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Introduccion

1.1. Lahomeostasis en plantas

El término “homeostasis” fue usado por primera vez en 1926 por Walter Cannon (Cannon,
1926) para referirse al concepto de medio interno descrito por Claude Bernard en 1865
(Bernard, 1865). Dicho término describe el conjunto de mecanismos fisiolégicos que se
coordinan para mantener en un estado de equilibrio las propiedades fisico-quimicas del medio
interno del organismo. Las plantas necesitan, ademas de oxigeno, dioxido de carbono y agua,
ciertos elementos considerados esenciales para su correcto desarrollo y crecimiento. El sistema
de homeostasis de nutrientes se encuentra altamente regulado en las plantas, permitiéndoles
mantenerlos en niveles dptimos de concentracion. Estos nutrientes esenciales, entre los que
podemos distinguir al menos 14 elementos, se obtienen generalmente del suelo y pueden
clasificarse, en funcién de la concentracién requerida, como macronutrientes 0 micronutrientes
(Marschner, 1995; Mengel et al., 2001). Entre los macroelementos encontramos N, K, P, Ca,
Mg y S, mientras que el grupo de microelementos, denominados asi por ser necesarios en
cantidades inferiores, esta compuesto principalmente por metales de transicion como Fe, Mn,
Cu, Zn, Ni y Mo y otros no metales como Cl o B. Estos microelementos resultan potencialmente
toxicos si los niveles de exposicion son demasiado elevados, y, sin embargo, el organismo no
puede crecer ni completar su ciclo bioldgico sin un suministro adecuado de los mismos, ya que
participan en funciones esenciales para la vida. El rango de concentraciones considerado
fisioldgico para los metales esenciales, comprendido entre los valores que se definen como
deficiencia y toxicidad, es muy estrecho y varia en funcién de la especie, el tejido o las
condiciones de crecimiento, y por ello la homeostasis de estos elementos estd finamente

regulada para ajustarse a las fluctuaciones en su disponibilidad (Marschner, 1995).

Tanto la deficiencia como la toxicidad de micronutrientes en las zonas agricolas pueden
reducir el crecimiento y la produccion de los cultivos (MacNicol y Beckett, 1985; Marschner,
1995; Mengel et al., 2001; Alvarez-Fernandez et al., 2003). Se considera “deficiente” aquella
concentracion que impide que el crecimiento del cultivo alcance el 90 % del rendimiento
maximo. Ante una deficiencia de micronutrientes la planta activa mecanismos involucrados en
su obtencién con la finalidad de aumentar su capacidad de adquisicion. Por otro lado, se utiliza
el término “toxicidad” cuando la concentracion del micronutriente en el cultivo es excesiva y
provoca una disminucion en el crecimiento de la planta de mas de un 10 % (White y Brown,
2010). Los dafios ocasionados en el crecimiento de la planta se deben con frecuencia a la
actividad redox de muchos de estos micronutrientes. Altas concentraciones de estos metales
generan especies reactivas de oxigeno que son potencialmente toxicas debido a oxidaciones
inespecificas ocasionadas en proteinas, lipidos de membrana y acidos nucleicos (Schitzendibel
y Polle, 2002). Asimismo, semejanzas en el tamafio y las caracteristicas de estos metales pueden

llevar a procesos de competicion, reemplazdndose unos a otros cuando actian como cofactores
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de proteinas. Del mismo modo que en las situaciones de escasez, cuando estos elementos se
encuentran en exceso la planta desarrolla mecanismos orientados hacia su almacenaje y

desintoxicacion.

Para una correcta nutricion de la planta el suministro de nutrientes debe estar equilibrado.
Las plantas poseen mecanismos especificos para la absorcidn, translocacion y almacenamiento
de estos nutrientes, que varian en funcion de la movilidad del elemento en el suelo, la entrada al
interior de las células de la raiz, su transporte a la parte aérea y su posible movilizacién a
compartimentos de almacenamiento. La red de sistemas vasculares de la planta, constituida por
los vasos de xilema y el floema, transporta y distribuye los nutrientes, asi como los productos de
la fotosintesis y otras moléculas sefializadoras como las hormonas, a sus lugares de utilizacion.
Metales esenciales para la planta, como Fe y Mn, han sido localizados en la vacuola, el
cloroplasto o la mitocondria. Tanto el cloroplasto como la mitocondria necesitan de la presencia
de estos metales para llevar a cabo sus funciones biolégicas, debido a su importante papel en las
cadenas de transporte electrénico y a su funcién como cofactores de numerosas enzimas (Vigani
et al., 2009) y, al mismo tiempo, estos compartimentos sub-celulares actian como reservorios
de metales (Pilon et al., 2009; Puig y Pefiarrubia, 2009).

En las Gltimas décadas, muchos estudios en el area de la nutricion vegetal se han centrado
en ampliar el conocimiento existente tanto sobre los mecanismos involucrados en la asimilacion
y distribucion de los nutrientes como sobre los procesos que conducen a su homeostasis,
necesaria para el correcto crecimiento y desarrollo de la planta (Marschner et al., 1995; Mengel
et al., 2001; Karley y White, 2009; Miller et al., 2009; Miwa et al., 2009; Puig y Pefiarrubia,
2009; White y Broadley, 2009). En esta Tesis Doctoral se presentan los resultados obtenidos
mediante la aplicacion de aproximaciones proteémicas en el estudio de la homeostasis de dos
microelementos, Fe y Mn, imprescindibles para llevar a cabo las funciones vitales de la planta

por estar implicados en importantes procesos del metabolismo vegetal.
1.2. El Feen las plantas

El Fe presenta una gran versatilidad en sus funciones bioldgicas debido principalmente al
potencial del par redox Fe**/Fe®*, que varia dependiendo del ligando al que se encuentre unido,
permitiendo asi su uso en forma de grupos hemo (citocromos, nitrato reductasas, catalasas o
peroxidasas), grupos sirohemo y cluster Fe-S (nitrito reductasas o sulfito reductasas y
ferredoxinas) u otros grupos conteniendo Fe (lipooxigenasas). Asi, este metal es un
constituyente indispensable de un gran nimero de enzimas y proteinas con funciones redox que
intervienen en algunas de las principales funciones del metabolismo vegetal, como son la

respiracion (Clark, 1983), la fotosintesis, la fijacion de nitrdgeno, la sintesis de clorofila, el
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mantenimiento de la estructura del cloroplasto (Abadia y Abadia, 1993) y la sintesis de DNA y
hormonas (Marschner, 2012).

Aproximadamente el 80 % del Fe total de la planta se encuentra localizado en el
cloroplasto, y méas del 50 % del Fe presente en las hojas se encuentra formando parte de
proteinas (Young y Terry, 1982). La concentracion de Fe que la planta necesita para mantener
un crecimiento y desarrollo normal varia entre 10° a 10 M. Concentraciones superiores de Fe
en estado libre pueden generar especies reactivas de oxigeno (ROS) (Marschner, 1995), y por
ello, la absorcidn, transporte, utilizacion y compartimentacion de este elemento en la planta

requiere una estrecha regulacion tanto a nivel celular como molecular.
1.2.1. Adquisicion de Fe por la raiz

El Fe es el cuarto elemento méas abundante en la corteza terrestre, estimandose que representa en
torno al 3,8 % de la misma. Este elemento puede encontrarse en el suelo formando especies
ferrosas (Fe?") o férricas (Fe®*") dependiendo del potencial redox y del pH del mismo. En suelos
con buena aireacidn, la concentracién de oxigeno esta préxima a la atmosférica y predominan
las especies férricas. El pH de algunos suelos es acido, lo que favorece la disolucion de 6xidos
de Fe e incrementa los niveles de especies de Fe** en disolucion. Sin embargo, en otros suelos
que tienen un pH neutro o alcalino, como es el caso de los suelos calizos presentes en un 30 %
de los suelos cultivables en el mundo, el Fe se encuentra en forma de Oxidos que presentan
niveles de solubilidad minimos y son dificilmente asimilables para las plantas (Colombo et al.,
2014).

Atendiendo a los mecanismos de adquisicion de Fe por las células radiculares, las plantas
se dividen en dos grupos: las pertenecientes a la Estrategia | (dicotiledoneas y monocotiledéneas
no gramineas) y las que pertenecen a la Estrategia Il (gramineas). Las plantas que utilizan la
Estrategia | incorporan Fe en forma de i6n divalente, previa reduccion mediante una reductasa
férrica situada en la membrana plasmatica de las células de la raiz y perteneciente a la familia
FRO (Ferric Reductase Oxidase) (Robinson et al., 1999). Este Fe se transporta al citoplasma
celular en su forma divalente (Fe®") a través del transportador IRT1 (Iron Regulated
Transporter) (Eide et al., 1996; Vert et al., 2002) con la ayuda de una enzima ATPasa que
disminuye el pH de la rizosfera mediante la secrecion de H*, aumentando asi la solubilidad del
metal (Santi y Schmidt, 2009). Ademas, las plantas de Estrategia | liberan compuestos de bajo
peso molecular como carboxilatos, compuestos fendlicos, flavinas y flavonoides, que favorecen
la captacion de Fe de la rizosfera (Abadia et al., 2011). Las plantas que utilizan la Estrategia Il
adquieren Fe en forma de quelato de Fe*" mediante la secrecion de fitosider6foros (Fe**-FS)
(Abadia et al., 2011). Los fitosideréforos (FSs) pertenecen a una clase de compuestos

denominados acidos mugineicos (MAs; Ma y Nomoto, 1996) cuya biosintesis comienza con la




Capitulo 1

condensacion de tres moléculas de S-adenosil-metionina que forman el precursor nicotianamina
(NA; Shojima et al., 1990; Ma et al., 1995). Este mecanismo de adquisicion exuda los FSs
mediante un transportador TOM (Nozoye et al., 2011) e introduce el quelato Fe**-FS al interior
celular a través de un transportador especifico de la familia “Yellow Stripe-Like” (YSL)
localizado en las zonas apicales de la raiz (Curie et al., 2001; Murata et al., 2006). Una vez en el
citoplasma, el quelato Fe**-FS se disocia en una reaccion mediada por ascorbato que tiene como
resultado la formacion de un complejo terciario (Weber et al., 2008). A pesar de haberse
definido dos estrategias de adquisicion tan claramente diferenciadas, se han descrito especies
que poseen elementos propios de ambas estrategias en funcion de las condiciones de cultivo,
como p. ej. arroz o cacahuete (Ishimaru et al., 2006; Xiong et al., 2013). Los esquemas de

ambas Estrategias se muestran en la Figura 1.1.
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Figura 1.1. Esquema de la adquisicién de Fe por la raiz en plantas pertenecientes a la Estrategia |
(Arabidopsis; A) y en plantas que utilizan la Estrategia Il (arroz; B). Imagen adaptada de Connorton et
al., 2017.

Ademas de las estrategias mencionadas anteriormente, el Fe puede ser introducido en las
células radiculares a través de transportadores de otros metales, que a veces poseen cierta
inespecificidad. Dicha inespecificidad es debida a que los metales presentan caracteristicas
guimicas similares, y refleja asi la complejidad de los mecanismos de adquisicion de

micronutrientes en la planta.

1.2.2. Transporte intracelular e intercelular de Fe

Transporte via xilema

Una vez adquirido por las células de la epidermis de la raiz, el Fe es dirigido al sistema
vascular para su translocacion a la parte aérea. En esta translocacién, puede ser adsorbido por la
pared celular, transportado via simplasto y/o apoplasto, y/o almacenado en organulos celulares
en la raiz. El apoplasto es el espacio extracelular que constituye la interfase acuosa entre la

membrana plasmatica de células adyacentes donde el Fe puede difundir libremente. Sin
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embargo, el transporte a través de la via apopléastica en raiz se encuentra limitado por las bandas
de Caspary (Enstone et al., 2002), lo que implica que la ruta simplastica sea la mayoritaria para
el transporte del metal (Stephan et al., 1996). Durante este proceso de transporte radial, la alta
reactividad del Fe hace que la quelacion resulte imprescindible, para evitar el estrés oxidativo y
facilitar la translocacion del metal a través de la vasculatura (Pich, 2001). Se ha propuesto que
tanto la NA como el citrato sean los quelantes dominantes durante este transporte hacia el
sistema vascular, aunque los transportadores involucrados aun no han sido descritos. Estudios
previos han demostrado que la NA, que esta presente tanto en plantas de Estrategia | como de
Estrategia Il, forma complejos con Fe, Mn, Co, Zn, Ni y Cu, y junto con los FSs facilita el
transporte del metal a larga distancia (Von Wirén et al., 1999). Por otro lado, el destino del Fe**
introducido mediante el complejo Fe**-FS en las gramineas no est4 claro, aunque la presencia de
complejos de Fe**-NA puede sugerir igualmente una quelacién del metal hasta su canalizacion a
otros sitios de transporte o almacenamiento (Hell y Stephan, 2003). Finalmente, el Fe libre que
no haya sido quelado puede oxidarse y precipitar como hidroxido o sales de fosfato, formando
depdsitos de Fe apopléastico, y se ha propuesto que estos reservorios podrian ser utilizados en

condiciones de escasez del metal (Bienfait et al., 1985).

Para su transporte a larga distancia, el Fe debe ser cargado al xilema. El xilema es un
espacio apoplastico, por lo que, tras pasar la banda de Caspary, el Fe debe ser transportado fuera
de la célula radicular. Aunqgue el transportador responsable de este proceso no ha sido descrito,
se ha sugerido que la proteina ferroportin 1/iron-regulated 1 (AtFPN1/ AtIREGLY) identificada
en Arabidopsis thaliana sea un posible candidato (Morrisey et al., 2009). El Fe se oxidaria
quimica o enzimaticamente al ser liberado a los vasos del xilema y una vez en el fluido se
transportaria en forma de Fe®*, acomplejado con citrato u otros carboxilatos que forman
complejos estables al pH ligeramente acido del xilema (5,5-6,0; Lépez-Millan et al., 2000g;
Rellan et al., 2010; Flis et al., 2016). Aunque el conocimiento de este proceso es adn limitado,
miembros de la familia de transportadores MATE (Multidrug And Toxic compound Extrusion)
parecen estar involucrados en el transporte del citrato a los vasos del xilema. Asi, la proteina
FRD3 presenta grandes similitudes con transportadores de la familia MATE que confieren
tolerancia al Al en cebada a través del eflujo de citrato de la raiz al suelo (Furukawa et al., 2007;
Magalhaes et al., 2007). Se ha descrito que los mutantes del gen frd3 en Arabidopsis contienen
un 40 % menos de citrato y un 49 % menos de Fe en hojas que las plantas silvestres (Green y
Rogers, 2004). Por otro lado, una proteina ortéloga a FRD3, OsFRDL1, ha sido descrita en
arroz y sus mutantes de delecion presentan fenotipos similares a los del mutante atfrd3 de
Arabidopsis (Inoue et al., 2004; Yokosho et al., 2009). De esta forma, a pesar de tener

mecanismos distintos en la adquisicion del metal, parece que plantas de Estrategia | y Il
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comparten procesos comunes de translocacion de Fe de la raiz a la parte aérea (Conte y Walker,
2011).

El transporte de agua y solutos desde la raiz hasta las hojas via xilema se lleva a cabo
mediante la presion hidrostatica creada por la transpiracion del agua en las hojas.
Aproximadamente el 80 % del Fe adquirido por la raiz se transporta a la parte aérea de la planta.
En Arabidopsis miembros de la familia YSL han sido propuestos como mediadores en la
descarga del Fe transportado por el xilema. Los genes YSL han sido descritos en varias especies
y sus sustratos incluyen a los complejos metal-NA (DiDonato et al., 2004; Kioke et al., 2004;
Roberts et al., 2004; Gendre et al., 2007; Harada et al., 2007). Tal y como se ha mencionado
anteriormente, el Fe se transporta en xilema acomplejado con carboxilatos, por lo que el
intercambio del ligando a NA debe suceder antes de que el complejo llegue a estos
transportadores (Curie et al., 2009). La expresiéon de los transportadores AtYSL1, AtYSL2 y
AtYSL3 de Arabidopsis disminuye en condiciones de deficiencia de Fe, sugiriendo que estos
transportadores no estan involucrados en la adquisicién de Fe aunque si juegan un papel
importante en la homeostasis del metal. En hoja, estas tres proteinas se localizan en las células
vasculares préximas al xilema y se les asigna un papel esencial en el movimiento del Fe
transportado por el xilema a través del apoplasto y/o simplasto hasta su compartimento de
destino (DiDonato et al., 2004; Waters et al., 2006). Por tanto, las concentraciones de metales y
otros solutos en el fluido apoplastico vienen determinadas por un equilibrio de
importacion/exportacion a través de la red de fluidos del xilema y el floema que, junto con el
apoplasto, conforman el sistema vascular de transporte en las plantas superiores, permitiendo asi

la distribucion de nutrientes.

Localizacién, almacenamiento y transporte intracelular

El Fe en la célula se acumula principalmente en la vacuola, la mitocondria y el
cloroplasto. Ademas, en el caso del cloroplasto y la mitocondria, su disponibilidad en estos
compartimentos resulta imprescindible para llevar a cabo un correcto desarrollo de sus
funciones (Bashir et al., 2011; Vigani et al., 2013). En el transporte intracelular de Fe se

encuentran implicados varios transportadores de membrana.
Vacuola

Los primeros transportadores de Fe asociados a la vacuola que fueron descritos
pertenecen a la familia NRAMP (Natural Resistance Associated-Macrophage) (Curie et al.,
2000; Thomine et al., 2000). En Arabidopsis, NRAMP3 y NRAMP4 median el eflujo de Fe
desde la vacuola al citosol y juegan un papel determinante en su removilizacion desde este

compartimento tanto en las etapas de germinacion como en la vida adulta de la planta,
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especialmente en tejidos senescentes (Thomine et al., 2003; Lanquar et al., 2005). Estudios en
Arabidopsis han demostrado que su sobreexpresion permite aumentar los niveles de Fe en el
citosol y reduce la expresion de IRT1 y FRO2 en condiciones de deficiencia de Fe (Thomine et
al., 2003). El papel de estos transportadores no ha sido definido Unicamente para Fe, sino que
median también el transporte de otros metales divalentes como Mn o Cd (Thomine et al., 2000).
El responsable del proceso inverso en Arabidopsis, el transportador involucrado en la
movilizacién del Fe al interior de la vacuola (VIT1), fue descubierto con posterioridad (Kim et
al., 2006). Para el estudio de este proceso se utilizé como base la proteina CCC1 (Ca”*-sensitive
Cross-Complementer) descrita en levadura, que media el transporte de Fe y Mn al interior de la
vacuola en este organismo. Estudios de sobreexpresion de CCC1 en levadura mostraron un
aumento en la concentracién de Fe vacuolar, mientras que el mutante de delecién del
transportador presentaba bajos niveles de Fe vacuolar y mayor sensibilidad a la toxicidad por Fe
(Li et al., 2001). La tolerancia a la toxicidad por Fe se restaurd al expresar en el mutante de
delecion la proteina de Arabidopsis VIT1 (Vacuolar Iron Transporter), que presenta una
similitud del 58 % con la correspondiente en levadura (Kim et al., 2006). En planta, VIT1 se
expresa tanto en la raiz como en la parte aérea y su papel se presupone opuesto a NRAMP3 y
NRAMP4, introduciendo el Fe en la vacuola donde es almacenado (Grotz y Guerinot, 2006).
Otras proteinas similares a VIT han sido descritas en Arabidopsis (VTL-VIT1 Like proteins)
con un papel activo en la transferencia de Fe del citoplasma al interior vacuolar (Gollhofer et al.,
2014). No esta clara la necesidad de tantos transportadores de Fe en Arabidopsis, y podria
suceder que se encontrasen también implicados en el transporte de otros metales, como ocurre
en el caso de VIT1y VIT2 en arroz que, ademas de transportar Fe, facilitan el transporte de Mn
y Zn (Zhang et al., 2012). Una vez en el interior de la vacuola, el Fe se encontraria en forma de
complejos con fitato de forma globoide que resultan altamente insolubles (Clemens, 2014). La

Figura 1.2. muestra el esquema de proteinas involucradas en el transporte de Fe a la vacuola.

Figura 1.2. Localizacién subcelular de los transportadores implicados en el transporte de Fe a la
vacuola y en su exportacion al citosol. (Imagen adaptada de Thomine y Lanquar, 2011).
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Mitocondria

La mitocondria en la planta actiia como el centro de regulacion de las reacciones redox y
de conversion de energia, uniendo las rutas metabolicas provenientes de diversos
compartimentos subcelulares en las que el Fe juega un papel esencial. Estas propiedades hacen
de la mitocondria un buen sensor que refleja el estado metabdlico y energético de la célula, asi
como el estado nutricional con respecto al Fe (Schwarzlénder et al., 2012; Vigani et al., 2013).
En arroz, el transporte de Fe desde el citoplasma al interior de la mitocondria esta mediado por
el transportador MIT (Mitochondrial Iron Transporter). EI mutante de delecion de MIT en esta
especie presenta un fenotipo letal (Bashir et al., 2011), mostrando el papel fundamental que
juega esta proteina. Estudios en Arabidopsis han permitido la identificacion de varios miembros
de la familia ABC (ATP-binding cassette transporters), AtATM3 y AtATM1, como
responsables del transporte de complejos de Fe-S o de sus precursores desde la mitocondria al
citoplasma, donde participarian en el ensamblaje de proteinas citosélicas con centros Fe-S
(Kushnir et al., 2001; Chen et al., 2007). Por otro lado, dos miembros de la familia de reductasas
férricas (FRO) en Arabidopsis, FRO3 y FROS8, localizados en el sistema vascular, contienen
péptidos diana mitocondriales (Wu et al., 2005; Mukherjee et al., 2006; Tarantino et al., 2010) y
ademas estudios proteémicos han localizado a uno de ellos, FRO8, en la membrana
mitocondrial (Heazlewood et al., 2004). Aunque estas proteinas no han sido caracterizadas
funcionalmente, por similitud con la funcion de la reductasa férrica de raiz se ha sugerido que
podrian jugar algin papel en la adquisicion de Fe en la mitocondria (Jain et al., 2014).
Finalmente, se ha propuesto que la frataxina puede actuar como una proteina chaperona de Fe
actuando en el transporte de este metal en el interior de la mitocondria, en una situacion similar
a la descrita en la homeostasis de Cu, en la que chaperonas como la CCH juegan un papel

esencial en su homeostasis (Busi et al., 2006; Vazzola et al., 2007).
Cloroplasto

Los mecanismos que rigen el transporte de Fe al interior del cloroplasto todavia no se
conocen con detalle, aunque esta generalmente aceptado que pueda suceder tanto en forma de
cation divalente como trivalente, utilizando transportadores de Fe?* o una reductasa de Fe®*
como ocurre en cianobacterias (Katoh et al., 2001; Kranzler et al., 2014). Estudios basados en la
proteina FRO7 de Arabidopsis han demostrado que el cloroplasto emplea un mecanismo basado
en la reduccion para la adquisicion de Fe. La proteina FRO7 esta localizada en la envoltura
interna del cloroplasto (Solti et al., 2014) y la pérdida de su funcion produce una reduccion
significativa de la actividad reductasa férrica en la superficie de este organulo, lo que lleva a una
disminucion del contenido de Fe cloroplastico de aproximadamente un 30 % (Jain et al., 2014).

Ademas, el fenotipo del mutante de delecion muestra un descenso en la eficiencia fotosintética,
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reforzando la hipétesis que sitta el papel de FRO7 como fundamental a la hora de proporcionar
el Fe necesario para el correcto ensamblaje de los complejos fotosintéticos (Jain et al., 2014).
Trabajos recientes en remolacha han reafirmado la existencia de un mecanismo de adquisicion
de Fe en el cloroplasto basado en estrategias de reduccion (Solti et al., 2012, 2014). Por otro
lado, también se ha identificado un posible transportador de Fe al interior del cloroplasto en la
envoltura interna, PIC1 (Duy et al., 2007) aunque no esta claro si transporta Fe** o Fe®*. Otras
proteinas posiblemente involucradas en la homeostasis de Fe en el cloroplasto incluyen MAR1
(un homélogo de la ferroportina 1 y 2) que puede actuar como quelante de Fe (Conte et al.,
2009), MFL1/2 (que pertenece a la familia de mitoferrinas pero actia en el cloroplasto)
(Tarantino et al., 2011) y NAP14 (una proteina ABC localizada en pléstidos de A. thaliana que
participa activamente en la homeostasis del Fe) (Shimoni-Shor et al., 2010). Finalmente, igual
gue en la mitocondria, se ha descubierto una proteina de tipo NEET localizada en el cloroplasto
que podria participar en el transporte de centros Fe-S hacia sus apoproteinas (Nechushtai et al.,
2012).

En los cloroplastos y plastidos, el exceso de Fe libre se almacena en proteinas
denominadas fitoferritinas. Estos complejos multiméricos se localizan en los plastidos de brotes
y raices y son capaces de almacenar hasta 4.000 &tomos de Fe, evitando asi dafios por estrés
oxidativo en la planta (Savino et al., 1997; Briat et al., 1999). En condiciones normales, la
presencia de ferritina se limita al estroma del cloroplasto, por lo que el 90 % del Fe en las
celulas de las hojas se encuentra en los cloroplastos. Estudios previos sugieren un papel
importante de la NA en la mediacion entre las distintas formas de almacenamiento de Fe y su
homeostasis (Stephan y Scholz 1993, Stephan et al., 1996, Pich et al., 2001). De acuerdo con
esta hipotesis, miembros de la familia YSL en Arabidopsis (YSL4 y YSL6) localizados en el
cloroplasto parecen participar activamente en el eflujo del complejo Fe-NA desde el cloroplasto,
principalmente en etapas de embriogénesis y senescencia (Divol et al., 2013). El esquema del
transporte del Fe en el cloroplasto se muestra en la Figura 1.3.

Fe-S cluster + heme
biogenesis

Figura 1.3. Transportadores involucrados en el transporte de Fe en el cloroplasto. Imagen tomada de
Lopez-Millan et al., 2016. IE: envoltura interna; OE: envoltura externa; THY: membrana tilacoidal.
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Transporte en el floema

El sistema de transporte vascular actia como un canal de comunicacion entre la raiz y la
parte aérea de la planta, en un proceso en el que participan multiples transportadores y agentes
quelantes de Fe. Asi, el Fe almacenado en los distintos compartimentos puede ser translocado a
los tejidos en crecimiento que precisen del metal, posiblemente a través de la ruta simplastica.
El floema esta implicado en el transporte a larga distancia en ambas direcciones, siendo el
responsable tanto de la removilizacion desde los tejidos sumidero a las distintas partes de la
planta (Van Bel, 2003), como del transporte del metal a érganos en desarrollo como &pice o
semillas, donde el flujo de xilema generado por los procesos de transpiracion resulta ineficiente
(Kim y Guerinot, 2007). El Fe se transporta en floema acomplejado con agentes guelantes,
evitando su posible precipitacion debida al pH de este fluido, que es méas elevado que el pH del
xilema. El 77 % del Fe presente en el floema se encuentra formando complejos de elevado peso
molecular. Hasta el momento se han descrito complejos con la molécula DMA (Acido
deoximugineico, un derivado de la NA; Nishiyama et al., 2012) o la proteina ITP (lron
Transport Protein; Kriger et al., 2002). Aungue dos proteinas de bajo peso molecular presentes
en el floema también han sido identificadas como ligandos de Fe mediante técnicas basadas en
cromatografia de afinidad, no es probable que presenten ninguna funcién en su transporte
(Lattanzio et al., 2013).

En el mutante de tomate “chloronerva”, que se caracteriza por una NA sintetasa
disfuncional que produce la pérdida de la sintesis de NA (Herbik et al., 1999; Higuchi et al.,
1999; Ling et al., 1999), se han encontrado niveles de Fe muy elevados en las hojas maduras.
Este exceso del metal no es transportado a las hojas mas jovenes, que siguen presentando
deficiencia de Fe (Scholz et al., 1985; Becker et al., 1992), sugiriéndose asi un papel de la NA
en la removilizacién del Fe a través del fluido floematico, lo que ademas se ve reforzado por
estudios que indican que el complejo Fe-NA puede existir al pH basico de este compartimento
(von Wirén et al., 1999; Rellan-Alvarez et al., 2008; Conte y Walker, 2011). Por tanto, los
graves defectos reproductivos que presentan las plantas deficientes en NA pueden estar
relacionados con un transporte comprometido del Fe a través del floema. Ademas, el grado de
removilizacion del metal a través de esta via parece depender de la especie vegetal. Tan s6lo un
pequefio porcentaje del Fe presente en el floema se encuentra como Fe**, indicando que la NA
podria tener un papel activo en la carga y descarga al fluido (Curie y Briat, 2003; Schuler et al.,
2012).

En arroz se ha visto que OsYSL2 es un transportador involucrado en el transporte de
metales en floema como complejos metal-NA (Fe’-NA y Mn®*-NA), y que su expresion
aumenta drasticamente en las células del floema de los haces vasculares de las hojas en

condiciones de deficiencia de Fe, si bien no presenta variaciones en las células radiculares. Esta
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localizacion en las células del cilindro vascular permite formular la hipotesis de que OsYSL2
esta implicado en el transporte de Fe a larga distancia a través del floema, pero no en su
captacion del suelo (Koike et al., 2004). Una vez el complejo Fe?*-NA se encuentra en el
floema, el Fe se podria oxidar y transportar como Fe®*. Algunos estudios recientes han
demostrado la existencia de otras especies, posiblemente de caracter peptidico, implicadas en el
transporte del metal una vez ha sido cargado al floema como complejo Fe-NA (Schmidke et al.,
1999; Alvarez-Fernandez et al., 2014). Un candidato para soportar esta suposicion es la proteina
de transporte de Fe (ITP), miembro de la familia de proteinas LEA (Late Embryogenesis
Abundant) que se propuso que transportara Fe en forma férrica (Krueger et al., 2002). Este
hecho implicaria la existencia de un sistema de oxidacion-reduccién que debe operar dentro del
fluido floeméatico. Aunque se ha hipotetizado sobre la posible implicacién de una citocromo b5
reductasa (Curie y Briat, 2003), hasta el momento se desconocen los posibles responsables de

este proceso.
1.2.3. Estrés por Fe

El efecto del estrés por Fe en el fenotipo de la planta depende del grado de deficiencia o
toxicidad del metal. En ambos casos la planta ve comprometidos su crecimiento y floracién,
presentando un menor numero de frutos y de menor tamafio. No es habitual encontrar
concentraciones de Fe asimilable lo suficientemente elevadas como para provocar toxicidad en
los cultivos. En condiciones normales, aun cuando exista mucho Fe?* en la rizosfera, el oxigeno
liberado por la superficie de la raiz permite su oxidacién a formas no inmediatamente
disponibles para la planta, controlando asi su adquisicion en exceso. Por tanto, la toxicidad por
Fe sblo se produce en suelos &cidos o, como en el caso de los cultivos de arroz, en suelos que
presentan una inundacion constante que hace que la planta sufra una reduccién en la capacidad
de oxidacién radicular por inhibicion de los procesos de respiracion, con lo que el Fe en la

solucion del suelo no se puede oxidar facilmente a formas no disponibles.

Mientras que la toxicidad por Fe no resulta un estrés nutricional generalizado importante
desde un punto de vista agrondmico, la deficiencia de dicho metal si que supone un problema
cada vez més comun en los suelos cultivables. Este estrés nutricional resulta uno de los factores
limitantes mas importantes en la produccion agricola y afecta a un porcentaje elevado de
plantaciones frutales del &area mediterranea (Sanz et al., 1992; Tagliavini et al., 2000) y de
cultivos de soja en el medio oeste de Estados Unidos (Froelich et al., 1981; Coloumbe et al.,
1984; Lin et al., 1997). La deficiencia de Fe es un problema complejo en el que influyen
diversos factores, incluyendo la escasa solubilidad y movilidad del metal en determinados
suelos, la predisposicion genética de la planta, dificultades en la adquisicion de Fe y otros

muchos factores relacionados con el metabolismo de la planta. Sin embargo, la presencia de un
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pH elevado resulta determinante a la hora de limitar su disponibilidad. Algunos suelos presentan
altos niveles de humedad y elevadas cantidades de arcillas, fosfatos e iones bicarbonato (HCO3)
capaces de tamponar el pH entre valores de 7,5-8,5 que reducen considerablemente la
solubilidad de los 6xidos de Fe (Lindsay y Schwab, 1982; Lucena, 2000). La distribucién del
pH del suelo a nivel global se muestra en la Figura 1.4. Una estimacién de la concentracion de
Fe disponible en este tipo de suelo da niveles dos érdenes de magnitud mas bajos que los
Optimos necesarios para una nutricion adecuada de las plantas (Lindsay y Schwab, 1982;
Guerinot y Yi, 1994; Guerinot, 2001).

Muy &cido Acido Neutro Alcalino

Figura 1.4. Distribucidn global del pH del suelo. Figura adaptada del mapa incluido en el Atlas de la

Biosfera (Center for Sustainability and the Global Environment, University of Wisconsin, Madison 1998).

Como vya se ha dicho, aproximadamente el 30 % de la superficie cultivable presenta
suelos calizos, en los que la deficiencia de Fe reduce la calidad y el rendimiento de los cultivos
(Korcak, 1987; Hansen et al., 2006). Los suelos de toda la Cuenca Mediterranea, incluido el
Valle Medio del Ebro, presentan este problema. Entre las plantaciones mas afectadas por esta
deficiencia se encuentran manzano (Malus domestica), peral (Pyrus communis), melocotonero
(Prunus persica), ciruelo (Prunus domestica), cerezo (Prunus avium) o citricos (Citrus spp.)
(Sanz etal., 1992).

Deficiencia de Fe

La deficiencia de Fe se caracteriza por el amarilleamiento de la zona internerval de las
hojas jovenes (clorosis férrica), causada por disminuciones en la sintesis de clorofila y el
desarrollo del cloroplasto que afectan tanto al crecimiento y desarrollo de la planta como a la
calidad del fruto (Alvarez-Fernandez et al., 2003). Si la situacion de deficiencia se prolonga
pueden presentarse lesiones necréticas y llegar a la muerte prematura de la planta (Sanz et al.,

1992). En la Figura 1.5. se muestran los sintomas de la deficiencia de hierro en plantas de cultivo.
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Junto con las caracteristicas del suelo, la baja removilizacion del metal en los distintos
tejidos es otra de las causas més frecuentes de deficiencia de Fe. Como se ha mencionado
anteriormente, el 80 % del Fe adquirido por la raiz se transporta a las hojas. Estudios previos
exponen que la concentracion de Fe en las hojas clor6ticas en arboles frutales puede ser elevada,
en lo que se conoce como “paradoja de la clorosis férrica” (Morales et al., 1998; Romheld,
2000), lo que demuestra la importancia de un correcto almacenaje que haga posible
posteriormente su disponibilidad (Mengel y Geurtzen, 1986). Estos datos reflejan la necesidad
de una regulacion fina no sélo de la adquisicion del metal, sino también de su transporte y
distribucion entre los diferentes Organos y compartimentos celulares, a fin de evitar su

acumulacién, manteniendo al mismo tiempo un suministro adecuado.

Figura 1.5. Cultivo de soja crecido en condiciones de suficiencia de Fe y afectado por la deficiencia de
Fe; imagen tomada de “Agriculture Trends”, 2017 (https://www.ag.ndsu.edu).

Respuestas de la planta ante la deficiencia de Fe

Ante una escasez de Fe la planta desarrolla cambios morfolégicos encaminados a
aumentar la superficie de contacto entre la raiz y el suelo. La raiz primaria disminuye y aumenta
el nimero de raices laterales que presentan un engrosamiento de las puntas apicales y, en
algunas especies, un amarilleamiento de las mismas (R6mheld y Marschner, 1981; Moog et al.,
1995; Lopez-Millan et al., 2000b).

Junto con los cambios morfol6gicos se desarrollan cambios fisiol6gicos encaminados a
mejorar la adquisicion del metal por la raiz. Las plantas de Estrategia | aumentan la actividad de
la reductasa férrica y la ATPasa, asi como la expresion del transportador IRT y la exudacion de
compuestos de bajo peso molecular, como carboxilatos, fenoles y flavinas, a la rizosfera,
mientras que las plantas de Estrategia Il incrementan los mecanismos de sintesis y exudacion de
sider6foros asi como la expresion del transportador Fe**-FS (Murata et al., 2006). Ademas, la
planta sufre una reorganizacion de su metabolismo con el fin de mantener las necesidades
energéticas y de poder reductor demandadas por el incremento en los mecanismos de
adquisicion del metal. La baja especificidad de ciertos transportadores involucrados en la

adquisicion de Fe, como los pertenecientes a la familia IRT o NRAMP, hace que la deficiencia
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de este metal también afecte a la homeostasis de otros cationes divalentes, como el caso de Mn

gue se comentara posteriormente.

