synthases (acS) and acc oxidases (acO). auxin can increase ethyl-
ene production by affecting acS (1) and can increase nO production (2). ethylene can influence 
auxin by affecting its accumulation and its polar transport (3) and can increase nO production 
(4). nO can influence auxin by affecting its degradation (2) and can increase ethylene production 
by affecting ethylene synthesis genes (5). the interplay of auxin, ethylene and nO lead to the 
amplification of an activating signal, probably directly related to ethylene, that would activate Fe 
acquisition genes, such as AtFIT and SlFER, only if there is not enough phloem Fe (inhibiting signal) 
to inhibit them.
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could contribute to the amplification of 
an activating signal, that would trigger the 
activation of Fe acquisition genes (Fig. 1), 
such as AtFIT, AtFbHLH38, AtbHLH39 
and SlFER. But, is this activating signal 
more directly related to ethylene or to 
NO? Presently, this is unknown, but recent 
results by Bauer’s group suggest that it 
could be more directly related to ethylene.35 
These authors have found, by using yeast-
two hybrid screening, that the transcrip-
tion factor FIT (that activates FRO2 and 
IRT1) interacts directly with EIN3/EIL1, 
proteins related to ethylene signaling.35,36

As to the second question, Lucena et al. 
proposed a model to explain the regula-
tion of Fe acquisition genes in Strategy I 
plants, according to which ethylene acts as 
an activator of SlFER (or AtFIT ) expres-
sion, while phloem Fe acts as inhibitor of 
their expression.9 Lucena et al. proposed 
phloem-Fe (or some signal derived from 
it) as an inhibitor, based on the fact that 
some mutants, like the Arabidopsis frd3, 
that accumulate high levels of Fe in their 
roots, however present a constitutive 
activation of Fe acquisition genes.9 This 
clearly indicates that total Fe in the roots 
is not responsible for inhibiting the expres-
sion of Fe acquisition genes. Furthermore, 
the constitutively-expressed Fe acquisition 
genes of the frd3 mutant are downregu-
lated when its leaves are sprayed with Fe 
thus suggesting an inhibiting role of the 
phloem transported Fe.9

Conclusions and Perspective

The results show that auxin, ethylene 
and NO increase under Fe deficiency, 

in Arabidopsis plants grown without Fe.13 
All these results clearly show that auxin, 
ethylene and NO can upregulate the 
expression of several Fe acquisition genes, 
responsible for the physiological responses 
to Fe deficiency. It should be mentioned 
that the above-cited researchers have 
shown that auxin, ethylene and NO can 
upregulate the expression of Fe acquisition 
genes in plants grown with low levels of Fe 
(or without Fe) but have almost no effect 
in plants grown with high levels of Fe.9,11,13 
This suggests that the upregulation of Fe 
acquisition genes does not depend only on 
hormones (auxin, ethylene and NO), that 
act as activators, but also on Fe, that acts as 
inhibitor. From this suggestion, two ques-
tions arise: (1) Which hormone acts as the 
last activator of Fe acquisition genes? (2) 
Which form of Fe acts as an inhibitor?

The answer to the first question is not 
yet clear, but different results suggest that 
NO and ethylene act downstream of auxin. 
First, auxin did not induce either subapi-
cal root hairs or enhanced ferric reductase 
activity in plants simultaneously treated 
with ethylene inhibitors.7 Second, Chen 
et al. have presented evidence showing 
that NO acts downstream of auxin in the 
regulation of ferric reductase activity by 
Fe-deficient Arabidopsis plants.13 The ques-
tion of whether ethylene acts downstream 
of NO or NO downstream of ethylene is 
less clear. In a recent work, García et al. 
have presented evidence that NO enhances 
ethylene production by upregulating sev-
eral ethylene synthesis genes and also that 
ethylene enhances NO production in the 
subapical regions of the roots (Fig. 2).25 We 
have suggested that this mutual influence 

Role of Auxin, Ethylene and Nitric 
Oxide on the Regulation of  

Physiological Responses to Fe 
Deficiency

Although a role for auxin and ethylene in 
the regulation of morphological changes 
to Fe deficiency has been widely accepted, 
their involvement in the regulation of physi-
ological responses to Fe deficiency has been 
more controversial.31-33 Until 2006 the evi-
dence was based on the facts that either 
ethylene or auxin inhibitors blocked the 
enhanced ferric reductase activity and the 
acidification in Fe-deficient plants.7,16 On 
the other hand, there were results showing 
that the ethylene precursor ACC enhanced 
ferric reductase activity in plants grown 
with low levels of Fe.7,16 In relation to auxin, 
there were some results showing that 2,4-D 
(synthetic auxin) did not induce either 
enhanced ferric reductase activity or acidifi-
cation when applied to Fe-sufficient plants.7 
These results, along with results show-
ing that ethylene insensitive mutants, like 
the Arabidopsis ein2, could enhance ferric 
reductase activity when grown under Fe 
deficiency, led to the conclusion that hor-
mones were not involved in the regulation 
of physiological responses to Fe deficiency.31

After the work of Lucena et al.9 show-
ing that ACC can upregulate several 
Fe acquisition genes, such as AtFIT, 
AtFRO2, AtIRT1, SlFER, SlFRO1 and 
SlIRT1, in Arabidopsis and in tomato 
plants grown with low levels of Fe, it is 
clear that the above conclusion can not be 
longer accepted. Furthemore, Graziano 
and Lamattina also found that NO can 
upregulate SlFER, SlFRO1 and SlIRT1 
in tomato plants grown without Fe.11 In 
addition, García et al. have recently found 
that ethylene and NO are involved in 
the upregulation of many Fe acquisition 
genes in Arabidopsis plants grown with 
low levels of Fe.17 In that work, it was also 
found that there was enhanced expres-
sion of Fe acquisition genes upon ethyl-
ene treatment in the Arabidopsis ethylene 
insensitive mutant ein2.17 This suggests 
that this mutant is not totally insensitive 
to ethylene and agrees with recent results 
showing that ethylene signalling is far 
more complex than previously thought.34 
Finally, Chen et al. have also shown that 
auxin can upregulate AtFIT and AtFRO2 

Figure 2. effect of the ethylene precursor acc on nO production by arabidopsis roots. left: root 
from a Fe-sufficient plant; right: root from a Fe-sufficient plant treated with acc for 2 h. nO was 
detected with daF-2 da.
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which could be necessary for the upregu-
lation of Fe acquisition genes in Strategy 
I plants (Fig. 1). Each one influences the 
production of the other two (Fig. 1), and 
all of them require low Fe (probably low 
phloem Fe) to be effective. This low Fe 
requirement would give specificity to the 
response, with phloem Fe (or some signal 
derived from it) acting as a lock to prevent 
the induction of Fe responses under other 
stresses that also enhance auxin, ethylene 
and/or NO synthesis. In addition, the 
involvement of phloem Fe on Fe responses 
would allow the plant to establish a feed-
back loop between the aerial parts and 
the root system. The collected body of 
research suggests that auxin acts upstream 
of ethylene and NO, but it is unknown 
which of them, ethylene or NO, is the last 
activator of Fe acquisition genes. Some 
preliminary results suggest that, perhaps, 
it is ethylene, but this question deserves 
future research.
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Dicotyledonous plants need to reduce Fe(III) to Fe(II), mediated by a ferric 
reductase (encoded by the FRO2 gene in Arabidopsis), prior to its uptake through 
an Fe(II) transporter (encoded by the IRT1 gene in Arabidopsis). The expression 
of both genes is up-regulated under Fe deficiency. In the last years evidence has 
been presented to support a role for ethylene as activator of the ferric reductase 
activity but it was not known whether ethylene affects FRO2 transcription or 
other aspects of this activity. In relation to the IRT1 gene, it is not known 
whether ethylene affects it or not. The objective of this work was to study the 
expression of the FRO2 and IRT1 genes in response to Fe deficiency, and 
ethylene inhibitors and precursors, in the Arabidopsis thaliana wild-type 
Columbia and in some of its ethylene mutants (ctr1, etr1, ein2, ein3-eil1). In 
addition, we have studied the expression of the basic chitinase gene, already 
known by its response to ethylene. To carry out these experiments seeds were 
germinated in black peat and, when appropriate, seedlings were transferred to 
plastic vessels with complete nutrient solution. After some days in this complete 
nutrient solution plants were transferred to the different treatments: nutrient 
solution with Fe; with Fe plus ACC; without Fe; and without Fe plus ethylene 
inhibitors. The results obtained showed that all the ethylene mutants studied 
increased the expression of FRO2 and IRT1 under Fe deficiency. All the 
ethylene insensitive mutants studied (etr1, ein2, ein3-eil1) enhanced FRO2 and 
IRT1 expression upon ACC treatment. FRO2 and IRT1 expression was 
negatively affected by ethylene inhibitors in some of the mutants (like etr1) but 
not in others (like ctr1). The basic chitinase gene was induced under Fe 
deficiency conditions. Taken together, all these results suggest a role for 
ethylene in the regulation of FRO2 and IRT1 expression. 
  
 
Key words: ethylene, ferric reductase, iron, iron transporter, mutant, regulation  
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INTRODUCTION 

     Dicot plants reduce Fe3+ (the most abundant form in soils) to 

Fe2+, by means of a reductase encoded by FRO (Ferric Reductase 

Oxidase), before its uptake through an Fe2+ transporter encoded 

by IRT (Iron-Regulated Transporter). Under Fe deficiency, these 

plants develop several morphological and physiological 

responses in their roots: a) development of subapical root hairs; 

b) up-regulation of FRO expression; c) up-regulation of IRT 
expression; d) rhizosphere acidification due to enhanced H+-

ATPase gene expression; and others.  

  Ethylene, whose production increases under Fe deficiency, has 

been involved in the regulation of several responses to Fe 

deficiency. 

                                           

Fe-deficient 

plants 

• ctr1, etr1, ein2 and ein3eil1 
mutants overexpress the FRO2 
and IRT1 genes under Fe 
deficiency, similarly to the 
Columbia cultivar, which 
suggests  that the proteins 
encoded by all these genes are 
not strictly required for this 
response to Fe deficiency.   