Los cambios a nivel bioquimico mas consistentes entre especies se producen en el
metabolismo del carbono (Lopez-Millan et al., 2013). La deficiencia de Fe provoca un aumento
en la fijacion anaplerotica de carbono a nivel radicular por medio de la actuacion combinada de
la enzima fosfoenolpiruvato carboxilasa (PEPC) y determinadas enzimas del ciclo de los acidos
tricarboxilicos, como malato deshidrogenasa y citrato sintasa (L6pez-Millan et al., 2000b). Parte
de este carbono fijado en la raiz es capaz de actuar como sustrato para la obtencion de poder
reductor y ATP a fin de sostener la demanda producida por la induccién de las enzimas
reductasa férrica y ATPasa, y otra parte se transporta a la parte aérea para suplir la disminucion
de fijacion fotosintética de C (Lopez-Millan et al., 2000b; Zochi, 2006).

La deficiencia de Fe también altera el metabolismo del nitrégeno (N), ya que causa una
recirculacion del N proteico cuyo fin es paliar el descenso en la asimilacion de N provocado por
la inactivacion de la nitrito reductasa, que requiere Fe para su correcto funcionamiento (Borlotti
et al., 2012). Estos cambios en los metabolismos de C y N, asi como en proteinas involucradas
en el estrés oxidativo, han sido descritos de forma generalizada en varios sistemas vegetales y se
presuponen independientes de la especie vegetal (Lopez-Millan et al., 2013). Sin embargo, otras
rutas metabdlicas presentan cambios cuando la planta se encuentra ante una deficiencia del
metal, siendo muchas de estas respuestas especificas para cada especie, dependiendo también de
las condiciones de cultivo y el grado de deficiencia. Un ejemplo claro de esta diversidad de
respuestas es el incremento en la exudacién de carboxilatos, flavinas y compuestos fendlicos
(Cesco et al., 2010; Mimmo et al., 2014). Compuestos fenolicos de tipo cumarina han sido
descritos en A. thaliana como componentes esenciales en la adquisicion de Fe cuando la planta
crece en condiciones de escasez del metal (Rodriguez-Celma et al., 2013a; Fourcroy et al.,
2014; Schmid et al., 2014; Sis6-Terraza et al., 2016a). Del mismo modo, Medicago truncatula o
Beta vulgaris secretan derivados de riboflavina que actdan de forma similar ante situaciones de

escasez de Fe (Rodriguez-Celma et al., 2011; Sis6-Terraza et al., 2016b).
Medidas correctoras de la deficiencia de Fe

Las medidas correctoras de esta deficiencia en cultivos suponen un gasto de millones de
euros al afio (Sanz et al., 1992; El Jendoubi et al., 2011). Entre los mecanismos de correccion de
la clorosis férrica, una de las técnicas mas utilizadas es la aplicacion de Fe al suelo en forma de
quelatos sintéticos. Este tratamiento conlleva un gasto econémico importante, que se estima
entre 200-400 € por hectarea en el caso de arboles frutales (Rombola y Tagliavini, 2006).
Ademés, la alta solubilidad de estos quelatos sintéticos de Fe facilita su lixiviacion, lo que

puede llegar a causar problemas medioambientales. Una alternativa a este tipo de técnicas es el
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uso de la fertilizacion foliar (Fernandez et al., 2009; Abadia et al., 2011; Rios et al., 2016). Sin
embargo, la escasa reproducibilidad en los estudios de este tipo de aplicaciones, causada por
factores ambientales, fisicoquimicos y relacionados con la planta, normalmente lleva a un uso
limitado de esta técnica. La falta de conocimiento acerca del rendimiento de estas
pulverizaciones restringe su uso, que a menudo se limita a una utilizacion como complemento

de la aplicacion de Fe al suelo.

Las précticas agricolas extensivas (uso de variedades de alto rendimiento, sistemas
intensivos de riego y aumento en la fertilizacion) estan causando una fuerte disminucion de
nutrientes en el suelo y acrecentando los problemas de deficiencia, que son cada vez mas
frecuentes, afectando actualmente a cultivos que antes no sufrian estas limitaciones como en el
caso del olivo (Sanchez-Rodriguez et al., 2013). Un mayor conocimiento sobre los mecanismos de
adquisicion, transporte, acumulacion y removilizacion del metal por parte de la planta cada vez
resulta mas importante, ya que el desarrollo de técnicas mas respetuosas con el medio ambiente

que corrijan esta deficiencia comienza con la comprensién de estos procesos en la planta.
1.3. El Mn en las plantas

La importancia del Mn como micronutriente esencial para las plantas fue demostrada a
principios del siglo XX (McHargue, 1922). EI Mn desempefia funciones esenciales en la
fotosintesis al formar parte del complejo oxigénico del fotosistema 11, en la sintesis de proteinas,
lipidos, ligninas o carbohidratos, asi como en la activacion de hormonas (Burnell et al., 1988;
Schmidt et al., 2016). Ademas, el Mn tiene un papel critico en los procesos de division celular y
elongacion de las puntas de la raiz. Este microelemento presenta un papel tanto estructural, p. €j.
en el caso de la concavalina A, como enzimatico, formando parte de enzimas tan importantes
como superoxido dismutasa (Mn-SOD), catalasa, oxalato oxidasa, RNA polimerasa, enzima
malico, isocitrato deshidrogenasa o PEPC, entre otras (Broadley et al., 2012; Socha y Guerinot,
2014). La planta necesita cantidades relativamente pequefias de Mn (20-40 mg Mn kg™ de peso
seco; Marschner et al., 2012) y su homeostasis es de vital importancia, ya que tiene la capacidad
de reemplazar al Mg® en muchas reacciones quimicas. EI Mn adquirido por la raiz es
transportado por el sistema vascular de la planta y se acumula principalmente en los tejidos de
almacenamiento de las hojas més viejas, asi como en los tejidos del peciolo (Gilbert, 1957;
Masui et al., 1980).

1.3.1. Adquisicion de Mn por la raiz

El Mn es el duodécimo elemento mas abundante en la corteza terrestre, el segundo metal de

transicion mas frecuente en la misma después del Fe, y se encuentra distribuido en una gran
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variedad de especies quimicas, en las que presenta estados de oxidacion de 1" a 7%, siendo la
forma 2% la mas frecuente en la naturaleza. Su solubilidad, al igual que en el caso del Fe,
depende del pH y de las condiciones redox del suelo (Hernandez-Soriano et al., 2012;
Marschner, 2012), de forma que el Mn disponible en el suelo presenta un amplio rango de
concentracion que se sitia entre 20 y 3.000 mg kg™ (Rengel, 2015). Ademas de la cantidad
asociada a la composicion mineral del propio suelo, el Mn, igual que el resto de los metales
pesados, puede llegar al suelo tanto por via aérea (aerosoles, particulas minerales, polvos
suspendidos y transportados por el aire...) como terrestre (fertilizantes, plaguicidas, residuos
solidos...), y se pierde por la absorcion por las plantas o por fenémenos de lixiviacién o erosion.
Los numerosos factores que influyen en las caracteristicas del suelo y por tanto en la
disponibilidad de Mn, asi como la gran variabilidad entre los valores de deficiencia y toxicidad
en funcién de la especie vegetal, implican la necesidad de estrategias de regulacion fina que
permitan la homeostasis de Mn en la planta. En suelos ricos en Mn se ha encontrado que las
plantas pueden contener cantidades del metal entre 30-500 mg Mn kg™ de peso seco, una
cantidad a menudo superior a la que en realidad requieren para su correcto metabolismo (20-40
mg Mn kg™ de peso seco), lo que muestra la variabilidad de concentracion del metal en funcion
del suelo y la existencia de una escasa regulacion en cuanto al proceso de absorcién (Millaleo et
al., 2010; Shao et al., 2017).

El Mn se toma por la planta en forma de Mn?" (Marschner, 2012) y su adquisicién se
lleva a cabo a través de transportadores de la familia NRAMP localizados en la membrana
plasmética de las células de la raiz. En Arabidopsis el responsable es AtNRAMPL, capaz de
mediar también el transporte de Fe y Co (Caillatte et al., 2010). Se han descrito homologos de
este transportador tanto en arroz (OSNRAMP5) como en cebada (HYNRAMPS) (Sasaki et al.,
2012; Wu et al., 2016). Los transportadores de las células radiculares encargados de la
adquisicion de micronutrientes con frecuencia no son especificos para un unico elemento, por lo
que es habitual que el Mn también se incorpore utilizando las rutas de asimilacion de otros
metales de caracteristicas similares, teniendo lugar este proceso con mayor relevancia en
situaciones fisiolgicas concretas en las que estos transportadores se encuentran inducidos o
cuando la concentracion de Mn en el suelo es elevada (Grotz y Guerinot, 2006; Broadley et al.,
2007). Por ejemplo, se ha descrito que el transportador de Fe de la membrana plasmética de raiz
AtIRT1 también es capaz de transportar Mn (Connolly et al., 2002; Curie et al., 2000). De un
modo similar, los canales permeables a Ca que se encuentran localizados en la membrana
plasmética de las células radiculares pueden, aunque en menor medida, transportar también
Mn*" (White et al., 2002; Socha y Guerinot, 2014). Esta falta de especificidad, ya mencionada
en el caso de Fe, lleva a que la alteracion en uno de estos micronutrientes se traduzca en

variaciones en las cantidades de otros elementos.

20




Introduccion

Por otro lado, al igual que en el caso de Fe, se han descrito mecanismos de exudacion a la
rizosfera de H*, de compuestos reductores o de ligandos de unién a Mn que facilitan la posterior
adquisicion del metal por la raiz (Rengel, 2015). Estos compuestos reductores y quelantes son
sustancias de bajo peso molecular exudadas por la raiz o por la microflora del suelo cuya
naturaleza no esté clara. En Medicago sativa se ha demostrado que la exudacion de carboxilatos
distintos a malonato y maleato se incrementa ante condiciones de deficiencia de Mn (Gherardi y
Rengel, 2004), si bien a valores de pH elevados, donde es mas factible la deficiencia de Mn, la
quelacién de Mn por estos &cidos no parece ser importante (Rengel, 2000). Ademas, el Mn en
su forma divalente es capaz de unirse a las matrices homopoligalacturonadas de la planta (Irwin
et al., 1988), lo que aumenta su concentracion en el apoplasto de la raiz, y por lo tanto, en las
inmediaciones de los sitios de captacion de la membrana plasmatica. Finalmente, la oxidacién
de la forma divalente del metal da lugar a MnO, que es capaz de permanecer en la superficie de
la raiz. Se ha observado que los sitios de maxima oxidacion del metal se encuentran a unos 5

mm del vértice de la raiz, en la epidermis, la endodermis y el xilema (Aoba et al., 1977).
1.3.2. Transporte intracelular e intercelular de Mn

La mayor parte del Mn absorbido por las células radiculares es translocado a la parte aérea de la
planta donde es utilizado y almacenado (Gilbert, 1958). Sin embargo, una fraccion del mismo
puede almacenarse en la vacuola de las células de la raiz. Aunque se desconoce el transportador
encargado de introducir Mn a la vacuola en las raices, se ha descrito que AtZIP1, miembro de la
familia ZIP (Zn-regulated transporter/Fe-regulated transporter-like Protein) y localizado en el
tonoplasto, removiliza Mn de las vacuolas al citoplasma (Milner et al., 2013). Un segundo
miembro de esta familia, AtZIP2, localizado en la membrana plasmatica, media la absorcion de

Mn por las células del cilindro vascular (Milner et al., 2013).

Translocacion del metal a xilema y floema

El Mn se transporta hacia las partes aéreas via xilema, aunque los mecanismos de carga y
descarga en este fluido no se conocen con exactitud. Ademas de la participacion de AtZIP2 en
la descarga de Mn al parénquima xilematico desde la estela de la raiz (Milner et al., 2013),
comentada anteriormente, tan sélo se han descrito dos transportadores mas de Mn en arroz,
OsYSL2 (Koike et al., 2004) y OSNRAMP3 (Yamaji et al., 2013), que participan en la descarga

al xilema y floema, respectivamente.

En plantas graminaceas como arroz o cebada, los nodos juegan un papel importante en la
distribucion de los elementos minerales (Yamaji et al., 2013, 2014; Shao et al., 2017). El
transportador OSNRAMP3, localizado en la membrana plasmatica, se encuentra altamente

expresado en los nodos y est4 presente, entre otras células, en las células de transferencia del
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xilema y en los haces vasculares difusos del floema (DVBs). Aunque sus niveles de expresion
no se ven afectados por la concentracion externa de Mn, la proteina se degrada con rapidez ante
niveles elevados de Mn en el interior celular, actuando como un interruptor en la distribucion de
Mn, que se activa 0 desactiva en respuesta a las fluctuaciones de las concentraciones de este
elemento (Shao et al., 2017). Este hecho indica una regulacién post-traduccional del transporte
de Mn una vez ha sido tomado por la raiz.

Por otro lado, aunque las proteinas YSL caracterizadas hasta el momento transportan
principalmente complejos Fe**-NA, estudios en oocitos de Xenopus laevis muestran que la
proteina OsYSL2 de arroz también es capaz de transportar complejos Mn**-NA (Koike et al.,
2004). OsYSL2 se encuentra involucrado en el movimiento lateral de los complejos de Mn?*-
NA a través del floema y su carga a las semillas en desarrollo (Koike et al., 2004). Como se ha
comentado anteriormente, la induccion de la expresién de OsYSL2 en las células del cilindro
vascular en condiciones de deficiencia de Fe ha permitido establecer su papel en el transporte
del Fe via floema, aunque no se observa un aumento en su expresion ante una escasez de Mn
(Koike et al., 2004). Estudios fisiolégicos llevados a cabo en plantas dicotiledéneas sugieren
gue la NA es necesaria en la redistribucién de Fe, Zn, y Mn a través del fluido floemético
(Stephan et al., 1994), y este hecho, junto con la presencia de transportadores del complejo
metal-NA en arroz y su expresion en las células del floema, refuerza la hipétesis de una

participacién de dicho compuesto en la descarga a floema de Fe y Mn.

A pesar de que no hay evidencias hasta el momento en el reino vegetal, ciertas especies
de caracter peptidico podrian encontrarse involucradas en el transporte de Mn via xilema. Esta
hip6tesis esta basada en la existencia de metalo-chaperonas en otros organismos que intervienen
en el movimiento intercelular de metales esenciales a los compartimentos correspondientes,
procurando una correcta localizacion y evitando la acumulacién de los mismos (Mira et al.,
2001). Asi, el Mn se ha encontrado asociado a péptidos de bajo peso molecular en el floema de
Ricinus communis, sugiriendo una posible funcion de estos péptidos en el transporte de Mn en
fluidos vegetales (van Goor y Wiersma, 1976). La redistribucién del Mn en el floema parece
depender de la especie y del estado de desarrollo de la misma (Herren y Feller, 1994)
presentando una movilidad més elevada en su transporte a las semillas que en su translocacion

hacia la raiz (Nable y Loneragan, 1984; Loneragan, 1988).

Localizacidn, almacenamiento y transporte intracelular

Vacuola

A nivel celular, el Mn se almacena principalmente en la vacuola, aunque también puede
encontrarse en cloroplasto, mitocondria y aparato de Golgi (Pittman, 2005). Los responsables

del secuestro del Mn en el interior de la vacuola son miembros de varias familias de
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transportadores entre las que se encuentran CAX (CAtion eXchanger), CCX (Calcium Cation
eXchanger), CDF (Cation Diffusion Facilitator) y VIT.

Los miembros de la familia CAX fueron descritos originalmente como transportadores de
Ca®*, aunque posteriormente se ha demostrado la capacidad de algunos de sus miembros para
transportar Mn. Sin embargo, muestran una baja afinidad por este metal y, en general, parece
que presentan un papel activo sélo cuando las concentraciones de Mn son elevadas,
interviniendo de este modo en los mecanismos de detoxificacion del metal (Shigaki et al., 2003;
Pittman, 2005; Socha y Guerinot, 2014). En Arabidopsis, AtCAX2 se encuentra expresado en
todos los tejidos, aunque con niveles de expresion bajos y que no responden a los cambios en la
disponibilidad de Mn (Hirschi et al., 2000). A pesar de que los mutantes Atcax2 acumulan
niveles de Mn en vacuola inferiores al genotipo silvestre (Pittman et al., 2004), los mutantes de
delecion de este transportador no se encuentran altamente afectados, sugiriendo la presencia de
otros transportadores vacuolares que compensarian la ausencia de AtCAX2. Entre los
candidatos se encuentran AtCAX4 y AtCAX5, que del mismo modo que AtCAX2, se localizan
en la membrana vacuolar de todos los tejidos con una baja expresion constitutiva (Cheng et al.,
2002; Edmond et al., 2009). La expresién de AtCAXS5 es predominante en tallo y raiz, mientras
gue AtCAX4 se encuentra principalmente en las células radiculares, presentando un papel
crucial en el crecimiento de la raiz bajo condiciones de estrés de metales pesados como la
toxicidad de Mn?* (Edmond et al., 2009; Mei et al., 2009). En el caso de estos dos
transportadores, los niveles de RNA si que se ven incrementados ante un exceso de Mn?" (Cheng
et al., 2002; Edmond et al., 2009; Mei et al., 2009), aumentando asi la tolerancia de la planta al
metal. Otros miembros de la familia de proteinas CAX también han sido descritos como
transportadores de Mn en especies como arroz (OsCAXl1a y OsCAX3) (Kamiya y Maeshima,
2004; Kamiya et al., 2005), cebada (HVCAX2) o tomate (LeCAX2) (Edmond et al., 2009).

Junto con las proteinas CAX, los transportadores CCX, que forman parte de la superfamilia
de transportadores CaCA (Ca’*/cation antiporters), han sido descritos como transportadores de Mn
a la vacuola. Concentraciones elevadas de Mn inducen la expresion de AtCCX3 en raices y flores
de Arabidopsis (Morris et al., 2008), aungue, del mismo modo que ocurre con los transportadores
CAX, los mutantes de este transportador no presentan grandes alteraciones fenotipicas debido a la

diversidad de transportadores del metal en la membrana vacuolar.

Ademas de las proteinas CAX y CCX, miembros de la familia CDF presentan una expresion
dependiente de la concentracion de Mn 'y la especie. En Arabidopsis, un transportador perteneciente
a esta familia, AtMTP8, secuestra el exceso de Mn en compartimentos prevacuolares o de tipo
Golgi (Delhaize et al., 2007; Peiter et al., 2007). Por otro lado, su homdlogo en arroz se encuentra
expresado en el tonoplasto de células de tejidos en desarrollo (OsMTP8.1) y su homologo en

pepino (CsMTP8) ha sido localizado en el tonoplasto de células radiculares, mostrando funciones
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similares pero con variaciones a nivel de expresion en funcién de la especie. Se ha descrito que su
expresion aumenta tanto en condiciones de exceso de Mn como de deficiencia de Fe (Chen et al.,
2013; Migocka et al., 2014, Eroglu et al., 2016; Shao et al., 2017).

Finalmente, algunos transportadores de Mn en plantas han sido descritos por homologia
con otros transportadores caracterizados en sistemas heterdlogos como la levadura. Este es el
caso de AtVIT1 de Arabidopsis, ortélogo de CCC1 (Ca**-sensitive Cross Complementer 1) que
transporta Fe y Mn al interior de la vacuola en levadura (Li et al., 2001). Estudios de expresion
de AtVIT1 en el mutante cccl mostraron evidencias de acumulacién de Mn en la vacuola en
este organismo (Kim et al., 2006). Sus ortélogos funcionales en arroz (OsVIT1 y OsVIT2) estan
localizados en la vacuola y transportan Mn, Fe y Zn en levadura, aunque estudios fisioldgicos
en planta sugieren un papel activo tan sélo en el transporte de Fe y Zn (Zhang et al., 2012), por
lo que el transporte de Mn mediado por AtVIT1 en Arabidopsis requiere estudios adicionales.

El esquema del transporte de Mn en la célula se muestra en la Figura 1.6.
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Figura 1.6. Localizacién subcelular de los transportadores de Mn en plantas de Estrategia | (Arabidopsis
thaliana; A) y Estrategia Il (Oryza sativa; B). Los transportadores representados mediante un rectangulo
corresponden a la importacion desde el citosol, mientras que los transportadores representados mediante

circulos describen vias de exportacién al citosol. (Imagen tomada de Socha y Guerinot, 2014).

Por otro lado, los transportadores que median la exportacién de Mn desde el interior de la
vacuola para ser redistribuido en funcién de las necesidades de la planta son menos conocidos.
Hasta el momento se han descrito tres proteinas implicadas en este transporte, AINRAMP3,
AINRAMP 4 y AtZIP1 (Fetch-Christoffers et al., 2003; Milner et al., 2013; Thomine et al.,
2003). AtNRAMP3 y AtNRAMP4, situados en el tonoplasto en Arabidopsis, son los
responsables del transporte de Fe y Mn desde el interior vacuolar a las células del meséfilo en
las hojas de las plantas adultas (Languar et al., 2010). Estudios utilizando el doble mutante
nramp3nramp4 mostraron un fuerte efecto de la mutacién en el PSIl en condiciones de

deficiencia de Mn; sin embargo, la actividad de la MnSOD mitocondrial no se vio afectada en
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estas condiciones. Estos resultados sugieren un importante papel de los reservorios de Mn en
vacuola en el suministro de este metal al cloroplasto en condiciones de deficiencia de Mn y que
este suministro estaria mediado por los transportadores AtNRAMP3 y 4 (Lanquar et al., 2010).
Del mismo modo, AtZIP1, localizado en el tonoplasto de las células radiculares incrementa sus
niveles de expresion en situaciones de deficiencia de Mn y se ha sugerido que pueda desempefar
un papel importante en la reubicacion del Mn de la vacuola al citoplasma en raices, pudiendo

contribuir al movimiento radial de este elemento en el parénquima xilematico (Milner et al., 2013).
Otros compartimentos intracelulares

Al contrario que para el Fe, la informacion disponible sobre las proteinas implicadas en el
transporte de Mn a las diferentes localizaciones subcelulares es limitada y transportadores
involucrados en el transporte de este metal a compartimentos tan importantes como el
cloroplasto o la mitocondria todavia no se conocen. Se ha sugerido que dos de los 18 genes
putativos de YSL descritos en arroz pudieran estar implicados en la homeostasis de Mn
(OsYSL2 y OsYSL6). Mientras que OsYSL2, como se ha comentado anteriormente,
participaria en la descarga de Mn al floema, OsYSL6 seria necesario para la desintoxicacion de
este metal cuando se encuentra en exceso (Sasaki et al., 2011). Estudios de localizacion
intracelular de OsYSL6 usando la proteina de fusion con GFP (Green Fluorescent Protein) no
han tenido resultados concluyentes; sin embargo el éxito obtenido en estudios de
complementacion realizados en el mutante de levadura smfl (que carece del transportador de
Mn) sugieren que OsYSL6 se encontraria localizado en la membrana plasmatica y presentaria la
capacidad de transportar el complejo Mn*-NA. Si bien cuando se utilizan sistemas heter6logos
para estudios de transporte debe tenerse siempre presente que el hecho de que una proteina
muestre capacidad de transportar un metal no implica que esta actividad tenga relevancia
fisiologica en la planta (Pittman, 2005), el hecho de que las plantas que carecen de este
transportador presenten sintomas de toxicidad, acumulandose el exceso de Mn en el apoplasto
de dichos tejidos, parece reforzar la hipétesis de su localizaciéon en la membrana plasmatica
(Socha y Guerinot, 2014). Puesto que cuando el Mn?* se acumula en el apoplasto se oxida
rapidamente a Mn**, capaz de oxidar proteinas y lipidos (Fecht-Christoffers et al., 2003), se ha
sugerido que cuando las plantas estén expuestas a niveles altos de Mn, OsYSL6 seria capaz de
transportar el Mn desde el apoplasto al simplasto, donde se almacenaria de forma adecuada

evitando estos efectos adversos (Socha y Gueinot, 2014).

Hasta el momento, ademés de los transportadores descritos en la membrana vacuolar, dos
miembros de la familia de ATPasas tipo P, AtECA1l y AtECA3, se han descrito como
transportadores implicados en el secuestro de Mn en el reticulo endoplasmético y en el aparato

de Golgi, respectivamente, mientras que AtMTP11, también localizado en el aparato de Golgi,
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se encontraria involucrado en la exocitosis de Mn (Peiter et al., 2007). AtECAL se considera
que tiene un papel importante en el control de la toxicidad por Mn en la célula (Wu et al., 2002),
mientras que AtECA3 y AtMTP11 participan en la detoxificacion del Mn (Peiter et al., 2007; Li
et al., 2008). Los homdlogos en cebada (HYMTP8.1 y HYMTP8.2), también localizados en el
aparato de Golgi, parecen presentar el mismo papel esencial en la carga del metal al organulo y
su liberacion mediante vesiculas de secrecion (Pedas et al., 2014). Por otro lado, ensayos de
complementacion en mutantes de levadura deficientes en los transportadores de Fe y Mn han
destacado el importante papel de NRAMP?2 en el transporte intracelular de Mn, aunque no de Fe
(Curie et al., 2000; Alejandro et al., 2017). La pérdida parcial de este transportador se traduciria en
una mayor sensibilidad a la deficiencia de Mn debida a una distribucion defectuosa del metal. Se
ha hipotetizado que NRAMP2 participa activamente en la descarga de Mn desde el aparato de

Golgi a la vacuola a través del citosol (Salomé, 2017).

Finalmente, en el cloroplasto de Arabidopsis se ha descrito AtPAM71, que se presupone
como necesaria para la incorporacién del metal a los tilacoides, permitiendo asegurar de este
modo el rendimiento 6ptimo del PSII. Estas suposiciones estan basadas en estudios realizados
en el mutante de delecion pam71 de Arabidopsis, el cual mostré menos Mn unido al PSII
causando una disminucion de la actividad fotosintética. Esta actividad se restauraba al
suplementar el mutante con Mn?*, indicando que PAM71 participa en la absorcién de Mn?" en

los tilacoides y garantiza el correcto funcionamiento del PSII (Schneider et al., 2016).
1.3.3. Estrés por Mn

La presencia de formas de Mn asimilables para las plantas depende de las caracteristicas del
suelo. Al contrario que en el caso del Fe, el Mn disponible para las plantas varia entre
concentraciones que resultan deficientes y concentraciones lo suficientemente elevadas como
para provocar su toxicidad. Los sintomas causados por la deficiencia y la toxicidad de Mn se

muestran en la Figura 1.7.

Figura 1.7. Sintomas de la deficiencia de Mn en hoja de vid (izquierda) y de la toxicidad de Mn en hoja de batata
(derecha) (Imagenes tomadas de http://ww.omafra.gov.on.ca y https://keys.lucidcentral.org, respectivamente).
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Deficiencia de Mn:

Como se ha comentado anteriormente, la disponibilidad de Mn para la planta depende de
su estado de oxidacion, siendo Mn?* la forma en la que la planta es capaz de adquirirlo. La
disponibilidad de Mn en la rizosfera esta controlada por el efecto combinado de las propiedades
del suelo, las caracteristicas de la planta y la interaccién de la raiz de la planta con los
microorganismos y el entorno (Bowen y Rovira, 1992). La acidificacion de la rizosfera juega un
papel importante en la movilizacién del Mn, de forma que la deficiencia de Mn se presenta
principalmente en suelos alcalinos, situacién que afecta al 30 % de los suelos cultivables.
Ambas alteraciones nutricionales (Fe y Mn) suponen un problema agronémico de gran
importancia en toda el area mediterranea. Asimismo, la deficiencia de Mn es prevalente en
suelos arenosos en el norte de Europa y Reino Unido (Hebbern et al., 2005; Husted et al., 2009;
George et al., 2014), y en los Gltimos afios se ha extendido al norte de USA y Canad4, y al sur
de Australia (Pallotta et al., 2000).

Las plantas presentan sintomas de deficiencia de Mn cuando la concentracién del metal
en las hojas jovenes es inferior a los 10-20 mg Mn kg* peso seco (Reuter et al., 1997). El
fenotipo deficiente muestra una inhibicion del crecimiento y un descenso de la biomasa de la
planta, junto con una clorosis intervenal de las hojas (méas acusada en las hojas mas jovenes) en
las que las nervaduras permanecen de coloracién verde, alcanzando la necrosis foliar, si la
deficiencia es prolongada, debida a la acumulacién de especies reactivas de oxigeno dentro de
los cloroplastos (Hannam y Ohki, 1988). Ademas, la deficiencia de Mn provoca deformacién de
las semillas (Walton, 1978), reduccion de la fertilidad del polen y del rendimiento del grano
(Sharma et al., 1991). La acumulacién de Mn en las plantas sigue normalmente un gradiente que
presenta los valores méas elevados en la raiz y disminuye conforme se avanza en tallo, hoja y por
ultimo semilla (Rogers et al., 2008). La estratificacion de los sintomas se debe a la escasa
movilidad del Mn en el floema que impide la removilizacion del metal desde los tejidos de

almacenamiento a las hojas mas jovenes.
Respuesta de la planta ante la deficiencia de Mn

Los mecanismos de respuesta a nivel radicular presentan diferencias en funcién de la
especie. El transportador involucrado en la absorcién de Mn en Arabidopsis, AINRAMPL, sigue
la misma tendencia de expresion que en condiciones de deficiencia de otros nutrientes y se
encuentra moderadamente inducido ante una deficiencia de Mn, lo que no sucede con sus
homdlogos en arroz (OsNRAMPS5) o cebada (HYNRAMPS) (Curie et al., 2000; Cailliate et al.,
2010; Vatansever et al.,, 2016; Wu et al., 2016; Shao et al., 2017). Las diferencias

probablemente se relacionen con una adaptacion debida al crecimiento en condiciones de

27




Capitulo 1

inundacion en las que se cultiva el arroz. Tendencias de expresion opuestas se han encontrado
también en los miembros de la familia ZIP (Zn-regulated transporter/Fe-regulated transporter-
like Protein). Si bien estos transportadores no ven afectada su expresion ante la deficiencia de
Mn en Arabidopsis (Milner et al., 2013), su homdlogo en cebada (HVIRT1) si que presenta
induccidn en estas condiciones (Pedas et al., 2008). Las diferencias entre especies pueden ser
atribuidas a cambios en la estructura de la raiz, capacidad de absorcién del metal o condiciones
de crecimiento de la especie.

A nivel metabdlico, unas 35 enzimas diferentes necesitan Mn para llevar a cabo
correctamente su funcion. Entre ellas, la fenilalanina amonio-liasa es clave en el metabolismo
de fendlicos, y cataliza la desaminacion de la fenilalanina a acido cinamico. En consecuencia, la
deficiencia de Mn se traduce en una disminucién de la produccion de lignina y compuestos
fenolicos (Brown et al., 1984; Marschner, 2012; Salvador et al., 2013; Barros et al., 2015), lo
que podria conllevar un aumento de la susceptibilidad de las raices a la infeccion por patdgenos
(Rengel et al., 1993). Si la deficiencia es prolongada estos cambios metabdlicos llevan a una
reduccidn de la longitud de las raices (Neumann y Steward, 1968), seguida de la reduccion del
crecimiento y desarrollo de la planta (Kriedemann et al., 1985; Gong et al., 2010). Estos
sintomas pueden llevar a un uso excesivo, y en ocasiones innecesario, de pesticidas. En algunas
especies como la cebada, la degradacion de la capa cérea cuticular provoca una mayor
transpiracion de la planta, haciendo que sea menos tolerante a la sequia y a las fluctuaciones en
la disponibilidad de agua en el suelo (Morales y Warren, 2012). La deficiencia de Mn también
causa alteraciones en enzimas del ciclo de Krebs (Morgan et al.,, 2008), disminuye la
concentracion de los glicolipidos de los tilacoides y los acidos grasos poliinsaturados
(Constantopoulos, 1970) e inhibe la fotosintesis, resultando en clorosis foliar. En la mayoria de
estas enzimas la funcién del Mn puede ser reemplazada por otro metal divalente como por
ejemplo el Mg, cuya concentracién en las células es entre 50-100 veces mayor. Sin embargo,
algunas enzimas involucradas en procesos redox como la SOD requieren especificamente de Mn

como cofactor (Allen et al., 2007).
Medidas correctoras de la deficiencia de Mn

Para paliar la deficiencia de Mn pueden afnadirse al suelo o via foliar fertilizantes que
contienen sulfato de Mn (Carrasco-Gil et al., 2016). Ademas de resultar una practica costosa, el
Mn afadido puede ser fijado en el suelo, lo que impide que esté disponible para la planta.
Estudios combinando la aplicacion del fertilizante a suelo y foliar han mostrado mayores
rendimientos en el grano y una disminucién de los sintomas ocasionados por la deficiencia del
metal (Reuter et al., 1973; Heckman et al., 2008). Sin embargo, una alternativa mas rentable y

respetuosa con el medio ambiente es el uso de plantas capaces de crecer en suelos con bajas
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concentraciones del metal. En los Gltimos afios, se ha dedicado un gran esfuerzo a identificar las
especies de cultivo que se consideran eficientes y pueden tolerar el crecimiento a bajos niveles
de Mn, ya sea almacenandolo en mayor cantidad o presentando una mayor capacidad para su
absorcién (Pedas et al., 2008). Los mecanismos que hacen a una planta mas eficiente no estan
bien definidos, por lo que, al igual que en el caso del Fe, el entendimiento de los mecanismos de
absorcidn, transporte y acumulacién del metal se hace indispensable.

Toxicidad de Mn

La cantidad de Mn presente en el suelo en formas libres divalentes es muy variable (entre
0,1 y 800 uM) y aumenta considerablemente conforme el pH disminuye (5,0) (Barber, 1995;
Lynch y St. Clair, 2004; Watmough et al., 2007), de forma que en suelos con pH &cido puede
incluso resultar toxico para las plantas (Mukhopadhyay y Sharma, 1991). La exudacion de H' y
acidos organicos al suelo puede disminuir el pH de los suelos alcalinos y asi incrementar la
disponibilidad de este micronutriente (Marschner, 1987). El contenido de metales en el suelo
varia en funcion de la composicion del material original y de los procesos edafogenéticos, pero
la actividad humana ha incrementado el contenido de estos metales en cantidades considerables,
y la entrada de metales en el suelo ha aumentado mucho desde que comenzd la
industrializacién. Las actividades antropogénicas, como las actividades mineras y los residuos
de incineracion o de procesos industriales, han provocado el enriquecimiento en metales del
medio ambiente, originandose una acumulacion de 100 a 1.000 veces mas alta en relacion con
su proporcion natural en la corteza terrestre, con la excepcion del Fe y el Hg (Wedepohl, 1991).
Ademas de la industrializacion, las practicas agricolas constituyen una importantisima fuente de
metales en el suelo en muchas partes del mundo, especialmente en zonas de actividad intensa
(Alloway, 1995).

A grandes rasgos, los sintomas fisicos de la toxicidad de los metales en las plantas son a
menudo similares a los generados por sus deficiencias (Di Toopi y Gabrielli, 1999; Socha y
Guerinot, 2014), e incluyen disminuciones en la biomasa y crecimiento de la planta, manchas
necroticas en las hojas y dafios a nivel de raiz (Bona et al., 2007; Kieffer et al., 2008; 2009).
Ademas, las plantas con niveles toxicos de Mn presentan clorosis intervenal, deformacion de las
hojas jovenes (Ducic y Polle, 2005), pérdida de la dominancia apical y formacion de brotes
auxiliares (Gangwar et al., 2011). Al contrario de lo que ocurre en la deficiencia de Mn, los
valores considerados como toxicos no estan establecidos y varian en funcién de la especie,
existiendo especies denominadas hiperacumuladoras que almacenan niveles muy elevados de
Mn muy superiores a sus requerimientos fisiologicos (Shao et al., 2017). En general, las plantas
son mas resistentes a los incrementos en la concentracion de micronutrientes que a las

deficiencias. La sensibilidad de los cultivos ante un exceso de metales es muy variable, asi
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como la tendencia a acumularlos en partes que luego pasen al consumo animal o humano. Uno
de los principales problemas de la acumulacion de este tipo de metales en plantas es que pueden
resultar una amenaza para la salud humana si pasan a formar parte de la cadena alimentaria
(Islam et al., 2007; Fu et al., 2008). Las plantas constituyen una parte muy importante de la
dieta humana, por lo que la posible contaminacion de verduras, cereales o frutas con metales

supone un alto riesgo para la calidad y seguridad de la alimentacion (Muchuweti et al., 2006).
Respuesta de la planta ante la toxicidad de Mn

Ante la presencia de altas concentraciones de Fe y Mn en el suelo, las plantas
generalmente acumulan niveles superiores de Mn que de Fe, de ahi que la toxicidad por Fe sea
menos frecuente. Esto sucede porque el oxigeno liberado de la superficie de la raiz es suficiente
para oxidar Fe?* pero no Mn?*, ya que la oxidacién de Mn?" requiere un potencial redox superior
(Kirk, 2003; Mansfeldt, 2004). A pesar de los avances realizados durante las Ultimas décadas, la
mayor parte de la informacion disponible acerca de la toxicidad de Mn proviene de estudios
realizados en plantas hiperacumuladoras, como son Phytolacca americana o Gossia bidwillii,
siendo limitado el conocimiento de la fisiologia de especies de interés agronémico sometidas a

este estrés.