 

• etr1, ein2 and ein3eil1 
overexpress the FRO2 and IRT1 
genes upon ACC (or Ethephon) 
treatment of Fe-sufficient plants, 
similarly to the Columbia 
cultivar, which suggests that the 
proteins encoded by all these 
genes are not strictly required 
for this response to ethylene. 

 

• Ethylene inhibitors block the 
expression of the FRO2 and 
IRT1 genes in Fe-deficient 
plants of all the genotypes.  

 

•The CHIT gene is induced in all 
the genotypes (although with 
different intensity) under Fe 
deficiency, except in the ein3eil1 
mutant, which agrees with the 
increased production of 
ethylene by Fe-deficient plants. 
Curiously, in the ein2 mutant, 
both AOA and STS do not block 
the expression of the CHIT gene 
(even stimulate it) while the 
opposite occurs with  the FRO2 
and IRT1 genes.   

 

•Taken together, the results 
suggest that ethylene is 
involved in the regulation of the 
expression of the FRO2 and 
IRT1 genes under Fe deficiency, 
although their regulation seems 
to be different from that of the 
CHIT gene. 

 

• Additionally, the results show 
that the etr1, ein2 and ein3eil1 
mutants are not totally 
insensitive to ethylene. 

 

RESULTS & DISCUSSION 
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Fig. 1. Hydroponic system used to grow the Arabidopsis plants. Seeds were 

germinated in black peat and, when appropriate, seedlings were inserted in plastic 

lids and held in the holes of a thin polyurethane raft floating in aerated nutrient solution 

(right). From this, plants were individually transferred to 70 mL plastic vessels (left). 
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Fig. 2. Influence of ethylene precursors 

[ACC or Ethephon (ET)] and ethylene 

inhibitors (AVG, Co, STS, or AOA) on the 

expression of FRO2, IRT1 and CHIT genes 

in       Fe-sufficient (+Fe) and Fe-deficient (-

Fe) Columbia and ethylene mutants. 

   The objective of this work was to analyse the expression of the   

FRO2 and IRT1 genes in response to Fe deficiency, ethylene 

inhibitors and precursors, in the wild-type and in several 

Arabidopsis ethylene mutants, to determine whether ethylene 

participates in the regulation of both genes. We have studied the 

expression in parallel of the basic chitinase gene (CHIT), as a 

reference ethylene-regulated gene. 

 

• Seeds of Arabidopsis thaliana (L.) Heynh ecotype Columbia and of its ethylene 

insensitive (etr1-1, ein2-1 and ein3-eil1) and constitutive (ctr1-1) mutants were 

germinated in black peat. When plants were 30 d old, they were inserted in plastic lids 

and held in the holes of a thin polyurethane raft floating on aerated nutrient solution (Fig. 

1; right). After 10-15 d in this hydroponic system, the plants were individually transferred 

to 70 mL plastic vessels with the different treatments (Fig. 1; left).  

• The treatments imposed were: +Fe: nutrient solution with Fe-EDDHA; +Fe+ACC (or ET): 

same as +Fe treatment but with ACC (or Ethephon) addition during the last 24 h;       -Fe: 

nutrient solution without Fe; -Fe+Co, -Fe+AOA, -Fe+AVG or -Fe+STS: -Fe treatment (2 

or 3 d) with CoSO4, AOA, AVG or STS, respectively, added during the last 24 h.  

• Roots were collected and kept at –80ºC to later analyze the mRNA, by Northern blot or 

RT-PCR.  

MATERIAL AND METHODS 

•  
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Bicarbonate is considered one of the most important factors in the 
induction of iron chlorosis in calcareous soils. However, its mode of 
action is not well known. Most of its effects have been attributed to its 
capacity to maintain a high pH in the medium, since at high pH both the 
Fe solubility and the ferric reductase activity are lower. Some works have 
shown that bicarbonate could inhibit the enhancement of ferric reductase 
activity by Fe-deficient plants (Romera et al. 1997). The objective of this 
work was to study the effect of bicarbonate on the expression of several 
Fe acquisition genes: ferric reductase PsFRO1 and LeFRO1 genes; iron 
transporter PsRIT1 and LeIRT1 genes; H+-ATPase CsHA1 gene; and 
transcription factor LeFER gene. In addition, we have studied some 
physiological responses associated with the expression of these genes, 
like the ferric reductase activity (FRO gene) and the capacity for Cd 
uptake (IRT gene). For this, cucumber (Cucumis sativus L.) and pea 
(Pisum sativum L.) seedlings, 5-d-old; and tomato (Lycopersicon 
esculentum Mill.) seedlings, 20-d-old, were transferred to a       Fe-free 
nutrient solution with or without NaCO3H. After 1-3 days of treatments, 
the ferric reductase activity and the capacity of intact plants for Cd uptake 
were determined. In some experiments, total mRNA was isolated from 
roots to later analyse the expression of the FRO, IRT, FER and HA 
genes by Northern analysis or RT-PCR. The results obtained showed 
that bicarbonate inhibits the expression of the ferric reductase PsFRO1 
and LeFRO1 genes and the enhanced ferric reductase activity of Fe-
deficient plants, as well as the expression of the iron transporter PsRIT1 
and LeIRT1 genes and the enhanced Cd uptake capacity of Fe-deficient 
plants. The expression of the H+-ATPase CsHA1 gene and the 
transcription factor LeFER gene was also negatively affected by 
bicarbonate. These results suggest that bicarbonate could induce Fe 
deficiency by inhibiting the expression of several genes involved in Fe 
acquisition. Since most of these genes are FER (or FER-like)-regulated, 
bicarbonate could affect all of them by blocking the expression of the 
FER(or FER-like) transcription factor. 
References: Romera FJ, Alcántara E, De la Guardia MD (1997) Physiol.  
Plant. 101: 143-148. 
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INTRODUCTION 

Bicarbonate is considered one of the most important factors in the 

induction of iron chlorosis in calcareous soils. However, its mode 

of action is not well known. Most of its effects have been 

attributed to its capacity to maintain a high pH in the medium, 

since at high pH both the Fe solubility and the ferric reductase 

activity are lower. Some works have shown that bicarbonate could 

inhibit the enhancement of ferric reductase activity by Fe-deficient 

plants (Romera et al. 1997). The objective of this work was to 

study the effect of bicarbonate on the expression of several Fe 

acquisition genes: ferric reductase FRO genes; iron transporter IRT 

genes; H
+
-ATPase HA genes; and transcription factor FER (or FER-

like) genes. In addition, we have studied some physiological 

responses associated with the expression of these genes, like the 

ferric reductase activity (FRO gene) and the capacity for Cd uptake 

(IRT gene).  

MATERIALS AND METHODS 

Cucumber (Cucumis sativus L.) and pea (Pisum sativum L.) 

seedlings, 5-d-old; tomato (Lycopersicon esculentum Mill.) 

seedlings, 20-d-old; and arabidopsis (Arabidopsis thaliana (L.) 

Heynh) seedlings, 30-d-old; were transferred to a Fe-free nutrient 

solution (Fig. 3) with or without NaCO
3
H (10 to 30 mM). After 1-3 

days of treatments, the ferric reductase activity and the capacity 

of intact plants for Cd uptake were determined. In some 

experiments, total mRNA was isolated from roots to later analyse 

the expression of the FRO, IRT, FER and HA genes by Northern 

analysis or RT-PCR.  

RESULTS & DISCUSSION 

Bicarbonate inhibits the expression of the ferric reductase FRO 

genes (Figs. 1 & 6) and the enhanced ferric reductase activity of 

Fe-deficient plants (Fig. 1). 

  

Bicarbonate inhibits the expression of the iron transporter IRT 

genes (Figs. 4 & 6) and the enhanced Cd uptake capacity of Fe-

deficient plants (Fig. 4).  

  

Bicarbonate inhibits the expression of the H
+
-ATPase CsHA1 gene,         

up-regulated by Fe deficiency, but not that of the H
+
-ATPase CsHA2 

gene, not regulated by Fe (Fig. 5). 

  

Bicarbonate inhibits the expression of the transcription factor FER 

gene (or FRU: an FER-like gene)  (Fig. 6).  

  

Results suggest that bicarbonate could induce Fe deficiency (Fig. 

2) by inhibiting the expression of several genes involved in Fe 

acquisition. Since most of these genes are FER (or FER-like)-

regulated, bicarbonate could affect all of them by blocking the 

expression of the FER (or FER-like) transcription factor (Fig. 6).  

References: Romera FJ, Alcántara E, De la Guardia MD (1997) Physiol.  Plant. 101: 143-

148.  
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grow cucumber and Arabidopsis 

plants. 
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Fig. 5. Expression of the H
+
-ATPase 

CsHA1 and CsHA2 genes in 

cucumber plants grown with Fe; 

without Fe; or without Fe and 

bicarbonate. 