Los sintomas de toxicidad de Mn conllevan depdsitos de coloracién marrén en las hojas
maduras (Ducic y Polle, 2005), resultado de la activacion de peroxidasas que llevan a la
acumulacién de compuestos fendlicos oxidados y Oxidos de Mn en el fluido apoplastico
(Wissemeier y Horst, 1987; Fecht-Christoffers et al., 2003; Fihrs et al., 2009). Se reducen los
niveles de carotenoides y clorofila (Gangwar et al., 2011), se produce una inhibicion de la
fotosintesis (Sinha et al., 2002) y aumenta la produccion de ROS (Millaleo et al., 2010).
Ademas, el exceso de Mn puede generar deficiencias en otros metales como Ca, Mg, Fe y Zn
debido a la inespecificidad de los transportadores de metales (Horst, 1988; De Varennes et al.,
2001), asi como causar la inactivacion de enzimas debido a la union de Mn a determinados
grupos funcionales, al desplazamiento de otros cationes que acttan como cofactores del centro
activo y/o a cambios estructurales provocados por el metal que interrumpen el funcionamiento

normal de las mismas (Haydon y Cobbett, 2007).

Las plantas crecidas en condiciones de toxicidad de Mn aumentan la expresion de
transportadores implicados en el secuestro de Mn en la vacuola o el apoplasto y activan los
mecanismos de movilizacion del metal al interior del reticulo endoplasmético y el aparato de
Golgi (Wu et al., 2002; Delhaize et al., 2003; Socha y Guerinot, 2014). Como se ha descrito
anteriormente, AtECA1 parece tener un papel importante en situaciones de toxicidad de Mn
(Wu et al., 2002) y AtECA3 y AtMTP11 participan en los procesos de detoxificacion mediante

exocitosis via aparato de Golgi (Peiter et al., 2007; Li et al., 2008). Por otro lado,
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transportadores localizados en la membrana plasmatica como OsNRAMP3, reducen
rapidamente sus niveles para evitar la absorcion en exceso del metal en plantas de arroz (Shao et
al., 2017). Sin embargo, como se ha comentado previamente, el incremento o descenso de los
niveles de los transportadores de Mn varia significativamente en funcion de la especie, lo que
confiere a las plantas diferentes mecanismos de respuesta ante estas condiciones de estrés.
Finalmente, la quelacion de los iones de Mn*" libre con &cidos organicos los convierte en
formas inactivas, aumentando la tolerancia de la planta al metal (Pittman, 2005; Fernando et al.,
2010). La tendencia a la quelacion y compartimentacion del Mn, asi como la reduccion de la
cantidad de Mn translocado desde la raiz a las partes aéreas (Zhou et al., 2013; You et al., 2014;
Chen et al., 2016), resultan mecanismos indispensables de proteccion que reducen el exceso del
metal en las areas metabdlicamente activas de la planta, incrementando su tolerancia ante
situaciones de estrés (Memon et al., 1981; Williams y Pittman, 2010; Xu et al., 2015).

Medidas correctoras de la toxicidad de Mn

En respuesta a este problema, las investigaciones en esta area han centrado sus esfuerzos
en entender la naturaleza de los mecanismos de adquisicion, tolerancia y toxicidad de Mn en las
plantas. Algunos de los avances mas importantes alcanzados han sido el desarrollo de
variedades tolerantes capaces de crecer en suelos contaminados y el descubrimiento de nuevas
variedades que pueden extraer los metales del suelo, con el objetivo de que este vuelva a ser Util
para la agricultura, una préctica que se conoce como fitorremediacién (Salt et al., 1995; Pulford
y Watson, 2003; Xue et al., 2004; Min et al., 2007).

1.4. La protedmica como herramienta de estudio

3

El desarrollo de las técnicas denominadas “-6micas” ha permitido aumentar el conocimiento
acerca del efecto que ocasionan determinados estreses bidticos y abidticos sobre los sistemas
vegetales, llevando a cabo el analisis de un gran volumen de datos en un tiempo reducido. El
término ‘“-6micas” hace referencia a disciplinas como la gendmica, la protedmica, la
transcriptomica y la metabolomica. A su vez, estas tres Gltimas pueden encontrarse agrupadas
bajo la denominacion de “gendémica funcional” y surgen a raiz de la publicacion de la secuencia
completa del Proyecto Genoma Humano en 2004. El entendimiento de como las variantes
genéticas regulan el fenotipo celular se conoce como “Post-Gendémica” y plantea una vision
global de los procesos bioldgicos, ya que estudia los productos de la expresion de los genes. El
sufijo “-oma” tiene origen latino y significa “conjunto de”. Es por tanto que la adicion de este
sufijo a diferentes estudios en biologia cubre las nuevas aproximaciones masivas en las que se
esta enfocando la biologia en la actualidad. La cantidad de informacién obtenida con estas

técnicas requiere el uso de potentes técnicas estadisticas e informaticas que ayuden a interpretar
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los datos obtenidos. Tanto la bioinformatica como el uso de técnicas de andlisis rapidas y
automatizadas de alto rendimiento (high-throughput techniques) son imprescindibles en el

desarrollo de cualquier ciencia “-6mica”.

Inicialmente, los estudios "-6micos" sobre nutricion vegetal se centraron en el uso de la
transcriptomica para el estudio de los genes que se expresan en un momento dado. Tanto los
proteomas como los transcriptomas son sistemas con mucha variabilidad, y los cambios a nivel
transcripcional no necesitan estar correlacionados con cambios a nivel traduccional. El ratio
mRNA/proteina puede variar considerablemente en funcion del nivel de transcripcion, la
estabilidad de la proteina, procesos post-transcripcionales (5'-capping, poli-adenilacion,
“splicing”, transporte nuclear) y procesos post-traduccionales (ubiquitinaciones, glicosilaciones,
fosforilaciones), entre otros. La protedmica es una disciplina relativamente reciente, ideada
inicialmente como técnica complementaria a la genomica. De hecho, el término “protedémica”
fue acufiado en 1997 por analogia con gendémica; la palabra “protecoma” fue empleada por
Wilkins en 1994 como abreviatura de “el complemento proteico del genoma (the PROTEin
complement of the genOME)” (Wilkins, 1994). La consolidacion definitiva de la espectrometria
de masas (MS) como técnica aplicada al analisis de moléculas bioldgicas y el crecimiento
exponencial en el nimero de entradas correspondientes a genes y/o proteinas en las bases de
datos, combinados con el empleo de potentes métodos de fraccionamiento y separacion de
péptidos y proteinas como la electroforesis de poliacrilamida de dos dimensiones (2-DE PAGE)
y la cromatografia liquida de alta resolucién (High Performance Liquid Cromatography,
HPLC), han permitido consolidar la proteémica, desde mediados de los afios 90, como
disciplina cientifica para el analisis y estudio masivo de proteinas. Las técnicas protedmicas
descritas a lo largo de este apartado se resumen en la Tabla 1.1.

Tabla 1.1. Tabla resumen de las técnicas, métodos de deteccion y software de analisis descritos en el
apartado 1.4 de esta Tesis Doctoral.

. Meétodo de P
Tipos e, Software de analisis
cuantificacion
Coomassie PDQUest
acni ues
Tecnicas |\ e spS.pPAGE  Tincion con plata _
clasicas Biolmage
Fluorocromos (DIGE)
ICAT o
SILAC Marcadores isotopicos  MaxQuant, msinspect/AMT,
SuperHirn, Census,
Técinas . S OpenMS/TOPP. P :
iTRAQ Marcadores isobaricos pen » PTOQENESIS
avanzadas
LC-MS, SIEVE, Scaffold o
Label-free shotgun  Correlacidn de areas/ Mascot Distiller
proteomics conteo espectral
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1.4.1. Técnicas clasicas

Un estudio proteémico requiere una extraccion y purificacion del proteoma, incluyendo una
etapa de fraccionamiento subcelular, en funcion del objeto de estudio, que disminuya la
complejidad de la muestra (Cordwell et al., 2000). Las aproximaciones proteémicas clasicas
llevan a cabo la separacion de las proteinas presentes en la muestra mediante técnicas
electroforéticas o de cromatografia liquida de intercambio i6nico, exclusién por tamafio o
afinidad y fase reversa. En esta Tesis Doctoral se ha elegido la electroforesis en dos
dimensiones mediante el uso de geles de poliacrilamida como método clasico para la separacion
de proteinas en el estudio de los proteomas apoplasto de remolacha y de raiz de tomate (ver
Capitulos 3.2 y 3.5).

La electroforesis bidimensional (2-DE) fue descrita por O Farrell y Klose en 1975 y esta
basada en el uso de caracteristicas fisicas como la carga y la masa molecular (Klose, 1975). La
combinacion del isoelectroenfoque y la electroforesis en gel con dodecil sulfato de sodio (IEF-
SDS-PAGE) permite que se separen muestras de proteinas complejas con una alta resolucion.
La focalizacién isoeléctrica (IEF) separa las proteinas segun su punto isoeléctrico (pl) en una
primera dimensidn, mientras que la electroforesis en gel de poliacrilamida, en presencia de SDS
como detergente anionico (SDS-PAGE), separa las proteinas en funcion de su masa molecular
en una segunda dimension, dando lugar a proteinas aisladas en lo que se denominan “spots”.
Esta técnica permite llevar a cabo analisis tanto cuantitativos, basados en la intensidad de sefial
del “spot”, como cualitativos, como son la identificacion de isoformas proteicas o
modificaciones post-traduccionales, ya que proporciona informacién del pl y la masa molecular
de la proteina. El uso de geles de poliacrilamida para la separacion de proteinas requiere de
métodos de tincion para llevar a cabo su visualizacion, siendo los mas rutinarios la tincion por
Coomassie (Fakezas et al., 1963) y por plata (Switzer et al., 1979). Paquetes de software como
PDQUEST de BioRad o Biolmage estan especializados en la deteccion de “spots™, realizacion
de analisis cuantitativos, comparacion de geles y generacion de imagenes virtuales que engloban
la informacién recogida en varios geles individuales. Estos programas de analisis llevan a cabo
el alineamiento de imégenes, la normalizacion, la eliminacion del ruido y la cuantificacion de
los “spots” basandose en el volumen de los mismos, es decir, en la intensidad de sefial de cada
uno de los pixeles que componen la imagen. La intensidad de sefial se expresa en unidades de
densidad optica, y mediante un modelado Gaussiano los “spots” se transforman en una
representacion tridimensional que permite su cuantificacion relativa. Ademas, estos programas
utilizan paquetes estadisticos multivariables, como el anélisis de varianza, usando el tamafio e
intensidad de los “spots” (Abdallah et al., 2012). El mayor inconveniente de la electroforesis
bidimensional radica en la dificultad a la hora de visualizar proteinas minoritarias. Estudios

previos demuestran que la resolucion de esta técnica disminuye al aumentar la cantidad de
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proteina aplicada (Fey y Larsen, 2001), lo que puede llevar a un enmascaramiento de las

proteinas menos abundantes por aquellas que se encuentran en cantidades mayores.

El desarrollo de marcadores fluorescentes ha permitido aumentar el rango dinamico de la
cuantificacion y la reproducibilidad de las tinciones. Un ejemplo del uso de fluorocromos es la
electroforesis diferencial DIGE (“Difference In-Gel Electrophoresis™) que utiliza derivados de
la cianina CyDye, similares a los utilizados para andlisis de microarrays de cDNA diferencial,
pero optimizados para 2-DE (Tonge et al., 2001). En esta técnica se marcan, mediante uniones
covalentes, dos extractos proteicos diferentes con dos fluorocromos que tienen espectros de
excitacion y emision distintos. Las muestras se mezclan y las proteinas de ambas se separan en
un mismo gel 2-D. La diferencia en los espectros permite tanto una rapida cuantificacion como
la distincion entre proteinas presentes en cada uno de los extractos originales. Generalmente, se
utiliza un tercer extracto marcado que sirve como estandar interno y permite la normalizacion.
Esta técnica DIGE reduce el numero de réplicas necesarias y mejora la reproducibilidad de
resultados. La tincién DIGE ha sido utilizada en el estudio de estreses abiéticos como la sequia
en el roble o las bajas temperaturas en Arabidopsis (Li et al., 2011; Sergeant et al., 2011) y mas
recientemente, en el estudio del floema de plantas de meldn en respuesta a la infeccion por virus
(Serra-Soriano et al., 2015). Sin embargo, esta técnica ha sido menos aplicada a estudios con
plantas debido al alto coste de los marcadores y del equipo necesario, asi como a la limitacion
del analisis a dos o tres condiciones diferentes en el proteoma estudiado (Miller et al., 2006). En
la Figura 1.8. se compara el esquema de flujo de trabajo utilizado en las técnicas de

electroforesis bidimensional y DIGE.
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Figura 1.8. Flujo de trabajo en las técnicas de electroforesis bidimensional y DIGE.

A pesar de los avances conseguidos en los Ultimos afios, la separacion de proteinas

mediante el uso de geles de poliacrilamida presenta ciertas limitaciones. Por un lado, la
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solubilizacidon en la primera dimension de la electroforesis bidimensional resulta un factor
limitante a la hora de identificar proteinas hidrofébicas, como es el caso de las proteinas de
membrana. Este tipo de proteinas con caracter hidrofébico resultan dificiles de solubilizar y por
tanto, no es infrecuente que no sean detectadas mediante 2-DE. Por otro lado, proteinas con
puntos isoeléctricos muy &cidos o béasicos pueden ser dificiles de focalizar en esta primera
dimensidn, ya que su carga las desplaza a las zonas méas externas del gel. Estas dificultades
técnicas implican que las poblaciones proteicas caracterizadas por 2-DE estén generalmente
sesgadas hacia moléculas més hidrofilicas, que son facilmente solubilizables. Durante afios, la
electroforesis en dos dimensiones ha sido la metodologia con mayor poder resolutivo utilizada
para la identificacion de proteinas en mezclas complejas. Actualmente, a pesar de las
limitaciones comentadas anteriormente y del desarrollo tecnoldgico de las denominadas técnicas
de protedmica avanzada, la electroforesis bidimensional sigue siendo una de las técnicas mas
utilizadas, ya que permite la deteccion de isoformas y modificaciones post-traduccionales con

relativa facilidad.
1.4.2. Técnicas de protedmica avanzada

En las Gltimas décadas, el uso de instrumentos de HPLC conectados en linea con equipos de
espectrometria de masas en tandem (MS/MS) se ha generalizado y se dispone de muchas
combinaciones para la etapa de separacion cromatografica, encaminadas a enriquecer la muestra
con aquellas proteinas menos abundantes o a obtener subproteomas mas simples y faciles de
analizar. Ademas, el desarrollo de métodos de alta resolucion también ha permitido el analisis
de mezclas complejas de proteinas sin necesidad de una separacion previa. En este caso, el
conjunto de proteinas se digiere simultaneamente y la mezcla de péptidos obtenida se separa
mediante métodos cromatograficos, siendo posible la combinacion de dos o mas tipos de
cromatografia en casos de elevada complejidad o si el objeto de estudio lo requiere (separacion
multidimensional). Por tanto, las técnicas cromatograficas pueden aplicarse en el
fraccionamiento tanto de mezclas de proteinas como de péptidos y generalmente incluyen
columnas de cromatografia de fase reversa, exclusiéon molecular, intercambio i6nico o afinidad
(Righetti et al., 2005). Pese a la complejidad de la muestra, este nuevo procedimiento supone un
avance en la identificacion de muchas proteinas que no podian ser visualizadas en gel, como las
proteinas poco abundantes en la muestra, debido a la utilizacion de equipos cada vez méas
sensibles, o aquellas de carécter hidrofébico o de membrana, ya que los digeridos si que resultan
solubles (Washburn et al., 2001). Finalmente, este tipo de técnicas avanzadas conlleva una
mayor automatizacion de los andlisis que permite aumentar el nimero de muestras en
comparacion con las técnicas clasicas. Esta diversidad de combinaciones a la hora de simplificar

la muestra ha llevado a que los espectrometros de masas se hayan convertido en instrumentos
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analiticos cada vez mas atractivos para este tipo de estudios, debido en parte a los nuevos
métodos de ionizacidbn mas suaves, que permiten el analisis tanto de proteinas como de
péptidos, y a las mejoras en precision, resolucion, sensibilidad y facilidad de uso. Estas nuevas
tecnologias han extendido el uso de la espectrometria de masas a la caracterizacion de grandes
macromoléculas intactas tales como proteinas, y en consecuencia han permitido el desarrollo de

la protedmica como herramienta de uso habitual.

Una de las primeras combinaciones utilizadas de manera efectiva para catalogar péptidos
en mezclas de proteinas totales ha sido el Mud-PIT (Multi-Dimensional Protein Identification
Technology), usada en el estudio de proteomas de varios organismos como levadura o arroz
(Washburn et al., 2001; Koller et al., 2002; Whitelegge, 2002). EI Mud-PIT combina un
microcapilar empaquetado con fase reversa (RP) y una cromatografia de intercambio catiénico
(SCX) en linea con un espectrémetro de masas en tandem (Fournier et al., 2007), con lo que se
pueden analizar mezclas complejas de péptidos, aunque su reproducibilidad no es suficiente
para obtener informacion cuantitativa. Otra de las combinaciones més utilizadas es GeLC-RP-
MS/MS, en la que las proteinas se separan en funcion de su tamafio en un gel monodimensional
SDS-PAGE, el carril se corta en bandas que son digeridas y analizadas por RP-MS/MS (Schirle
et al., 2003; Taylor et al., 2003; Rezaul et al., 2005).

La protedmica comparativa es una de las aplicaciones que mas interés suscita, y para
llevar a cabo anélisis diferenciales con este tipo de técnicas se necesita obtener una
cuantificacion de las proteinas, ya sea de forma absoluta o relativa. El salto de la protedmica
cualitativa (o descriptiva) a la proteémica cuantitativa ha venido determinada por una serie de
desarrollos en los procesos de cuantificacion, basados ya sea en el marcaje de proteinas o bien

en la correlacion de péptidos presentes en las distintas muestras.

Cuantificacion mediante marcaje de proteinas o péptidos

En un primer momento, las técnicas de cuantificacion se basaron en el marcaje (isotépico
0 isobéarico) de las proteinas o péptidos. Entre las metodologias que utilizan un marcaje
isotopico se encuentran las técnicas ICAT (“Isotope-Coded Affinity Tag”), desarrollada en las
Gltimas década para mejorar las comparaciones cuantitativas en ausencia de 2-DE (Gygi et al.,
1999) y SILAC (“Stable Isotope Labeling by Amino acids in Cell”) que incorpora al medio de
crecimiento celular aminoacidos marcados con isdtopos pesados estables no radiactivos (Ong et
al., 2002). Los is6topos estables mas utilizados son los de hidrégeno -deuterio- (H/H?), carbono
(C¥/C®) y nitrégeno (N*/N™). La técnica ICAT se basa en la separacion de los péptidos
marcados mediante el uso de cromatografia de afinidad por avidina. Los reactivos ICAT estan
constituidos por tres partes funcionales: un grupo de unién, un grupo reactivo (iodoacetamida)

capaz de unirse de manera covalente a los grupos sulfhidrilos de las cisteinas del grupo de unién
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y un marcador de biotina. El grupo de unién contiene, generalmente, ocho 4tomos de H*

(is6topo ligero) o H? (is6topo pesado), aunque también existe una variante que usa isotopos de
carbono (Yi et al., 2005). El esquema de flujo de trabajo de las técnicas ICAT y SILAC se

describe en la Figura 1.9.
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Figura 1.9. Flujo de trabajo en las técnicas ICAT (A), SILAC (B) e iTRAQ (C). Imagen tomada de
(https://oncohemakey.com/methods-of-molecular-analysis).

Por otro lado, en la técnica SILAC tanto los aminoacidos no marcados como los que

presentan marcaje son incorporados a las proteinas celulares durante la sintesis proteica. Los

aminoécidos mas utilizados son la H*-leucina, C**-lisina y C'*/N"-arginina (Ong et al., 2002).

El marcaje de las proteinas mediante isétopos estables (ligero y pesado), incorporados

metabolicamente, de forma quimica o enzimatica, permite que los péptidos marcados generen

en el andlisis por espectrometria de masas parejas de picos con una diferencia de m/z

caracteristica dependiendo de los is6topos usados (Goshe y Smith, 2003; Ong y Mann, 2005;

Corthals y Rose, 2007). La abundancia relativa de los péptidos se obtiene por comparacion de

las areas de los picos. Como ocurria en la técnica DIGE, el nimero de muestras analizadas

simultaneamente es limitado, debido al precio de los materiales necesarios para el marcaje y al

numero de isétopos estables disponibles. La reproducibilidad y el numero de réplicas requeridas
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qgue determinan la significancia estadistica en la técnica ICAT no estdn completamente
optimizadas (Rabilloud, 2002). Esta técnica ha sido utilizada en el estudio de endomembranas
de Arabidopsis o cloroplastos de maiz (Dunkley et al., 2004; Majeran et al., 2005). Sin
embargo, la metodologia SILAC permite la cuantificacion relativa sin ninguna derivatizacion
quimica o manipulacion en un procedimiento simple, barato y preciso, que se puede utilizar
como herramienta para estudios de protedmica cuantitativa en cualquier sistema de cultivo
celular, aunque no resulta posible el analisis de proteinas procedentes de fluidos o tejidos
celulares. La incorporacion de los aminoacidos con esta metodologia ha limitado su uso en
plantas debido a su ineficiencia, aunque un estudio reciente en Arabidopsis ha propuesto un
procedimiento méas eficaz que incluye marcaje de argininas y lisinas (Lewandowska et al.,
2013).

Al contrario que en el marcaje isotdpico, los péptidos marcados isobaricamente presentan
la misma masa tras su marcaje, si bien en el analisis de MS/MS los marcadores producen
distintos fragmentos iénicos que pueden ser utilizados para la cuantificacion. Este es el caso de
la metodologia iTRAQ (“Isotope Tagged Relative and Absolute Quantification™), que se basa en
la aplicacién de tres partes funcionales. Un grupo reactivo derivado de la N-hidroxisuccimida
reacciona con los residuos de lisina y el extremo N-terminal, por lo que se incorpora a todos los
péptidos presentes en la muestra, un segundo grupo compensador y un tercer grupo reportero
derivado de la N-metilpiperacina, siendo constante la suma de masa de las tres partes. Durante
la fragmentacién en MS/MS los grupos reporteros se liberan y son detectados en el espectro
como picos con una relacion de m/z determinada (Ross et al., 2004; Pierce et al., 2008). Esta
técnica permite la comparacion de mas de 4 muestras en el mismo experimento y ademas ha
sido usada como metodologia complementaria a la electroforesis bidimensional en aquellas
regiones del gel donde los spots no estaban resueltos suficientemente (Rudella et al., 2006).
Recientemente, ha sido utilizada en el estudio de la respuesta del alga Pyropia haitanensis al
estrés por temperatura (Shi et al., 2017) o en plantas de Arabidopsis cultivadas con exceso de
Zn (Fukao et al., 2011). El flujo de trabajo que utiliza la técnica iITRAQ se detalla en el esquema
de la Figura 1.9.

Cuantificacion mediante “Label-free shotgun proteomics”

Posteriormente, en el campo de la espectrometria de masas aplicada a la proteémica se ha
desarrollado una nueva metodologia basada en la digestion proteolitica de un proteoma dado, la
separacion cromatografica de los péptidos obtenidos y su analisis por espectrometria de masas
en tandem. Esta metodologia recibié en 2001 el nombre de “Label-free shotgun proteomics”
(Wolters et al., 2001). Este desarrollo se debe en gran medida al avance tecnoldgico de los

espectrometros de masas. La rapida aparicion de la genémica y la proteémica como disciplinas
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altamente financiadas y potencialmente rentables en las ciencias de la vida ha proporcionado un
impulso adicional al desarrollo de espectrdmetros de masas muy automatizados y relativamente
faciles de usar. Actualmente se dispone de una amplia gama de instrumentos especificamente
disefiados para satisfacer las necesidades de los investigadores en proteémica, puesto que se
hace hincapié no sélo en el rendimiento técnico, lo que incluye la precisién y la sensibilidad de
la determinacion de masas, sino también en la automatizacion. Los espectrometros mas nuevos
incluyen software que facilita la identificacion de proteinas, proporcionando puentes entre los
espectros de masas y las bases de datos de secuencias publicas. A esto hay que afadir el
desarrollo de herramientas bioinforméticas con gran capacidad para recolectar, almacenar,

procesar y visualizar la enorme cantidad de datos que se generan en un andlisis protedmico.

Se han desarrollado programas que usan la combinacién de los tiempos de retencion y
masas de ion precursor para correlacionar péptidos de diversos archivos de datos brutos
procedentes de LC-MS/MS. Las areas de los picos correspondientes a los péptidos
correlacionados se comparan para dar lugar a una relacion de abundancia (Chelius y
Bondarenko, 2002; Wang et al., 2003), por lo que esta cuantificacion puede aplicarse a
cualquier tipo de muestra y no requiere de preparaciones previas como en las cuantificaciones
por marcaje. Este método es sencillo y presenta una buena reproducibilidad y linealidad en las

comparaciones.

Una alternativa a este método es el conteo espectral, que contabiliza el ndmero de
espectros MS/MS atribuidos a un mismo i6n precursor (Liu et al., 2004). La frecuencia de estos
espectros refleja la abundancia del péptido en la muestra, facilitando una rapida adquisicion de
los datos. Este tipo de cuantificacion requiere de un funcionamiento estable del instrumento, vy,
en ocasiones, la relacion entre el nimero de espectros y la abundancia no es lineal, como ocurre

en el caso de proteinas de gran tamafio o con pocos sitios de corte.

Estudios recientes han comparado los dos métodos de cuantificacion, encontrando
concordancia entre ambos. EI conteo espectral mostré una mayor sensibilidad, mientras que la
comparacion de areas de los picos mostré una mayor precision (Old et al., 2005). Como se ha
comentado anteriormente, en ambos casos es hecesario asumir que ya sea la intensidad de sefial
de cada péptido en el espectro de masas o bien el nimero de espectros MS/MS y la
concentracion de dicho péptido sigue una tendencia lineal. Estos analisis requieren de un
potente poder computacional, un funcionamiento estable del instrumento y un algoritmo que
relacione las intensidades medidas y lleve a cabo la alineacién de los picos obtenidos,
asegurando la obtencidn de los parametros necesarios para poder llevar a cabo la cuantificacion,
utilizando el tiempo de retencion y la masa/carga de los precursores como sefiales. El desarrollo
de equipos como Orbitrap 0 Q-TOF permite obtener una relacion masa/carga de los precursores
con alta resolucion (100.000 FWHM) y exactitud (< 1 ppm) (Norbeck et al., 2005). La
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reproducibilidad en los tiempos de retencion cromatograficos se consigue con tecnologias de
Gltima generacion como Agilent HPLC-Chip (Vollmer y Van de Goor, 2009). El potente
desarrollo instrumental ha ido acompafiado de la aparicion de programas informaticos que
permiten el procesado del complejo conjunto de datos obtenidos, ya sea mediante plataformas
académicas como MaxQuant (Cox et al., 2007), msinspect/ AMT (May et al., 2007), SuperHirn
(Mueller et al., 2007), Census (Park et al., 2008) u OpenMS/TOPP (Sturm et al., 2008), o bien
plataformas comerciales como Progenesis LC-MS (Nonlinear Dynamics; Waters), SIEVE
(Thermo Scientific), Scaffold (Via ScaffoldBatch) o Mascot Distiller (MatrixScience), entre
muchos otros. En general, estas plataformas funcionan con archivos nativos (“raw”) que
provienen de los andlisis de MS/MS y presentan diferentes formatos de entrada y salida de datos
gue, en ocasiones, requieren de inter-conversiones. Mascot Distiller, Progenesis LC-MS y
Scaffold son capaces de soportar una amplia variedad de formatos y, aunque todas las
plataformas que existen en el mercado pueden procesar datos de alta resolucion, solo algunos
paquetes, como OpenMS/TOPP y Census (Park et al., 2008), son capaces de trabajar con datos

de baja resolucién (Nahnsen et al., 2013).
1.4.3. Método de identificacion de proteinas

Actualmente, la identificacion de proteinas a partir de los datos obtenidos de la espectrometria
de masas en tandem (MS/MS) resulta el procedimiento mas habitual cuando hablamos de
protedmica. Inicialmente, la identificacion se obtenia mediante la denominada huella peptidica
(“Peptide Mass Fingerprint”; PMF) generada por las masas de los péptidos de un “spot”
digerido con tripsina, utilizando instrumentos como MALDI/TOF (Matrix-Assisted Laser
Desorption/lonization Time-Of-Flight). Esta huella se comparaba con la informacién disponible
en las bases de datos y la proteina se identificaba en base al emparejamiento in silico de las
masas peptidicas determinadas experimentalmente frente a predicciones, en algunos casos,
incluyendo la informacién del pl aparente y predicho y la masa molecular obtenida mediante los
geles 2-D. Este enfoque es rapido pero los resultados son algo ambiguos y dependen de la
disponibilidad de una secuencia gendmica, o al menos de una coleccion EST (Expressed

Sequence Tag) suficiente para la especie bajo estudio.

La gran variabilidad en las secuencias de aminoacidos, la distribucion relativa de los
sitios de accion de las proteasas en funcion de la proteina y el hecho de que sea inusual que el
conjunto completo de péptidos para una proteina dada sea ionizado y detectado
experimentalmente por determinados instrumentos Ilevo al desarrollo de una alternativa en la
cuantificacion de proteinas, la secuenciacion de novo utilizando los espectros de MS/MS. Este
tipo de metodologia la utilizan instrumentos como los espectrometros de masas en tdndem con

ionizacion por electrospray (ESI) MS/MS. La muestra, una vez ionizada, se separa en funcion
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de la relacién masa/carga de los iones primarios. Los picos seleccionados del primer espectro
MS obtenido son fragmentados y se detectan los correspondientes iones (espectros MS/MS).
Este proceso permite determinar una fraccidn de la secuencia peptidica que se compara con el
patron teorico de fragmentacion disponible en las bases de datos, validando asi la identificacion.
Este tipo de identificacion tiene un rendimiento mas lento pero, generalmente, proporciona un
resultado méas concluyente en cuanto a la identificacion definitiva de una proteina, asi como el
valor afiadido de permitir el estudio de las modificaciones post-traduccionales y otras

caracteristicas estructurales.
1.4.4. Aplicacion a los sistemas vegetales

La protedmica se ha utilizado como una herramienta potente para el estudio de la homeostasis
de metales en plantas y, como se ha comentado anteriormente, su aplicacion a sistemas
vegetales se debe al desarrollo de nuevas metodologias que han ido ganando en complejidad y
precisién (Jorrin-Novo et al., 2009). Las aproximaciones proteémicas permiten aumentar el
conocimiento de las rutas metabolicas compartidas en los procesos de deficiencia y
desintoxicacion y arrojar luz sobre los complejos mecanismos utilizados para mantener la
homeostasis de nutrientes en las plantas. EI conocimiento de los procesos derivados del estrés
por metales pesados y deficiencia de micronutrientes en la planta es el primer paso para
desarrollar aplicaciones que puedan evitar problemas agricolas como la deficiencia y toxicidad
de metales en cultivos, asi como mejorar el contenido en nutrientes de los alimentos vegetales y
a facilitar la fitorremediacién de suelos contaminados por metales pesados. A pesar de los
grandes avances realizados, la aplicacion de las aproximaciones protedmicas a sistemas
vegetales sigue un paso por detras del desarrollado en cultivos celulares, y se encuentra muy

lejos de las aplicaciones en estudios humanos.

Una de las limitaciones iniciales en los estudios vegetales fue la dificultad en la
identificacion de proteinas vegetales debido a la escasez de genomas vegetales secuenciados
(van Wijk, 2001) que llevo a que plantas modelo como A. thaliana y arroz fueran las especies
predominantes. Sin embargo, en los ultimos afios el nimero de especies vegetales de las que se
ha secuenciado su genoma ha aumentado, incluyendo especies de interés agronéGmico como
tomate, trigo, maiz y patata entre otros. En esta linea, el reciente desarrollo de bases de datos
como la PPDB (“Plant Proteome DataBase”; Sun et al., 2009), la PODB (“The Plant Organelles
Database”; Mano et al., 20087), la AtCHLORO (Ferro et al., 2010) y la P3DB (“Plant Protein
Phosphorylation Database”; Yao et al., 2014) han permitido aumentar la fiabilidad de las
identificaciones. Ademas, uno de los mayores logros ha sido el establecimiento de una base de
datos de MS/MS con entradas de Arabidopsis, Chlamydomonas reinhardtii, M. truncatula,

Solanum tuberosum (patata), Solanum lycopersicum (tomate) y otras especies vegetales
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(ProMEX; http://promex.mpimp-golm.mpg.de/home.shtml; Hummel et al.,, 2007). Como
resultado de estos avances, el nimero de estudios de protedmica vegetal también ha aumentado
considerablemente y estd ganando en importancia en los ultimos afios. Los trabajos en
protedmica aplicados a sistemas vegetales se basan en estudios de proteémica diferencial o en la
caracterizacion de proteomas de alta complejidad, en los que los mayores avances corresponden
a la caracterizacion del proteoma de diferentes compartimentos subcelulares, como el
cloroplasto, la envoltura cloroplastica, la mitocondria, la membrana plasmética, el fluido
apoplastico o las savias de xilema y floema (Jorrin-Novo et al., 2007; Meisinger et al., 2008;
Joyard et al., 2010; Schmidt et al., 2010; Lattanzio et al., 2013; Gutierrez-Carbonell et al., 2014,
2015, 2016; Ceballos-Laita et al., 2015, 2018; Rodriguez-Celma et al., 2016a).

En el ambito de la nutricion vegetal, la proteémica se convierte en una potente
herramienta para el conocimiento de los mecanismos moleculares responsables de la adaptacién
de la planta ante alteraciones nutricionales de macronutrientes, como P o N, 0 micronutrientes,
como Fe o Mn (Hossain et al., 2013; Liang et al., 2013; Cvjetko et al., 2014). Esta Tesis
Doctoral se ha centrado en el estudio de la homeostasis de dos micronutrientes que estan
suponiendo importantes problemas en areas agricolas de todo el mundo: Fe y Mn. El estrés por
Fe ha sido mas estudiado desde un punto de vista protedmico que el estrés por Mn. Los
primeros estudios sobre Fe fueron en tejidos vegetales completos como la raiz y las hojas, y aln
hoy en dia los trabajos en estos tejidos son mayoritarios (Lopez-Millan et al., 2013; Mai et al.,
2016). Se ha utilizado la electroforesis bidimensional en el estudio del efecto de la deficiencia
de Fe en raiz de Beta vulgaris (Rellan-Alvarez et al., 2010), M. truncatula (Rodriguez-Celma et
al., 2011) Prunus dulcis x Prunus persica (Rodriguez-Celma et al., 2013b), Cucumis
sativus (Donnini et al., 2010), Hyoscyamus albus (Khandakar et al., 2013) o S.
lycopersicum (Brumbarova et al., 2008; Li et al., 2008). Sin embargo, el andlisis de sub-
proteomas resulta crucial para el entendimiento de la homeostasis de estos metales e incluye el
estudio tanto de los organulos aislados como de los fluidos de la planta y las preparaciones de
membrana purificada, puesto que estos Ultimos forman parte fundamental en el transporte y
translocacion de estos nutrientes en planta. En esta direccion, se han publicado estudios para el
entendimiento del efecto de la deficiencia de Fe en la membrana plasmatica de raiz mediante
DIGE y “shotgun proteomics” (Meisrimler et al., 2011; Hopff et al., 2013) y en el floema
mediante 2-DE (Gutierrez-Carbonell et al., 2015), aunque la informacion disponible es todavia
limitada. En esta Tesis Doctoral, se pretende aumentar el conocimiento existente mediante el

estudio del efecto de la deficiencia de Fe en el proteoma de raiz, xilema y apoplasto.

El efecto del estrés por Mn en los sistemas vegetales ha sido menos estudiado y, por
tanto, la informacion disponible sobre la respuesta a este estrés nutricional es limitada.

Recientemente, se han estudiado los efectos que la deficiencia del metal provocan en la raiz de
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Arabidopsis a nivel génico (Rodriguez-Celma et al., 2016b). Sin embargo, los trabajos
publicados hasta el momento a nivel de proteoma se han centrado en plantas con caracteristicas
hiperacumuladoras (Fuhrs et al., 2010). Estudios en hoja han revelado que hay un efecto
negativo del exceso del metal sobre la fotosintesis y que lleva a un gran incremento de ROS
(Fecht-Christoffers et al., 2003; Fihrs et al., 2008). Los cambios en el proteoma a nivel
radicular, al contrario que ocurre con el Fe, sdlo han sido estudiados en dos especies de Citrus
(C. sinensis y C. grandis) (You et al., 2014) y en Glycine max (Chen et al., 2016), mostrando
alteraciones en la estructura y lignificacion de la pared celular. El efecto de esta alteracion
nutricional en subproteomas de la planta es practicamente desconocido debido a que los trabajos
hasta el momento son limitados (hay una Unica excepcién sobre la respuesta de las peroxidasas

presentes en el apoplasto de hoja ante condiciones de toxicidad de Mn; Fuhrs et al., 2009).

En este trabajo de Tesis Doctoral se utiliza la proteémica diferencial como herramienta de
estudio de los cambios inducidos por estos dos estreses nutricionales (Fe y Mn), muy frecuentes
en zonas agricolas, en raiz de plantas de tomate y en sub-proteomas tan importantes para el
transporte de nutrientes como son la savia de xilema o el fluido apoplastico de hoja, de plantas
de tomate y remolacha, respectivamente. El uso de la protedmica diferencial en estos estreses y
subproteomas puede proporcionar informacion sobre los procesos de adaptacion de las plantas,

asi como apuntar hacia posibles estrategias para combatirlos.
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Objetivos

El objetivo general de esta Tesis Doctoral es incrementar el conocimiento existente acerca de

los efectos que causan la deficiencia de Fe y la deficiencia y toxicidad por Mn en los proteomas

vegetales implicados en la absorcion y el transporte de estos nutrientes. Se pretende dibujar, con

un enfoque protedmico, un mapa general de las alteraciones metabdlicas producidas por ambos

estreses nutricionales en las plantas. El estudio de estos procesos permitird incrementar el

conocimiento existente sobre la homeostasis de estos metales y asi asentar las bases para

mejorar la calidad y productividad de los cultivos, elaborar posibles estrategias de

fitoremediacion y desarrollar fertilizantes eficientes y respetuosos con el medio ambiente.

Se plantean los siguientes objetivos especificos:

Describir la categorizacion funcional de los perfiles proteicos de los tres fluidos
principales en plantas, fluido apoplastico y savia de xilema y floema, considerando los

estudios proteémicos recientemente publicados.

Caracterizar, usando técnicas de 2-DE, los perfiles proteicos del fluido apoplastico de
remolacha (Beta vulgaris), tanto en plantas control como afectadas por deficiencia de Fe

y en las mismas plantas tras el suministro de Fe a las raices.

Caracterizar, mediante técnicas de “shotgun proteomics”, los cambios inducidos por las
deficiencias de Fe y Mn en el perfil proteico de la savia de xilema de plantas de tomate

(Solanum lycopersicum).

Caracterizar, mediante técnicas de 2-DE y “shotgun proteomics”, los efectos de la
toxicidad de Mn sobre los perfiles proteicos de la raiz y de la savia de xilema de plantas

de tomate (Solanum lycopersicum).
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ABSTRACT

The phloem sap, xylem sap and apoplastic fluid play key roles in long and short distance
transport of signals and nutrients, and act as a barrier against local and systemic pathogen
infection. Among other components, these plant fluids contain proteins which are likely to be
important players in their functionalities. However, detailed information about their proteomes
is only starting to arise due to the difficulties inherent to the collection methods. This review
compiles the proteomic information available to date in these three plant fluids, and compares
the proteomes obtained in different plant species in order to shed light into conserved functions
in each plant fluid. Inter-species comparisons indicate that all these fluids contain the protein
machinery for self-maintenance and defense, including proteins related to cell wall metabolism,
pathogen defense, proteolysis, and redox response. These analyses also revealed that proteins
may play more relevant roles in signaling in the phloem sap and apoplastic fluid than in the
xylem sap. A comparison of the proteomes of the three fluids indicates that although functional
categories are somewhat similar, proteins involved are likely to be fluid-specific, except for a
small group of proteins present in the three fluids, which may have a universal role, especially
in cell wall maintenance and defense. This article is part of a Special Issue entitled: Plant
Proteomics - a bridge between fundamental processes and crop production, edited by Dr. Hans-
Peter Mock.

3.1.1. Introduction

The vascular system of land plants is essential for long- and short-distance transport and

distribution of nutrients and signals. The vascular transport system consists of the xylem and
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phloem conduits, with the apoplast compartment acting as an interface between them and cells
and also between cells. The xylem is composed of long treachery elements and shorter cells that
are dead at maturity and have primary and secondary cell walls; these elements are connected
together forming long tubes known as xylem vessels. The xylem mainly transports water and
mineral nutrients taken up by the roots from the soil to the aerial part of the plant, although it
also contains a number of other organic compounds, including carboxylates, hormones, amino
acids, peptides and proteins (Lucas et al., 2013). Transport in the xylem is passive and driven by
shoot transpiration, which causes a negative pressure that pulls the xylem fluid from the roots,
and/or by root pressure, which can occur after soil solution enters the root by osmosis, and
causes the sap to move towards the shoot (Fisher, 2000). A major role of the xylem is to provide
water and nutrients to the shoots, but it also plays an important role in the root to shoot signaling

system.

In contrast, the phloem conduit is a living tissue, whose major role is to transport the
photosynthates from a photosynthetically active source to sink tissues. The conducting portion
of the phloem is composed of two cell types, the sieve elements and the companion cells. At
maturity, sieve elements are arranged to form the sieve tube; sieve elements lack a nucleus and
contain pores at their ends, forming sieve plates that allow sap flow. The companion cells are
metabolically active and usually contain a large number of ribosomes and mitochondria (Lucas
et al., 2013). These cells are in close association with the sieve elements and support their
function (Oparka and Cruz, 2000; Van Bel, 2003). The exchange of molecules between these
two cells occurs via plasmodesmata (Oparka and Cruz, 2000). While transport in xylem sap is
unidirectional (upwards), transport of the phloem sap is multidirectional and driven by positive
hydrostatic pressures created by the gradients in sugar concentration between source and sink
tissues. The phloem sap is rich in sugars, but also contains inorganic ions, other organic
compounds including proteins and small signaling molecules such as hormones, systemic
wound signals and mRNAs (Oparka and Cruz, 2000; Van Bel, 2003; Thompson and Schulz,
1999). Furthermore, the phloem sap is also a conduit for the trafficking of pathogens and
foreign compounds such as herbicides and other xenobiotics (Van Bel, 2003; Fiehn, 2003).

The apoplast is the free diffusional space outside the plasma membrane and comprises the
cell wall matrix and the fluid in the intercellular spaces. The apoplast occupies less than 5 % of
the plant tissue volume in aerial organs (Parkhurst, 1982; Steudle and Littge, 1980) and the root
cortex (Vakhmistrov, 1967) and its composition reflects the exchange between xylem and
phloem compartments and the export and import of molecules by individual cells (Parkhurst,
1982). Therefore, small changes in these fluxes could produce large differences in the solute
composition of the apoplast. The apoplast plays important roles in a wide array of physiological

processes, including water and nutrient trafficking (Sattelmacher et al., 1998), plant defense,
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cell interactions, cell wall maintenance, and in the transduction of environmental and
developmental signals (Dietz et al., 2000; Geilfus et al., 2015; Hoson, 1998; Sakurai, 1998;
Ohyama et al., 2009).

The study of plant fluid dynamics can be approached by means of non-destructive
methodologies such as those used to measure sap flow velocity and pressure or to visualize
vessel structures (reviewed and discussed in Kim et al., 2014). Other approaches include the use
of isotope labeling to study fluxes of specific compounds (Orera et al., 2010). However, studies
of the chemical composition, including their proteomes, often require the use of harsh
techniques to collect these plant fluids. While information about the chemical composition of
these plant fluids is ample with regard to minerals, sugars and small organic compounds such as
carboxylates and amino acids (Alvarez-Fernandez et al., 2014), information about their
proteomes has arisen more recently. Proteomic studies can provide useful information about
processes occurring in plant fluids and also to target proteins putatively involved in them for
future studies. Most of the proteomic studies in plants were initially carried out with whole
tissue samples (Jorrin-Novo et al., 2015; LoOpez-Millan et al., 2103), and later on with
subcellular organelles such as the mitochondria (Huang et al., 2014), chloroplast (Ferro et al.,
2010), and different membrane systems (Ephritikhine et al., 2004; Gutierrez-Carbonell et al.,
2015; Marmagne et al., 2004), as well as with cell walls (Albenne et al., 2013; Rose and Lee,
2010) and plant fluids (see references in Table 3.1.1).

A major constraint for the proteomic analysis of plant fluids is the limited amount of
sample that can be obtained. In the case of the xylem sap, another constraint is the low protein
concentration, which is only in the ng ul™ range. An additional constraint is an inherent
consequence of the sampling methodologies: the presence of proteins not intrinsic to these
fluids, which can be considered either as contaminants or as the result of protein-protein
interactions occurring in vivo or during isolation (see below). Methodological progress in the
proteomic field has shed light not only into the protein composition of these plant fluids, but
also into their functionality. This includes the development of high-throughput technologies
such as shotgun proteomics and LC-MS/MS that allow for the analysis of small sample
volumes and for the detection of low abundance proteins, as well as the constant improvement
in plant proteome databases, which have led to the construction of several mapping datasets (see

Table 3.1.1 for references).

The aim of this review is to provide a general overview of the proteomic studies carried
out in the three plant fluids mentioned. We have considered as outside the scope of this review,
which is mainly focused into describing these plant fluid proteomes in healthy plants, a number
of differential proteomic studies focused on the specific effects of biotic stresses, including

pathogen systemic dissemination and plant defense mechanisms.
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3.1.2. Plant fluid collection

The main limitations for obtaining reliable plant fluid proteomes have been the technical
difficulties in the collection of plant fluids, which usually imply a disruption of the vascular
tissues, and the small volumes and sometimes dubious purity of the samples obtained.

Table 3.1.1. Summary of proteomic bibliography reviewed. Functional classification and number of
identified proteins are depicted as reported in the original publications.

Ref. Species Technique  Material Separation Identified Functional Classification
Buhtz et B. napus Stemde-top  Xylem 1-DE 14 Redox response, plant
al., 2004 B. oleracea defense, proteolysis

C. maxima
C. sativus
Kehr et al., B. napus Stem de-top Xylem 2-DE 69 Plant defense, cell wall
2005
Alvarez et Z. mays Stem de-top Xylem 2-DE 154 Cell wall, plant defense,
al., 2006 proteolysis
Djordjevic G. max Stem de-top Xylem 1&2DE, 24 Proteolysis, cell wall,
et al., 2007 2D-LC redox stress, metabolism
Aki etal., 0. sativa Stem de-top Xylem 2D-LC 118 Metabolism, cell wall,
2011 pathogenesis related, redox
stress
Stylectomy Phloem 1DE 107 Metabolism, pathogenesis
followed related, redox stress, signal
by 2D-LC transduction
Ligatetal., B.oleracea Stem de-top Xylem 1DE 189 Carbohydrate metabolism,
2011 followed proteolysis, cell wall,
by 2D-LC oxido-reductases
Krishnan et G. max Stemde-top  Xylem 2-DE 38
al., 2011
Zhang et G. Stemde-top  Xylem LC 455 Carbohydrate metabolism,
al., 2011 hirsutum cell wall, stress response,
signal transduction
Boudartet  A.thaliana VIC Leaf 2-DE, 93 Cell wall, defense related,
al., 2005 apoplast 1-DE protein interaction,
proteinases
Soares et M. VIC and IB Leaf 2-DE 81 Defense, redox, transport,
al., 2007 truncatula apoplast cell wall, pathogenesis
related
Pechanova P. Pressure Leaf 2-DE, 144 Cell wall, stress defense,
etal., 2010  deltoides chamber apoplast  2D-LC proteolysis
Witzel et Z. mays VIC Leaf 2-DE 67 Cell wall, defense,
al., 2011 apoplast transport
Delaunois V. vinifera VIC Leaf 2-DE 89 Defense, cell wall,
etal., 2013 apoplast proteolysis
Ceballos- B. vulgaris Leaf Leaf 2-DE 164 Stress and defense, cell
Laitaetal., centrifugation  apoplast wall, metabolism
2015

(Continued)
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Table 3.1.1: continued

Ref. Species Technique  Material Separation Identified Functional Classification
Barneset  R.communis Stem Phloem 2-DE 18 Sugar metabolism, redox
al., 2004 puncture regulation, chaperones
Walzetal.,, C.sativus, Stem Phloem 1-DE, 45 Redox response,
2004 C. maxima puncture 2-DE proteinase inhibitors,

signaling, defense proteins
Giavalisco B. napus Stem Phloem 2-DE and 140 Redox stress, signaling,
etal., 2006 puncture 1-DE structural, RNA binding,
metabolism
Dafoe et P.trichocarpa  Phloem Phloem 2-DE 48 Metabolism, signaling,
al., 2009 x P. deltoides ~ flow from a stress, structural
cut stem
into solution
Linetal., C. maxima Stem Phloem 2D-LC 1121 Embryo development,
2009 puncture ubiquitination, proteolysis,
RNA binding, metabolism
Rodriguez- L.albus Stem Phloem 2-DE 86 Metabolism, protein
Medina et puncture modification, redox
al., 2011 regulation, stress/defense,
structural components
Lattanzio et L. texensis Stem Phloem 2-DE and 54 Protein modification,
al., 2013 puncture 1-DE metabolism, redox stress,
cell wall

Xylem sap is frequently obtained by de-topping plant shoots, cleaning the cut area, and
subsequently collecting the fluid that bleeds out, but this requires plant species with sufficient
root pressure and turgid stems. This can be done with some dicots, including Solanum
lycopersicum, Brassica napus and Brassica oleracea, and with most of the monocots (Oryza
sativa, Zea mays, etc.) (Schurr, 1998). The collection of phloem sap is commonly achieved by
bleeding after performing small incisions in the peduncles of plant species with slow sieve
element wound closure. However, there are only a limited number of “phloem bleeder” species,
mostly including members of the Curcubitaceae, Brassicaceae and the genus Lupinus (Atkins et
al., 2011). Therefore, usual collection techniques limit the use of model plants such as
Arabidopsis thaliana for the study of plant fluids, and force the use of non-canonical model
plant species, thus delaying progress in the knowledge of these proteomes. The limited number
of plant species that can be studied may be not relevant for mineral or metabolomic studies, but
it is crucial for proteomic techniques, where the use of non-sequenced species decreases the

number of confidently identified proteins.

Among the three plant fluids, xylem sap can usually be obtained in sufficient quantities;
however, the protein concentration in the xylem sap is generally low, thus limiting the
proteomic approaches to be used (Aki et al., 2008). Volume yields collected by de-topping

shoots of hydroponically grown healthy plants can reach several ml h™ of acceptably pure
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xylem sap (Goodger et al., 2005). The mapping studies of the xylem sap proteome published to
date have used root pressure as a means to obtain xylem sap; and protein yields ranged from 5
to 12 ng pl* (Table 3.1.1). Although none of these studies assessed the possible sap
contamination by cytoplasmic proteins by experimental work, in silico prediction of localization
as secreted or intracellular proteins was used in B. oleracea to assess the quality of the xylem
sap proteome (Ligat et al., 2011). Several other methods to obtain xylem sap have been
published, and their advantages and disadvantages have been reviewed recently (Alvarez-
Fernandez et al., 2014; Kehr and Rep, 2007).

As commented above, the collection of phloem sap is carried out using “phloem bleeder”
species, making direct incisions in the phloem vessels located in peduncles, or alternatively by
stylectomy using aphids or other sucking insects (Kehr and Rep, 2007). The latter technique
requires very specialized expertise, provides low volumes of sample (in the nl range), is time-
consuming and is only achievable with some plant-insect combinations (Atkins et al., 2011).
Advantages and disadvantages of sampling methods for phloem sap and for purity assessment
have been critically reviewed (Atkins et al., 2011; Kehr and Rep, 2007). The phloem sap
proteomes published so far have been obtained by collecting exuded sap from direct incisions in
B. napus (Gutierrez-Carbonell et al., 2015; Giavalisco et al., 2006; Zhang et al., 2012),
Cucurbita maxima and in two Lupinus species (36-38), and by aphid stylectomy in O. sativa
(Aki et al., 2008). With the direct incision method volumes collected were in the several
hundred pl range (Gutierrez-Carbonell et al., 2015; Zhang et al., 2012; Lattanzio et al., 2013),
whereas protein yields ranged from 0.2 pg pl™ found in rice and Lupinus species (Aki et al.,
2008; Lattanzio et al., 2013; Rodriguez-Medina et al., 2011) to 35-60 pg pul™ in Curcubitaceae
(Atkins et al., 2011; Walz et al., 2004).

The most common methodology used to collect apoplastic fluid is vacuum infiltration-
centrifugation (VIC), which can be used with roots, leaves and stems (Boudart et al., 2005; Dani
et al., 2005; Husted and Schjoerring, 1995; Lohaus et al., 2001). Briefly, the tissue is infiltrated
with a buffer while applying vacuum and the infiltrated intercellular fluid (considered as a
diluted apoplastic fluid) is thereafter collected by centrifugation. A study of the variables in this
method, including the pH and composition of the buffer, as well as applied centrifugal force and
time, indicated that centrifugal forces below 1000 x g do not lead to significant contamination,
whereas the composition and pH of the solution affect the metabolite composition of the fluid
collected (Lohaus et al., 2001). From a proteomic point of view, a detailed study of the
influence of the composition of the infiltration solution on the number and nature of proteins
collected indicated that the lowest number of intracellular protein contaminants and the largest
number of extracellular proteins was obtained in Z. mays using 100 mM Na phosphate buffer,

whereas water alone led to the highest contamination (Witzel et al., 2011). In Arabidopsis
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rosette leaves, the efficiency of several VIC solutions for the collection of apoplastic proteins
was also assessed, with 0.2 M CaCl, yielding the largest number of solubilized proteins among
the salts studied (Boudart et al., 2005). Buffers with different ionic strengths have been applied
in order to extract proteins more tightly or loosely bound to the cell wall (Soares et al., 2007).
Following VIC, approximately 100 pL of apoplastic fluid per g of tissue can be obtained
without significant cytosolic contamination (references in Table 3.1.1). Direct centrifugation
without infiltration can also be applied to obtain apoplastic fluid, leading to similar yields but in

general implying a slightly higher contamination (Ceballos-Laita et al., 2015, Chapter 3.2).

Another major limitation for the study of plant fluid proteomes is their purity. The
collection methods, although optimized, cannot completely avoid intracellular fluid leakage.
The major source of contamination for these three fluids consists of soluble cytosolic proteins;
since the concentration of proteins in the cytosol is usually much higher than in the intercellular
space, a relatively small cytosolic leakage (e.g., the rupture of a few cells) could lead to
markedly altered protein profiles. Several methods have been used to assess the purity of the
plant fluids. Among the xylem mapping studies reviewed (Table 3.1.1), purity was assessed
only in one study by means of in silico prediction of secreted proteins (Ligat et al., 2011).
However, the low protein yields obtained and the fact that only a small amount of cytosolic
proteins were identified may suggest an acceptable level of purity. Common phloem sap purity
assessment tests are based in the measurement of sugar concentrations as well as the reducing to
non-reducing sugar ratio, the presence of Rubisco, and the measurement of certain enzymatic
activities as cytosolic contaminant markers (Gutierrez-Carbonell et al., 2015; Giavalisco et al.,
2006; Lattanzio et al., 2013; Rodriguez-Medina et al., 2011; Mendoza-Cozatl et al., 2008). A
thorough assessment of purity was performed in the study of the B. napus proteome (Giavalisco
et al., 2006), where the purity of the phloem was studied using four independent techniques:
sugar composition, western blot and RT-PCR of Rubisco, as well as the comparison of the 2-DE
protein maps of the phloem sap with those from full leaf extracts. Given the harsher techniques
used for the collection of apoplastic fluid, this plant fluid is more prone to contain products of
cytosolic leakage. Apoplastic fluid contamination is usually assessed by measuring the activity
of cytosolic enzymes, such as malate dehydrogenase or hexose-phosphate isomerase, as markers
(Soares et al., 2007; Ceballos-Laita et al., 2015, Chapter 3.2). When the extraction buffer used
in VIC is not compatible with the enzymatic activity assays, antibody detection of cytosolic
contamination has also been used as an alternative (Delaunois et al., 2013). The contamination
level measured by these techniques was below 5 % in all the studies reviewed. However, the
meta-analysis of all the proteins identified in these apoplastic fluid proteomes indicates that
approximately 10 % of the proteins identified are known to be cytosolic, suggesting that these

purity control methods may underestimate the presence of cytoplasmic components.
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3.1.3. Approach for plant fluid proteome comparisons

Given the difficulties to compare proteomes from different plant species and also the fact that
some of the published proteomes have a certain degree of duplicity (e.g., containing the same
protein identified in different databases, plant species, or in different gel spots), we have
produced a “non-redundant proteome” for the three plant fluids reviewed (included in
Supplementary Tables S1-3). BLAST searches of each dataset were performed against the
TAIR10 database, the closest Arabidopsis orthologue (E-values lower than 10-30) was selected

and duplicates deleted, thus obtaining a unique AGI number per protein.

Functional classification of these three non-redundant proteomes was then carried out
using the Gene Ontology (GO) annotation included for these proteins in the TAIR database, and
the GO categories were manually checked and grouped. The classification includes categories
as follows: polysaccharide metabolism, proteolysis, oxido-reductases, general metabolism
(including lipid, amino acid, nucleotide and miscellaneous metabolism), regulation, plant
defense, unknown, and miscellaneous (including cytoskeleton related, nutrient reservoir, cell
division, protein synthesis, photosynthesis, and transport). When the GO annotation was too
general, references or functional domains included in the TAIR entry were used as additional
criteria. These non-redundant proteomes of xylem sap, phloem sap and leaf apoplastic fluid are
presented in Tables S1, S2 and S3, respectively.

The subcellular localization database for Arabidopsis proteins (SUBA3,
http://suba3.plantenergy.uwa.edu.au) was used to predict protein subcellular localization in the
proteome sets. SUBA3 combines manual literature curation of large scale subcellular
proteomics, fluorescent protein visualization and protein-protein interaction (PPI) datasets with
subcellular targeting output results from 22 prediction software packages (Tanz et al., 2012).
The SUBAS3 output includes a consensus location (SUBAcon, Table S4), based on Bayesian
probabilities, which allows for an automated evaluation of large datasets. In this study, a protein
was considered as extracellular when SUBAcon indicated extracellular location. A summary of
these results is shown in Table S4. Although in silico prediction is a powerful tool to analyze
large datasets, the existence of non-canonical secretory proteins and the limitations of the
prediction algorithms make recommendable using alternative experimental methods to verify
the true extracellular nature of proteins classified as such. It should be noted that all three non-
redundant proteomes contain a significant amount of intracellular proteins (43, 99 and 57 % in
the xylem sap, phloem sap and leaf apoplastic fluid, respectively), which likely reflect some
degree of cytoplasmic contamination. Their unequivocal assignment to the respective proteomes

deserves further studies.
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3.1.4. The xylem sap proteome

The xylem sap proteome has been studied in eight plant species, including two monocots, Z.
mays (Alvarez et al., 2006) and O. sativa (Aki et al., 2008), two Brassicaceae species, B.
oleracea (Ligat et al., 2011) and B. napus (Buhtz et al., 2004; Kehr et al., 2005), two
Curcubitaceae, C. maxima and Cucumis sativus (Buhtz et al., 2004), the legume Glycine max
(Djordjevic et al., 2007; Krishnan et al., 2011) and the Malvaceae Gossypium hirsutum (Zhang
et al., 2015). These mapping studies used the ‘root pressure’ method (Goodger et al., 2005) for
xylem sap collection in most species, and ‘root pressure’ applying vacuum in G. max
(Djordjevic et al, 2007). Different proteomic techniques (1-DE (Buhtz et al., 2004; Djordjevic et
al, 2007; Krishnan et al., 2011), 2-DE (Ligat et al., 2011; Alvarez et al., 2006; Kehr et al., 2005;
Krishnan et al., 2011) and 2D-LC (Aki et al., 2008; Ligat et al., 2011; Zhang et al., 2015)) were
used to obtain the xylem sap proteome. The number of xylem sap proteins identified by 1-DE
was low and ranged from 14 to 24, whereas the number of proteins identified by 2-DE and 2D-
LC ranged from 69 to 154 and from 118 and 455, respectively. In B. oleracea, both the xylem
sap proteome and N-glycoproteome were studied, the latter one using Concanavalin A affinity
chromatography followed by LC-MS/MS (Ligat et al., 2011). This study reported 81
glycoproteins in the xylem sap, from which 25 were probably low abundance ones, since they

were not detected in the direct xylem sap proteome analysis (Ligat et al., 2011).

The comparison of the reviewed xylem sap proteomes led to the assignment of 354
unique AGI proteins (Table S1), with 57 % of them predicted as extracellular (Table S4). Given
that the number of proteins obtained in the 1-DE studies was low, only the non-redundant
proteomes obtained by 2D techniques in O. sativa, Z. mays, B. oleracea, B. napus and G.
hirsutum were compared in order to identify putative proteins conserved between species. The
overlap between them was limited, with no common proteins found in the five species
compared and only ten proteins identified in at least four of them (Table 3.1.2). Interestingly,
this small subset contains only proteins related to the polysaccharide metabolism (5), oxido-
reductases (3), plant defense (1) and proteolysis (1) categories (Table 3.1.2), suggesting that
these are conserved functional categories of the xylem sap proteome and that these specific
proteins may have a species-independent role in the xylem sap. However, it should be noted that
given the differences in resolution of the proteomes studied and the low coverage in some of the
plant species this hypothesis needs further support. Among these ten proteins, nine were
predicted by SUBA3con to be extracellular (Table 3.1.2).

The functional classification of the 354 non-redundant proteins of the xylem sap
proteome is presented in Figure 3.1.1. The major functional categories found were polysaccharide

metabolism (28 %), general metabolism (22 %), oxido-reductases (14 %) and proteolysis (12 %).
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Table 3.1.2. The consistent xylem sap proteome. The list contains ten non-redundant Arabidopsis-referenced
proteins present in at least four of the following xylem sap proteomes: maize (Z. mays), rice (O. sativa),
cabbage (B. oleracea), rapeseed (B. napus) and cotton (G. hirsutum). Accession identifiers are those
reported for Z. mays (Alvarez et al., 2005), O. sativa (Aki et al., 2008), B. oleracea (Ligat et al., 2011), B.
napus (Buhtz et al., 2004; Kehr et al., 2005) and G. hirsutum (Zhang et al., 2015). Annotation corresponds
to the TAIR10 description from the BLAST-matched Arabidopsis proteins. Exracellular localization (Y) or
non-extracellular localization (N) was described according to the SUBA3 consensus prediction.

Z. mays O. sativa B.oleracea  B.napus G. hirsutum AGI Annotation
Arabinoxylan

0i[13398412 Os1290128700 TC43276 Q76LU3  AT3G10740 arabinofurano-hydrolase
isoenzyme ()

0i[2109457 0s03g0418000 TC15913 A7LAB9  AT3G12500 Chitinase

. TC25741/ Polygalacturonase-like

0ij30692538 P0644B06.40 TCA61514 AT3G61490 AT3G61490 protein )
Putative

gi50931079 0Os05g0104200 AAMI4869 Q2HYU7 AT5G06860 polygalacturonase
inhibitor

gi[7451375 (s01g0860500 TC17043 AIXTK9  AT5G24090 Acidic endochitinase )
Thaumatin-like

gi[7442163 (0s12¢g0629700 TC540954 AAN23104 ATAG11650 pathogenesis-related
protein )

0i[28400794 Os04g0651000 TC352237 gi[15239075 Q7XYR7  AT5G05340 Peroxidase

gi[7433034 0s03g0235000 TC558054 AT5G19890 BOT8I2  AT5G19890 fEerCO’l“ﬁ‘sf 7o

il50940455 TC589344 ATAG33420 FAYAW4 ATAG33420 gfggﬁrvs‘;f?ﬁ)"’“dase 47

ES901600/ Subtilisin-like serine
0ij21593457 Osl_030760  TC56831/ AT1G20160 AT1G20160 rotease
TC462494 P

Many (approximately 65 %) of the enzymes identified in the polysaccharide metabolism
category are cell wall hydrolases (glucanases, galactosidases and xylosidases) involved in
primary cell wall degradation and cell wall remodeling (Ross et al., 1995; Van der Ende et al.,
2004). This degradation is needed for the formation of secondary cell walls (Demura et al.,
2002). This group of enzymes can also play a role in modifying the cell wall surface in
conjunction with pectic enzymes and hemicellulases (Minic, 2008; Numan and Bhosle, 2006).
Lignin and secondary cell wall provide structural support for xylem vessels, being essential for
its function (Boyce et al., 2004). Lignin deposition requires polymerization and de-
polymerization of monolignols from the phenylpropanoid metabolism, and these reactions

involve hydrogen peroxide (Boerjan et al., 2003).

The second most important functional group found is general metabolism, including
proteins related to carbohydrate (22), lipid (20), nucleotide (seven) and amino acid metabolisms
(ten) (Table S1). There are several possible explanations for the presence of such a large number
of metabolic enzymes in xylem sap. The first plausible explanation would be that they are

cytosolic contaminants due to the sampling process. The fact that most of them are not present
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in the overlaps (Table 3.1.2) and that only 47 % of them are predicted to be extracellular (Tables
S1 and S4) would argue in favor of this explanation. Another possibility would be that at least
some of these enzymes are needed for the production of cellulose and lignin; these include the
carbohydrate metabolism enzymes, phenylalanine ammonialyase and 4-coumarate-CoA ligase
(Van den Ende, et al., 2004). Further studies are needed to clarify the presence and functions of

these proteins in the xylem sap.

Unknown

Miscellaneous 6%
0,

Plant defense

5% =
Regulation
6% -

Proteolysis
12%

Oxido-reductase
14%

Figure 3.1.1. Functional classification of the non-redundant xylem sap proteome. The 354 Arabidopsis
non-redundant proteins obtained from the BLAST of species-specific protein sets against that of A.
thaliana were classified based on their gene ontology (GO) biological process and TAIR annotations.

Proteins classified as oxido-reductases include several enzymes of the ascorbate—
glutathione cycle, Cu, Zn-SOD and several redox enzymes such as thioredoxin H and
glutaredoxin (Table S1). A large number of peroxidases (26 of the 50 identified proteins that
belong to the oxido-reductase category) were also found in the studies reviewed (Table S1), and
although most authors in the studies assigned them to redox response, they could also well be
associated with cell wall processes and lignification. Approximately 90 % of these peroxidases
were predicted to be extracellular (Tables S1 and S4). The presence of proteins involved in the
response to redox homeostasis in the xylem sap proteome of non-stressed plants supports the
existence of a constitutive basal defense mechanism, which may be especially useful given that
xylem cells do not have the protein machinery to synthesize proteins when submitted to a stress

situation.

Proteolysis related proteins accounted for 12 % of the non-redundant xylem proteome.
Most of the proteases, including pepsins, subtilisins, and serine and cysteine peptidases are
known to have an extracellular localization, and accordingly 63 % of them were classified as
extracellular. In addition to a role in the degradation of damaged proteins for the maintenance of
xylem sap, extracellular proteases may also constitute a basal defense strategy against pathogen
infection (Shabab et al., 2008; Xia et al., 2004). Plant defense related proteins accounted for 5 %
of the non-redundant xylem proteome. Many plant defense proteins, such as thaumatins and

chitinases, have been found in the xylem sap of different plant species (Buhtz et al., 2004; Rep
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et al., 2003), and they are consistently found in the proteomic studies reviewed. This already
established defense system found in plant fluids is thought to create a hostile environment to
prevent pathogen infection (Delaunois et al., 2013; Pechanova et al., 2010).

In summary, from a proteomic point of view the bulk xylem sap composition is relatively
simple. It contains proteins involved in maintaining the xylem conduit architecture, as well as a
battery of proteins; including redox and plant defense ones in addition to proteases, which
constitutes a basic defense barrier that provides a rapid and local first response against possible
stress situations and pathogen infection.

3.1.5. The phloem sap proteome

A large number of proteomic studies have focused on deciphering the phloem sap proteome.
Initial studies used 1-DE approaches and yielded a limited number of proteins (Dani et al.,
2005; Schobert et al., 2000). More recently, the development of high throughput proteomic
methods, such as two dimensional electrophoresis (2-DE) and especially LC-MS/MS, have
allowed a more thorough characterization of the phloem sap proteome. Phloem sap in these
studies was obtained either by using stylectomy in O. sativa (Aki et al., 2008) or by sap
exudation after incision in Ricinus communis (Barnes et al., 2004), B. napus (Gutierrez-
Carbonell et al., 2015; Giavalisco et al., 2006), C. maxima (Lin et al., 2009; Walz et al., 2004),
C. sativus (Walz et al., 2004), Populus trichocarpa x Populus deltoides (Dafoe et al., 2009),
Lupinus albus (Rodriguez-Medina et al., 2011) and Lupinus texensis (Lattanzio et al., 2013).
The number of phloem sap proteins identified by 2-DE was similar, irrespective of the gel size,
and ranged from 45 in C. maxima to 140 in B. napus, with 86 and 54 identified in L. albus and
L. texensis, respectively. The number of phloem proteins identified by LC-MS/MS was larger,

and included 1121 proteins in C. maxima and 107 in O. sativa.

Comprehensive comparisons of the phloem sap proteomes of these different plant species
have already been performed (Lattanzio et al., 2013; Lin et al., 2009). These inter-species
comparisons were approached by using the phloem protein data sets from C. maxima, O. sativa,
B. napus and R. communis to perform BLAST searches against A. thaliana and by creating a
“total non-redundant phloem proteome” containing 688 proteins (Figure 2A in Lin et al., 2009).
A similar approach was used to compare the phloem proteome of L. texensis to the previously
reported non-redundant proteome and found only 12 new protein species (Lattanzio et al.,
2013). From these, two proteins were previously described in L. albus (Rodriguez-Medina et al.,
2011) and the remaining ten novel protein species had non-redundant identifiers, but had
functions similar to other protein species already described in the phloem of other plant species

(Figure 2C in Lattanzio et al., 2013). The comparison of the reviewed phloem sap proteomes led
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to the assignment of 720 unique AGI proteins (Figure 3.1.2; Tables S2 and S4). Comparisons of
the non-redundant phloem proteomes previously described (Lattanzio et al., 2013; Lin et al.,
2009) revealed that approximately 60 proteins were found in the phloem sap of at least two
plant species, with 13 of them being consistently detected in at least four of the five plant
species considered (Table 3.1.3). Among these 13 proteins, none were predicted to be
extracellular (Table 3.1.3). Proteins in this list were representative of the most abundant

functional categories found in the phloem sap proteome (see below).

Unknown
13%

Miscellaneous
24%

Proteolysis
12%

,Diﬁdo—
reductase  Regulation
Plant 5% 12%
defense
3%
Polysaccharide
metabolism

3%

Figure 3.1.2. Functional classification of the non-redundant phloem sap proteome. The 720 Arabidopsis
non-redundant proteins obtained from the BLAST of species-specific protein sets against that of A.
thaliana were classified based on their gene ontology (GO) biological process and TAIR annotations.