 

Fig. 6. Expression of FRO2, IRT1 and 

FRU genes in Arabidopsis plants, and 

FER gene in tomato plants,  grown with 

Fe; without Fe; or without Fe and 

bicarbonate. 
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Fe deficiency up-regulates the expression of the genes for the ferric reductase 
(AtFRO2 in Arabidopsis, LeFRO1 in  tomato and PsFRO1 in pea), the Fe(II) 
transporter (AtIRT1 in Arabidopsis, LeIRT1 in tomato and PsRIT1 in pea) and the 
FER(or FER-like) transcription factor (LeFER in tomato and AtFRU in 
Arabidopsis). Recently, we have found that the addition of ethylene inhibitors to 
Fe-deficient Arabidopsis, tomato and pea plants inhibited the mRNA 
accumulation of all these genes, while the addition of ethylene precursors, such 
as ACC, to plants grown in moderately low Fe conditions increased their mRNA 
accumulation. However, ACC hardly affected mRNA accumulation of these 
genes in plants grown in high Fe conditions. These results suggest that ethylene 
acts as activator of the expression of all these genes while Fe acts, either directly 
or indirectly, as inhibitor of their expression. But, is the total symplastic Fe in the 
root the one that acts as inhibitor? We think not, based on results found with the 
man1 (or frd3) Arabidopsis mutant. This mutant, that shows chlorosis symptoms 
in leaves and accumulates high levels of symplastic Fe in their roots, 
constitutively expresses the AtFRO2, AtIRT1 and AtFRU genes, which suggests 
that total symplastic Fe in the root could not be the inhibitor. Moreover, when this 
mutant was sprayed with foliar Fe, their leaves regreened and the mRNA 
accumulation of the AtFRO2, AtIRT1 and AtFRU genes was blocked, suggesting 
that the Fe absorbed by the leaves and translocated, via phloem, to the roots 
could be the inhibitor. Based on these results, our group has proposed the 
following model: Fe deficiency would cause an increase of ethylene production 
by the roots, which has been already probed (Romera et al. 1999; Waters and 
Blevins 2000); ethylene then would trigger FER(or FER-like) transcription factor 
accumulation, which subsequently could activate FRO, IRT and other FER(or 
FER-like)-regulated genes. According to our model, ethylene would activate the 
expression of these genes only when phloem Fe is sufficiently low to allow it, 
which confers Fe-specificity to the system. 
References: Romera et al (1999) Ann Bot  83: 51-55; Waters and Blevins 
(2000) Plant Soil 225: 21-31. 
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1. Fe deficiency 

causes an increase 

of ethylene 

production by roots 

[Romera et al. (1999) 

Ann. Bot. 83:51; 

Waters & Blevins 

(2000) Plant Soil 

225:21; Li & Li (2004) 

Plant Soil 261:147; 

Molassiotis et al. 

(2005) J. Plant Nutr. 

28:669]. 

2. Fe deficiency causes the 

overexpression of the basic 

chitinase gene (CHIT), a gene up-

regulated by ethylene (see the 

effects of the ethylene precursor 

ACC and the ethylene inhibitor 

AVG). This agrees with 1.  

4. Ethylene precursors, such as ACC, enhance 

ferric reductase activity in the subapical 

regions of the roots, as occurred in Fe-

deficient plants. 

5. Ethylene precursors, such as 

ACC, enhance the expression of 

FRO, IRT and FRU (or FER-like) 

genes, although such expression 

was always lower in  plants 

grown with high levels of Fe. 

This suggests that ethylene acts 

as activator of the transcription 

of these genes while Fe acts as 

inhibitor of it. But, is the total 

symplastic Fe in the roots the 

one that acts as inhibitor? We 

think not, based on the results 

presented in 6. 

6. The frd3 (or man1) mutant 

shows chlorotic leaves when grows 

under Fe-sufficient conditions (left). 

Although it has enough Fe in their 

roots, this Fe does not inhibit the 

overexpression of the FRO2, IRT1 

and FRU genes (center). However, 

when it is sprayed with Fe (folFe), it 

recovers from its chlorosis (left) 

and the expression of the FRO2, 

IRT1 and FRU genes is inhibited 

(center) as well as their reductase 

activity (right). It is also worth 

mentioning that the application of 

ACC to Fe sprayed plants causes 

enhanced expression of the CHIT 

gene but not of the FRO2, IRT1 and 

FRU genes. These results suggest 

that     phloem-Fe could act as 

inhibitor of FRO2, IRT1 and FRU 

gene expression.  
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MODEL 

Fe deficiency causes an increase of ethylene production by the roots, possibly affected by other signals (auxin? 

ACC?…) coming from the shoots. Ethylene would then promote FER (or FER-like) accumulation in the roots, only 

if there is not enough phloem-Fe to inhibit it. FER (or FER-like) could then activate FRO and IRT transcription. 

This model does not discard either the involvement of other signals or a role for ethylene in other steps of the 

regulation (see Poster            S3-P-35). This model is based, among others, in the following experimental results 

(see 1 to 6).  

3. Ethylene inhibitors (Co, STS, …) 

block the enhanced expression of FRO 

(and consequently ferric reductase 

activity), IRT and  FRU (or FER-like) 

genes in Fe-deficient plants. 
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El hierro que recircula desde las hojas a la raíz participa en la 

regulación de las respuestas a su deficiencia.  
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Las plantas dicotiledóneas necesitan reducir el Fe(III), el más abundante en la mayoría de los suelos, a 

Fe(II), previamente a su absorción. La reducción está mediada por una reductasa férrica, codificada por el 

gen AtFRO2 en Arabidopsis. La posterior absorción del Fe(II) ocurre a través de un transportador codificado 

por el gen AtIRT1 en Arabidopsis. Ambos genes incrementan su expresión en condiciones de deficiencia de 

hierro (Fe). El  factor de transcripción AtFRU también induce su expresión en condiciones de deficiencia 

de hierro y es necesario para inducir la expresión de AtFRO2 y AtIRT1
3
.  

Existe un mutante de Arabidopsis, denominado frd3 (ó man1), que siempre tiene activadas las 

respuestas a la deficencia de Fe y que, consecuentemente, presenta expresión constitutiva de AtFRO2, 

AtIRT1 y AtFRU, aún en presencia de una alta concentración de Fe en el medio
2
. Además, este mutante 

muestra siempre hojas cloróticas, independientemente de que se cultive con o sin Fe
2
. Recientemente, se 

ha demostrado que frd3 tiene alterado el transportador responsable de la entrada de citrato-Fe al xilema, 

principal forma en la que se transporta el Fe desde la raíz a la parte aérea
1
. Dado que este mutante, cuando 

se cultiva con Fe,  acumula grandes cantidades del mismo en el simplasto de la raíz, parece claro que el 

contenido total de Fe simplástico en raíz no es el responsable de inhibir la expresión de AtFRO2, AtIRT1 y 

AtFRU. 

El objetivo de este trabajo ha sido probar si la aplicación foliar de Fe al mutante frd3 puede inhibir las 

respuestas constitutivas a la deficiencia de Fe que éste presenta. Para ello, las plantas se cultivaron en 

solución nutritiva con FeEDDHA. Cuando las plantas tuvieron un tamaño adecuado, la mitad de ellas se 

pulverizaron foliarmente con una solución de SO4Fe 0,03 % (p/v) dos veces al día, durante dos días. Al 

tercer día, después de las aplicaciones foliares, se midió la actividad reductasa férrica de las plantas y se 

recogieron las raíces y se congelaron a –80ºC, para analizar posteriormente la expresión de los genes 

AtFRO2, AtIRT1 y AtFRU mediante RT-PCR. En algunos experimentos en solución nutritiva, las plantas 

se pulverizaron con una solución de SO4Fe 0,03 %, conteniendo el isótopo no radioactivo 
57

Fe, utilizado 

como trazador. En este caso, al tercer día, después de las aplicaciones foliares, se recogieron las raíces 

para analizar su contenido en 
57

Fe. Se hizo también un experimento en el cual se cultivaron las plantas en 

turba negra y se regaron periódicamente con solución nutritiva que contenía FeEDDHA. Estas plantas 

presentaban hojas cloróticas, como es habitual en este mutante. A la mitad de ellas se las pulverizó 

foliarmente con una solución de SO4Fe 0,03 % dos veces al día, durante dos días. Transcurridos unos 

días, se hicieron fotografías de las mismas. 

Los resultados obtenidos muestran que la pulverización foliar de Fe a plantas del mutante frd3 

conduce a la desaparición de su clorosis y al bloqueo de sus respuestas constitutivas a la deficiencia de 

Fe, ya que se inhibe la actividad reductasa férrica y la expresión de los genes AtFRO2, AtIRT1 y AtFRU. 

Estos resultados sugieren que el Fe que actúa como inhibidor de las respuestas a su deficiencia es el Fe 

que recircula desde las hojas a la raíz a través del floema y no el Fe simplástico total que hay en la raíz
5
. 

De hecho, el análisis de las raíces de las plantas pulverizadas con 
57

Fe muestra que éste llega a la raíz en 

cantidades apreciables. Nuestros resultados sugieren que la parte aérea ejerce un control sobre la 

absorción de Fe por las raíces, tal y como se ha sugerido para otros nutrientes minerales. En el mutante 

frd3, al no llegar Fe a las hojas a través del xilema, no habría recirculación de éste por el floema para 

inhibir las respuestas. Hay que señalar que el Fe que se mueve en el floema tiene características 

especiales, pues parece ir unido a pequeños péptidos
4
.  
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El etileno induce la expresión de genes implicados                          
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Introducción 
Las plantas dicotiledóneas necesitan reducir el Fe(III) a Fe(II), mediante una 
reductasa férrica (codificada por el gen FRO2 en Arabidopsis), previamente a 
su absorción por un transportador de Fe(II) (codificado por el gen IRT1 en 
Arabidopsis). La expresión de ambos genes se incrementa bajo deficiencia de 
Fe (Lucena C et al 2006). Para la activación de ambos genes es necesaria la 
presencia del factor de transcripción FIT (anteriormente también denominado 
FRU) (Jakoby M et al 2004). La deficiencia de Fe también induce la 
formación de pelillos radicales subapicales. Recientemente, nuestro grupo ha 
presentado datos que sugieren que el etileno, una fitohormona cuya síntesis 
incrementa con la deficiencia de Fe, está implicado en la regulación del gen 
FIT y, consecuentemente, en la de los genes FRO2 e IRT1, así como en la 
respuesta de formación de pelillos radicales subapicales (Lucena C et al 
2006). La adición de ACC (precursor de la síntesis de etileno) a plantas del 
cultivar silvestre de Arabidopsis, Columbia, cultivadas con niveles bajos de 
Fe, incrementa la expresión de los genes FIT, FRO2 e IRT1, y provoca la 
formación de pelillos radicales subapicales (Lucena C et al 2006). Por el 
contrario, la aplicación de inhibidores de etileno a plantas deficientes en Fe 
inhibe la expresión de los tres genes y la formación de pelillos subapicales 
(Lucena C et al 2006). El objetivo de este trabajo ha sido comprobar si 
mutantes en la señalización de etileno presentan alteraciones en la expresión 
de los genes FIT, FRO2 e IRT1, y en la formación de pelillos radicales 
subapicales. Para ello, se ha comparado el efecto de la aplicación de etileno 
en la inducción de los genes anteriormente citados, y en la formación de 
pelillos radicales subapicales, en mutantes de Arabidopsis alterados en la 
señalización de dicha hormona y en el cultivar silvestre Columbia. También 
se ha incluido en este estudio el gen de la quitinasa básica, CHIB, que es 
inducible por etileno (Chen QG, Bleecker AB 1995).  