The functional classification and cellular localization of the non-redundant phloem sap
proteome (Figure 3.1.2; Tables S2 and S4) clearly reflects the complex nature of this fluid,
which results from the exchange between companion cells and sieve elements along the
translocation pathway. On one hand, categories such as oxido-reductases (5 %), plant defense (3
%), and proteolysis (12 %) are enriched in this fluid, as also seen in the xylem sap and
apoplastic fluid (see references in Table 3.1.1). These categories provide a basal defense
mechanism against pathogens and stress or are involved in the maintenance and stability of the
sieve elements. On the other hand, other enriched categories such as general metabolism (28 %)
and miscellaneous (24 %) (the latter including the sub-categories protein synthesis (9 %) and
macromolecular trafficking (8 %)) reflect exchange processes occurring between the metabolically
active companion cells and the enucleate sieve elements (Figure 3.1.2 and Table S2). The
category of regulation, including RNA binding, is also enriched (12 %) in the phloem sap
proteome and may represent proteins that are being translocated (references in Table 3.1.1).
Furthermore, in silico prediction of the localization of the non-redundant phloem proteome
indicated that 99 % of them are intracellular (Tables S2 and S4), suggesting that the
contribution of companion cells to the phloem sap proteome is very significant, or alternatively

that there may be some contamination from other cell types.

Proteins in the oxido-reductase category typically found in phloem sap include enzymes

of the ascorbate—glutathione cycle, glutaredoxins and glutathione transferases, with thioredoxin

63




Capitulo 3.1

being one of the most abundant proteins in this group in most plant species (Table S2). Defense
related proteins include pathogenesis related proteins, LRR disease resistance proteins and

several hormone responsive proteins.

In addition to extracellular proteases such as cysteine or serine proteases (16 of the 26
phloem proteases were predicted to be extracellular), components of the proteasome 26S were
also found in the non-redundant proteome, although none of them were predicted as
extracellular. Furthermore, the C. maxima proteome, the most detailed proteome described so
far, contains all the components to form a functional 26S proteasome as well as a large set of
proteins related to ubiquitin related processes (Lin et al., 2009), suggesting that the sieve tube
system has retained the capacity for proteolysis via the ubiquitin-proteasome 26S pathway. The
presence of protein degrading enzymes in sieve elements could be related to protein turnover or
also constitute a defense mechanism. Cell structural components such as actin and profilin and
actin-depolymerizing factors are also common proteins in the non-redundant phloem sap
proteome (23 cytoskeleton related proteins) (Table S2 and references in Table 3.1.1). In R.
communis, these proteins are constantly delivered into the sieve elements and are mobile in the
translocation stream (Schobert et al., 2000), but their specific role in sieve elements remains to

be determined.

A general overview of the proteins identified in different plant species in the general
metabolism category indicates the existence of a wide array of metabolic processes in phloem
sap, including carbohydrate metabolism, synthesis and breakdown of organic-, amino- and
fatty-acids as well as secondary metabolites and nucleotides (Table S2, references in Table
3.1.1), suggesting that these processes might still be active in sieve elements. However, only 1.5
% (three out of the 200 proteins in this category; Table S2) were classified as extracellular,
highlighting the special nature of the phloem sap proteome and raising doubts about their

possible origin.

A large array of molecules related to regulation (12 %) has been described in the phloem
sap proteome. The regulation category would include those proteins involved in protein
modification and folding and those acting as mobile signals for systemic signaling. The first
group includes chaperones such as peptidyl-prolyl isomerases, several heat shock proteins and
proteins involved in phosphorylation such as protein kinases, and in Ca-dependent signaling
such as annexins, calmodulins and C2 domain containing proteins (Table S2, references in
Table 3.1.1). Overall, these proteins are involved in signal processing, protein phosphorylation,
folding and unfolding of proteins for protein trafficking between companion cells and sieve
elements and microRNA regulation of gene expression (Rodriguez-Medina et al., 2011).
Among putative mobile signals, the flowering locus FT is ubiquitously found in most plant

species (Table 3.1.3) (Aki et al., 2008; Giavalisco et al., 2006). The presence of extracellular
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RNA binding proteins such as cyclophilins (one of them, cyclophilin 19, although predicted as
intracellular, was found in all species compared here, Table 3.1.3), lectins, and the glycine rich
proteins in the phloem sap is consistent with RNA transport in phloem as ribonucleoprotein
complexes, which are most likely involved in long distance signaling. Secreted lectins have
been shown to translocate RNAs (Gomez and Pallas, 2004). Many of the glycine-rich proteins
have been associated with stress and hormone treatments (Nomata et al., 2004), supporting their
possible role in RNA homeostasis and signaling (Lucas et al., 2001; Yoo et al., 2004), whereas
some of the glycine-rich proteins (such as AT2G21660 and AT3G03773 found in the non-
redundant phloem proteome, Table S2) are possibly involved in the formation of secondary
walls (Mangeon et al., 2010).
Table 3.1.3. The consistent phloem sap proteome. The list contains 13 non-redundant Arabidopsis-

referenced proteins present in at least four of the following phloem sap proteomes: pumpkin (C. maxima),
rice (O. sativa), rapeseed (B. napus), Lupinus texensis and Lupinus albus. Accession identifiers are those

reported for C. maxima (Lin et al., 2008), O. sativa (Aki et al., 2008), B. napus (Giavalisco et al., 2006),

L. texensis (Lattanzio et al., 2013) and L. albus (Rodriguez-Medina et al., 2011). Annotation correspond

to the TAIR10 description from the BLAST-matched Arabidopsis proteins. Extracellular localization (Y)
or non-extracellular localization (N) was described according to the SUBA3 consensus prediction.

C. maxima 0. sativa B. napus L. texensis L. albus Annotation

FG26997 3 Gil15458768  AT3GOAL20 CAlgarry  Clyceraldenyde-3-phosphate
dehydrogenase subunit 1

FG2275% 2 gifl15481260  AT2G36530 CAB75428  Enolase 2 ™

FG227348 3 gill15447399  AT5G03300 XP 002531678 Adenosine kinase 2 ™

FG27154 3 gill15461741  ATIG75270 AALT1857 Dehydroascorbate reductase 2 ™

GI2GOBE219  Gif15456247h  ATSG28540  Gill143427 ;ﬁ ,Sr:] %fognate 70-kba

FG227112 2 il15443875  AT2G16600  @if0148%0 049886  Cyclophilin 19 ™

FG227050 1  gL15465581  ATSG20020  gild336905 RAS-related GTP inding
nuclear protein 2

. Cold, circadian rhythm, and

FG227803 2 qifl15489714  AT2G21660 BAFMBA0 DN A pindin g2 ®

Q57346142 ifl15461424  AT3G52560 NP 566968  Ubiquitin E2 variant 1D-4 ™

FG2NB5  gIISATAISL  ATIGE10 113094963 Eukaryotic translation initiation

> 9 g factor 5A-1 ™

gill15343291 (115468204  AT1GE5480 BAI3349%4  Flowering locus T ™

FG227096 3  gill15455697  AT3G46000  gil7339501 Actin-depolymerizing factor 2 ™

qill18481204 (115454971  AT5G09810  @il9965319  AADO3741  Actin? ™

Finally, the non-redundant phloem proteome contains 67 proteins related to protein

synthesis and only eight were structural components of the ribosome (Table S2); in addition,
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none of the proteins in this sub-category were predicted as extracellular (Table S2). Most of
these proteins come for the high-throughput analysis of the C. maxima proteome (Lin et al.,
2009), which contains around 100 proteins involved in t-RNA aminoacylation, translation
initiation, elongation, and termination, but very few components of the ribosomal complexes,
which prompted the authors to suggest the existence of protein synthesis in the sieve element. A
limited number of translation initiation factors have been detected in several plant species, with
one of them, the intracellular eiF-5A, being found in most species compared (Table 3.1.3).
Given that some of them bind RNA, including eiF-5A, a role in RNA transport in phloem has
also been suggested for these proteins in phloem sap (Giavalisco et al., 2006). The large number
of this set of proteins in C. maxima could reflect a larger contribution of companion cells in this
proteome, the high sensitivity of the proteomic approach used in this study, or to the specific
characteristics of the phloem sap in Curcubitaceae species, which is mostly composed of extra-
fascicular phloem sap and may have a peculiar composition (Zhang et al., 2012; Turgeon and
Oparka, 2010).

3.1.6. The leaf apoplastic fluid proteome

The proteome of the leaf apoplastic fluid has been described in six plant species so far (Table
3.1.1). This fluid was collected by the VIC technique using buffers of different ionic strengths
in four of them: Z. mays (Witzel et al., 2011), Medicago truncatula (Soares et al., 2007), Vitis
vinifera (Delaunois et al., 2013) and A. thaliana (Boudart et al., 2005). In Populus deltoides, the
leaf apoplastic fluid was collected using a pressure chamber (Pechanova et al., 2010) and in
Beta vulgaris it was obtained by direct leaf centrifugation (Ceballos-Laita et al., 2015, Chapter
3.2). Protein yields were only reported in three studies, including sugar beet apoplastic fluid
obtained by direct leaf centrifugation (400-800 pg protein mL™; Ceballos-Laita et al., 2015,
Chapter 3.2) and grapevine and M. truncatula apoplastic fluids obtained by VIC (6 and 50 nug
protein g+ FW, respectively) (Soares et al., 2007; Delaunois et al., 2013). 2-DE analysis
detected a similar number of protein spots: 328, 220, 306, and 203 in the apoplastic fluid of Z.
mays, M. truncatula, V. vinifera and B. vulgaris, respectively (Witzel et al., 2011; Soares et al.,
2007; Ceballos-Laita et al., 2015, Chapter 3.2; Delaunois et al., 2013); whereas the combination
of 2-DE and 2D-LC in P. deltoides (Pechanova et al., 2010) and of 2-DE and sepharose
fractioning followed by 1-DE in A. thaliana (Boudart et al., 2005) yielded a somewhat lower
number of identified apoplastic proteins: 144 and 133, respectively. However, it should be noted
that redundancy existed in the 2- DE approaches, and the number of unique proteins identified
was in the one hundred range (from 67 in Z. mays to 164 in B. vulgaris) (Table 3.1.1). In
addition to these mapping studies there is a significant number of studies on the effect of biotic

stresses in the leaf apoplast proteome, which as stated above are out of the scope of this review
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(Floerl et al., 2008, 2012; Goulet et al., 2010; Kim et al., 2013; Petriccione et al., 2014; Shenton
etal., 2012).

The comparison of the leaf apoplastic fluid proteomes led to the assignment of 373
unique AGI proteins (Table S3), with 43 % being predicted as extracellular (Table S4).
Although no AGIs were found in all plant species reviewed, the overlap between these leaf
apoplastic fluid proteomes was significant, with 77 non-redundant AGIs identified in at least
two plant species (Table S3) and a total of 25 proteins found in at least three plant species
(Table 3.1.4). This small subset contains 22 extracellular proteins related to polysaccharide
metabolism (13), oxido-reductases (three), proteolysis (three), plant defense (two), and general
metabolism (one) categories, suggesting that these are conserved functionalities of the leaf
apoplastic fluid (Table 3.1.4). Two chloroplast proteins were found among the non-redundant
proteins present in at least two plant species (Table 3.1.4) and this underlines the difficulty of
obtaining pure apoplastic fluid. Within this subset, Z. mays, P. deltoides and V. vinifera were the
plant species containing the most proteins in common (Table 3.1.4).

Functional classification of this hon-redundant leaf apoplastic fluid proteome showed that
general metabolism was the most abundant category (27 %) followed by polysaccharide
metabolism (21 %), proteolysis (12 %), oxido-reductase (11 %), plant defense (7 %), and
regulation (7 %) (Figure 3.1.3). Some of the general metabolism proteins (70 %) have an
intracellular localization and most likely reflect some degree of cytoplasmic contamination; this
is also clear for the 23 photosynthesis related proteins present in this non-redundant proteome
(Table S3). These proteins were found in all the studies regardless of their purity assessment,
but their percentages were higher when pressure chamber (18 %) or direct leaf centrifugation
(25 %) were used, suggesting that leaf VIC may be better at preventing leakage of proteins from
the cytoplasm (Lohaus et al., 2001; Witzel et al., 2011). The overlapping degree of these
metabolism-related proteins between species was low (Table S3), suggesting that this category
might be over-represented in the non-redundant proteome that compiles proteins from all plant
species. Some of the proteins in this group, such as the six lipid transfer proteins and eight
extracellular lipases, are indeed annotated as secretory proteins and their presence in the
apoplastic fluid may suggest an active role of this fluid in the maintenance of the leaf cell
plasma membranes and/or in cuticle biogenesis (Girard et al., 2012). The presence of proteins
related to this array of metabolic pathways deserves further studies to clarify the intrinsic

metabolic processes occurring in the apoplast.

As described for xylem sap, polysaccharide related proteins accounted for a large
proportion of the leaf apoplastic fluid proteome (21 %), with glucosidases and galactosidases
being the two larger families present (Table S3). Typical cell wall proteins such as a-

mannosidase, chitinase, B-1,3-D-glucosidase, xyloglucan, heparanase, endotransglucosylase-
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hydrolase and a- and B-galactosidases (Table S3) have been identified as prominent constituents
in different studies, playing various roles in cell wall modification during plant development
(Witzel et al., 2011; Zhang et al., 2008). The presence of a high number of hydrolases in this
non-redundant proteome confirms that the apoplast is a highly glycolytic compartment (Dietz et
al., 2000).

Unknown
Miscellaneous 4%
12%

Plant defense
T ;
Regulation
7%
Oxido-
reductase

Proteolysis \
12%

_‘%
Figure 3.1.3. Functional classification of the non-redundant leaf apoplast proteome. The 373
Arabidopsis non-redundant proteins obtained from the BLAST of species-specific protein sets against that
of A. thaliana were classified based on their gene ontology (GO) biological process and TAIR
annotations.

Plant defense and proteolysis accounted for approximately 19 % of the leaf apoplastic
fluid proteome. The plant defense category contains a large number of pathogenesis related
proteins (five; four of them extracellular), and disease resistance proteins containing LRR
domains (seven; five of them extracellular) (Table S3), which frequently increase in xylem sap
and apoplastic fluids when plants experience biotic stresses (Floerl et al., 2008; Islas-Flores et
al., 2015; Johansson et al., 2006; Joosten and Wit, 1989; Watson et al., 2004) and, as
commented for the xylem sap, constitute a basal plant defense mechanism in non-stressed
conditions. The disease resistance proteins with LRR domains may also be involved in signaling
(Boudart et al., 2005). Other proteins in this category included extracellular osmotin-like
(AT4G11650) and a basic secretory protein (AT2G15130) (Table S3). The proteolysis-related
proteins included 24 extracellular peptidases, such as serine-carboxypeptidases, cysteine and
aspartic proteases, subtilisin-like serine proteases, and four proteinase inhibitors, most of them
similar to cystatin (Table S3). Four proteins related to the proteasome, although not predicted as
extracellular, were also found in the non-redundant apoplastic fluid proteome; while it is clear
that the apoplastic fluid is enriched in extracellular proteases, the presence of proteasome
components was only detected in the sugar beet apoplastic fluid proteome (Ceballos-Laita et al.,
2015, Chapter 3.2). It has been hypothesized that the proteolytic composition of the apoplastic
fluid is species-dependent (Witzel et al., 2011), and therefore the presence of some components
of the proteasome in sugar beet may be species-specific or reflect a possible intracellular

contamination.
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Table 3.1.4. The consistent apoplastic fluid proteome. The list contains 25 non-redundant Arabidopsis-
referenced proteins present in at least three of the six plant species for which the leaf apoplast proteome
has been described. Accession identifiers are those reported for A. thaliana (Boudart et al., 2005), B.
vulgaris (Ceballos-Laita et al., 2015, Chapter 3.2), M. truncatula (Soares et al., 2007), Z. mays (Witzel et
al., 2011), V. vinifera (Delaunois et al., 2013) and P. deltoides (Pechanova et al., 2010). Protein
identifiers (AGI) and description correspond to the TAIR10 annotation from the BLAST-matched
Arabidopsis proteins. Extracellular localization (Y) or non-extracellular localization (N) was described
according to the SUBA3 consensus prediction.

. B. M. - P.
A. thaliana Z. mays V. vinifera deltoides

. AGI Description
vulgaris truncatula

gij242039251

N i (4]
AT5G08370 0il29468168 Q84VvQ7 ATSG08370 o-Galactosidase 2
gij225441379
gij225441375 12 %
AT3G57240 AF435088 0il163914215 AT3G57240  B-1,3-Glucanase 3
0i[225441373
gi|157337481
AT2G28470 0i[157332401 Q93X57 AT2G28470  p-Galactosidase

0i[157329180
0i[219887203

ATSGI3980 AIPGS55 0i[241935426 i[157343878 Q8LPJ3 AT5GI3980  o-Mannosidase
0i[115485699

Qil146762261 o1 o 7o55894

[ D- i %9
ATSGOAST0  VASY44 g:lgﬁggggé qil1s73s0003 Q2MCJ5 ATSGBAST0  f-D-Xylosidase 4
AF239617
023473 _
ATAGIE260 BYGI31  QBSIWO Gi170243  Q56APO AT4Glex0 uwtvep-ls
Q8GT15 endoglucanase
Q9ZP12

gil238908875
gi|195623744
gil241943398 gi|225440254 Q7X9G7 AT3GI0740
gil108707861
gi[77548573

QilL25535042 225426168 QB84LI7  AT3G614%0

0i[255640568
02204224 i[147810287 Q2MK92 AT5G08380  a-Galactosidase 1"
0i[22240
0i[195615700
0i[308081951

o-L-Arabino-
furanosidase 1"

Polygalacturonase-
like™

0i[157360089 Q9FZP1 AT5G34M0  Glucuronidase 3¢

AAD34596
CAAB4868  (i[226507679

Q42428 @i[241939007 gi[10880381 AT3G12500  Basic chitinase B ™
Q7X9F6  gi[2340043

Q9SDY6

QBLST3 P20024  i7687414 gij225462669 QO9Y38 ATsGoep /\Cidicendochitinase

gi[15213852

535010 9'|4i|11319633726§2 giP66324  QOM2U5 AT3GsMy —Cndochitinase EP3
g gil225434076
gi[157353734

(Continued)
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Table 3.1.4: continued

. . M. . P. .
A. thaliana vulgaris  truncatula Z. mays V. vinifera deltoides AGI Description
Germin-like
AT5G20630 13SGS4 CAC34417 (i|226504688 @i[225444754 AT5G20630  protein subfamily
3 member 3®)
D7SXW6 AY185207 Gil225429295 QOXIYQ AT2GI520 — DoSiCsecrelony
protein family
0i[125544798 .
. 1771160 il
XP 0i|226508174 gi Subtilisin-like
AT5G67360 = . gi[157335622 Q8RVJ7 AT5G67360 (Y)
006466502 g:l;ggggggg gil157345245 protease SBT1.7
. . Serine-type
EOCQB3 0i[242048242 @i[157335112 QB8LAE1l AT1G20160 endopepti dase
XP Serine
008235805 0i[226533158 gi[157348245 Q8L7B2 AT4G12910  carboxypeptidase-
like 20"
Q38745 004364  gi[226505234 g:Igggigggg& Q8GUQ2 ATAGI11650 Osmotin ™
0i[257644672 i[223635592 Q9ZNZ5 ATI1G06260 Peroxidase
Superoxide
HO9BQP8 AAC14127 0i[134684  A9PJW9 AT2G28190 dismutase
[Cu-zn] 2®™
gil125597507 g:g%ﬁggﬁgg Q58GF4 ATSGS30  Peroxidase 52
XP
007014796 0i[226493671 gi[225435616 Q42517 AT5G19%0  Peroxidase 59

Plastocyanin
major isoform ™
Oxygen-evolving
BOL802 AW559699 @i[157482855 AT1G06630 enhancer
protein 2-1®™

CAA26709  @i|130280 P00299 AT1G20340

Among the proteins classified as oxido-reductases (11 %), 19 were predicted to be
extracellular. These included a large number of peroxidases (ten), cupro-redoxins (three), and
FAD-binding proteins (three), among others (Table S3). Furthermore, three peroxidases were
found in three or more plant species (Table 3.1.4) suggesting that their presence is highly
conserved in this fluid. Five thioredoxins were also found in the non-redundant apoplastic fluid
proteome, although only one of them was predicted as extracellular. Thioredoxins are also
abundant in the phloem sap proteome (Ishiwatari et al, 1995) and, in addition to redox
homeostasis, some thioredoxins have been associated with inter-cellular communication and

may be required for redox signaling (Meng et al., 2010) (Table S3).

Interestingly, as it occurs in phloem sap, the apoplastic fluid also contains proteins
involved in regulation including RNA binding (7 %), although only two proteins were predicted
as extracellular. This set of extracellular proteins included an auxin-independent growth
promoter-like protein (AT5G63390) and a homolog of CLAVATA 1b (a putative receptor
kinase) (Table S3). The latter one was probably identified as a proteolytic fragment belonging to
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the extracellular domain (Boudart et al., 2005). The presence of these proteins in the apoplast

may suggest a role of this compartment in signaling that deserves further study.

In summary, the functional categorization of the apoplastic fluid proteome indicates that a
large part of this proteome is involved in basal defense and in the maintenance of the cell wall
and possibly the leaf cell plasma membrane. The functional categorization also reveals a
possible role in regulation and points out candidates which deserve further study. However, it
should be kept in mind that 57 % of the non-redundant apoplastic fluid proteome is predicted to
be intracellular and therefore some of these enriched functional categories may arise from

cytoplasmic contamination and deserve additional studies.
3.1.7. The root apoplastic fluid proteome

To the best of our knowledge, a comprehensive description of the root apoplastic fluid proteome
has not been published yet. There are two studies in rice describing the effects of H,O, and salt
stress on the proteome of the root apoplastic fluid (Zhang et al., 2009; Zhou et al., 2011). Both
studies used VIC and 2-DE to obtain 400 and 100 spots using 24 and 13 cm IPG strips,
respectively. Although mapping was not performed in these studies, proteins identified as
responsive to NaCl and H,0, belong to two of the categories, defense and redox, described in

the leaf apoplastic fluid proteome.
3.1.8. Conclusion and outlook

The overlap of the non-redundant plant fluid proteomes (Figure 3.1.4) indicates that xylem and
apoplastic fluid share more proteins between them (117) than with the phloem sap (40 and 38
proteins in common in each comparison, respectively), highlighting the peculiar composition of
the phloem sap proteome. Although the overlap in unique identifiers is somewhat limited, there
are functional categories, including polysaccharide metabolism, defense, proteolysis and oxido-
reductases that occur in the three fluids, altogether accounting for large percentages of their
proteomes. These categories indicate that plant fluids contain the machinery needed for the
maintenance of xylem vessels, phloem sieve elements and cell walls, and for basal defense
processes. It is also interesting to note that a significant number of proteins in these categories,
such as peroxidases or proteases, have dual roles in both defense and structural maintenance.
The relatively low number of common identifiers may indicate that the specific proteins in
charge of these functions are fluid-specific. On the other hand, the category regulation is
enriched to a higher extent in phloem sap (Figure 3.1.2) than in xylem sap (Figure 3.1.1) and
apoplastic fluid (Figure 3.1.3), highlighting the role of phloem sap in long distance signaling
and communication. The comparison of the non-redundant proteomes reveals 14 proteins

commonly found in the three plant fluids (Table 3.1.5, Figure 3.1.4), among them, four of them
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being predicted as extracellular. These included three extracellular glycosidase hydrolases from
the families 17, 18 and 38 as well as peroxidase 54, indicating a possible universal role of these
proteins in cell wall maintenance and defense. Functional classification of the remaining ten
intracellular proteins indicates that plant fluid proteomes share proteins related to general
metabolism (three proteins), amino acid metabolism (two), oxido-reductases (two), as well as in
nucleotide metabolism (nucleoside diphosphate kinase 1) and photosynthesis (small subunits 3B
and 1A of Rubisco). These intracellular proteins may reflect intracellular contamination and
their presence in these fluids needs to be further addressed. The pairwise overlaps indicate that
xylem and apoplastic fluids share a large number of polysaccharide metabolism related proteins
(41 proteins, accounting for 35 % of the shared proteins), whereas phloem and xylem or
apoplast share proteins related to general metabolism and oxido-reductase categories,
accounting for approximately 50 % of the common proteins (Figure 3.1.4).
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Figure 3.1.4. Overview of the similarities among xylem sap, phloem sap and leaf apoplastic fluid
proteomes. The Venn diagram shows the overlap of the non-redundant plant fluid proteomes provided in
Tables S1-3. Functional analysis is presented for each of the pair-wise overlaps. The 14 overlapping
proteins among the three fluids are listed in Table 3.1.5.
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Extracellular proteins accounted for 57, 43 and 1 % of the xylem sap, leaf apoplastic fluid
and phloem sap proteomes, respectively. These data clearly distinguish the phloem sap
proteome from those of the leaf apoplastic fluid and xylem sap. When specifically looking at
peroxidases as an example, the phloem sap non-redundant proteome only contained four
peroxidases, with one of them being extracellular, whereas xylem sap and apoplastic fluids
contained a larger number of peroxidases, most of them being extracellular. These results also
point out that significant percentages of these non-redundant proteomes are predicted to be
intracellular, and therefore additional experiments are needed to ascertain the presence and

possible role of these proteins in plant fluids.

The compilation of the studies reviewed has allowed us to obtain a composite picture of
each plant fluid proteome and has clarified major functions occurring in these compartments.
The comparison between these three plant fluid proteomes highlights their differences and
commonalities, thus providing hints into possible functionalities specific and shared by them
and has pointed out several candidates for which their functions in these compartments deserve
further studies (i.e., proteins presented in Tables 3.1.2-5, especially the extracellular ones).

Table 3.1.5. List of the 14 proteins present in the proteomes of xylem sap, phloem sap and apoplastic
fluid. Symbols and description correspond to TAIR10 annotation.

AGI Symbol Extracellular*  Annotation

AT2G36530 ENO2 Enolase 2

AT3G04120 GAPC1 Cytosolic GADPH-1

AT5G43330 MDH2 Malate dehydrogenase

AT5G17920 MS1 Methionine synthase

AT4G31990 ASP5 Aspartate aminotransferase
AT4G09320 NDK1 Nucleoside diphosphate kinase 1
AT5G13980 Glycosy!l hydrolase family 38 protein
AT4G16260 Putative -1,3-endoglucanase

AT5G24090 CHIA
AT1G07890 APX1
AT1G11840 GLX1
AT5G38410 RBCS3B
AT1G67090 RBCS1A
AT5G06730 PRX54

“ Localization according to the SUBA3 consensus prediction.

Chitinase A (class I1)
L-ascorbate peroxidase 1
Lactoylglutathione lyase
Rubisco small subunit 3B
Rubisco small chain 1A
Peroxidase 54

<XZZ2Z2Z2<K<LK<KzZ2zzZ2zzz2zz2zZ2

However, there are still many gaps that need to be addressed to obtain a complete picture.
On one hand, the use of the high-throughput and more sensitive LC-MS/MS proteomic
approaches can increase the inventory of these proteomes. On the other hand, ProteoMiner
protein enrichment technologies (Frohlich et al., 2012; Righetti et al., 2008) may help to reveal
low abundance proteins such as those involved in signaling that might be underrepresented in
protein extracts, but that still play important roles in the long-distance communication system.

Indeed, this technique has been recently used to study root cell wall proteins in Arabidopsis
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allowing one to identify low abundance proteins never described before in cell walls (Nguyen-
Kim et al., 2016). These studies need to be performed in a variety of plant species to reveal fluid
specific and species-specific processes occurring in these plant fluids. Furthermore, given the
high enrichment of these plant fluids in glycoproteins, specific studies of this subproteome and
progress in bioinformatics tools to predict plant-specific glycoproteins will provide further
insights into these plant fluids.

Given the invasive nature of the methods used for the collection of these fluids, clear
criteria and well-established protocols to assess their purity are needed, including the
establishment of thresholds for contamination and the use of data validation via complementary
techniques such as Western blot, immuno- and GFP-localization techniques. Although the
coverage of plant fluid proteomes has improved considerably, its integration with other high-
throughput techniques is still lacking. Proteomic data combined with small RNA sequencing
and metabolomics using a system biology approach could provide a holistic view of plant fluids
and provide new insights into their functions. Finally, while there is no doubt that some proteins
found in phloem and xylem sap are being translocated, this information is lacking for other
proteins and experiments are needed to clearly demonstrate that these proteins are being
unloaded into the target tissues. This is especially relevant for putative signaling proteins for

which, in addition to delivery, a function in the sink tissue needs to be proven.
Supplementary material

Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.bbapap.
2016.03.014: Table S1. Non-redundant xylem sap proteome. Protein identifiers (AGI),
functional categorization and description correspond to the TAIR10 annotation; Table S2. Non-
redundant phloem sap proteome. Protein identifiers (AGI), functional categorization and
description correspond to the TAIR10 annotation; Table S3. Non-redundant apoplastic fluid
proteome. Protein identifiers (AGlI), functional categorization and description correspond to the
TAIR10 annotation; Table S4. Protein localization by SUBAS.
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ABSTRACT

The fluid collected by direct leaf centrifugation has been used to study the proteome of the sugar
beet apoplastic fluid as well as the changes induced by Fe deficiency and Fe resupply to Fe-
deficient plants in the protein profile. Plants were grown in Fe-sufficient and Fe-deficient
conditions, and Fe resupply was carried out with 45uM Fe(l11)-EDTA for 24 h. Protein extracts
of leaf apoplastic fluid were analyzed by two-dimensional isoelectric focusing-SDS-PAGE
electrophoresis. Gel image analysis revealed 203 consistent spots, and proteins in 81 % of them
(164) were identified by nLC-MS/MS using a custom made reference repository of beet protein
sequences. When redundant UniProt entries were deleted, a non-redundant leaf apoplastic
proteome consisting of 109 proteins was obtained. TargetP and SecretomeP algorithms
predicted that 63 % of them were secretory proteins. Functional classification of the non-
redundant proteins indicated that stress and defense, protein metabolism, cell wall and C
metabolism accounted for approximately 75 % of the identified proteome. The effects of Fe
deficiency on the leaf apoplast proteome were limited, with only five spots (2.5 %) changing in
relative abundance, thus suggesting that protein homeostasis in the leaf apoplast fluid is well-
maintained upon Fe shortage. The identification of three chitinase isoforms among proteins
increasing in relative abundance with Fe deficiency suggests that one of the few effects of Fe
deficiency in the leaf apoplast proteome includes cell wall modifications. Iron resupply to Fe-
deficient plants changed the relative abundance of 16 spots when compared to either Fe-
sufficient or Fe-deficient samples. Proteins identified in these spots can be broadly classified as
those responding to Fe resupply, which included defense and cell wall related proteins, and non-
responsive, which are mainly protein metabolism related proteins and whose changes in relative

abundance followed the same trend as with Fe deficiency.
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3.2.1. Introduction

Iron is the fourth most abundant element in the earth’s crust and it is an essential micronutrient
for all living organisms including plants. However, its low availability in neutral or alkaline
soils, which account for approximately 30 % of the world’s arable soils, causes Fe deficiency
(Abadia et al., 2004). Iron deficiency is the most common nutritional disorder in many plants
and typical symptoms include chlorosis of young leaves (leaf yellowing) and reduced crop yield
and quality, which result in increased orchard management costs (Alvarez-Fernandez et al.,
2006; Rombola and Tagliavini, 2006; Abadia et al., 2011).

Plants have developed two main mechanisms to allow Fe uptake from the soil: a strategy
based on Fe (Il) chelation (Strategy Il) used by graminaceous plants, and a strategy used by
non-graminaceous plants based on Fe(lll) reduction (Strategy 1) (Rémheld and Marschner,
1986; Curie and Briat, 2003; Abadia et al., 2011). When challenged with Fe shortage, Strategy |
plants such as Beta vulgaris increase the activity of several enzymes at the root plasma membrane
level. These changes are aimed at increasing Fe uptake and include increases in a Fe(l11) reductase
(FRO, Ferric Reductase Oxidase; Robinson et al., 1999), an Fe transporter (IRT1, Iron Regulated
Transporter) which introduces Fe(ll) into the root cell (Eide et al., 1996; Fox and Guerinot,
1998) and an H*-ATPase that lowers the pH of the rhizosphere increasing soil Fe solubility
(Santi et al., 2005; Santi and Schmidt, 2008, 2009). Also, several changes occur at the metabolic
level in order to support the increased demand of energy and reducing power of Fe-deficient
Strategy | roots (Zocchi, 2006). These changes include increased activity of the glycolytic
pathway and TCA cycle, shifts in the redox state of the cytoplasm and in the mitochondrial
electron transport chain (Schmidt, 1999; Lopez-Millan et al., 2000b; Zocchi, 2006; Vigani, 2012).

While it is well-known that Fe is transported to the shoot via xylem, complexed by citrate
(L6pez-Millan et al., 2000a; Rellan-Alvarez et al., 2010), the mechanisms for Fe loading and
unloading from the vasculature system are not yet fully understood. These processes could take
place via parenchyma cells or by passive diffusion to the apoplastic space driven by
transpiration (Abadia et al., 2011). Also, Fe uptake by mesophyll cells is not as well-studied as
in roots. An Fe-reductase activity has been detected in leaf cells and protoplasts (Nikolic and
Romheld, 1999; Gonzélez-Vallejo et al., 2000; Jeong and Connolly, 2009) and AtFRO6 has
been located in leaf PM-membranes (Mukherjee et al., 2006; Jeong et al., 2008). However, fro6
mutant plants do not display any Fe deficiency symptoms (Jeong and Connolly, 2009) therefore
suggesting the existence of other reducing mechanisms. Factors such as differences in
apoplastic pH and carboxylate concentrations as a result of Fe deficiency may also regulate leaf
Fe reductase activity. On the other hand, light has also been proposed to directly photoreduce Fe

(1)-citrate complexes in the leaf apoplast (Nikolic and R6mheld, 2007).
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The apoplast is a free diffusional space outside the plasma membrane that occupies less
of 5 % of the plant tissue volume in aerial organs (Steudle et al., 1980; Parkhurst, 1982) and the
root cortex (Vakhmistrov, 1967). Among other important functions, such as transport and
storage of minerals (Starrach and Mayer, 1989; Wolf et al., 1990; Zhang et al., 1991) or signal
transmission (Hartung et al., 1992), the apoplast plays a major role in plant defense (Pechanova
et al., 2010). Given that the composition of the apoplastic fluid results from the balance between
xylem and phloem transport and mesophyll cell uptake processes, small changes in these fluxes
could produce large changes in the solute concentrations in the apoplast. Changes in the
apoplastic composition have been described in biotic and abiotic stresses such as Fe deficiency,
air pollutants, heavy metal toxicity, drought, salinity, and extreme temperature (Griffith et al.,
1992; Brune et al., 1994; Covarrubias et al., 1995; Dietz, 1997; L6pez-Millan et al., 2000a;
Fecht-Christoffers et al., 2003). For instance, Fe deficiency causes a slight decrease in the pH of
the apoplast and has a strong impact on the carboxylate composition, with major increases in the
concentrations of citrate and malate (Lépez-Millan et al., 2000a). These Fe deficiency induced
changes in the leaf apoplast chemical environment have been suggested to play a role in Fe

homeostasis (Lopez-Millan et al., 2000a).

Apoplastic fluid isolation is always carried out using some degree of force (e.g. vacuum
perfusion, leaf centrifugation or pressure using a Schélander bomb), therefore leading to the
presence of some cytosolic components in the samples (Lohaus et al., 2001). This
contamination may be originated by the rupture of a certain fraction of the leaf mesophyll cells,
or, alternatively, by the rupture of the plasmodesmata that communicate neighboring cells. The
degree of contamination is usually assessed using cellular marker enzymes such as cytosolic
malate deshidrogenase (c-mdh) or other cytoplasmic or internal organelle components, with

values < 3 % considered acceptable (Dannel et al., 1995; Lohaus et al., 2001).

Proteomic approaches are useful to understand the general effect that a given stress exerts
on metabolic processes (Jorrin-Novo et al., 2009). These approaches have been previously used
to study the effects of Fe deficiency in several plant tissues, including thylakoids and roots
(Lopez-Millan et al., 2013). Most of the leaf apoplastic proteomic studies so far have been
devoted to the study of the protein profile or the effect of biotic stresses. However, knowledge
about the effects of nutritional stresses such as Fe deficiency in the apoplastic fluid protein
profile is still very limited. Therefore, the aim of this study was first to obtain an overview of
the leaf apoplast proteome in sugar beet plants and second to characterize the changes induced
by Fe deficiency and resupply in the protein profile of this compartment, with the final goal of
shedding light into the major processes taking place in the apoplast and the effect of Fe

deficiency on them.
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3.2.2. Material and methods

Plant material and growth conditions

Sugar beet (Beta vulgaris L. cv. Orbis) was grown in a growth chamber with a photosynthetic
photon flux density (PPFD) of 350 umol m? s photosynthetically active radiation, 80 %
relative humidity and a photoperiod of 16 h, 23 °C/8 h, 18 °C day/night regime. Seeds were
germinated and grown in vermiculite for 2 weeks. Seedlings were grown for an additional 2
weeks period in half-strength Hoagland nutrient solution with 45 uM Fe(Ill)-EDTA, and then
transplanted to 20 L plastic buckets (four plants per bucket) containing half-strength Hoagland
nutrient solution with either 0 or 45 uM Fe(lll)-EDTA. Iron-free nutrient solutions were
buffered at pH 7.7 with 1 mM NaOH and 1 g L™* of CaCO,. Young leaves from plants grown
for 10 d in the presence and absence of Fe were used to collect the apoplastic fluid in all
experiments. In the Fe resupply experiment, 45 uM Fe (I11)-EDTA was added to the nutrient
solution of plants grown for 10 d in the absence of Fe. The apoplastic fluid of these plants was
collected 24 h after Fe addition.