Los mutantes de Arabidopsis utilizados han sido ein2 y ein3eil1 (ambos 
insensibles al etileno) y ctr1 (constitutivo al etileno). El mutante ein2 (Alonso 

173



 198                                             ISABEL DIAZ RODRIGUEZ, MANUEL MARTINEZ MUÑOZ 
 

JM et al 1999) y el doble mutante ein3eil1 (Guo H, Ecker JR 2004) están 
considerados como completamente insensibles a etileno, al menos en las 
respuestas estudiadas hasta ahora. Las semillas se germinaron en turba negra 
y, cuando tuvieron el tamaño adecuado, se transfirieron a vasitos de 70 mL 
con solución nutritiva completa, con 10 µM Fe (Lucena C et al 2006). 
Transcurridos unos días en dicha solución, la mitad de las plantas se trató con 
etileno. El tratamiento con etileno se realizó a través de un tubo de goma que 
disponía de una aguja hipodérmica en cada uno de sus dos extremos; una de la 
agujas se introducía en un recipiente con tapón de goma (de aproximadamente 
200 mL), que contenía 6 mL de etileno puro, y la otra en el sistema de 
aireación de la solución nutritiva. Transcurridas 24 h, se determinó la 
capacidad reductora, por la formación del complejo Fe(II)-Ferrozina, y se 
observaron los pelillos radicales subapicales, mediante la tinción de algunas 
raíces con azul de toluidina. Una vez finalizado el experimento, se recogieron 
las raíces y se congelaron a –80ºC, para posteriormente analizar la expresión 
de los genes FIT, FRO2, IRT1 y CHIB por RT-PCR, utilizando el ARN 
ribosómico 18S como control. 

 
Resultados 
Los resultados obtenidos muestran que todos los mutantes estudiados, cuando 
se tratan con etileno, incrementan su capacidad reductora y la expresión de los 
tres genes implicados en la adquisición de Fe, FIT, FRO2 e IRT1, de forma 
semejante a lo que ocurre en el cultivar silvestre Columbia (Figuras 1 y 2). 
Sin embargo, la expresión del gen CHIB se incrementó mucho más en el 
cultivar Columbia que en los diferentes mutantes (Figuras 1 y 2). El etileno 
también afectó de manera diferente la inducción de pelillos radicales 
subapicales. Así, mientras que los indujo en el cultivar Columbia, no lo hizo 
en ninguno de los dos mutantes insensibles a etileno (Figura 3). El mutante 
ctr1 mostró pelillos abundantes de manera constitutiva (resultados no 
mostrados).  
 
Discusion 
Los resultados obtenidos en este trabajo sugieren un papel para el etileno en la 
regulación de los genes implicados en la adquisición de Fe, FIT, FRO2 e 
IRT1, tal y como ha sido propuesto previamente (Lucena C et al 2006). 
Además, el hecho de que los mutantes ctr1 y ein2 induzcan dichos genes, tras 
ser tratados con etileno (Figuras 1 y 2), sugiere que en la regulación de los 
genes de adquisición de Fe por etileno puede intervenir una ruta de 
señalización diferente de la ruta comúnmente aceptada, que incluye a CTR1 y 
EIN2 (Stepanova AN, Alonso JM 2005). Nuestros resultados también 
sugieren que los genes de adquisición de Fe se regulan de distinta manera que 
el gen CHIB, un conocido gen inducible por etileno (Chen QG, Bleecker AB 
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1995), dado que la expresión de éste último apenas se induce por etileno en 
los mutantes insensibles al etileno, ein2 y ein3eil1 (Figuras 1 y 2).  

Finalmente, los resultados de este trabajo también sugieren que la 
formación de pelillos radicales subapicales se regula por una vía distinta a la 
de los genes de adquisición de Fe, ya que la formación de dichos pelillos está 
bloqueada en los dos mutantes insensibles a etileno estudiados mientras que la 
inducción de los genes de adquisición de Fe no (Figuras 1, 2 y 3).  
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                             Columbia                                             ctr1 
 
Figura 1.  Efecto del etileno sobre la capacidad reductora y sobre la expresión de los genes 
FIT, FRO2, IRT1 y CHIB en plantas del cultivar silvestre Columbia y del mutante ctr1. 

175



 200                                             ISABEL DIAZ RODRIGUEZ, MANUEL MARTINEZ MUÑOZ 
 

 
 
 
 
 
 
 
 
 
 
 

 
                            ein2                                               ein3eil1                          
 
Figura 2. Efecto del etileno sobre la capacidad reductora y sobre la expresión de los genes 
FIT, FRO2, IRT1 y CHIB en plantas de los mutantes ein2 y ein3eil1. 
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Ethylene and bicarbonate affect the expression of the AtbHLH38 and 
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In Arabidopsis, the transcription factor FIT (also named AtbHLH29) is involved 
in Fe acquisition (1) and its expression is activated by ethylene (2). On the 
other hand, bicarbonate can block FIT expression, at higher doses, while can 
stimulate it, at lower doses (3). Very recently, other bHLH transcription factors 
up regulated by Fe deficiency have been characterized and named AtbHLH38, 
AtbHLH39, AtbHLH100 and AtbHLH101 (4). The ectopic expression of 
AtbHLH38 and AtbHLH39 leads to riboflavin excretion (a response to Fe 
deficiency) in transgenic tobacco plants (5). The objective of this work was to 
study whether the expression of the AtbHLH38 and AtbHLH39 genes behaves 
similarly to that of the FIT gene in response to ethylene and bicarbonate. To 
carry out these experiments seeds were germinated in black peat and, when 
appropriate, seedlings were transferred to plastic vessels with complete 
nutrient solution. After some days, plants were transferred to the different 
treatments: nutrient solution with Fe; with Fe plus ACC; without Fe; without Fe 
plus ethylene inhibitors; and without Fe plus different bicarbonate 
concentrations. After 1-5 days in the different treatments, roots were collected 
and kept at -80ºC to later analyse the mRNA by RT-PCR. In the treatments 
with bicarbonate, the excretion of riboflavin was determined. The results 
obtained showed that both AtbHLH38 and AtbHLH39 genes respond to 
ethylene and bicarbonate similarly to the FIT gene, which suggest that the 
three genes share common regulatory elements.  
References: 1) Bauer et al (2007) Plant Physiol Biochem 45:260; 2) Lucena et 
al (2006) J Exp Bot 57:4145; 3) Lucena et al (2007) Funct Plant Biol  34:1002; 
4) Wang et al (2007) Planta 226: 897; 5)Vorwieger et al (2007) Planta 226:147
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ETHYLENE AND BICARBONATE AFFECT THE EXPRESSION 
OF THE AtbHLH38 AND AtbHLH39 TRANSCRIPTION   

FACTORS SIMILARLY TO THE ONE OF FIT (AtbHLH29)
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R f l Pé Vi t 2 d E t b  Al á t 1Rafael Pérez-Vicente2 and Esteban Alcántara1

1Dpt Agronomy and 2Dpt Botany, Ecology and Plant Physiology, 
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14014-Córdoba (SPAIN). E-mail*: ag1roruf@uco.es
INTRODUCTION

Dicot plants reduce Fe3+ (the most abundant form in

Fe-sufficient Fe-deficient

Dicot plants reduce Fe (the most abundant form in
soils) to Fe2+, by means of a reductase encoded by FRO
(Ferric Reductase Oxidase), before its uptake through a
Fe2+ transporter encoded by IRT (Iron-Regulated
Transporter). Both genes, and others [like the HA
(H+-ATPase)], are up-regulated under Fe deficiency
(Fig. 1).

Our group has presented evidence suggesting that Fe
deficiency increases ethylene production and that this
hormone then triggers the accumulation of the
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Arabidopsis FIT (AtbHLH29) transcription factor (in
tomato, this factor is known as FER), necessary for
activation of FRO, IRT and HA genes (Fig. 1; Lucena et al.
2006). Additionally, we have shown that the FIT gene
expression is affected by bicarbonate, one of the most
important factors causing Fe chlorosis in calcareous soils
(Lucena et al. 2007).

Recently, it has been found that the expression of
FRO and IRT genes depends on other bHLH transcription
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factors besides FIT, like AtbHLH38 and AtbHLH39 (Wang
et al. 2007; Yuan et al. 2008). Moreover, simultaneous over-
expression of the transcription factors AtbHLH38 and
AtbHLH39 causes constitutive excretion of riboflavin, one
of the Fe deficiency stress responses (Vorwieger et al.
2007).

The objective of this work was to compare the
expression of the AtbHLH38 and AtbHLH39 genes with
that of the FIT gene in response to Fe deficiency; ethylene
i hibit d d bi b t t d t i

RESULTS & DISCUSSION

Fig. 1. Ethylene and responses to Fe deficiency in dicot plants. Fe-deficient
plants increase ethylene production in their roots and this hormone then
triggers the accumulation of several bHLH transcription factors [AtbHLH29
(FIT), AtbHLH38 (b38) and AtbHLH39 (b39)], required to activate the
expression of the ferric reductase (FRO2), the iron transporter (IRT1) and the
H+-ATPase (HA) genes in root epidermal cells.

inhibitors and precursors; and bicarbonate, to determine
whether ethylene participates in the regulation of these
genes.

MATERIAL AND METHODS

Fig. 2. Hydroponic system used to grow the Arabidopsis plants.

Fig. 3. Influence of the ethylene
precursor ACC and of the ethylene
inhibitors Co or STS on the expression of
the AtbHLH38 (b38), AtbHLH39 (b39)
and AtbHLH29 (FIT) genes in
Fe-sufficient (+Fe) and Fe-deficient (-Fe)
plants.
Fe-deficient plants were plants
transferred to -Fe during the last 2 days.
ACC, Co and STS were applied during
the last 24 h.

Seeds of Arabidopsis thaliana (L.) Heynh ecotype Columbia were
germinated in black peat When plants were 30 d old they were inserted in

Fig. 4. Influence of bicarbonate
concentration on the expression of
AtbHLH38 (b38), AtbHLH39 (b39) and
AtbHLH29 (FIT) genes in Fe-deficient
plants.
Plants were transferred during 1 day to
either nutrient solution without Fe (-Fe) or
nutrient solution without Fe and with
bicarbonate, at 5mM (-Fe+Bic5), 10mM
(-Fe+Bic10) or 20 mM (-Fe+Bic20).

The enhanced expression of the AtbHLH38, AtbHLH39 and FIT
(AtbHLH29) genes by Fe deficiency was diminished by treatments withgerminated in black peat. When plants were 30 d old, they were inserted in

plastic lids and held in the holes of a thin polyurethane raft floating on
aerated nutrient solution (Fig. 2; left). After 10-15 d in this hydroponic system,
the plants were individually transferred to 70 mL plastic vessels with the
different treatments (Fig. 2; right).

The treatments imposed were: +Fe: nutrient solution with 40 μM FeEDDHA;
+Fe+ACC: same as +Fe treatment but with 1 μM ACC (ethylene precursor)
addition during the last 24 h; -Fe: nutrient solution without Fe (1 or 2 d);
-Fe+Co, or -Fe+STS: -Fe treatment (2 d) with 50 μM CoSO4 (ethylene
synthesis inhibitor) or 200 μM STS (ethylene action inhibitor) respectively

( ) g y y y
ethylene inhibitors (Co and STS) in all the cases (Fig. 3). On the other hand, the
addition of ACC (ethylene precursor) to Fe-sufficient plants caused the
enhanced expression of the three genes, being this enhancement lower for the
FIT gene (Fig. 3).

The expression of the AtbHLH38, AtbHLH39 and FIT genes was very low
after only 1 day of Fe deficiency, but the presence of 5 mM bicarbonate
enhanced it in all the cases while higher doses did not (Fig. 4 ). The treatment
with 5 mM bicarbonate also enhanced riboflavin excretion (5.6 nmol/g root
FW/mL/72h in -Fe+Bic5 vs 0.3 nmol/g root FW/mL/72h in -Fe; in -Fe+Bic10 and
-Fe+Bic20 riboflavin was not detected), which agrees with the higher
expression of AtbHLH38 and AtbHLH39 in this treatment (Fig. 4), since both
transcription factors are required to activate riboflavin excretion (Vorwieger et
al. 2007).synthesis inhibitor), or 200 μM STS (ethylene action inhibitor), respectively,

added during the last 24 h; -Fe+Bic: -Fe treatment (1d) with NaHCO3

addition, at 5, 10, or 20 mM (final concentration).

Roots were collected and kept at –80ºC to later analyze the mRNA, by
RT-PCR.

In some treatments with bicarbonate, nutrient solution was collected to
determine its riboflavin content by using a fluorimeter

)

Taken together, the results of Figures 3 and 4 suggest that the AtbHLH38,
AtbHLH39 and FIT genes share common regulatory elements. Moreover,
results suggest that ethylene participates, probably in conjunction with other
signals (Lucena et al. 2006), in the regulation of these three bHLH
transcription factors (Fig. 1). The way bicarbonate affects their expression
(Fig. 4) is not known but it could be related to ethylene, since in a previous
work it was shown that bicarbonate can provoke an increase of ethylene
production by roots (Romera et al. 2001).
References:
Lucena et al (2006) J. Exp. Bot. 57: 4145-4154; Lucena et al (2007) Funct. Plant Biol. 34:1002-1009;
Romera et al (2001) Plant Nutrition... WJ Horst et al (Eds.) Kluwer Academic Publishers, pp 608-609;
Vorwieger et al (2007) Planta 226: 147-158; Wang et al (2007) Planta 226: 897-908; Yuan et al (2008) Cell
Research 18:385-397.
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 Antecedentes y objetivos: Las plantas dicotiledóneas necesitan 
reducir el Fe(III) a Fe(II), mediante una reductasa férrica (codificada por 
el gen FRO2 en Arabidopsis), previamente a su absorción por un 
transportador de Fe(II) (codificado por el gen IRT1 en Arabidopsis). La 
expresión de ambos genes se incrementa bajo deficiencia de Fe y para 
su activación es necesaria la presencia del factor de transcripción FIT, 
también inducido por deficiencia de Fe. Recientemente, nuestro grupo 
ha presentado datos que sugieren que el etileno, una hormona cuya 
síntesis se incrementa con la deficiencia de Fe, está implicado en la 
regulación del gen FIT y, consecuentemente, en la de los genes FRO2 e 
IRT1. Además del bicarbonato, uno de los factores considerados más 
importantes en la inducción de clorosis férrica (deficiencia de Fe) es la 
anaerobiosis, cuyo  modo de acción no es bien conocido En suelos 
calcáreos, es frecuente encontrar mayores problemas de clorosis férrica 
después de épocas lluviosas, cuando los suelos están encharcados. El 
objetivo de este trabajo ha sido estudiar el efecto de la anaerobiosis 
sobre la expresión de los genes citados anteriormente y de otros 
homólogos de guisante y pepino.  

 Material y métodos: Plántulas de pepino (Cucumis sativus L. cv 
Ashley), guisante (Pisum sativum L. cv. Sparkle) y Arabidopsis 
(Arabidopsis thaliana (L.) Heynh cv Columbia y mutante constitutivo al 
etileno ctr1) se cultivaron en pequeños contenedores con solución 
nutritiva con Fe o sin Fe. En el tratamiento sin Fe, a la mitad de las 
plantas se les aireó la solución y a la mitad no. Transcurridos 3 ó 4 días 
de los tratamientos, se determinó la capacidad reductora de Fe(III) de las 
raíces, se recogieron éstas y se congelaron a –80ºC, para 
posteriormente analizar la expresión de los genes anteriormente citados 
por RT-PCR. 

 Resultados más relevantes: Los resultados obtenidos muestran 
que la anaerobiosis inhibe la expresión de genes de Arabidopsis 
implicados en la adquisición de Fe, FIT, FRO2 e IRT1 (también la de sus 
homólogos en guisante y pepino). Sin embargo, en el mutante de 
Arabidopsis ctr1, que se comporta como si siempre tuviera etileno, la 
anaerobiosis no sólo no inhibió, sino que incrementó la expresión de 
dichos genes.  

 Conclusiones: Estos resultados sugieren que la anaerobiosis 
puede provocar deficiencia de Fe al inhibir la expresión de genes 
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responsables de su adquisición. Dicha inhibición podría estar 
relacionada con una disminución de la síntesis de etileno, dado que ésta 
requiere oxígeno. Esta conclusión viene avalada por el hecho de que en 
el mutante ctr1, la anaerobiosis no inhibe la expresión de los genes de 
adquisición de Fe.  
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responses by affecting ethylene signaling 
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In dicotyledoneous plants, Fe deficiency up-regulates the expression of several 
genes involved in Fe acquisition, like the ferric reductase gene (FRO2 in 
Arabidopsis), the Fe(II) transporter gene (IRT1 in Arabidopsis) and the FER-like 
transcription factor gene (FIT in Arabidopsis), which is necessary for the 
activation of both FRO2 and IRT1. Recently, our group has presented 
evidence suggesting that ethylene, whose synthesis is increased under Fe 
deficiency, is involved in up-regulating FIT and, consequently, FRO2 and IRT1 
(Lucena et al. 2006; J. Exp. Bot. 57: 5145). On the other hand, our group has 
shown that bicarbonate can block the expression of FIT, IRT1 and FRO2 
(Lucena et al. 2007; Funct. Plant Biol. 34:1002). Besides bicarbonate, another 
important factor implicated in the induction of iron chlorosis (Fe deficiency) is 
anaerobiosis, whose mode of action is not well known. In calcareous soils, it is 
common to find major problems of iron chlorosis after rainy periods, when soils 
are flooded. The objective of this work was to study the effect of bicarbonate 
and anaerobiosis on the expression of genes involved in iron acquisition as 
well as in genes involved in ethylene signaling. The results obtained show that 
bicarbonate, that does not inhibit the synthesis of ethylene, inhibits iron 
acquisition genes, an effect that was aggravated by anaerobiosis. Moreover, 
bicarbonate inhibits some ethylene signaling proteins, like EIN2, which would 
impair ethylene action.  
Acknowledgements: Project AGL2007-64372; Project AGR-3849; Research 
Group AGR115. 
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BICARBONATE AND ANAEROBIOSIS  COULD INHIBIT              
Fe DEFICIENCY STRESS RESPONSES BY AFFECTING   
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Introduction 
 

In dicotyledoneous plants, Fe deficiency up-regulates the 

expression of several genes involved in Fe acquisition, like the 

ferric reductase gene (FRO2 in Arabidopsis), the Fe(II) 

transporter gene (IRT1 in Arabidopsis) and the FER-like 

transcription factor gene (FIT in Arabidopsis), which is necessary 

for the activation of both FRO2 and IRT1. Recently, our group 

has presented evidence suggesting that ethylene, whose 

synthesis is increased under Fe deficiency, is involved in up-

regulating FIT and, consequently, FRO2 and IRT1 (Lucena et al. 

2006). On the other hand, our group has shown that bicarbonate 

can block the expression of FIT, IRT1 and FRO2 (Lucena et al. 

2007). Besides bicarbonate, another important factor implicated 

in the induction of iron chlorosis (Fe deficiency) is anaerobiosis, 

whose mode of action is not well known.  

      The objective of this work was to study whether bicarbonate 

and anaerobiosis might affect AtEIN2 expression in Fe-deficient 

plants. The EIN2 protein participates in the ethylene transduction 

pathway (Fig.2; right).   

 

Materials & Methods 
 

Seeds of Arabidopsis thaliana (L.) Heynh ecotype Columbia 

and of  the constitutive ethylene mutant ctr1 were germinated 

in black peat. When plants were 30 d old, they were inserted in 

plastic lids and held in the holes of a thin polyurethane raft 

floating on aerated nutrient solution (Fig.1; left). After 10-15 d 

the plants were individually transferred to 70 mL plastic vessels 

with the different treatments (Fig.1; right).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The treatments used were: +Fe: nutrient solution with 40 µM 

FeEDDHA;  -Fe: nutrient solution without Fe;  -Fe+Bic:    -Fe 

treatment with 20mM NaHCO3; -Fe-air: -Fe treatment withouth 

aireation; -Fe+Bic- air: -Fe treatment with 20mM NaHCO3  and 

withouth aireation. 