Experimental design

The experiment was repeated four times with independent sets of plants. Each batch of plants
consisted of four buckets per treatment with four plants per bucket. Apoplastic fluid was
isolated from the four to five youngest leaves of each plant. Cytosolic contamination was
assayed in each sample as described below. Samples with less than 3 % of cytosolic
contamination from a given treatment per batch were pooled together and considered as a

biological replicate (n = 4).
Collection of leaf apoplastic fluid

Leaf apoplastic fluid was obtained from whole sugar beet leaves by direct centrifugation
(Lopez-Millan et al., 2000a). Briefly, leaves were excised at the base of the petiole and each leaf
was rolled and placed into a plastic syringe barrel. Leaf-filled syringes were first centrifuged at
low speed (2500 x g, 4 °C, 15 min) to remove the xylem sap from the main vein and the fluid
collected was discarded. A second centrifugation was then carried out at 4 °C, 4000 x g for 15
min and the fluid collected was considered as soluble apoplastic fluid. The activity of cytosolic
malate dehydrogenase (c-mdh; EC 1.1.1.37) in the collected fluid was measured immediately
and used as a cytosolic contamination marker. The activity of c-mdh was measured
spectrophotometrically at 340 nm in a final reaction mixture containing 46.5 mM Tris (pH 9.5),

0.1 mM NADH, 0.4 mM oxaloacetate and 5 uL of apoplastic fluid and referred to activity

78



Beta vulgaris leaf apoplast proteome and Fe deficiency

measured in a whole leaf extract (Lopez-Millan et al., 2000a). For the activity in whole leaf
extracts, approximately 0.1 g of leaf tissue was homogenized with 2 mL of a buffer (pH 8.0)
containing 100 mM HEPES, 30 mM sorbitol, 2 mM DTT, 1 mM CacCl,, 1 % (w/v) bovine
serum albumin and 1 % (w/v) polyvinylpyrrolidone. The supernatant was collected and

analyzed immediately after a 10 min centrifugation at 10,000 x g.

Protein extraction

Proteins in approximately 1 mL of apoplastic fluid were precipitated by adding five volumes of
cold 10 % trichloroacetic acid. Samples were incubated for at least 14 h at 4 °C and then
centrifuged at 10,000 x g for 15 min. The pellet was washed twice with cold methanol, dried
with N, gas and solubilized in a sample rehydration buffer containing 8 M urea, 2 % (w/v)
CHAPS, 50 mM DTT, 2 mM PMSF and 0.2 % (v/v) IPG buffer pH 3-10 (GE Healthcare,
Uppsala, Sweden). After rehydration, samples were incubated in a Thermomixer Confort device
(Eppendorf AG, Hamburg, Germany) at 42 °C and 1000 rpm during 3 h, then centrifuged at
10,000 x g for 10 min at room temperature and filtered (0.45 pum ultrafree-MC filters, Millipore,
Bedford, USA). Protein concentration in the samples was quantified immediately with the
Bradford method in microtiter plates using an Asys UVM 340 spectrophotometer (Biochrom
Ltd., Cambridge, UK) and BSA as standard.

2-DE

A first dimension IEF separation was carried out on 7 cm ReadyStrip IPG Strips (BioRad,
Hercules, CA, USA) with a linear pH gradient 3-10 in a Protean IEF Cell (BioRad). Strips were
passively rehydrated for 16 h at 20 °C in 125 uL of rehydration buffer containing 80 pg of
apoplast proteins and a trace of bromophenol blue and then strips were transferred onto a strip
electrophoresis tray. IEF was run at 20 °C, for a total of 14,000 V h (20 min with 0-250 V linear
gradient; 2 h with 250-4000 V linear gradient and 4000 V until 10,000 V h). After IEF, strips
were equilibrated for 10 min in equilibration solution | [6 M urea, 0.375 M Tris-HCI, pH 8.8,
2% (w/v) SDS, 20 % (v/v) glycerol, 2 % (w/v) DTT] and for another 10 min in equilibration
solution 11 [6 M urea, 0.375 M Tris-HCI pH 8.8, 2 % (w/v) SDS, 20 % (v/v) glycerol, 2.5 %
(w/v) iodoacetamide]. For the second dimension, polyacrylamide gel electrophoresis (SDS-
PAGE) and equilibrated IPG strips were placed on top of vertical 12 % SDS-polyacrylamide
gels (8 x 10 x 0.1 cm) and sealed with melted 0.5 % agarose in 50 mM Tris-HCI (pH 6.8)
containing 0.1 % SDS. SDS-PAGE was carried out at 20 mA per gel for approximately 1.5 h at
4 °C, until the bromophenol blue reached the plate bottom, in a buffer containing 25 mM Tris
Base, 192 mM glycine, and 0.1 % SDS. Gels were subsequently stained with Coomassie blue

G-250 (Serva, Barcelona, Spain). For each treatment, gels were made from four independent
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apoplast protein extracts (n = 4), each of them obtained by pooling the apoplastic fluid collected

from 5 to 6 leaves in a given batch.
Gel image and statistical analysis

Stained gels were scanned with an Epson Perfection 4990 Photo Scanner (Epson Ibérica,
Barcelona, Spain), previously calibrated using the SilverFast 6 software (LaserSoft Imaging
AG, Kiel, Germany) using an IT8 reference card. Experimental Mr values were calculated by
mobility comparisons with Precision Plus protein standard markers (BioRad) run in a separate
lane on the SDSgel, and pl was determined by using a 3-10 linear scale over the total dimension
of the IPG strips. Spot detection, gel matching and interclass analysis were performed with
PDQuest 8.0 software (BioRad). Normalized spot volumes based on total intensity of valid
spots were calculated for each 2-DE gel and used for statistical calculations of protein
abundance; for all spots present in the gels, pl, Mr, and normalized volumes (mean values and
SD) were determined. Only spots present in all four replicates from at least one treatment were
considered as consistent and used in further analysis. The spots were also manually checked,
and a high level of reproducibility between normalized spot volumes was found in all four

different replicates.

Univariate and multivariate statistical analyses were carried out. Protein response ratios
were defined as the relative abundance in a given treatment divided by the relative abundance in
the control; when ratios were lower than one the inverse was taken and the sign changed. Spots
changing in relative abundance were defined using a Student t-test and a significance level of p
< 0.05. Among these, only protein species with mean response ratios above 2.0 or below -2.0
were considered relevant and are discussed in this study. Principal component analysis (PCA)
analysis was also carried out, using Statistical software (v. 10.0) and including only those spots

showing differential accumulation as a result of the Fe deficiency and Fe resupply treatments.
Protein in gel digestion

Consistent spots were excised automatically using a spot cutter EXQuest (BioRad), transferred
to 500 pL Protein LoBind Eppendorf tubes, distained in 400 uL of 40 % [v/v] acetonitrile
(ACN) and 60 % [v/v] 200 mM NH4HCO; for 30 min and dehydrated in 100 % ACN for 10
min. Gel pieces were dried at room temperature and then in gel digested with 15 pL Trypsin
solution (Sequencing Grade Modi- fied Trypsin V511, Promega, Madison, WI, US; 0.1 pg puL™*
in 40 mM NH4HCO3/ 9 % ACN). After incubation for 5 h at 37 °C, the reaction was stopped by
adding 1 uL of 1 % trifluoroacetic acid. The peptide solution was finally analyzed using mass

spectrometry (MS).
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Reference repository of beet protein sequences

Proteomes of five sequenced beet accessions (RefBeet, KDHBv, YMoBv, UMSBv and YTiBv)
were downloaded from http://bvseq.molgen.mpg.de/Genome/Download, corresponding to gene
models annotated as of February 2013. In addition, all B. vulgaris protein sequences annotated
in Uniprot (www.uniprot.org) were retrieved, and added to the set, which was subsequently
filtered to remove redundant sequences with software CD-HIT
(http://www.ncbi.nlm.nih.gov/pubmed/ 23060610) with cutoff-c 1.0 and otherwise default
parameters. The final non-redundant set contained 82,368 protein sequences.

Protein identification by nano-liquid chromatography-tandem mass spectrometry (nLC-
ESI-MS/MS)

Peptides present in 6 uL of sample were pre-concentrated on line onto a 300 um i.d. x 5 mm, 5
um particle size ZORBAX 300SB-C18 trap column (Agilent Technologies, Waldbronn,
Germany), using a 100 uL min* flow rate of 3 % ACN, 0.1 % formic acid, in a nano-HPLC
system 1200 series (Agilent Technologies). Backflow elution of peptides from the trap column
was carried out, and separation was done with a 75 um i.d. x 150 mm, 3.5 um particle size
ZORBAX 300SB-C18 column (Agilent Technologies), using a 300 nL min™* nano-flow rate and
a 55 min linear gradient from solution 97 % A (0.1 % formic acid) to 90 % of solution B (90 %
ACN, 0.1 % formic acid). The nano-HPLC was connected to a HCT Ultra high-capacity ion
trap (Bruker Daltoniks, Bremen, Germany) using a PicoTip emitter (50 um i.d., 8 um tip i.d.,
New Obijective, Woburn, MA, USA) and an on line nano-electrospray source. Capillary voltage
was x 1.8 kV in positive mode and a dry gas flow rate of 10 L min* was used with a
temperature of 180 °C. The scan range used was from 300 to 1500 m/z. The mass window for
precursor ion selection was £ 0.2 Da and the rest of parameters were those recommended by the
manufacturer for MS/MS proteomics work. Peak detection, deconvolution and processing were

performed with Data Analysis 3.4 software (Bruker Daltoniks).

Protein identification was carried out using the Mascot search engine v. 2.5.0 (Matrix
Science; London, UK) and the non-redundant B. vulgaris 20140811 (82,368 sequences;
28,127,547 residues), NCBI 20130310 (23,641,837 sequences; 8,123,359,852 residues), and
Plants EST EST_114 20140804 (158,278,518 sequences; 27,948,288,346 residues). Search
parameters were: monoisotopic mass accuracy, peptide mass tolerance + 0.2 Da, fragment mass
tolerance £ 0.6 Da, one allowed missed cleavage, fixed modification carbamidomethylation
(Cys), and variable modification oxidation (Met). Positive identification was assigned with
Mascot p-values below the threshold (p < 0.05), at least two identified peptides with a score

above homology, 10 % sequence coverage and similar experimental and theoretical MW and pl
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values. We used the GO biological process annotation (http://www.geneontology.org) for
classification of each individual protein identified. The secretion of apoplastic proteins was
predicted using TargetP (www.cbs.dtu.dk/services/TargetP) (Emanuelsson et al., 2007), and
SecretomeP  (www.cbs.dtu.dk/services/SecretomeP) analysis to predict classical and non-

classical secreted proteins, respectively (Bendtsen et al., 2004, 2005).
Quantitative RT-PCR

Expression of chitinase and thaumatin genes was analyzed by qRT-PCR in two batches of
plants. Total RNA from B. vulgaris leaves was isolated using the RNeasy Plant mini kit from
QIAGEN (QIAGEN Inc., Valencia, CA, USA) according to the manufacturer’s instructions.
Samples were treated with DNAsa (recombinant DNase from Macherey-Nagel, Diiren,
Germany) to remove contaminating genomic DNA. The concentration of RNA and cDNA was
determined with a Nanodrop system (Thermo Fisher Scientific, Waltham, MA, USA) and the
structural integrity the RNA was checked using non-denaturing agarose gel stained with
SybrSafe (Invitrogen, Carlsbad, CA, USA). One ng of total RNA was reverse transcribed to
cDNA by using the SuperScript Il reverse transcriptase and 2.5uM poly(dT),o primer in a final
volume of 20 pl according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA).
Quantitative real time polymerase chain reactions were performed in a AB7500 Fast Real-Time
PCR system (Applied Biosystems by Life Technologies, Grand Island, New York) with equal
amount of cDNA for all samples and 10 ul SYBR green master mix (Applied Biosystems,
Warrington, UK) using gene specific primers and two different housekeeping genes (actin and
tubulin) in a final volume of 20 ul. Primer sequences and fragment sizes are listed in Table S1.
The gPCR program was 50 °C for 2 min, 95 °C for 10 min, 40 cycles of 95 °C for 15 s and 60 °C
for 1 min; and a final dissociation stage of 95 °C for 15 s, 60 °C for 1 min, and 95 °C for 30 s. A
previous experiment was performed to assess for primer efficiency with different sets of primers

for each target gene. Primer efficiencies of the chosen sets are listed in the Table S1.
Low-temperature scanning electron microscopy

Leaf pieces were mounted on aluminum stubs with adhesive (Gurr®, optimum cutting
temperature control; BDH, Poole, UK), cryo-fixed in slush nitrogen (-196 °C), cryo-transferred
to a vacuum chamber at -180 °C, and then fractured using a stainless steel spike. Once inside the
microscope, the samples underwent superficial etching under vacuum (-90 °C, 120 s, 2 kV), and
then were overlaid with gold for observation and microanalysis. This freeze-fracture procedure
leads to cell rupture only at the fracture plane, whereas the general internal leaf structure is well-
preserved. Fractured samples were observed at low temperature with a digital scanning electron

microscope (Zeiss DSM 960, Oberkochen, Germany) using secondary and back-scattered
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electrons. Secondary electron images (1024 x 960 pixels) were obtained at 133 eV operating at
a 35° take-off angle, an accelerating voltage of 15 kV, a working distance of 25 mm and a
specimen current of 1-5 nA. Microscopy was run in the Institute of Agricultural Sciences-CSIC
(ICA-CSIC), Madrid, Spain.

3.2.3. Results

Sugar beet plants showed Fe deficiency symptoms 5 days after the treatment onset, with a
marked yellowing of the younger leaves (Table S2). A freeze-fracture electron microscopy
micrograph provided a representative image of a B. vulgaris leaf, with the apoplastic space
surrounding mesophyll cells, as well as the epidermal cells and the minor vein tissues (Figure
3.2.1). The micrograph also shows the presence of plasmodesmata that communicate

neighboring cells.

Figure 3.2.1. Freeze-fracture low-temperature scanning electron micrograph of a transversal section
from a Beta vulgaris leaf. This leaf transversal section gives three-dimensional information on the
internal structure of the leaf. Apoplastic space (AS in white letters) surrounds mesophyll (MC) and

epidermal cells (EC). The image also shows the presence of plasmodesmata (PD) that communicate
neighboring mesophyll cells.
The apoplastic fluid collected from these leaves was assayed for c-mdh activity and only
samples with contamination levels < 3 % (mean 1.72 %, expressed on a total leaf activity basis)
were used for 2-DE protein profiling (Table S2). Typical protein extraction yields ranged

between 0.4 and 0.8 pg protein pL ™ of apoplastic fluid (Table S2).
Protein profiles of the apoplastic fluid

The protein profile of apoplast extracts from B. vulgaris leaves was studied by 2-DE IEF-SDS-
PAGE electrophoresis. Experimental conditions allowed for the separation of proteins within pl
and MW ranges from 3.5 to 8 and from 18 to 106 kDa, respectively. Typical real scans of 2-DE
gels obtained from apoplastic fluid protein extracts of Fe-sufficient (+Fe), Fe-deficient (-Fe),

and Fe-resupplied Fe-deficient plants (-FeR) are shown in Figure 3.2.2A-C, respectively. The
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average number of detected spots (mean £ SD) was 210 + 12, 216 + 11, and 211 + 20 in gels
from plants grown in +Fe, -Fe, and -FeR conditions, respectively (Table S3 and Figure S1). The
total number of spots consistently detected in the whole experiment (present in all four gels of at
least one treatment) was 203. A composite averaged virtual map containing all consistent spots

is shown in Figure 3.2.2D.

All consistent spots were analyzed by MS, and proteins were unambiguously identified in
78 % of the cases (158 spots) (Table S4 and Figure S1). A large percentage (97 %) of
identifications was achieved using the beet custom reference repository. To identify UniProt
entries, BLAST searches (E-values < 1e¥) of the unambiguously identified protein hits were
run when needed. This approach revealed a high degree of redundancy in the identified protein
species. When duplicates (same UniProt entry) were removed, the 158 identified proteins were
reduced to 109 non-redundant proteins and this protein set was considered as the leaf apoplastic
protein profile (Table 3.2.1). However, it should be noted that there may be still certain degree
of redundancy left, since some hits correspond to the same protein description but from different

plant species (Table 3.2.1).
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Figure 3.2.2. 2-DE IEF-SDS PAGE protein profile maps of leaf apoplastic fluid extracts from sugar beet
plants. Scans of typical gels from Fe-sufficient (+Fe), Fe-deficient (-Fe) and Fe-resupplied Fe-deficient
(-FeR) plants are shown in (A-C), respectively. To facilitate visualization of the studied spots, a virtual
composite image (D) was created containing all spots present in the real gels (A-C). In (D) spots whose
intensities changed in relative abundance as a result of the treatments are circled and numbered as in
Table 3.2.2.

The distribution of non-redundant proteins according to the biological process in the sugar

beet leaf apoplast indicated that the major functional categories within the apoplastic proteome
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Table 3.2.1. Non-redundant proteome of the leaf apoplastic fluid of sugar beet plants.

N. of
spots?

Protein description®

UniProt®

TargetP?

SecretomeP®

Go:Pf

Protein metabolism

Ubiquitin-dependent

2 Proteasome subunit o type D7T9l6, I6USE4 -M -,nCS .
proteolysis
1 Proteasome subunit o type- QOMATS i i Ublqmtm'-dependent
5 proteolysis
1 Prqteqsome subunit o type- XP 004488480 i i Ublqmtm'-dependent
6-like isoform X1 - proteolysis
1 Proteasome subunit B type- MAD453 i nCs Ublqmtm_-dependent
6 proteolysis
1 Proteasome subunit o type- XP 008393990 i i Ublqmtm'-dependent
7 - proteolysis
Cysteine proteinase .
1 RD19a/like 111395 S CSs Proteolysis
1 Cysteine protease A5HJ1 S CS Proteolysis
1  Aspartic protease AO0A067FW02 S CS Proteolysis
2 Serine carboxypeptidase WOISXH8, BOSMP4 S,S CS,CS  Proteolysis
Serine carboxypeptidase- .
2 like 20-like XP_008235895 S CS Proteolysis
Unknown protein with i Serine-type
2 peptidase domain EOCQBS3 ncs endopeptidase activity
1 Subtilisin-like protease-like ~ XP_006466502 cs  Serine-type peptidase
activity
1  Chaperonin 20 AOA061GL19 C - Protein folding
3 Peptidyl-prolyl cis-trans BORN18,049939  C.C _nCS  Protein folding
isomerase
1 Rubisco subunit binding- BIMZ75 C - Protein folding
protein a subunit
1 Heat shock 70 protein 022664 - - Protein folding
Predicted heat shock cognate . .
1 70 kDa protein 2-like XP_004505872 - - Protein folding
1 Elongation factor Tu AOAO067FTF8 C nCS Translation
Carbon metabolism
4 Enolase Q43130 - nCS Glycolytic process
. . BOLT90, KAFXE?Y, -,nCS, .
4 Triosephosphate isomerase PA8496 --C nCS Glycolytic process
Fructose-bisphosphate F1AHC9, 004975, - nCsS, .
11 aldolase QBRSN7 C,-, nCS.- Glycolytic process
2,3-Bisphosphoglycerate-
1 independent Q42908 - - Glycolytic process
phosphoglycerate mutase
1 Phosphoglucomutase P93262 - - Glucose metabolic
process
3 Glyceraldehyde-3- A3EMHO i i Glucose metabolic
phosphate dehydogenase process
5 _Rlbose-5-phosphate Q8RUT73 c nCs PPS, non-oxidative
isomerase branch
1 Rl_bulose—phosphate 3- Q43157 c nCs Ca_lvm_ cycle; PPS,
epimerase oxidative branch
3 Transketolase 020250, Q14K68  C,- ncsncs  Calvin cycle; PPS,

oxidative branch
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Table 3.2.1: continued

slgb(t)sfa Protein description® UniProt® TargetP® SecretomeP®  Go:P'
1 Phosphoglycerate kinase P29409 C - Calvin cy cle,
glycolytic process
g Sedoheptulose-1,7- 020252 C nCS  Calvin cycle
bisphosphatase
1 Phosphoribulokinase P09559 C - Calvin cycle
. B Q08184, Q6IXV6, i )
6 Z::’gﬂisfaigog'Spehr?;spehate XP_ 004144069, CC(': ] “nCCSé“nCCSS' " Carbon fixation
y ye P16032, ADAO23ZPSA  ~™ iaad
3 23 KDa OEC protein BOL802 - - Photosynthesis
1 Oxaloacetase (D. caryophyllus) Q05957 - - Metabolic process
5 Malate dehydrogenase, QUSMLS i nCS Cellular_carbohydrate
cytoplasmic metabolic process
5 Carbonic anhydrase P16016, USGK55  C,S ncs,cs  One-carbon metabolic
process
Stress and defense
3 Osmotin-like protein Q38745 S CS Defense response
Q6PPO1, A9ZMG1, nCS.CS
4 Thaumatin-like protein A9IZMGO, -S,S,S cS ’CSl Defense response
XP_004297839 ’
1 A_bsc!sm acid stress . AOAD59SPX5 - - Response to stress
ripening-related protein
Protein IN2-1 homolog B- Glutathione metabolic
1 like XP_003632205 C nCS Drocess
1 Uncharacterized proteln_ with MOZYAS i i Defense response
Bet_v_|_allergen domain
1 Ascorbate peroxidase Q94CF7 - - zfsssonse to oxidative
1 Monodehydroascorbate QU3YG1 S cs Response to oxidative
reductasa stress
1 Perogldase superfamily XP 007014796 s cs Response to oxidative
protein - stress
1 Peroxidase P93547 s cs  Responseto oxidative
stress
3 Peroxiredoxin HEVND? c ncs ~ Cell redox
homeostasis
1 Type Il peroxiredoxin 10CC96 M nCS ﬁe” redox_
omeostasis
1 Cu/Zn superoxide dismutase HO9BQP8 C CS S?gg&mde metabolic
MO0ZHDO0, D2D330, Methylglyoxal
6 Lactoylglutathione lyase QBWS593, C-C ncs. catabolic process to
G1:697188226, -C nCs,-- D-lactate
G1:697141977
. . Methylglyoxal
2 Lactoylglutathione lyase G1:694332574, - - catabolic process o
isoform X2 XP_008385524 ' '
- D-lactate
1 Predicted isoflavone XP 008377292 s cs Oxidation-reduction
reductase homolog - process
Polysaccharide metabolism
2 3-Glucanase family protein B9GI31 S CS Carbohydrate
metabolic process
2 Acidic endochitinase SP2 P42820 s cs  Polysaccharide

catabolic process
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Table 3.2.1: continued

sﬁbtt):a Protein description” UniProt® TargetP® SecretomeP®  Go:P'
1 Acidic endochitinase SE2 P36010 S cs  Polysaccharide
catabolic process
4 Chitinase Q8LST3 S cg  Carbohydrate
metabolic process
2 B—X)_/I05|dase/a_—L- XP 008218886 S cs Xylan catabolic
arabinofuranosidase - process
UDP-Glucuronic acid UDP-D-Xylose
1 decarboxylase 1 WoR277 C ncs biosynthetic process
. Carbohydrate
2 B-Fructofuranosidase QB8VXS6, S49256 nCS,nCS metabolic process
Uncharacterized protein Carbohydrate
1 with hydrolase domain Vasya4 M Cs metabolic process
1 Unknown protein with AIPGES i nCS Mannose metabolic
hydrolase domain process
Amino acid metabolism
3 Serine XP_007034218, -)- -- L-Serine metabolism
hydroxymethyltransferase XP_007034219 ' '
1 Serine P50433 M - L-Serine metabolism
transhydroxymethyltransferase
1  Aminomethyltransferase P93256 M nCS Glycine catabolism
3 Glutamine synthetase Q9AWAS, Q9AXD1 C- Glutamine biosynthesis
2 Aspartate aminotransferase BO9HAWO C nCS Cellular_ammo acid
metabolic process
Lipid metabolism
1 3-Hydroxybutyryl-CoA BORPBO M nCS Engy_l—coa hydratase
dehydratase activity
1 U_nchgracterlzed proteln USFES7 S cs Lipid metabolic
with lipase domain process
Uncharacterized protein Lipid metabolic
1 with lipase domain D7TIUS S Cs process
Other
Ferredoxin--NADP Oxidation-reduction
! reductasa BISB31 c ncs process
3 Alcohol dehydrogenase BISHBO C - Oxidation-reduction
process
1 Flavoprotein wrba-like XP_ 004294313 : . Opidation-reduction
process
2 Acylpyruvase FAHD1 XP_004508199 - - Hydrolase activity
1 Cytosolic ATP sulfurylase G9B7NO - - Sulfate assimilation
1 N_ucle05|de diphosphate Q01402 c nCs Nucleotide metabolic
kinase 2 process
1 Thiamine thiazole synthase  XP_008244366 C nCs ;:‘c;?e”s“sne biosynthetic
1 Unch_aracterlzed germin 135GS4 S cs Nutrient reservoir
protein activity
1 Soluble inorganic AOAOSLEAX] M ncs Pyr_ophosphatase
pyrophosphatase 1 activity
Unknown function
1 Putative protein (H. vulgare) F2EIDO - - Nucleotide binding
1 CSP41A protein E5KGE2 : . Cellularmetabolic

process
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Table 3.2.1: continued

slgb(t):a Protein description® UniProt® TargetP? SecretomeP®  Go:P'

4 U_ngharacterlzed protein (V. D7SXW6 s cs
Vinifera)

1 Uncharacterized protein (J. AOAO67KSHG M nCS
Curcas)

1 Uncharacterized protein (J. AOAO67KHD5 i nCS
Curcas)

1 Jasmonate-induced protein PA2764 i nCs
(A. Canescens)

2 No blast result
Hypothetical protein

1 CICLE_v10029208mg (C. V4SBG5 S CS
Clementina)

No identified

45

#Number of spots with the same protein description.

®Protein description.

¢ UniProt entries sharing same protein description.

Y TargetP algorithm predictions: C, M, S, and — indicate chloroplast, mitochondrion, secretory pathway
and any other location, respectively.

¢ SecretomeP algorithm predictions: CS, nCS and — indicate classical secreted, non-classical secreted,
and non-secreted proteins, respectively.

"Description of the GO: P (biological process) term.

were C metabolism (25 %; 27 protein species), stress and defense (21 %; 23 proteins), and
protein related processes (19 %; 21 proteins), followed by cell wall related processes (9 %, 10
proteins) (Table 3.2.1, Figure 3.2.3A).

Polysaccharide B
metabolism
9% Amino acid
metabolism
6%

Unknown

function

8%

Other
9%

Stress and
defense
21%

Classic
26%

Other
36%

Carbon
metabolism
25%

Protein
metabolism
19%

Lipid
metabolism
3%

Figure 3.2.3. (A) Functional classification of the non-redundant leaf apoplastic proteome of sugar beet.
Pathways related to the identified proteins were integrated according to the GO annotation. (B) Protein
distribution of the non-redundant leaf apoplastic proteome according to TargetP and SecretomeP
algorithms; CS and nCS indicate classical and non-classical secretory proteins, respectively, whereas
“Other” represents proteins ascribed to other cellular compartments and unclassified.

From the non-redundant leaf apoplastic proteins, 26 % (28 protein species) were

predicted to have a signal peptide sequence using the TargetP or SecretomeP softwares, whereas
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SecretomeP revealed that 38 % (41 proteins) were assigned to non-classical secreted proteins
lacking a signal peptide (Table 3.2.1, Figure 3.2.3B).

Effect of Fe deficiency and Fe resupply on the leaf apoplastic fluid protein profile

The statistical analysis (p < 0.05; t-Student) of averaged 2- DE maps indicated that 8 % (16
spots) of the total number of consistent spots changed significantly and > 2-fold in relative
abundance in the whole experiment (spots labeled 1-16 in Figure 3.2.2D). Among them, 88 %
of the spots (14) matched reliably to known proteins and were identified by database searches
(1-14, Figure 3.2.2D). Their metabolic functions were assessed manually by GO annotation and
identified proteins were classified into five functional categories: cell wall related processes (4
spots, 2 proteins), protein metabolism (4 proteins), and defense, amino acid and C-related
pathways, with two proteins each (Table 3.2.2). The principal component analysis of
differentially accumulated spots showed a good separation between treatments, with the first
and second components explaining approximately 48 and 38 % of the variation, respectively
(Figure 3.2.4).

Table 3.2.2. Spots showing differences in relative abundance (Student t-test p < 0.05) as a result of Fe
deficiency and Fe resupply. All proteins were identified in Beta vulgaris specie.

-Fe -FeR -FeR

2"&2 ngIgE VS VS Vs Protein’ Uniprot? GO:P" Secrsitome
P +Fe® +Fe’  -Fe?

Polysaccharide catabolism

Chitinase (P. Carbohydrate
19408 new new -8.1 americana) Q8LST3 metabolic process s

) Chitinase (P. Carbohydrate

2 7404 87 53 -16 americana) QBLST3 metabolic process s
3 8401 42 30 -14 Chitinase Q8LST3 Carbohydrate cs

(P.americana)
B-Xylosidase/a-L-

metabolic process

Xylan catabolic

4 3805 14 -36 -50 arabinofuranosidase 008218886 process CS
(P.mume)
Protein related
Cysteine proteinase .
5 1402 18 -65 -37 RD19a-like (G. max) 111.J95 Proteolysis CS
Peptidyl-prolyl cis-trans
6 2203 11 36 =32 isomerase (R. communis) B9RN18  Protein folding nes
7 1602 31 79 -26 opHdyHprolyicistians 0000 protein folding ncs

isomerase (S. oleracea)
Cytosolic heat shock 70
protein (S. oleracea)
Defense
Thaumatin-like xXP_
protein 1 (F. Vesca) 004297839*

8 2902 12 21 -24 022664  Protein folding -

9 1404 195 115 -17 Defense response CS

Lactoylglutathione Methylglyoxal
10 2503 12 -20 -23 YIgiLte D2D330  catabolic processto  nCS
lyase (G. Hirsutum) D-lactate

(Continued)
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Table 3.2.2: continued

-Fe -FeR -FeR
Vs Vs Protein' Uniprot® GO:P"
+Fe° +Fe!  -Fe

N.of N.of
spot® SSP®

Secretome

Amino acid metabolism

Serine . .
XP_ L-Serine metabolic
11 8710 -1.7 50 -30 hydroxymethyltransferase 007034218*  process -
(T. cacao)

12 2610 23 63 -142 Gluaminesynthetase  QUAXDI CUaMIne i
biosynthesis

Carbon metabolism

13 7302 2o 48 12 Carbonic anhydrase P16016 One-carpon
(S. oleracea) metabolic process
- 23 KDa OEC protein .
14 4307 ND 199 New (S. veneta) BOL802  Photosynthesis -
No identified

15 7202 15 61 41
16 7204 47 24 -20

#Spot number as in Figure 3.2.1.

®Spot number as in Table S3.

“¢ Fold change in the Fe-deficient vs. Fe-sufficient, Fe-resupplied vs. Fe-sufficient and Fe-resupplied vs.
Fe-deficient comparisons, respectively, values in bold indicate significant changes and when the ratios
were lower than one the inverse was taken and the sign changed.

"Protein description.

9 Uniprot entry (* denotes protein entry in UniParc).

" GO:P term description.

'SecretomeP algorithm predictions: CS, nCS and— indicate classical secreted, non-classical secreted and
non-secreted proteins, respectively.

When the protein profile of -Fe samples was compared to that of the +Fe samples, only
five spots changed in relative abundance. Four of them increased, including three spots (spots 1-
3) identified as chitinase and one (spot 9) identified as a thaumatin-like protein. Only one spot
(spot 13) decreased as a result of Fe deficiency and it was identified as carbonic anhydrase
(Figure 3.2.2D, Table 3.2.2).

In the comparison of -FeR vs. +Fe, eight spots changed in relative abundance, four of
them increased whereas the other four decreased (Figure 3.2.2D, Table 3.2.2). Two of the spots
increasing in relative abundance were identified as chitinase and thaumatin (spots 2 and 9,
respectively) whereas the other two could not be identified (spots 15 and 16). The spots
decreasing in relative abundance were identified as a cysteine proteinase RD19-like protein
(spot 5), a peptidyl-prolyl cis-trans isomerase (spots 6, 7) and a serine hydroxymethyltransferase
(spot 11) (Table 3.2.2). When the -FeR samples were compared to the -Fe ones, six spots
changed in relative abundance (Table 3.2.2). Among them, one spot was detected de novo (spot
14) and identified as the 23 kDa OEC protein and a second one (spot 15) could not be identified.

Four spots showed significant decreases in relative abundance (Table 3.2.2, Figure 3.2.2D), and
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they were identified as B-xylosidase/a-L-arabinofuranosidase (spot 4), a cytosolic heat shock 70

protein (spot 8), lactoylglutathione lyase (spot 10) and glutamine synthetase (spot 12).

v2 (37,8%)

-1.0F

-2.0F

” . L L . L . . .
2.0 1.0 0 1.0 2.0
v1 (47,6%)

Figure 3.2.4. Multivariate statistical analysis (Principal Component Analysis, PCA) of 2-DE gels. Score
scatter PCA plot of component 1 vs. component 2 after analysis of spots showing differences in relative
abundance from leaf apoplastic fluid of sugar beet plants grown in Fe-sufficient (green circles), Fe-
deficient (yellow circles) and Fe-resupplied Fe-deficient (red circles) conditions.

Relative transcript abundance of target genes

The chitinase and thaumatin-like 1 proteins identified in spots 1 and 9 (Table 3.2.2 and Table
S4, Figure 3.2.2), respectively, showed the highest increases in relative abundance as a result of
Fe deficiency and were selected to study transcript abundances using q-PCR. Sequences
containing the peptides matched during protein identification, KDHBv_S14175 58500.t1 for
chitinase and BQ584258 for the thaumatin-like 1 protein, were selected to design primers for
specific amplification of target genes (Table S1).

6

B Chitinase

 EThaumatin

ol

N
T

N

Relative transcript abundance
= w
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+Fe -Fe
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Figure 3.2.5. Relative abundances of chitinase and thaumatin-like 1 transcripts measured in leaves by
gRT-PCR using tubulin as housekeeper gene. Sequences containing the peptides matched during protein
identification, KDHBv_S14175_58500.t1 for chitinase and BQ584258 for the thaumatin-like 1, were
selected to design primers for specific amplification (Table S1). Data are means + SD of two experiments
with four biological and two technical replicates per treatment in each experiment. Different letters
indicate statistically significant differences at p < 0.05.

In Fe-deficient leaves, the relative abundances of chitinase and thaumatin-like 1 protein

transcripts increased 3- and 2- fold, respectively, when compared to controls (Figure 3.2.5),
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whereas upon Fe resupply the relative abundance of chitinase transcript was higher and that of
thaumatin-like 1 protein was not significantly different at p < 0.05 (Figure 3.2.5). When
compared to the Fe-deficient controls, changes in transcript abundances upon Fe resupply were

not statistically significant at p < 0.05 (Figure 3.2.5).
3.2.4. Discussion
Leaf apoplastic protein profile

The 2-DE proteomic approach allowed us to resolve 203 spots, with 158 of them (78 %) being
identified and 109 accounting for non-redundant proteins. These results are similar to those
reported for gel-based leaf apoplastic proteome studies in other plant species, which ranged
between 93 and 470 spots, with an average of 200 spots in most of the studies (Table 3.2.3 and
references therein). Functional classification of the non-redundant leaf apoplastic proteins of
sugar beet indicates that stress and defense, protein metabolism, cell wall and C metabolism

account for approximately 75 % of the identified proteome (Figure 3.2.3A).