      After 2 or 3 days of treatment, the Fe(III) reductase activity 

of roots was determined. Then, roots were collected and frozen 

at     -80 C, to later analyze gene expression by RT-PCR. 

 Fig. 1. Hydroponic system used to grow the Arabidopsis 

plants.  

REFERENCES: Lucena et al. (2006) J. Exp. Bot. 57: 5145;  Lucena et al. (2007) Funct. Plant Biol. 34:1002 

Results  & Discussion 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
    The results obtained with Columbia (Fig.2: left) show that        

bicarbonate: 

• inhibits the expression of iron acquisition genes,  

• inhibits the expression of EIN2 an ethylene signaling    

gene, which would impair ethylene action 

(Fig.2;right).  

• In both cases this inhibition is aggravated by 

anaerobiosis. 

Fig. 2. Influence of bicarbonate and anaerobiosis on the 

expression of AtFRO2, AtIRT1, AtFIT and AtEIN2 genes and on 

the reductase activity in Fe-deficient Columbia plants.  

Bicarbonate 
and 

anaerobiosis 

In contrast to Columbia, in ctr1 anaerobiosis does not 

inhibit any of the genes studied in this constitutive ethylene 

mutant, suggesting a role for CTR1 (ethylene) in regulating 

the expression of the iron acquisition genes (Fig.2; right).                                         

Fig. 3. Influence of anaerobiosis on the 

expression of AtFRO2, AtIRT1, AtFIT and AtEIN2 

genes in Fe-deficient ctr1 plants.  



Role of ethylene and nitric oxide on the expression of genes involved in 

the physiological responses to Fe-deficiency of Strategy I plants 
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In Arabidopsis (Strategy I plant), Fe deficiency up-regulates the expression of 
several genes involved in Fe acquisition, like the ferric reductase gene (FRO2), 
the Fe(II) transporter gene (IRT1) and the FIT transcription factor gene (FIT), 
which is necessary for the activation of both FRO2 and IRT1 genes. Some 
years ago, Lucena et al. (2006; J. Exp. Bot. 57: 4145) presented evidence 
suggesting a role for ethylene in the up-regulation of FIT expression and 
consequently on FRO2 and IRT1 expression. More recently, Graziano and 
Lamattina (2007; Plant J. 52: 949) has shown that nitric oxide (NO) is also 
involved in up-regulating FIT, FRO2 and IRT1 expression. The question arises 
as to whether NO acts downstream of ethylene or ethylene acts downstream 
of NO; or both act simultaneously. To look further into these three possibilities, 
we carried out different experiments applying the ethylene precursor ACC 
either alone or with the NO inhibitor cPTIO. On the other hand, we applied the 
NO generator GSNO either alone or with ethylene inhibitors (Co or STS). The 
results obtained showed that either ACC or GSNO up-regulates FIT, FRO2 
and IRT1 expression. However, neither of them up-regulates their expression 
when applied along with cPTIO or ethylene inhibitors, respectively. These 
results suggest that both NO and ET act simultaneously in the up-regulation of 
FIT, FRO2 and IRT1 expression. 
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INTRODUCTION Fe-deficient ResponsesFe-Fe-deficient ResponsesResponses

Dicot plants reduce Fe3+ (the most abundant form in
soils) to Fe2+, by means of a reductase encoded by FRO
(Ferric Reductase Oxidase), before its uptake through a Fe2+

transporter encoded by IRT (Iron-Regulated Transporter).
Both genes, and others [like the HA (H+-ATPase)], are up-
regulated under Fe deficiency (Fig. 1).

Our group has shown that Fe deficiency increases
ethylene production and that this hormone then triggers the
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ethylene production and that this hormone then triggers the
accumulation of the Arabidopsis FIT (AtbHLH29)
transcription factor (in tomato, this factor is known as FER),
necessary for activation of FRO, IRT and HA genes (Fig. 1;
Lucena et al. 2006). On the other hand, Graziano and
Lamattina (2007) have shown that Fe deficiency increases
nitric oxide (NO) production and that NO activates FIT gene
expression.

The question arises as to whether NO acts downstream
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of ethylene or vice versa, or if both act in conjunction. To look
further into these three possibilities, we have carried out
different experiments applying the ethylene precursor ACC
either alone or with the NO inhibitor cPTIO. On the other
hand, we have applied the NO generator GSNO either alone
or with ethylene inhibitors (Co or STS).

RESULTS & DISCUSSION

MATERIAL & METHODS

Fig. 1. Ethylene, NO and the responses to Fe deficiency in dicot plants. Fe-deficient
plants increase both ethylene and NO production in their roots and these hormones
then trigger the accumulation of the bHLH transcription factor [AtbHLH29 (FIT)],
required to activate the expression of the ferric reductase (FRO2), the iron
transporter (IRT1) and the H+-ATPase (HA) genes in root epidermal cells.
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Fig. 2. Hydroponic
system used to grow the
plants.

Fig. 3. Effect of GSNO (NO generator) and
Co or STS (ethylene inhibitors) on the ferric
reductase activity and gene expression of
Arabidopsis plants.

Seeds of Arabidopsis thaliana (L.) Heynh ecotype ‘Columbia’ were

Fig. 4. Effect of ACC (ethylene precursor)
and cPTIO (NO inhibitor) on the ferric
reductase activity of cucumber plants.

e e e CC e CC c O

Treatments

Possibilities:

p ( ) y yp
germinated in black peat. When plants were 30 d old, they were inserted
in plastic lids and held in the holes of a thin polyurethane raft floating on
aerated nutrient solution. After 10-15 d in this hydroponic system, the
plants were individually transferred to 70 mL plastic vessels with the
different treatments (Fig. 2). Seedlings of Cucumis sativus L. cv ‘Ashley’
were also transferred 70 mL plastic vessels with the different treatments
(Fig. 2).

The treatments imposed were: +Fe: nutrient solution with 10 μM
FeEDDHA; -Fe: nutrient solution without Fe; -Fe+ACC: same as -Fe
treatment but with 1 μM ACC (ethylene precursor) added;

1st) Fe deficiency Ethylene NO FIT FRO2, IRT1 Responses

2nd) Fe deficiency NO Ethylene FIT FRO2, IRT1 Responses

Ethylene

3rd) Fe deficiency FIT FRO2, IRT1 Responses

NO
-Fe+ACC+cPTIO: same as -Fe+ACC treatment but with 1 mM cPTIO
added; -Fe+GSNO: same a -Fe treatment but with 100 μM GSNO added;
-Fe +GSNO+Co, or -Fe +GSNO+STS: same as -Fe+GSNO treatment but
with 50 μM CoSO4 (ethylene synthesis inhibitor), or 200 μM STS (ethylene
action inhibitor), respectively, added .

After 1 day of treatments ferric reductase activity was determined and
roots were collected and kept at –80ºC to later analyze the mRNA by RT-
PCR.

The results obtained (Figs 3 & 4) suggest that both NO and ethylene
act in conjunction in the up-regulation of FIT, FRO2 and IRT1 (3rd

posibility), since when any of them is inhibited the responses are blocked.

References: Lucena et al (2006) J. Exp. Bot. 57: 4145-4154; Graziano & Lamattina (2007) Plant J. 52: 949-
960
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In Arabidopsis (Strategy I plant), Fe deficiency up-regulates several genes 
involved in Fe acquisition, like the ferric reductase gene (FRO2), the Fe(II) 
transporter gene (IRT1) and several genes encoding bHLH transcription factors 
(bHLH29 or FIT; bHLH38 and bHLH39), involved in the activation of both FRO2 
and IRT1 genes. Several years ago, Romera et al. (1999; Ann. Bot. 83:51) found 
enhanced ethylene production by roots of Fe-deficient Strategy I plants. More 
recently, Lucena et al. (2006; J. Exp. Bot. 57: 4145) presented evidence 
suggesting a role for ethylene in the up-regulation of FIT and consequently on 
FRO2 and IRT1 expression. To look further into the relationship between Fe 
deficiency and ethylene, in this work we have studied whether or not Fe deficiency 
affects genes involved in ethylene synthesis (ACS4, ACS6, ACS9, ACO1 and 
ACO2) and signaling (ETR1, CTR1, EIN2 and EIN3). For this, Arabidopsis thaliana 
cv Columbia plants were grown in nutrient solution with or without Fe, and roots 
were collected to later analyse gene expression by RT-PCR. In an additional 
experiment, some Fe-sufficient plants were treated with ethylene in their roots and 
then collected to analyse gene expression. The results obtained show that Fe 
deficiency up-regulates the expression of genes involved in ethylene synthesis 
(ACS4, ACS6, ACS9, ACO1 and ACO2) and signaling (ETR1, CTR1, EIN2 and 
EIN3). On the other hand, the results obtained show that ethylene enhanced the 
expression of the signaling genes studied (ETR1, CTR1, EIN2 and EIN3). Taken 
together, these results could explain the higher ethylene production of Fe-deficient 
roots showed by Romera et al. (1999). In addition, these results uncover new 
possibilities in ethylene signaling: the responses of roots to ethylene would not rely 
only on ethylene concentration but also on modifications of the number of ethylene 
signaling proteins, partly caused by ethylene itself.  
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Some years ago, our group found that ethylene, whose synthesis is 
increased under Fe deficiency, is involved in up-regulating AtFIT and, 
consequently, AtFRO2 and AtIRT1 (Lucena et al. 2006; J. Exp. Bot. 57: 
5145). On the other hand, our group showed that bicarbonate blocks the 
expression of AtFIT, AtIRT1 and AtFRO2 (Lucena et al. 2007; Funct. 
Plant Biol. 34:1002). Besides bicarbonate, another important factor 
implicated in the induction of iron chlorosis is anaerobiosis, whose mode 
of action is not well known. In calcareous soils, it is common to find major 
problems of iron chlorosis after rainy periods, when soils are flooded. The 
objective of this work was to study the effect of bicarbonate and 
anaerobiosis on the expression of genes involved in iron acquisition as 
well as in genes involved in ethylene synthesis and signaling of the 
Arabidopsis cultivar ‘Columbia’ and of its ethylene constitutive mutant 
ctr1. For this, plants were grown in nutrient solution with Fe and were 
subjected to different treatments during the last 3-4 days. The treatments 
were: +Fe; -Fe; -Fe+bicarbonate; -Fe-air; -Fe+bicarbonate-air. The 
treatments with bicarbonate were carried out by adding NaHCO3 (20-30 
mM, final concentration) to the nutrient solution and the treatments –air 
by removing the aeration system. The results obtained showed that both 
bicarbonate and anaerobiosis inhibit the expression of several Fe 
acquisition genes in Fe-deficient Arabidopsis ‘Columbia’ plants, such as 
AtFIT, AtbHLH38, AtbHLH39, AtFRO2 and AtIRT1, being their negative 
effects additive. In Fe-deficient ctr1 plants, bicarbonate inhibits the 
expression of the genes cited above but anaerobiosis did not inhibit them 
but even stimulated their expression. Both bicarbonate and anaerobiosis 
affect the expression of genes involved in both ethylene synthesis 
(AtACS, AtACO) and signaling (AtEIN2, AtEIN3). Taken together, the 
results suggest that bicarbonate and anaerobiosis could induce Fe 
deficiency by inhibiting the expression of several genes involved in Fe 
acquisition. This inhibition is probably related to their negative effects on 
either ethylene synthesis or signaling. Acknowledgements: Project 
AGL2007-64372; Project AGR-3849; Research Group AGR115.  
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Introduction 
    In dicotyledoneous plants, Fe deficiency up-regulates the expression of several genes involved in Fe acquisition (i.e.,FIT, bHLH38, bHLH39, FRO2 and IRT1, in 

Arabidopsis). Recently, our group has presented evidence suggesting that ethylene, whose synthesis is increased under Fe deficiency, is involved in up-regulating FIT 

and, consequently, FRO2 and IRT1 (Lucena et al. 2006). On the other hand, our group has shown that bicarbonate can block the expression of FIT, FRO2 and IRT1 

(Lucena et al. 2007). Besides bicarbonate, another important factor implicated in the induction of iron chlorosis (Fe deficiency) is anaerobiosis, whose mode of action is 

not well known.  

    The objective of this work was to study whether bicarbonate and anaerobiosis affect the expression of Fe acquisition genes, and of genes involved in ethylene 

synthesis and/or ethylene signalling, in Fe-deficient Arabidopsis Columbia and ctr1 (ethylene constitutive mutant) plants.  

Materials & Methods 
Seeds of Arabidopsis thaliana (L.) Heynh ecotype Columbia and of  the constitutive ethylene mutant ctr1 were germinated in black peat. When plants were 30 d 

old, they were inserted in plastic lids and held in the holes of a thin polyurethane raft floating on aerated nutrient solution (Fig.5; left). After 10-15 d the plants 

were individually transferred to 70 mL plastic vessels with the different treatments (Fig.5; right).    

   The treatments used were: 

      + Fe: nutrient solution with 40 µM Fe EDDHA. 

     - Fe: nutrient solution without Fe. 

     - Fe+Bic: -Fe treatment with 30mM NaHCO3.  

     - Fe-air: -Fe treatment without aeration. 

     - Fe+Bic- air: -Fe treatment with 30mM NaHCO3 and without aeration. 

     - Fe + Bic + ACC: - Fe treatment with 30mM NaHCO3  and ACC 1µM. 

     - Fe + Bic+GSNO: -Fe treatment with 30mM NaHCO3  and GSNO 100  µM. 

    After 2 or 3 days of treatment, the Fe(III) reductase activity of roots was determined. 

   Then, roots were collected and frozen at -80 °C, to later analyze gene expression by 

   RT-PCR. 

 Fig. 5.  Hydroponic system used to grow Arabidopsis 

plants.  REFERENCES: Lucena et al. (2006) J. Exp. Bot. 57: 5145;  Lucena et al. (2007) Funct. Plant Biol. 34:1002 

reductase 
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                               ACS      ACO 
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Fig. 3. Influence of GSNO and ACC on the 

expression of Fe acquisition genes; of 

ethylene signalling genes; and of ethylene 

synthesis genes in Fe-deficient Columbia 

plants treated with bicarbonate. 

Fig. 2. Influence of bicarbonate and 

anaerobiosis on the expression of ethylene 

synthesis genes in Fe-deficient Columbia  

plants.  

Columbia Columbia 

Results  & Discussion 
The results obtained show  that:  

• Bicarbonate inhibits the up-regulation of Fe acquisition genes in both Columbia and 

ctr1, being this effect aggravated by anaerobiosis (Figs.1, 3 & 4). 

• Anaerobiosis inhibits the up-regulation of Fe acquisition genes in Columbia (Fig.1) 

but not in ctr1 (Fig. 4), which suggests that ethylene is involved in this inhibition. 

• Bicarbonate and anaerobiosis inhibit the expression of some of the ethylene 

synthesis genes more induced under Fe deficiency: ACO2 & ACS6 (Figs. 2 & 3). 

• Bicarbonate inhibits the up-regulation of some ethylene signalling genes     (Figs.1 

& 3), being this effect aggravated by anaerobiosis (Fig.1). 

• GSNO and ACC can reverse the inhibitory effect of bicarbonate on gene expression 

(Fig. 3), which suggests that ethylene and NO are involved on this    inhibition.  
Fig. 1. Influence of bicarbonate and anaerobiosis on the expression 

of Fe acquisition genes; of ethylene signalling genes; and on the 

reductase activity of Fe-deficient Columbia plants.  

ctr1 

Conclusions:                                                                         

 1)bicarbonate and anaerobiosis can block the expression of Fe 

acquisition genes by affecting both ethylene synthesis and/or signalling  

2)anaerobiosis aggravates the inhibitory effect of bicarbonate 

                 Bic, -Air                              Bic, -Air 

Fe deficiency    Ethylene    Ethylene signalling  Fe genes 

• In contrast to Columbia 

(Fig.1), in the constitutive 

ethylene mutant ctr1, 

anaerobiosis does not 

inhibit either reductase 

activity or any of the Fe 

acquisition genes studied 

(Fig.4), suggesting a role 

for CTR1 (ethylene) in 

regulating the expression 

of these genes. 

Fig. 4. Influence of bicarbonate 

and anaerobiosis on the 

expression of Fe acquisition 
genes and on the reductase 

activity of  Fe-deficient ctr1 
plants.  

ctr1 

Reductase activity 

Reductase activity 

Chang & Stadler (2001) Columbia 
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In a previous work, Lucena et al. (2006; J. Exp. Bot. 57: 4145) presented 
evidence suggesting a role for ethylene in the up-regulation of AtFIT and, 
consequently, of AtFRO2 and AtIRT1. More recently, Graziano and 
Lamattina (2007; Plant J. 52: 949) have shown that nitric oxide (NO) is 
also involved in up-regulating SlFER (tomato FIT homolog), SlFRO1 and 
SlIRT1. The objective of this work was to study whether ethylene and NO 
also participate on the regulation of other Fe-related genes involved in Fe 
acquisition and homeostasis. To search for genes regulated by ethylene, 
we carried out a microarray experiment, along with RT-PCR 
determinations, in Arabidopsis ‘Columbia’ plants subjected to 4 different 
treatments: +Fe; -Fe;  -Fe+Co (ethylene synthesis inhibitor); and -Fe+STS 
(ethylene action inhibitor). From these experiments, we selected 17 Iron 
Deficiency-induced Ethylene-Dependent (IDED) genes as those genes 
induced by Fe deficiency and simultaneously repressed by both Co and 
STS. These 17 genes were later confirmed, by using RT-PCR, as 
responsive to ethylene in ethylene treated plants. Among these IDED 
genes we found several relevant genes related to Fe acquisition and 
homeostasis, such as the bHLH TFs genes FIT, bHLH38 and bHLH39; 
the Fe acquisition  genes FRO2 and IRT1; the nicotianamine synthase 
genes NAS1 and NAS2; the citrate efflux carrier FRD3; and the nodulins 
CCL1, CCL2 and CCL3. Once we knew the ethylene-dependency up-
regulation of these 17 IDED genes, we tried to check whether they were 
also up-regulated by NO. For this, we applied GSNO (NO precursor) to 
Fe-sufficient plants and found that all these 17 IDED genes were also up-
regulated by NO. These results clearly show that both substances, 
ethylene and NO, could participate in a similar way on the up-regulation 
of Fe deficiency-induced genes. The question arises as to whether NO 
acts downstream of ethylene or ethylene acts downstream of NO. 
Another possibility is that both NO and ethylene could act in conjunction. 
All these possibilities are now under study in our laboratory.  
Acknowledgements: Project AGL2007-64372; Project AGR-3849; 
Research Group AGR115. 
 

201

mailto:ag1roruf@uco.es


 



Plant biology Congress. 

Valencia, spain, Julio 2010



 



Genes involved in ethylene synthesis and ethylene signalling are up-regulated in  

Fe-deficient Arabidopsis plants 

 

María J. García 
2
, Carlos Lucena

1
, Francisco J. Romera

1
,  Esteban Alcántara

1*
                                         

and Rafael Pérez-Vicente
2 

 

Presenter E-mail*: ag1alvae@uco.es 

 
1
Department of Agronomy and 

2
 Department of Botany, Ecology and Plant Physiology, Edif. 

Celestino Mutis (C-4), Campus de Rabanales, Córdoba University, 14071-Córdoba, Spain  

 

In Arabidopsis (Strategy I plant), Fe deficiency up-regulates several genes involved in Fe 

acquisition, like the ferric reductase FRO2, the Fe(II) transporter IRT1 and the FIT transcription 

factor FIT, which is necessary for the activation of both FRO2 and IRT1. Several years ago, 

Romera et al. (1999, Ann. Bot. 83: 51) found enhanced ethylene production by roots of           

Fe-deficient Strategy I plants. More recently, Lucena et al. (2006, J. Exp. Bot. 57: 4145) showed 

an involvement of ethylene in the up-regulation of FIT and, consequently, of FRO2 and IRT1. In 

this work we have studied whether or not Fe deficiency up-regulates genes involved in ethylene 

synthesis and signalling. For this study, Arabidopsis thaliana ‘Columbia’ plants were grown in 

nutrient solution with or without Fe (1 to 2 days), and roots were collected to later analyse gene 

expression by RT-PCR. The results obtained show that Fe deficiency up-regulates the expression 

of genes involved in ethylene synthesis (MTK, SAM1, SAM2, ACS4, ACS6, ACS9, ACO1 and 

ACO2), which could explain the higher ethylene production of Fe-deficient roots (Romera et al. 