Stress and defense related proteins accounted for 21 % of the non-redundant sugar beet
apoplastic proteome. Similar to what has been reported in other plant species (references in
Table 3.2.3), proteins identified were peroxidases, osmotin-like, thaumatinlike, and
pathogenesis-related proteins. Our results also indicate the presence in the leaf apoplast of
enzymes participating in defense against oxidative stress (two peroxiredoxins, CuZnSOD and
two enzymes from the ascorbate-glutathione cycle: ascorbate peroxidase and
monodehydroascorbate reductase) and in the detoxification of methylglyoxal (two UniProt
entries described as glyoxalase ). These proteins have also been found in the leaf apoplast from
poplar (Pechanova et al., 2010) and are also present in fluids from the vascular tissue (Lattanzio
et al., 2013; Lucas et al., 2013). The presence of this wide spectrum of defense proteins in non-
stressed plants has been attributed to a preformed defense that creates a hostile environment for

pathogens (Pechanova et al., 2010; Delaunois et al., 2013).

The contribution of protein metabolism-related proteins to the sugar beet apoplastic
proteome (19 %, with 14 of the 21 UniProt entries being proteases) is within the range reported
in other studies using grapevine, Arabidopsis, and rice (16-20 %; Floerl et al., 2012; Delaunois
et al., 2013; Kim et al., 2013), but higher than percentages described for other plant species,
which range from 6 to 10 % (Boudart et al., 2005; Goulet et al., 2010; Pechanova et al., 2010).
The presence of such a high number of proteolysis-related proteins in the apoplast has been
proposed to be species-dependent (Delaunois et al., 2013). Subtilisin-like, serine-
carboxypeptidases, and aspartic proteases found in this study have been consistently described

in the apoplast of several plant species (Goulet et al., 2010; Floerl et al., 2012; Delaunois et al.,
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2013). In addition, our results indicate that sugar beet apoplast also contains several subunits of
the proteasome (six UniProt entries), which is involved in the ubiquitin dependent degradation
of damaged and miss-folded proteins (Kurepa and Smalle, 2008). These apoplastic proteases
may play a role in plant defense against pathogens and also in signaling (Van Der Hoorn and
Jones, 2004; Xia et al., 2004; Pearce et al., 2010).

The cell wall related category accounted for 9 % (10 proteins) of the sugar beet leaf
proteome and included nine glycoside hydrolases. Glycoside hydrolases modify cell walls by
metabolizing carbohydrate compounds from plant cell polysaccharides and by interacting with
hemicellulases and pectic enzymes (Numan and Bhosle, 2006; Minic, 2008). The percentage of
cell wall related proteins found in sugar beet is similar to those reported in grapevine and
tobacco but lower than those found in rice, poplar or maize (Table 3.2.3). On the other hand, the
percentage of proteins participating in C-related processes in the leaf apoplast of sugar beet was
slightly higher (25 %, 27 proteins) than those reported in other plant species (Table 3.2.3 and
references therein). However, these values vary depending on the functional classification of
certain proteins, such as peroxidases that are included in defense or cell wall depending on the
study, and on the consideration of carbohydrate metabolism and cell wall as one or two

functional categories.

The relatively high percentage of C-related proteins found in the sugar beet leaf proteome
may have several causes. First, a large number of the spots identified as proteins participating in
C metabolism have a low spot intensity and therefore they are over-represented in the functional
categorization based on protein number. Second, the sugar beet apoplastic proteome was
obtained by direct leaf centrifugation, whereas most of the proteomes from other plant species
were obtained using leaf vacuum infiltration followed by centrifugation (Table 3.2.3 and
references therein); this later techniqgue may be somewhat better at preventing leakage of
proteins from the cytoplasm (Lohaus et al., 2001; Witzel et al., 2011). Interestingly, the
percentage of C-related proteins in the stem apoplast of poplar (18 %) as well as the identity
(TCA and glycolysis-related) (Pechanova et al., 2010), are similar to those found in sugar beet
(25 %). This comparison might suggest that the sugar beet apoplastic fluid obtained by direct
centrifugation of the leaves could have a high contribution of the fluid contained in the xylem

sap vessels of the main vein of the leaf.

The presence of cytoplasmic contamination in our samples was always lower than 3 %,
with an average value of 1.5 %, as assessed by the activity of c-mdh (Table S2). However, in
silico analysis of the non-redundant proteome using the TargetP and the Secretome P algorithms
(for classical and non-classical secretory proteins) predicted 26 % (28 proteins) and 38 % (41
proteins) of the non-redundant proteome as classical and nonclassical secretory proteins,

respectively, whereas 36 % of the proteins were predicted to be non-secretory (Table 3.2.1,
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Figure 3.2.3B). This percentage (64 %) of secretory proteins is within the range of those
reported in the leaf apoplast proteome of other plant species (from 50 % in Arabidopsis to 80 %
in grapevine and poplar; Casasoli et al., 2008; Pechanova et al., 2010; Delaunois et al., 2013).
The fact that our samples contain a relative large number of proteins tagged as non-secretory is
not surprising, since the c-mdh assay indicates that up to 3 % of the leaf cells could have
delivered cytosolic components into the isolated apoplastic fluid. Furthermore, the release of
cytosolic components may be in part associated to the rupture of the pasmodesmata that exist in
these leaves (Figure 3.2.1), even if mesophyll cells remain intact. On the other hand, RuBisCO
was identified in six spots of the total 203 of the leaf apoplastic proteome map (Table S4). In
addition there were 10 more spots whose identification yielded proteins related to the Calvin
cycle and are, most likely, plastid located (Table 3.2.1). Therefore, we could assume that at least
16 spots (approximately 8 % of the total) are probably a result of cell leakage. These results may
suggest that the real contamination by cell rupture is likely to be higher than that estimated by

the use of c-mdh as a contamination marker.
Changes induced by Fe deficiency in the leaf apoplastic proteome

The largest part of the changes caused by Fe deficiency and Fe resupply corresponded to
proteins tagged as secretory proteins (10 spots), probably corresponding to true components of
the apoplast. Changes also occurred in a relatively small number (four) of the apoplastic fluid
proteins tagged as non-secretory ones, and possibly associated to cell or plasmodesmata rupture

(these are marked by = in the following paragraphs).

Iron deficiency caused changes in the relative abundance of five spots (2.5 % of the
consistent spots of the leaf apoplast proteome), suggesting that protein homeostasis in the leaf
apoplast fluid is well-maintained upon Fe shortage. This number of changes is markedly low
when compared to those induced by Fe deficiency in other proteomes, including those of roots
and thylakoids of sugar beet plants (44 and 53 %, respectively; Andaluz et al., 2006; Rellan-
Alvarez et al., 2010) and falls within the lower range of the number of changes caused by other

abiotic stresses in the leaf apoplast (Table 3.2.3; Dani et al., 2005; Casasoli et al., 2008).

Three spots identified as chitinase increased in relative abundance as a result of Fe
deficiency (spots 1-3; Figure 3.2.2, Table 3.2.2). These three spots had the same molecular
weight and different pls (8.2, 7.1, and 7.6), indicating that Fe deficiency alters the isoform
pattern of this enzyme, with one of the isoforms identified de novo in Fe-deficient samples.
Chitinases are hydrolytic enzymes that break down glycosidic bonds, removing xylosyl residues
of xyloglucan oligosaccharides in the cell wall (Sampedro et al., 2001). Therefore, these

increases in chitinase suggest the existence of Fe deficiency-induced cell wall modifications.
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This is in agreement with the changes elicited by Fe deficiency in leaf morphology, which
include reduction of xylem vessel size (Fernandez et al., 2008; Eichert et al., 2010).
Furthermore, changes in lignification have been reported in roots of Fe-deficient pear and
quince cultivars (Donnini et al., 2009) and cell wall related proteins commonly show changes in

abundance in proteomic studies of Fe-deficient plants (see Lopez-Millén et al., 2013 for a review).

A spot identified as a thaumatin-like protein 1 (spot 9) also increased in relative
abundance as a result of Fe deficiency. Thaumathins are pathogenesis-related (PR) proteins
from the PR5 subfamily, which are induced by biotic and abiotic stresses. Some members of
PR5 subfamily have been described to play distinctive roles in the defense system that protects
against high-salt stress or osmotic imbalance (Tachi et al., 2009), which is likely to occur in the
Fe deficiency treatment in the presence of CaCOs;. A PR5b protein also showed increases in
abundance in roots and stems of Fe-deficient M. truncatula plants grown in the presence of
CaCO; (Rodriguez-Celma et al., 2011), suggesting that thaumatins are ubiquitously up-regulated
by Fe deficiency. Interestingly, both chitinase and the thaumatin-like 1 protein were also affected

in the leaf proteome of cowpea submitted to Mn toxicity (Fecht-Christoffers et al., 2003).

Only one protein, identified as carbonic anhydrase (CA; spot 13), decreased as a result of
Fe deficiency. Carbonic anhydrase interconverts CO, and bicarbonate to maintain the acid-base
balance. A decrease in CA activity could be attributed to the presence of bicarbonate in the
nutrient solution that may reach the leaf apoplast via xylem (Nikolic and Rémheld, 2007).
Although some mammalian CA isoforms are extra-cellular and have been described in saliva
and milk (Karhumaa et al., 2001; Leinonen et al., 2001), and CA is classified as a non-classical
secretory protein by SecretomeP, plant isoforms are distinct from an evolutionary standpoint

and have been mainly localized in the chloroplast or the cytosol.
Changes induced by Fe resupply in the leaf apoplastic proteome

Iron resupply to Fe-deficient plants caused significant changes in the relative abundance of 13
spots when compared to either Fe-sufficient or Fe-deficient plants. These spots can be roughly
classified into two major groups. The largest group (seven spots) was composed by those spots
increasing in relative abundance (significantly or not) with Fe deficiency and decreasing
significantly with Fe resupply when compared either with the control or with Fe-deficient
samples. This group contained two cell wall related proteins [chitinase (spot 2), and B-
xylosidase (spot 4)], three stress-related proteins [a heat shock 70 protein (spot 8°), thaumatin-
like 1 protein (spot 9), glyoxalase | (spot 10)], glutamine synthase (spot 12°) and the
unidentified spot 16. These results indicate that Fe resupply causes changes in the short-term
(within 24 h) in cell wall and stress-related processes of the Fe-resupplied plants toward values

found in the Fe-sufficient controls. One more protein (spot 14, the 23 kDa OEC protein, which
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nuclear-encoded and synthesized in the cytosol) was also responsive to short term Fe resupply
but followed a different trend, not-detected in Fe-deficient samples but detected upon Fe
resupply. This likely reflects transitory increases in the cytosolic levels of this protein upon
short term Fe resupply, which are necessary for the slight recovery of the photosynthetic system

at this resupply stage (Larbi et al., 2004).

On the other hand, a second group of four spots (spots 5-7 and 11°) decreased in relative
abundance with Fe deficiency (although not significantly) and decreased significantly upon Fe
resupply when compared either with controls or Fe-deficient samples. This group included two
proteins identified as protein-metabolism related [a cysteine protease (spot 5), a peptidyl-prolyl
cis-trans isomerase (spots 6, 7)] and a serine hydroxymethyltransferase (spot 11°). One more
spot (spot 15, unidentified protein) followed the opposite behavior (increased). This group of
proteins can be classified as not responsive to short term Fe resupply, since they may require a
time longer than 24 h to reset to control values after resupply.

3.2.5. Concluding remarks

In summary, this study provides information on the composition of the apoplast proteome in B.
vulgaris leaves, which appears to be quite similar to that of other previously studied plant
species. The study shows that Fe deficiency and Fe resupply cause significant changes in a
limited number of proteins in the leaf apoplast, and none of them is expected to play a
significant role in metal homeostasis. This is in contrast with the intense changes previously
found in the concentrations of metabolites (e.g., carboxylates) that could interact with metals in
the same compartment. Data found contribute toward the understanding of metal homeostasis,
and in particular on the still poorly known mechanisms of Fe acquisition by plant mesophyll
cells. Results presented here open an interesting line of work regarding possible modifications
of cell wall that ultimately may affect permeability or transport of Fe across the plasma

membrane.
Supplementary material

Supplementary data to this article can be found online at: http://www.frontiersin.org/journal/10.

3389/fpls.2015.00145/abstract: Figure S1. Virtual composite image containing all consistent
spots present in the real gels. Numbers are as in Table S4 (SSP); Table S1. Forward and reverse
primers used for gPCR analyses and primer set efficiencies; Table S2. Summary of the 2-DE
protein profiling results; Table S3. Univariate statistical analysis of 2-DE gels; Table S4.
Proteins identified in 2-DE IEF-SDS PAGE gels of sugar beet leaf apoplast.
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ABSTRACT

The aim of this work was to study the effects of Fe and Mn deficiencies on the xylem sap
proteome of tomato using a shotgun proteomic approach, with the final goal of elucidating plant
response mechanisms to these stresses. This approach yielded 643 proteins reliably identified
and quantified with 70 % of them predicted as secretory. Iron and Mn deficiencies caused
statistically significant and biologically relevant abundance changes in 119 and 118 xylem sap
proteins, respectively. In both deficiencies, metabolic pathways most affected were protein
metabolism, stress/oxido-reductases and cell wall modifications. First, results suggest that Fe
deficiency elicited more stress responses than Mn deficiency, based on the changes in oxidative
and proteolytic enzymes. Second, both nutrient deficiencies affect the secondary cell wall
metabolism, with changes in Fe deficiency occurring via peroxidase activity, and in Mn
deficiency involving peroxidase, Cu-oxidase and fasciclin-like arabinogalactan proteins. Third,
the primary cell wall metabolism was affected by both nutrient deficiencies, with changes
following opposite directions as judged from the abundances of several glycoside-hydrolases
with endo-glycolytic activities and pectin esterases. Fourth, signaling pathways via xylem
involving CLE and/or lipids as well as changes in phosphorylation and N-glycosylation also

play a role in the responses to these stresses.
Biological significance

In spite of being essential for the delivery of nutrients to the shoots, our knowledge of xylem
responses to nutrient deficiencies is very limited. The present work applies a shotgun proteomic

approach to unravel the effects of Fe and Mn deficiencies on the xylem sap proteome. Overall,
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Fe deficiency seems to elicit more stress in the xylem sap proteome than Mn deficiency, based
on the changes measured in proteolytic and oxido-reductase proteins, whereas both nutrients
exert modifications in the composition of the primary and secondary cell wall. Cell wall
modifications could affect the mechanical and permeability properties of the xylem sap vessels,
and therefore ultimately affect solute transport and distribution to the leaves. Results also
suggest that signaling cascades involving lipid and peptides might play a role in nutrient stress
signaling and pinpoint interesting candidates for future studies. Finally, both nutrient
deficiencies seem to affect phosphorylation and glycosylation processes, again following an
opposite pattern.

3.3.1. Introduction

The xylem is a key component of the vascular transport system of land plants, essential for
long- and short-distance transport and distribution of nutrients and signals. The major role of the
xylem is to transport water and mineral nutrients from roots to shoots. The flow of the fluid
through the treachery elements that compose the xylem vessels, known as xylem sap, is mainly
driven by the negative pressure created by transpiration, whereas differences in water potential
between the soil and the root system can also create a positive root pressure that contributes to
the xylem sap flow (Fisher et al., 2000).

The xylem sap is mainly composed by water and mineral nutrients, but also contains a
wide array of other minor compounds, including carbohydrates, hormones, secondary
metabolites, polyamines, amino acids, peptides and proteins (Carella et al., 2016; Dickson,
1979; Escher et al., 2004; Friedman et al., 1986; Lépez-Millan et al., 2000a; Rodriguez-Celma
et al., 2016a; Satoh et al., 1992, 2006). In spite of the fact that the treachery elements that
compose the xylem have lost their nuclei and cellular content during differentiation and are
therefore unable to synthesize proteins, the xylem sap has been widely reported to have a
characteristic protein profile (Rodriguez-Celma et al., 2016a, Alvarez et al., 2006; Fukuda,
1996; Ligat et al., 2011). Many of the xylem sap proteins contain predicted N-terminal signals
and are synthetized in the roots and subsequently loaded in the xylem sap via the secretory
pathway (Satoh et al., 2006; Djordjevic et a., 2007; Masuda et al., 1999; Sakuda and Satoh,
2000), whereas others may arise from cytoplasmic contamination from neighboring tissues
(Rodriguez-Celma et al., 2016a).

Proteomic studies have allowed generating a detailed xylem sap protein repertoire. Since
one of the major limitations for these studies is the low protein concentration present in xylem
sap, which ranges between 10 and 300 pg mL™* (see Rodriguez-Celma et al., 2016a for a

review), initial studies performed by means of one dimensional electrophoresis only provided a
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limited number of protein species (Alvarez et al., 2006). Later on, the development of more
sensitive high-throughput proteomic techniques allowed to decipher in detail the xylem sap
proteome of a significant number of plant species, including tomato (see Rodriguez-Celma et
al., 2016a for a review). A comprehensive analysis of these proteomes, which included between
100 and 500 proteins, indicated that the major functional category in the xylem is
polysaccharide metabolism, including mainly cell wall hydrolases (Carella et al., 2016,
Rodriguez-Celma et al., 2016a, Ligat et al., 2011). The xylem proteome, as it also occurs in
other plant fluids, contains a battery of proteins related to redox homeostasis, plant defense and
proteases, which are thought to constitute a local defense barrier against biotic and abiotic
stresses (Rodriguez-Celma et al., 2016a; Buhtz et al., 2004; Pechanova e al., 2010; Rep et al.,
2003; Xia et al., 2004).

The xylem sap also participates actively in the root to shoot signaling pathway that helps
regulating vegetative growth depending on the root environment conditions (Lucas et al., 2013).
In situations such as plant-symbiotic associations or nutrient deficiencies, the xylem serves as a
conduit for signaling metabolites (Lucas et al., 2013; Dodd, 2005), with many of them being
hormones. For instance, in P- and N-deficient conditions xylem-mobile cytokinins regulate the
nutrient starvation response (Ghanem et al., 2011; Hirose et al., 2008; Martin et al., 2000;
Rahayu et al., 2005; Rouached et al., 2011; Ruffel et al., 2011; Takei et al., 2002). Interestingly,
the xylem sap proteome also contains a small number of proteins involved in regulatory
processes that could participate in root to shoot signaling, including transcription factors,
fasciclin-like arabinogalactan proteins and kinases (Carella et al., 2016; Rodriguez-Celma et al.,
2016a; Aki et al., 2008; Krishnan et al., 2011; Zhang et al., 2015).

Minerals such as Fe and Mn are essential micronutrients for living organisms including
plants (Marschner, 1995; Williams and Pittman, 2010). Both metals are cofactors for numerous
enzymes and play important roles in photosynthesis, with Mn being required in the catalytic
center of the oxygen evolving complex (Williams and Pittman, 2010; Nickelsen et al., 2013;
Socha and Guerinot, 2014; Pittman, 2005) and Fe participating in electron transfer reactions of
the photosynthetic apparatus as well as in the synthesis of chlorophyll (Msilini et al., 2011;
Raven et al., 1999; Tottey et al., 2003). Deficiencies of both nutrients often occur in alkaline
soils where there is limited availability of metals, leading to reduced growth and yield and
affecting the nutritional quality of plant crops (Marschner, 1995; Williams and Pittman, 2010;
Socha and Guerinot, 2014; Abadia et al., 2004, 2011; Briat et al., 2015; Jiang, 2006). In the
xylem sap, Fe is found complexed with carboxylates (Flis et al., 2016; Rellan-Alvarez et al.,
2010) whereas it has been estimated that 60 % of the xylem Mn is in the form of Mn** (White et
al., 1981). In spite of the fact that proteins are unlikely to play a direct role in the transport of

these metals in the xylem, they might play important roles in root to shoot nutrient signaling and
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protection against metal-induced ROS, among others. Comparative proteomics can provide
useful information not only about processes occurring in xylem sap during the adaptation to
nutrient stresses, but also can help to target proteins putatively involved in systemic regulation
for future studies (Kosova et al., 2011; Timperio et al., 2008). A significant number of
proteomic studies have focused into the effect on different sub-proteomes of nutrient stresses
such as Fe (see Lopez-Millan et al., 2013; Mai and Bauer, 2016 for reviews) and Mn (Fecht-
Christoffers et al., 2003; Rodriguez-Celma et al., 2016a), but the number of proteomic studies
devoted to the effect of nutrient deficiencies and/or toxicities in the xylem sap has been limited,
to the best of our knowledge, to studies on the effects of salt stress, K deficiency and N
starvation or overload (Fernadndez-Garcia et al., 2011; Liao et al., 2012; Zhang et al., 2016).

Therefore, the aim of this work was to study the effects of Fe and Mn deficiencies on the
protein profile of the xylem sap of tomato (Solanum lycopersicum), with the aim of elucidating
plant response mechanisms to these nutritional stresses. Tomato was chosen as a model plant
because the tomato genome has been published and this plant species has adequate root pressure
and turgid stems that permit xylem sap sampling in sufficient amounts by de-topping. The high-
throughput shotgun analysis has permitted to identify and quantified a large number of low

abundance proteins in the tomato xylem sap.
3.3.2. Materials and methods

Plant material and xylem sap collection

Tomato (Solanum lycopersicum, cv. Tres Cantos) plants were grown hydroponically in a
controlled environment chamber (Fitoclima 10.000 EHHF, Aralab, Lisbon, Portugal) with a

2 s 7! photosynthetically active

photosynthetic photon flux density (PPFD) of 400 pumol m -
radiation, 80 % relative humidity and a photoperiod of 16 h, 23 °C/8 h, 18 °C day/night regime.
In the Fe deficiency experiment, seeds were germinated in vermiculite for 13 days in half-
strength Hoagland nutrient solution containing 45 uM Fe-EDTA and 4.6 uM MnClI,. Seedlings
were then transplanted to 10 L plastic buckets (16-18 plants per bucket) containing half-strength
Hoagland nutrient solution and grown for an additional 13-day period. After this time, solutions
were renewed and control (45 uM Fe(111)-EDTA, 4.6 uM MnCl,) and Fe deficiency treatments
(0 uM Fe(lIN-EDTA) imposed. In the Mn experiment the time line and experiment design
(including control conditions) were the same, but Mn-deficient plants (0 uM MnCl,) were
germinated and grown without Mn and with 45 uM Fe(ll1)-EDTA throughout the experiment.
Plants were analyzed and xylem sap collected eight days after treatment onset. At this time,
plants were de-topped approximately 5 mm above the mesocotyl using a carbon steel disposable

scalpel (Nahita, Beriain, Spain) and the exudate fluid was collected from the cut surface. The
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initial sap collected during the first 5 min was discarded to minimize contamination with other
plant fluids and broken cells, and then the xylem sap was collected for 30 min using a
micropipette tip. Samples were kept on ice during the entire collection period.

Experimental design

The experiment was repeated six times with independent batches of plants. Each batch of plants
consisted of one 10-L bucket per treatment with 16-18 plants per bucket. In each batch of plants,
the xylem sap fluid from all plants in a given treatment was pooled together and considered as a

biological replicate (n = 6).
Mineral analysis and chlorophyll estimation

The concentration of micronutrients (Fe, Mn, Cu and Zn) in the collected fluid was determined
by ICP-MS (Inductively Coupled Plasma Mass Spectrometry; model Agilent 7500ce; Agilent
Technologies, Tokyo, Japan) after digestion with 1 % HNO; (TraceSELECT Ultra, Sigma-
Aldrich, Madrid, Spain).

Leaf chlorophyll content was estimated using a SPAD 502 apparatus (Minolta Co.,
Osaka, Japan). The SPAD values of young and old expanded leaves were recorded at sampling
time (8 days after treatment onset) and an average per treatment obtained.

Protein extraction

Proteins in the collected fluid were precipitated immediately by adding five volumes of cold 0.1
M ammonium acetate in methanol, containing 0.07 % B-mercaptoethanol. Samples were kept
overnight at -20 °C and then centrifuged at 20,000 x g for 20 min. The pellet was washed twice
with cold methanol, dried with N, gas and solubilized in a sample rehydration buffer containing
8 M urea, 2 % (w/v) CHAPS, 50 mM DTT, 2 mM PMSF and 0.2 % (v/v) IPG buffer pH 3-10
(GE Healthcare, Uppsala, Sweden). After rehydration, samples were incubated in a
Thermomixer comfort device (Eppendorf AG, Hamburg, Germany) at 42 °C and 1,000 rpm
during 3 h, then centrifuged at 10,000 x g for 10 min at room temperature and filtered (0.45 um
ultrafree-MC filters, Millipore, Bedford, USA). Protein concentration in the samples was
quantified immediately with the Bradford method using an Asys UVM 340 spectrophotometer
with microtiter plates (Biochrom Ltd., Cambridge, UK) and BSA as standard.

Label free liquid chromatography-tandem mass spectrometry (LC-MS/ MS)

Sample preparation for label free LC-MS/MS was carried out according to (Takahashi et al.,

2014). Briefly, 5 pg of total proteins were subjected to 1-DE to remove non-protein compounds.

103




Capitulo 3.3

The resulting gel bands were cut into six pieces, proteins were in gel digested with trypsin, and

peptides were subsequently extracted.

Peptide solutions were concentrated in a trap column (Lcolumn Micro 0.3 x 5 mm; CERI,
Japan) using an ADVANCE UHPLC system (Michrom Bioresources, Auburn, CA, USA).
Elution was carried out with 0.1 % (v/v) formic acid in ACN and concentrated peptides were
separated in a Magic C18 AQ nano column (0.1 x 150 mm; Michrom Bioresources) using a
linear gradient of ACN (from 5 to 45 %) and a flow rate of 500 nL min ~*. Peptide ionization
was carried out with a spray voltage of 1.8 kV using an ADVANCE spray source (Michrom
Bioresources). Mass spectrometry analysis was carried out on an LTQ Orbitrap XL (Thermo
Fisher Scientific, Waltham, MA, USA) equipped with Xcalibur software (v. 2.0.7, Thermo
Fisher Scientific) and mass data acquisition parameters were set as described elsewhere
(Gutierrez-Carbonell et al., 2016).

Mass data analysis was performed according to (Takahashi et al.,, 2013). Protein
identification was carried out using the full peptide list with the Mascot search engine (version
2.4.1, Matrix Science, London, UK) and NCBI 20141009 database (50,750,890 sequences;
18,190,226,827 residues). Search parameters were: peptide mass tolerance + 5 ppm, MS/MS
tolerance * 0.6 Da, one allowed missed cleavage, allowed fixed modification
carbamidomethylation (Cys), and variable modification oxidation (Met) and peptide charges
were set to +1, +2 and +3. Positive protein identification was assigned with at least two unique
top-ranking peptides with scores above the threshold level (p < 0.05). Protein information was
exported from Mascot .xml format and imported to Progenesis software (v. 2.0, Nonlinear
Dynamics, Newcastle upon Tyne, UK), which then associate peptide and protein information.
The MS proteomics data have been deposited to the ProteomeXchange Consortium via the Pride
partner repository with the data set identifier PXD007517.

To assess the effect of Fe and Mn deficiencies in the protein profile of tomato xylem sap,
we calculated the ratio of normalized protein abundance between the Fe-deficient or Mn-
deficient and the control samples. Only changes with a p < 0.05 (ANOVA) and a normalized
abundance ratio > 2 or < 0.5 were considered as statistically significant and biologically
relevant, respectively. Multivariate statistical analysis (Principal Component Analysis; PCA)
was carried out using SPSS Statistical software (v. 24.0), including only proteins showing
statistically significant changes (ANOVA; p < 0.05) as a result of the Fe deficiency and Mn

deficiency treatments.

We used the GO biological process annotation (http://www. geneontology.org) and
domain annotations for classification of each individual protein identified into nine functional

categories (proteolysis, protein synthesis, polysaccharide related, stress/oxido-reductases, lipid
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metabolism, carbohydrate metabolism, signaling, unknown and a miscellaneous group
containing functional categories not belonging to the previous groups). The presence of signal
peptides in proteins was assessed using TargetP (www.cbs.dtu.dk/services/TargetP)
(Emanuelsson et al., 2007), and SecretomeP (www.cbs.dtu.dk/services/SecretomeP) was used to
assign proteins to secretory classical and non-classical classes (Bendtsen et al., 2004, 2005).

3.3.3. Results

Plant material and xylem sap collection

Tomato plants grown without Fe showed deficiency symptoms as soon as five days after the
treatment onset. At sampling time (eight days) a marked chlorosis of the younger leaves was
observed (Figures 3.4.1 and 3.4.2 in Chapter 3.4, Data in Brief), as indicated by the SPAD
reading in these plants (13.6) which was significantly lower than that measured in control plants
(42.4) (Table 3.3.1). Accordingly, the Fe concentration in the xylem sap of Fe-deficient plants
was 15.5 uM, 68 % lower than that found in xylem sap from control plants, whereas no
significant differences were observed in the concentrations of Mn, Cu and Zn (Table 3.3.1).

Table 3.3.1. Xylem sap properties and leaf chlorophyll estimation. Xylem sap exudation rates (mL plant *
h™%), protein extraction yields (ng protein xL * xylem sap) and metal concentrations (xM), and leaf SPAD

values from control, Fe-deficient and Mn-deficient plants. Values are means + SD (n = 6). Different
letters within the same row indicate statistically significant differences (Student's t-zest, p < 0.05).

Xylem sap properties Control - Fe -Mn
Exudation rates (mL plant™ h™) 08+0.1a 08+0.2a 1.1+0.3b
Protein extraction yield

. 4 9.0£34b 69+1.7b 42+25a
(ng protein UL~ xylem sap)
[Fe] 478+125¢ 155+6.9a 26.6+4.2b
[Mn] 6.5+0.8b 7.7+3.2b 0.7+06a
[Cu] 36+08a 36+13a 3.0+£05a
[Zn] 95+13a 9.3%x4.7a 70+06a
Leaf SPAD values 424+41c 13.6+3.3a 296+49b

To achieve Mn deficiency, plants were grown without Mn from germination. At sampling
time, both old and young leaves in Mn-deficient plants showed interveinal chlorosis with a
“checkered” pattern (Figures 3.4.1 and 3.4.2 in Chapter 3.4, Data in Brief). The SPAD value of
Mn-deficient plants (29.6) was 30 % lower than those of control plants (Table 3.3.1). The
concentration of Mn in xylem sap of deficient plants was almost 10 times lower than that in
control plants (0.7 vs. 6.5 uM). The concentration of Fe in the xylem sap was also 44 % lower in
Mn-deficient (26.6 uM) that in control plants (47.8 uM), but still significantly higher than that
in Fe-deficient plants (Table 3.3.1). No significant changes were detected in the xylem sap

concentrations of Cu and Zn (Table 3.3.1).
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Xylem bleeding rates were similar in control and Fe-deficient plants (approximately 0.8
mL plant * h ), whereas in the Mn-deficient plants this rate was 38 % higher (1.1 mL plant *
h ') (Table 3.3.1). Protein extraction yields were also similar in control and Fe-deficient plants,
in the range from 6.9 to 9.0 ng protein uL ™, whereas values in the Mn-deficient xylem sap were
53 % lower (4.2 ng protein puL ) than those in the controls (Table 3.3.1).

Identification of xylem sap proteins

The LC-MS/MS analysis detected 1,534 proteins in the tomato xylem sap, and 643 of them
were reliably identified and quantified with at least two peptides and therefore considered in this
study. The lists of peptides detected and proteins identified and quantified are shown in Tables
3.4.S1 and 3.4.S2 in Chapter 3.4, Data in Brief, respectively. The large majority of protein
species identified and quantified (84 %; 542) were identified as pertaining to the Solanum
genus, with 94 % of them (509) matching specifically to the species S. lycopersicum (Table
3.4.S2 in Chapter 3.4, Data in Brief).

The PCA analysis of the statistically significant changes (ANOVA; p < 0.05) showed a
good separation between treatments, with the first and second components explaining
approximately 74 and 11 % of the variation, respectively (Figure 3.4.3 in Chapter 3.4, Data in
Brief).

The prediction programs TargetP and SecretomeP indicated that a high percentage (66 %;
425 proteins) of the 643 identified and quantified proteins can be assigned to the secretory
pathway. Among these secretory proteins, 223 (35 % of the total identified in the xylem sap)
were classified as classical secretory (CS) (containing peptide signals) whereas 202 (31 %) were
classified as non-classical secretory (NCS). The remaining 218 proteins (34 %) were predicted
as non-secretory, and therefore their presence in the xylem sap deserves further studies, since it
possibly reflects some degree of contamination (see Rodriguez-Celma et al., 2016a for a

discussion on this topic).
Effect of Fe deficiency on the xylem sap proteome

A volcano plot, showing the relationship between statistical significance [-log;, (p-value)] and
biological significance [log, (fold-change)], was used to describe the changes induced by Fe
deficiency on the xylem sap proteome (Figure 3.3.1). lron deficiency caused statistically
significant (ANOVA, p < 0.05) and biologically relevant (fold >2 or fold <0.5) changes in 119
proteins (Figure 3.3.1). All these proteins are presented in Table 3.4.S3 in Chapter 3.4, Data in
Brief, and those exhibiting large changes in abundance (fold > 5 or < 0.2) are shown in Table
3.3.2.
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Figue 3.3.1. Effect of Fe deficiency on the xylem protein profile as revealed by label-free shotgun
analyses. Volcano scatter plot (A) showing the 643 identified and quantified proteins (peptides assigned
to a protein and used for quantification > 2) where proteins unaffected by Fe deficiency are depicted in

grey and proteins changing as a result of Fe deficiency (ANOVA, p <0.05) are depicted green
(decreasing) or red (increasing). Light colors are used for those proteins meeting only the statistical
threshold (ANOVA, p <0.05) and bright colors where used when the statistical and biological (fold
change < 0.5 or > 2) thresholds were met. The size of the dots is proportional to the fold changes. Pie
chart depicting subcellular classification (NS: non-secretory, CS: classical secretory and NCS: non-
classical secretory) as revealed by SignalP and SecretomeP prediction tools of proteins showing
decreased (B) and increased (C) abundances. Functional classification based on GO biological process
and domain annotations of secretory proteins showing decreased (D) and increased (E) abundances as a
result of Fe deficiency.
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Among them, 54 proteins showed relative decreases (green dots in Figure 3.3.1A), and
from these 35 were classified as secretory (10 CS and 25 NCS; Figure 3.3.1B; Table 3.4.S3 in
Chapter 3.4, Data in Brief). The remaining 19 proteins (35 %) were classified as non-secretory
and therefore excluded from the biological interpretation (Table 3.4.S3 in Chapter 3.4, Data in
Brief).

Table 3.3.2. Proteins showing the large changes in abundance (fold > 5 or < 0.2) among the secretory
proteins affected by Fe deficiency (ANOVA, p <0.05 and fold > 2 or <0.5). Accession indicates protein
UniProt database entry. Pep./Pep, indicates the number of peptides assigned to a protein and number of

peptides used for quantification. Abundance changes (fold -Fe/control) were calculated by dividing the

relative mean abundances in Fe-deficient (mean -Fe) by that of control samples (mean control).

SecretomeP column indicates results from subcellular classification as classical (CS) and non-classical

secretory (NCS) protein. Detailed information about functional classification, subcellular localization,

identification and quantification is given in Table 3.4.S3 in Chapter 3.4, Data in Brief.