1999), and signalling (ETR1, CTR1, EIN2, EIN3, EIL1 and EIL3). These results agree with the 

hypothesis proposed by Lucena et al. (2006) suggesting an involvement of ethylene in the 

regulation of Fe acquisition genes. 

 Acknowledgements: Project AGL2007-64372; Project AGR-3849; Research Group AGR115. 
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Introduction & Results

Under Fe deficiency,
dicotyledoneous plants induce
several morphological and
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Zuchi et al 2009
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p g
physiological responses in their
roots, aimed to acquire Fe. Romera
and Alcántara (1994) suggested
that Fe deficiency enhances
ethylene production by roots and
that then ethylene would participate
in the induction of these responses.
Later on, Romera et al. (1999) and
other authors have confirmed that
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3
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Ethylene Signal Transduction

Fe-deficient roots produce more
ethylene than the Fe-sufficient
ones (Figure 1). In this work, we
have analyzed the expression of
genes related to ethylene synthesis
and signalling and we have found
that many of them are induced
under Fe-deficiency (Figures 3 &
4).

Figure 3. Up-regulation of 
ethylene synthesis genes 
under Fe deficiency
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Materials & Methods

Seeds of Arabidopsis thaliana (L.) Heynh ecotype

References:
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Figure 2. Hydroponic system used to grow the Arabidopsis plants

p ( ) y yp
‘Columbia’ were germinated in black peat. When plants were 30
d old, they were inserted in plastic lids and held in the holes of
a thin polyurethane raft floating on aerated nutrient solution
(Figure 2; left). After 10-15 d the plants were individually
transferred to 70 mL plastic vessels with nutrient solution with
40 µM FeEDDHA (+Fe) or without Fe (-Fe) (Figure 2; right).

After 1 or 2 days of treatment, the roots were collected and
frozen at -80 °C, to later analyze gene expression by RT-PCR.
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In previous works, it has been shown that ethylene and nitric oxide (NO) can act 
as activators of the expression of Fe-acquisition genes in roots of Strategy I 
plants while Fe, probably Fe recirculating back in the phloem from leaves to 
roots, can act as an inhibitor of their expression (1). In this work, we have studied 
the effect of the foliar application of Fe on the expression of Fe-acquisition genes 
in wild-type cultivars of Arabidopsis [Arabidopsis thaliana (L.) Heynh cv 
Columbia] and in some of their mutants that present constitutive expression of 
Fe-acquisition genes, even when grown in Fe-sufficient conditions. Among these 
mutants, we have used the Arabidopsis opt3-2 and frd3-3. The mutant opt3-2 is 
probably affected in the transport of Fe in the phloem. AtOPT3 codifies for an 
oligopeptide transporter probably involved in the transport of Fe via phloem (2). 
AtFRD3 encodes a protein responsible for the loading into the xylem of citrate, an 
Fe chelator, which is essential for the correct distribution of Fe to the leaves (3). 
The results obtained showed that the application of Fe to leaves of the wild-type 
cultivar blocked drastically the expression of Fe-acquisition genes while it had 
almost no effect when applied to the constitutive mutant opt3-2. Since this mutant 
is probably affected in the transport of Fe in the phloem, this suggests that some 
kind of Fe moving in the phloem (probably a Fe-peptide) is the probable inhibitor 
of the expression of Fe-acquisition genes. To further support this idea, the 
application of Fe to the leaves of the frd3-3 mutant, affected in the transport of Fe 
into the xylem but not into the phloem, blocked drastically the expression of Fe-
acquisition genes, as in the wild-type cultivar. 
References: 1) García et al (2011) Plant Physiol Biochem 49:537; 2) Stacey et al 
(2008) Plant Physiol 146:589; 3) Durrett et al (2007) Plant Physiol 144:197. 
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Introduction 
 

          In previous works, it has been shown that 

ethylene (ET) and nitric oxide (NO) can act as 

activators of the expression of Fe-acquisition 

genes in roots of Strategy I plants (1,2) while Fe 

can act as an inhibitor of their expression (1). 

However, it is still an open question which pool of 

Fe (e.g., root, phloem, etc) in the plant acts as the 

key regulator for gene expression control. To 

further clarify this, we have studied the effect of 

the foliar application of Fe on the expression of 

Fe-acquisition genes in the wild-type cultivar 

Columbia of Arabidopsis and in some of their 

mutants (opt3-2 and frd3-3) that present 

constitutive expression of Fe-acquisition genes, 

even when grown in Fe-sufficient conditions. 

AtOPT3 codifies for an oligopeptide transporter 

probably involved in the transport of Fe via 

phloem while AtFRD3 encodes a protein 

responsible for the loading into the xylem of 

citrate, an Fe chelator, which is essential for the 

correct distribution of Fe to the leaves (Fig.1).  

 Fig. 5 Hydroponic system used to grow the 

Arabidopsis plants  

Materials & Methods 
 
               Seeds of Arabidopsis thaliana (L.) Heynh ecotype Columbia and the mutants 

opt3-2 and frd3-3 were germinated in black peat. When plants were 30 d old, they 

were inserted in plastic lids and held in the holes of a thin polyurethane raft floating on 

aerated nutrient solution (Fig. 5; left). After 10-15 d the plants were individually 

transferred to 70 mL plastic vessels containing continuously aerated nutrient solution 

with 20 μM FeEDDHA (Fig. 5; right).  

The treatments imposed were:  

-Fe: nutrient solution without Fe  

-Fe+foliarFe: same as -Fe treatment but with 0,05% FeSO4
 application to leaves 

      After 1 or 2 days of treatment, the roots were collected and frozen at  -80 C, to 

later analyze gene expression by RT-PCR. 

Results 
•The application of Fe to leaves of the wild-type cultivar Columbia      

(Fig. 2) blocked drastically the expression of Fe-acquisition genes 

while it had almost not effect when applied to the constitutive 

mutant opt3-2 (Fig. 3), probably affected in the transport of Fe in 

the phloem. 

• To further support this conclusion, the application of Fe to leaves 

of the frd3-3 mutant, not affected in the transport of Fe in the 

phloem, blocked drastically the expression of Fe-acquisition genes 

(Fig. 4), as in the wild-type cultivar Columbia (Fig. 2) .  

Conclusion: some kind of Fe moving in the phloem (probably a 

Fe-peptide related to OPT3) is the probable inhibitor of the 

expression of Fe-acquisition genes (Fig. 1).  

REFERENCES:1) García et al. 2010 J. Exp. Bot. 61: 3885;  

                                   2) Graziano and Lamattina  2007 Plant J. 52: 949 

Acknowledgements: This work was supported by the European Regional Development Fund 

from the European Union, the ‘Ministerio de Educación y Ciencia’ (Projects AGL2007-64372 and AGL2010-

17121) and the ‘Junta de Andalucía’ (Research Groups AGR115 and BIO159, and Project AGR-3849).  
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Fig. 1 Proposed model to explain the regulation of Fe-acquisition genes in Strategy I plants: Fe deficiency increases 

the production of certain hormones (Auxin, ET,NO) that activate the expression of Fe-acquisition genes only if there is not 

sufficient Fe-peptide moving in the phloem to block it. 
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Dicotyledonous plants need to reduce Fe (III) to Fe (II), mediated by a ferric 
reductase (encoded by the FRO2 gene in Arabidopsis), prior to its uptake through 
an Fe(II) transporter (encoded by the IRT1 gene in Arabidopsis). The expression of 
both genes is up-regulated under Fe deficiency as consequence of their activation 
by the bHLH transcription factor FIT, also up-regulated under Fe deficiency. In the 
last years evidence has been presented to support a role for ethylene as 
activator of the expression of FIT and, consequently, of FRO2 and IRT1 (1, 2). 
Ethylene production increases in Fe-deficient roots of Strategy I plants (3), where 
many genes coding enzymes involved in its synthesis (MTK, SAMS, ACS, ACO) 
are up-regulated (2). Ethylene production also increases in P-deficient (4) and K-
deficient roots (5). The objective of this work was to study the expression of the 
Fe-acquisition genes FIT, FRO2 and IRT1, in response to K deficiency and P 
deficiency, in Arabidopsis thaliana roots, to check whether or not K- and P-
deficiencies affect their expression as Fe deficiency does. In addition, we studied 
whether the three deficiencies up-regulated the same ethylene synthesis genes 
or not. To carry out these experiments, seedlings were transferred to plastic 
vessels with different treatments: complete nutrient solution; without Fe; without K; 
and without P. After 2 days in the different treatments, roots were collected and 
kept at -80ºC to later analyse the mRNA by RT-PCR. The results obtained showed 
that FIT, FRO2 and IRT1 genes are up-regulated under the three deficiencies, 
although to high extend under Fe deficiency. On the other hand, the three 
deficiencies up-regulated similar ethylene synthesis genes, being the higher up 
regulation caused by Fe deficiency. These results suggest that both K and P 
deficiencies can influence Fe nutrition by affecting ethylene synthesis. 
References: 1) Lucena et al (2006) J Exp Bot 57:4145; 2) García et al (2010) J 
Exp Bot 61:3885; 3) Romera et al (1999) Ann Bot  83:51; 4) Borch et al (1999) 
Plant Cell Environ 22:425; 54) Shin and Schachtman (2004) PNAS 101: 8827;  
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