Accession Pep/  Mean Mean Fold Description Secretome
Pep, Control -Fe  -Fe/Control P P
Proteolysis

Predicted protein aspartic protease in
guard cell 2-like (MEROPS Al)

082777 10/6 21221 140320 6.61  Subtilisin-like protease 3 (MEROPS S8) NCS
Predicted protein aspartic protease in

K4B033 12/12 2448669 13965079  5.70 CS

K4CYB7 4/4 5979 59119 9.89 guard cell 1 (MEROPS A1) CS
Predicted miraculin-like (MEROPS

K4C8U3 11/10 1400622 19995731  14.28 inhibitor 13, clan IC) CS
Predicted basic 7S globulin-like

K4AXP3 4/4 6188 128020 20.69 (MEROPS A1) CS

Polysaccharide metabolism
K4CAY1 6/6 150109 769252 5.12  Predicted chitinase (GH-18) CS
B5M9E5 3/3 2681 56597 21.11  B-Glucosidase 8 precursor (GH-17) CSs
Oxido-reductases
KAD7T6 10/9 535353 93758 0.18 Predicted peroxidase 44-like isoform 1 cs

(AtPER44-like)
K4C518 5/3 12142 88166 7.26  Predicted peroxidase 4-like (AtPER52-like) CS
Predicted peroxidase 72-like (AtPER72-

K4BFP3  3/2 7041 82696 11.75 like) CS
Lipid metabolism
Predicted GDSL esterase/lipase
K4DD79 4/4 454 21484 47.32 At128590-like Cs
Signaling/regulation
K4B2Y3 3/3 2622  8e4l5s 3206 ropableLRR receptor-ike cs
serine/threonine-protein kinase
K4D0Y5 19/18 51184 2924595  57.14 LRR receptor-like protein kinase CS
Phosphatases
K4C6we 3/3 9599 75298 7.84  Similar to predicted acid phosphatase 1-like CS
KACPWS 16/14 227820 1945258 854 Predicted probable inactive purple acid cs
phosphatase 1
Unassigned/Unknown
K4CP48 6/2 2243 25827 11.51  Similar to conglutin (M. truncatula) Cs
K4BDM8 2/2 22624 119293 5.27  Uncharacterized protein Cs
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Functional classification of the 35 secretory proteins decreasing in abundance revealed
that protein metabolism (17 %) and stress/oxido-reductases (17 %) were the most represented
categories, whereas the remaining proteins were classified into a wide variety of miscellaneous
categories (Figure 3.3.1D; Table 3.4.S3 in Chapter 3.4, Data in Brief). Interestingly, proteins
involved in polysaccharide metabolism were not found among those decreasing in abundance
(Figure 3.3.1D; Figure 3.3.3B). Overall, decreases were moderate (between 50 and 70 %) and
only one CS protein, a peroxidase (AtPER44-like; K4D7T6) decreased > 80 % as a result of Fe
deficiency (Table 3.3.2; Table 3.4.S3 in Chapter 3.4, Data in Brief).

Iron deficiency caused relative increases in the abundance of 65 proteins (red dots in
Figure 3.3.1A) and from these 53 were classified as secretory proteins (44 CS and 9 NCS;
Figure 3.3.1C; Table 3.4.S3 in Chapter 3.4, Data in Brief). The remaining 12 proteins (18 %)
were classified as non-secretory and therefore excluded from the biological interpretation (Table
3.4.S3 in Chapter 3.4, Data in Brief). Functional classification of the 53 secretory proteins
increasing in abundance revealed that protein metabolism (proteolysis and protein synthesis;
28%), polysaccharide metabolism (26 %), and stress/oxido-reductase proteins (13 %) were the
most represented categories (Figure 3.3.1E; Figure 3.3.3B). Remarkable increases in abundance
(higher than 10-fold) were observed in eight proteins classified as CS. Three of them increased
> 30-fold, including two leucine rich-repeat (LRR) receptor-like kinases (K4B2Y3 and
K4DO0Y5) involved in regulation and a GDSL esterase/ lipase (K4DD79) classified in the lipid
metabolism category (Table 3.3.2; Table 3.4.S3 in Chapter 3.4, Data in Brief). Five of them
increased between 10- and 20-fold, including a protease inhibitor similar to miraculin
(K4C8U3), a predicted basic 7S globulin with an aspartic peptidase domain (K4AXP3), a -
glucosidase 8 from the glycoside hydrolase (GH) family 17 (B5M9ES5), a peroxidase (AtPER72-
like; K4BFP3), and a nutrient reservoir protein similar to conglutin (K4CP48) (Table 3.3.2;
Table 3.4.S3 in Chapter 3.4, Data in Brief). Furthermore, eight more proteins, mostly involved
in catabolic processes, presented 5- to 10-fold increases, and these included three proteases (two
aspartic proteases and a MEROPS family S8 peptidase), two acid phosphatases, a GH-18 family
protein, a peroxidase-52 like protein, and an uncharacterized protein (Table 3.3.2). Except for
the NCS MEROPS family S8 peptidase (082777), all were classified as CS proteins (Table
3.3.2).

Effect of Mn deficiency on the xylem sap proteome

Manganese deficiency caused significant (ANOVA, p < 0.05) and biologically relevant (fold >2
or fold <0.5) changes in 118 proteins of the xylem sap proteome (Figure 3.3.2). All these
proteins are presented in Table 3.4.54 in Chapter 3.4, Data in Brief, and those exhibiting large

changes in abundance (fold > 5 or < 0.2) are shown in Table 3.3.3.
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Figure 3.3.2. Effect of Mn deficiency on the xylem protein profile as revealed by label-free shotgun
analyses. Volcano scatter plot (A) showing the 643 identified and quantified proteins (peptides assigned
to a protein and used for quantification > 2) where proteins unaffected by Mn deficiency are depicted in
grey and proteins changing as a result of Mn deficiency (ANOVA, p <0.05) are depicted green (decreasing)
or red (increasing). Light colors are used for those proteins meeting only the statistical threshold
(ANOVA, p <0.05) and bright colors where used when the statistical and biological (fold change <0.5 or
> 2) thresholds were met. The size of the dots is proportional to the fold changes. Pie chart depicting
subcellular classification (NS: non-secretory, CS: classical secretory and NCS: non-classical secretory) as
revealed by SignalP and SecretomeP prediction tools of proteins showing decreased (B) and increased (C)
abundances. Functional classification based on GO biological process and domain annotations of secretory
proteins showing decreased (D) and increased (E) abundances as a result of Mn deficiency.
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Among them, 76 proteins showed relative decreases in abundance (green dots in Figure
3.3.2A), and from these 67 were classified as secretory (53 CS and 14 NCS; Figure 3.3.2B;
Table 3.4.54 in Chapter 3.4, Data in Brief). Only 9 proteins (12 %) decreasing in abundance
were classified as non-secretory and therefore excluded from the biological interpretation (Table
3.4.54 in Chapter 3.4, Data in Brief). Functional classification of the secretory proteins
decreasing in abundance with Mn deficiency revealed that protein metabolism (proteolysis and
protein synthesis; 24 %), polysaccharide metabolism (19 %) and stress (19 %) were the most
represented categories (Figure 3.3.2D; Figure 3.3.3B). Among them, the largest decrease (99 %)
was found in two CS proteins, the endonuclease 1 (G3XKQ7) and a predicted LRR receptor-
like kinase (K4B2Y3) (Table 3.3.3; Table 3.4.54 in Chapter 3.4, Data in Brief). Interestingly,
both proteins increased in Fe-deficient xylem sap, with the latter being among those proteins
showing the largest increases (Table 3.3.2; Table 3.4.S3 in Chapter 3.4, Data in Brief).

Table 3.3.3. Proteins showing the large changes in abundance (fold > 5 or < 0.2) among the secretory
proteins affected by Mn deficiency (ANOVA, p < 0.05 and fold > 2 or <0.5). Accession indicates protein
UniProt database entry. Pep./Pep, indicates the number of peptides assigned to a protein and number of

peptides used for quantification. Abundance changes (fold -Mn/control) calculated by dividing the
relative mean abundances in Mn-deficient (mean -Mn) by that of control samples (mean control).

SecretomeP column indicates results from subcellular classification as classical (CS) and non-classical

secretory (NCS) protein. Detailed information about functional classification, subcellular localization,
identification and quantification is given in Table 3.4.54 in Chapter 3.4, Data in Brief.

Accession Pep/ Mean Mean Fold Description Secretome
Pep,  Control -Mn  -Mn/Control P P
Protein metabolism (proteolysis and protein synthesis)
Predicted subtilisin-like protease-like
K4D3L8 10/8 429869 57130 0.13 (MEROPS S8) CS
KACUW3  2/2 25208 2787 0.11 Similar to 60S ribosomal protein L17 CSs
Signaling/regulation
KAB2Y3 3/3 2622 21 0.01 Probable LRR receptor-like Ser/Thr- cs

kinase

ATP Hydrolysis coupled to proton transport

Q2MIB5 6/6 20384 142383 6.99 Similar to ATP synthase CF1 a chain NCS

Phosphatases
KADCE8 3/3 31485 4507 0.14 Predicted bifunctional purple acid cs
phosphatase 26

K4D9N7 4/4 95980 11757 0.12 Native purple acid phosphatase 29-like CS

Unassigned/Unknown

G3XKQ7 2/2 4416 56 0.01 Endonuclease 1 CS
Predicted uncharacterized protein

KACGQ4 4/4 300874 43580 0.14 LOC101247939 Cs
Predicted uncharacterized protein

K4D0G7  2/2 17572 2780 0.16 AtAg06744-like Cs

KABOS? 474 4651 33934 730 Similar to_NAD(P)-blndlng Rossmann- NCS
fold protein

K4CHI8 2/2 851 11666 13.71  Uncharacterized protein CSs
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Six more CS proteins presented considerable decreases (between 80 and 90 %) including
two purple acid phosphatases (K4D9N7 and K4DC68), a predicted subtilisin from the MEROPS
peptidase family S8 (K4D3L8), the subunit L17 of the 60S ribosomal complex (K4CUW3) and
two uncharacterized proteins (K4CGQ4, K4D0G7) (Table 3.3.3; Table 3.4.54 in Chapter 3.4,
Data in Brief).

Manganese deficiency caused relative increases in the abundance of 42 proteins (red dots
in Figure 3.3.2A) and from these only 15 were classified as secretory proteins (3 CS and 12
NCS; Figure 3.3.2C; Table 3.4.54 in Chapter 3.4, Data in Brief). The remaining 27 proteins,
accounting for a high percentage (64 %) of the identified proteins, were classified as non-
secretory and therefore excluded from the biological interpretation (Table 3.4.S4 in Chapter 3.4,
Data in Brief). Functional classification of the 15 secretory proteins showing increases in
abundance revealed that carbohydrate metabolism (33 %, 5 proteins) was the most represented
category (Figure 3.3.2E). The remaining proteins were distributed among unknown (three
proteins), proteolysis and stress with one protein each, and in a miscellaneous group (five
proteins involved in amino acid metabolism and ATP hydrolysis coupled to proton transport)
(Figure 3.3.2E; Figure 3.3.3B). Most increases were moderate, ranging between 2- and 3-fold
(Table 3.4.54 in Chapter 3.4, Data in Brief). The most remarkable increases measured in Mn-
deficient xylem sap (> 5 fold) corresponded to a regulatory subunit of the chloroplastic ATP
synthase (7-fold; Q2MIB5) and to two uncharacterized proteins containing LRR (14-fold;
K4CHI8) and NAD(P)-NAD(P) binding Rossmann (7-fold; K4B0S2) domains (Table 3.3.3).

Comparison of the changes observed in secretory proteins in both nutrient deficiencies

The comparison between secretory proteins showing significant and biologically relevant
changes in Fe- and Mn-deficient conditions (88 and 82 proteins, respectively; Figure 3.3.3A)
revealed that there were metabolic categories, including protein and polysaccharide
metabolisms and stress/oxido-reductases, which clearly followed a different trend depending on
the specific nutrient deficiency (Figure 3.3.3B). When considering the 24 secretory proteins
changing in relative abundance in both nutrient deficiencies (20 CS and 4 NCS) (Table 3.3.4;
Figure 3.3.3A and C), all of them decreased as a result of Mn deficiency, whereas in Fe-
deficient xylem sap only eight of them decreased (Figure 3.3.3C, Table 3.3.4). Proteins in the
protein and polysaccharide metabolism categories followed opposite trends (as occurred when
all proteins changing in abundance were compared; Figure 3.3.3B), with most proteins
increasing in Fe-deficient and decreasing in Mn-deficient xylem sap (Figure 3.3.3C). A similar
behavior was observed in the miscellaneous group of proteins. On the other hand, the categories
of lipid- and stress/oxido-reductase showed a similar behavior in both deficiencies, with the

majority of proteins decreasing (Figure 3.3.3C).
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Figure 3.3.3. A) Venn diagram comparing the number of secretory proteins changing as a result of Fe
and Mn deficiency (p < 0.05, number of peptides for identification and quantification > 2 and fold < 0.5
or >2). B) Functional classification of all secretory proteins showing changes in Fe and Mn deficiencies.
Proteins showing significant changes in both comparisons (p < 0.05), identified and quantified with at
least two peptides, and above the threshold level (fold change > 2 or <0.5) were classified according to
their functions. Blue and orange bars indicate number of proteins decreasing and increasing in relative
abundance in Fe deficiency and Mn deficiency, respectively. C) Functional classification of the 24
common secretory proteins showing changes in both treatments. Proteins showing significant changes in
both comparisons (p < 0.05), identified and quantified with at least two peptides, and above the threshold
level (fold change > 2 or < 0.5) were classified according to their functions. Blue and orange bars
indicate number of proteins decreasing and increasing in relative abundance in Fe deficiency and Mn
deficiency, respectively.

Proteins showing opposite changes in abundance included three structural components of
the ribosome and two aspartic proteases in the protein metabolism category, two hydrolases
from families GH16 and 17, a SGN-hydrolase and a pectin esterase inhibitor in the

polysaccharide metabolism category, and a miscellaneous group containing seven proteins
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(three acid phosphatases, a LRR receptor-like kinase, a nectarin-1, an endonuclease 1 and an
uncharacterized protein) (Table 3.3.4). The most remarkable change in these groups was
measured in the LRR receptor-like kinase which, as commented above, was highly increased
(33-fold) in Fe-deficient xylem sap and almost disappeared in Mn-deficient conditions.

Table 3.3.4. List of the 24 secretory proteins (identified and quantified with at least two unique peptides)
affected by both deficiencies (ANOVA, p < 0.05 and fold > 2 or < 0.5). Accession (UniProt identifiers)
and protein description are shown in the first two columns, fold changes induced by Fe (-Fe/C) and Mn
(-Mn/C) deficiencies were calculated by dividing the relative mean abundances in deficient by that of
control samples. SecretomeP column indicates results from subcellular classification as classical (CS)
and non-classical secretory (NCS) protein. Detailed information about functional classification,
subcellular localization, identification and quantification is given in Tables S3 and S4 in Chapter 3.4,

Data in Brief.

Accession Description -Fe/lC -Mn/C Secrlitome
K4D7T6 Predicted peroxidase AtPER44-like isoform 1 (AtPER44-like) 0.18 0.21 CS
K4BTH7 Predicted peroxidase AtPER12-like 0.32 0.41 CS
K4C1CO Predicted cationic peroxidase 1 (AtPER52-like) 035 043 CS
K4ATR4 Predicted serine carboxypeptidase-like 45. (MEROPS S10) 022 030 Cs
K4D3L8 Predicted subtilisin-like protease (MEROPS S8) 036 013 CS
KACS895 Zr;)dicted protein aspartic protease in guard cell 1 (MEROPS 048 043 NCS
s et gy 0w oa s
K4CGQ4 Predicted uncharacterized protein LOC101247939 042 014 Cs
K4CG62 Similar to ribosomal protein L11-like (N. tabacum) 201 035 NCs
K4BA70 Similar to 40S ribosomal protein S15-like (S. tuberosum) 207 031 NCS
K4CUWS3 Similar to 60S ribosomal protein L17 (A. thaliana) 249 011 CS
B5MOE5 B-Glucosidase 8 precursor (GH-17) 2111 028 CS
KADA5 E’prs((:jtiicnt:;jté:realslevi/?rilhék;/_adcgr?]l)ar inhibitor of fructosidase 2-like 309 047  CS
KAB1G1 hR;;g)nogalacturonan acetylesterase-At4g34215-like (SGNH 322 044 CS
Q6RHX9 éyﬂg)can endotransglucosylase-hydrolase XTH6 precursor 359 034 CS
K4CBX5 Predicted probable inactive purple acid phosphatase 27 274 042 CS
K4CPW9 Predicted probable inactive purple acid phosphatase 1 854 041 CS
K4DC68 Predicted bifunctional purple acid phosphatase 26 320 014 Cs

K4DGL5 Predicted protein aspartic protease in guard cell 1 (MEROPS A1) 3.89 032 CS
K4CYB7 Predicted protein aspartic protease in guard cell 1 (MEROPS A1) 9.89 0.24 CS

K4B2Y3 Probable LRR receptor-like Ser/Thr- kinase 3296 001 CS
G3XKQ7 Endonuclease 1 2.57 0.01 CS
K4B1G7 Predicted nectarin-1 (MnSOD-like) 3.30  0.29 NCS
K4BE45 Predicted uncharacterized protein LOC101253159 3.64 038 CS
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Proteins decreasing in both treatments included three peroxidases (AtPER14, 12- and
52-like), three proteases from the MEROPS peptidase families S8, 10 and Al, a lipid domain
(PI-PLC X) containing protein and an uncharacterized protein (Table 3.3.4).

3.3.4. Discussion

The proteomic approach used in this study has allowed for the reliable identification and
quantification of a large set of proteins in the xylem sap (643). This number is slightly higher
than those found in other xylem sap studies with LC-MS/MS (Ligat et al., 2011; Zhang et al.,
2015) and considerably higher than those found with 2-DE (100-200 proteins) (Rodriguez-
Celma et al, 2016a), highlighting the sensitivity of the methodological approach used.
Approximately 67 % of the identified xylem proteins (425) were classified as secretory using
prediction tools, a percentage lower than those reported, using a similar shotgun approach, in
Brassica oleracea (87 %) (Ligat et al., 2011) and Gossypium hirsutum (90 %) (Zhang et al.,
2015). Approximately one third of the identified and quantified proteins were not considered in
the biological interpretation of the results, since they were classified as non-secretory and thus
could reflect cytoplasmic contamination. The higher percentage of non-secretory proteins found
here may also be ascribed to the high sensitivity of the LC-MS/MS approach utilized, although
their unequivocal assignment to the xylem sap proteome would require further studies.

Both micronutrient deficiencies caused significant and biologically relevant changes in a
similar number of secretory proteins, accounting for approximately 20 % of the secretory xylem
sap proteome. This percentage is within the ranges reported for the effects of Fe deficiency on
other sub-proteomes (L6pez-Millan et al., 2013) and somewhat higher than those reported for
Mn-deficient plants (Li et al., 2015; Zargar et al., 2015). Manganese deficiency caused
decreases in abundance in most of the xylem secretory proteins changing in abundance (82 %;
67 proteins), whereas only 40 % (35 proteins) decreased in abundance as a result of Fe
deficiency (Figure 3.3.3B).

Overall, these results, along with the protein concentration changes observed (Table
3.3.1) indicate that Fe and Mn shortage increased and decreased, respectively, the xylem sap
protein load. This would be in agreement with the opposite changes observed with both stresses
in ribosomal proteins and certain proteases that can putatively be involved in protein maturation
(Table 3.3.4). Since the xylem protein extraction yield in Mn-deficient plants was lower than
those in Fe-deficient and control plants, the Mn deficiency-induced decreases in protein
abundances would be even more marked if changes were compared on a xylem sap volume

basis instead of on a protein basis.
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The xylem sap proteome of manganese-deficient plants is less proteolytic than that of

iron deficient plants

Among the secretory proteins affected in abundance by Fe and Mn deficiencies (88 and 82
proteins, respectively) a large number (15 and 13 proteins, respectively) were related to
proteolysis. However, whereas the large majority of proteins affected by Fe deficiency (11
proteins) increased in abundance (Table 3.4.S3 in Chapter 3.4, Data in Brief; Figure 3.3.3B),
Mn deficiency caused decreases in the relative abundance of all but one of these proteins
(Figure 3.3.3B). Proteins increasing upon Fe deficiency included five aspartic proteases
(MEROPS family Al), three subtilisin-like serine peptidases (MEROPS family S8), one serine
carboxypeptidase (MEROPS family S10) and two protease inhibitors (MEROPS inhibitor
family I3 and 120). Five of these proteins (Table 3.3.2) presented abundance increases among
the largest measured in this study (between 5- and 21- fold). The peptidases decreasing with Mn
deficiency were similar to those found in Fe-deficient xylem sap and included four aspartic
proteases (MEROPS family Al), four subtilisin-like serine peptidases (MEROPS family S8),
three serine carboxypeptidase (MEROPS family S10) and a glycopeptide hydrolase (PNGase
A). The only protease increasing with Mn deficiency was a non-classical secretory processing
metalloprotease (MEROPS family M16) that is likely to be mitochondrial. Among these
proteins, a subtilisin-like protein (K4D3L8) showed one of the largest decreases measured
(87%). These specific groups of proteases have been consistently found in xylem sap, where
they play roles in the degradation of damaged proteins and signaling, and also constitute a

defense mechanism against pathogen infection (Rodriguez-Celma et al., 2016a).

The increases in proteases abundance upon Fe deficiency may suggest that they are
needed to mediate degradation of ROS-damaged proteins, since it is known that Fe deficiency
increases oxidative stress (Lan et al., 2011; Zaharieva and Abadia, 2003). On the other hand, the
decreases measured in Mn-deficient plants support that the environment of Mn-deficient xylem
sap is less proteolytic and therefore it can be hypothesized that damaged proteins are less
abundant under Mn deficiency than under Fe deficiency or control conditions. However, not all
the proteases increased upon Fe shortage (four of them decreased) and protease inhibitors
significantly increased in abundance, suggesting that creating a proteolytic environment for
damaged protein degradation or defense is not the only role of the proteins found in this
category in the Fe-deficient xylem sap, with other additional roles being likely. For instance,
proteases may be needed for maturation of cell wall proteins (Schaller, 2004), and in
Arabidopsis it has been described that some extracellular aspartic proteases can generate peptide
elicitors, mediating a signaling system involved in the activation of local and systemic defense

responses against biotic stresses (Xia et al., 2004). Indeed, three aspartic proteases were affected
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by both nutrient deficiencies (one decreasing in both cases and two increasing or decreasing
with Fe or Mn deficiency, respectively; Table 3.3.4). Taken together with the changes of LRR-
RLKs (commented below), it is tempting to speculate that a similar peptide signaling system
may also occur in nutrient deficiencies. Finally, the decrease in proteases upon Mn shortage
could also indicate that maturation of secreted proteins is not needed, in line with the very low
percentage (18 %) of secretory proteins increasing under Mn deficiency.

The xylem sap proteome of iron-deficient plants shows more protection against

oxidative stress than that of manganese-deficient plants

The stress category (including oxido-reductases and defense proteins) was largely affected by
Fe and Mn deficiencies (13 and 14 proteins, respectively). However, while Fe deficiency caused
both increases and decreases in protein abundance (seven and six proteins, respectively), Mn
deficiency caused decreases in abundance in all but one protein. Most of the proteins in this
category corresponded to oxido-reductases, but the subcategories affected were slightly
different depending on the specific nutrient stress, with Fe deficiency inducing changes mostly
in class 111 heme-binding peroxidases (five decreasing and four increasing), and Mn deficiency
causing decreases in Cu oxidases (five proteins) and peroxidases (three proteins).

The peroxidases decreasing in abundance in both deficiencies were similar, and among
them we found orthologues of the Arabidopsis AtPrx 12, 44, 52 (in both deficiencies) and AtPrx
53 (only in the case of Fe deficiency) (Tables 3.4.S3 and 3.4.54 in in Chapter 3.4, Data in
Brief). All but AtPrx 44, which has an unknown specificity, are known to be involved in lignin
formation and their activities affect lignin content, structure and composition (Fernandez-Pérez
et al., 2015a; Shigeto et al., 2014, 2016). Therefore, these decreases support that the lignin
composition of the secondary cell wall is affected similarly by both nutrient deficiencies.
However, four more peroxidases also increased in Fe-deficient xylem sap, and they were similar
to AtPrx 21, 52, 63 and 72. Two of them (AtPrx 52 and 72) are involved in lignin synthesis, one
has an unknown specificity and one (AtPrx 21) has been described as a defense protein (Chassot
et al., 2007). These results indicate that the effect of Fe deficiency on the secondary cell wall via
peroxidase activity is more marked than that of Mn deficiency, and furthermore reveal the
complexity of the changes, since some lignin-related peroxidases increased and some decreased.
It is remarkable that the availability of Fe does not seem to play a direct role in the abundance of
these heme-binding peroxidases. In addition, the peroxidases increasing in abundance can also
have a role protecting from Fe deficiency induced oxidative stress. The existence of oxidative
stress is also supported by the increase measured in a predicted nectarin-1, (K4B1G7), a Mn

binding germin likely having MnSOD activity (Carter and Thornburg, 2000), which is likely to
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protect from oxidative stress while providing the substrate for the peroxidases. In the Mn-

deficient xylem sap this nectarin decreased in abundance, reflecting the Mn shortage.

Manganese deficiency also caused decreases in five Cu-oxidases, including three
blue-copper proteins of unknown function, with one cupredoxin and one phytocyanin domain,
as well as two multi-copper oxido-reductases. These decreases might indicate changes in the
redox state of the xylem sap towards a less oxidative environment, although the decrease in the
predicted laccase (K4C1R5), which plays a role in lignin polymerization (Turlapati et al., 2011),
may also affect the structure of the secondary cell wall. Two more proteins decreasing upon Mn
deficiency were a predicted y-glutamyltranspeptidase 3-like (K4DBV2), whose Arabidopsis
orthologue has been described as a cell wall associated protein that prevents oxidative stress by
removing oxidized glutathione (Ferretti et al., 2009; Ohkama-Ohtsu et al., 2007), and a L-
gulonolactone oxidase-like, which catalyzes the synthesis of ascorbic acid (Maruta et al., 2010).
These decreases in antioxidant enzymes also support that the environment in the Mn-deficient

xylem is less oxidative than in control plants.

Overall, the changes in abundance of oxidative and proteolytic enzymes, which increase
in Fe deficiency and decrease in Mn deficiency (Figure 3.3.3B), indicate that Fe deficiency
elicits more stress responses in the xylem sap than Mn deficiency. In addition, changes in oxido-
reductases related to lignin metabolism (which are similar to those measured in GHs) suggest
differences in the secondary cell wall composition between Mn-deficient and Fe-deficient plants
that could be mainly attributed to peroxidases in the case of Fe deficiency, and peroxidase,

copper-oxidase and fasciclin-like arabinogalactan proteins in the case of Mn deficiency.

Iron and manganese deficiencies affect primary cell wall metabolism in an opposite

manner

Iron and Mn deficiencies elicited a marked activation and deactivation, respectively, of the
primary cell wall metabolism. A large number of proteins (14) involved in polysaccharide
metabolism increased in abundance with Fe deficiency (Figure 3.3.3B), including 10 glycoside
hydrolases (GH; families GH-5, 16, 17, 18, 19 and 20), two pectic modifying enzymes (K4D4J5
and K4DONO), a rhamnogalacturonan acetylesterase (K4B1G1) and an expansin precursor
(A7X331) (Table 3.4.S3 in Chapter 3.4, Data in Brief). Two of the GHSs, belonging to families
17 (B5MO9ES5; B-glucosidase 8 precursor) and 18 (K4CAY1; a predicted chitinase), showed
increases among the largest measured in this study (21- and 5- fold, respectively), whereas the
others increased markedly (between 2- and 5-fold). All these proteins are extracellular and
participate in the hydrolysis and/or rearrangement of glycoside bonds in cell wall

polysaccharides (Minic, 2008). Five of the GHs belong to families 5 and 17, which are mainly
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endo-glucanases (CAZy description) and in conjunction with the two pectin-esterases, could
participate in primary cell wall degradation. In line with this hypothesis, it has been described
that Fe deficiency causes a reduction in the xylem vessel size in leaves (Eichert et al., 2010;
Fernandez et al., 2008), as well as changes in the lignification pattern in roots (Donnini et al.,
2009) and in the lignin/ protein ratio in stem tissues (Rodriguez-Celma et al., 2016c). Also,
several GHs have been described as Fe-responsive in different sub-proteomes of Fe-deficient
plants (Lépez-Millan et al., 2013), with some increasing in abundance in the leaf apoplastic
fluid (Ceballos-Laita et al., 2015). Iron deficiency-induced modifications in the primary cell
wall may affect sap flow and composition by altering permeability, although it has also been
speculated that the increases in abundance of GHs may lead to an extra C supply to complement
the low photosynthetic rates of Fe-deficient plants (Donnini et al., 2010). Additionally, four
GHs belonging to families 18, 19 and 20 are N-acetyl-hexosaminidases, mainly involved in N-
glycan degradation, and therefore their increases may indicate a decrease in N-glycosylation,

which is assumed to be a major post-translational modification of secreted proteins.

Conversely, Mn deficiency led to a down regulation of primary cell wall metabolism.
Thirteen polysaccharide-related proteins decreased in abundance, with nine of them being GHs,
two being pectic-modifying enzymes and two more being related to rhamnogalacturonan
metabolism (a lyase and an acetylesterase) (Table 3.4.S4 in Chapter 3.4, Data in Brief). Among
the GHs decreasing in abundance, two belong to GH families 10 and 17 (xylanases and
endoglucanases) involved in cellulose and xylan degradation whereas three more belong to GH-
19, 20 and 35 (N-acetylglucosaminidase, N-acetyl-galactosaminidase, and [B-galactosidase)
which hydrolyze C-N bonds. These decreases suggest that processes involving cell wall and N-
glycan degradation may be reduced in the xylem sap of Mn-deficient plants, conversely to what
was observed in the case of Fe deficiency. Likewise, the decreases in two pectin esterases and in
three proteins affecting galacturonate residues (a rhamnogalacturonate lyase, the
polygalacturonase GH-28 and a rhamnogalacturonate acetylesterase), which are very abundant
in pectic polysaccharides, support that primary cell wall degradation is reduced upon Mn
deficiency. Overall, the changes induced by Mn deficiency could lead to modifications in the
rigidity of the primary cell wall, following the opposite direction than those observed with Fe

deficiency.

Several xylem signaling pathways seem to play a role in the response to nutrient

deficiencies

Data suggest that a CLE (CLAVATA3/EMBRYO SURROUNDING REGION-RELATED;
CLV3/ESR-related) signaling pathway could be elicited in the xylem in response of Fe

deficiency. The largest increases in abundance with Fe deficiency were measured in two leucine
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rich repeat-receptor like kinases (LRR-RLK), K4D0Y5 and K4B2Y3 (57- and 33-fold
increases, respectively), with K4B2Y3 showing one of the largest decreases in abundance (>
99%) upon Mn deficiency. The function of K4B2Y3 is unknown, but it is likely that this LRR-
RLK is involved in a signaling pathway induced under Fe deficiency but repressed under Mn-
deficient conditions. An antagonistic regulation of Mn and Fe acquisition has been recently
proposed to occur in a genomics and proteomics study on whole Arabidopsis roots (Rodriguez-
Celma et al., 2016b). The Arabidopsis orthologue of K4DOY5 (AtSKM1, At2g25790)
participates in the CLE45 signaling pathway (Endo et al., 2013; Kang et al., 2016). CLE45
mitigates heat stress by binding with SKM1/SKM2 to sustain pollen growth under high
temperatures (Endo et al., 2013). Members of the CLE peptide family are xylem borne,
composed of 12 or 13 amino acids and play crucial roles in xylem developmental processes
(Hirakawa et al., 2008, 2010; Ito et al., 2006; Ohyama et al., 2009; Stahl et al., 2009).
Furthermore, members of the CLE family are involved in N and P stress signaling pathways that
regulate plant growth and development (Wang et al., 2015). Therefore, it is tempting to
speculate that a xylem CLE signaling pathway is also involved in the response to Fe deficiency
via K4DQY5, and that this pathway may regulate Fe-induced changes in xylem growth

processes.

Data also suggest that a lipid-based signaling system exists in the xylem sap that is tuned
differently in the Fe and Mn deficiencies. In the phloem, lipids have been proposed as long-
distance signals in response to abiotic stress in a mechanism that involves a putative GDSL-
motif lipase, PIG-P-like protein, with a possible receptor-like function, and a lipid transfer
protein (Barbaglia et al., 2016; Benning et al., 2012). Proteins involved in lipid metabolism
were affected by both nutrient deficiencies (five and six proteins in Fe and Mn deficiency,
respectively). The second largest increase in Fe-deficient xylem sap was measured in a GDSL-
motif lipase (K4DD79; 47- fold). The exact role that this lipase plays in the Fe deficiency
response is not clear. However, the presence of four more proteins related to lipid metabolism
(two increasing and two decreasing), and especially the 3-fold increase of a lipid transfer protein
(K4BFV4) could support the existence of a lipid-based signaling system in the xylem sap
(Carella et al., 2016). Interestingly, upon Mn shortage, significant decreases were measured in
all six proteins related to lipid metabolism, including a GDSL motif lipase and two lipid transfer
proteins. The fact that these proteins decreased upon Mn deficiency could indicate that this
signaling pathway is repressed under Mn stress, different to what occurs with Fe deficiency.
However, one of them, a phosphatidylinositol-specific phospholipase C (PI-PLC) domain-
containing protein (K4B315) decreased in both treatments (Table 3.3.4). PI-PLCs often play

important roles in various signaling cascades (Hicks et al., 2008; Meldrum et al., 1991) and
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therefore its decrease might indicate a common regulatory control point occurring in both

deficiencies.

It is also worth mentioning that signaling-related fasciclin-like arabinogalactan proteins
decreased in abundance in the xylem sap of plants affected by both nutrient deficiencies,
including three in Mn-deficient (FLA-2, 11- and 12-like) and one in Fe-deficient (FLA-9-like)
xylem sap. The FLA-11- and 12-like proteins belong to a subset of FLAs (groupA) that appear
to contribute to the biomechanical properties (strength and elasticity) of stems through their
impact on the synthesis and architecture of the secondary cell wall (Zhang et al., 2015;
MacMillan et al., 2010).

Iron and Mn deficiencies also affect phosphorylation and glycosylation processes, as
judged by changes in PAPs abundances, with modifications generally following an opposite
pattern. Upon Fe deficiency, four purple acid phosphatases (PAPs) showed abundance increases
ranging between 3 and 9-fold. These increases may account for changes in the phosphorylation
status of the xylem sap, in line with the proposed existence of an extracellular phosphorylation
network (Ndimba et al., 2003). It is generally thought that a main role for PAPs is to provide P
to overcome P starvation conditions (Del Vecchio et al., 2014; Robinson et al., 2012), but some
PAPs are extracellular and can also dephosphorylate GHs, thus modulating their activities in the
cell walls (Kaida et al., 2010). Given that PAPs are Fe-containing proteins, their increases in
abundance upon Fe starvation denote important roles. Having this in mind, and since a human
PAP can act as an Fe transporter in combination with ascorbate (Nuttleman and Roberts, 1990),
it is tempting to speculate that these proteins may also somehow participate in the transport of
Fe in the xylem sap. In Mn-deficient xylem sap, considerable decreases (60-90 %) were
measured in the PAPs abundances, opposite to what was observed upon Fe deficiency. This
supports that in Mn limiting conditions proteins would likely remain phosphorylated when
compared to control and/or Fe-deficient xylem sap, thus revealing a different tuning of
phosphorylation in Fe and Mn stresses. A similar situation was observed for N-glycosylation,
since, as commented in previous Section, GHs hydrolyzing C-N bonds increased in abundance

in xylem sap of Fe-deficient plants but decreased in Mn-deficient ones.

Synthesis of proteins associated to the xylem sap is elicited by Fe deficiency and

decreased by Mn deficiency

Interestingly, four structural components of the ribosome increased in abundance in Fe-deficient
xylem sap whereas four decreased in Mn-deficient xylem sap, one of them showing one of the
largest decreases observed (89 %). Since most of these proteins were classified as NCS, this

suggests that Fe deficiency causes an increase in the abundance of ribosomes located in cells
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having a close proximity to the xylem vessels, therefore being easily leaked upon cell rupture
during xylem sampling. This is in line first with the large number of proteins increasing (60 %)
and decreasing (82 %) in abundance in Fe- and Mn-deficient conditions, respectively, which
would imply that de novo synthesis of proteins is not needed in Mn deficiency, and second with
the opposite changes observed in certain proteases that can be involved in protein maturation
(Table 3.3.4).
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ABSTRACT

This article contains consolidated proteomic data obtained from xylem sap collected from
tomato plants grown in Fe- and Mn-sufficient control, as well as Fe-deficient and Mn-deficient
conditions. Data presented here cover proteins identified and quantified by shotgun proteomics
and Progenesis LC-MS analyses: proteins identified with at least two peptides and showing
changes statistically significant (ANOVA; p < 0.05) and above a biologically relevant selected
threshold (fold > 2) between treatments are listed. The comparison between Fe-deficient, Mn-
deficient and control xylem sap samples using a multivariate statistical data analysis (Principal
Component Analysis, PCA) is also included. Data included in this article are discussed in depth
in the research article entitled “Effects of Fe and Mn deficiencies on the protein profiles of
tomato (Solanum lycopersicum) xylem sap as revealed by shotgun analyses” (Ceballos-Laita et
al., 2018, Chapter 3.3). This dataset is made available to support the cited study as well to

extend analyses at a later stage.

3.4.1. Specifications table

Subject area Biology
More specific subject area Plant Physiology
Type of data Tables, figures and images (pictures of plant material)

Shotgun mass spectroscopy approach using an ADVANCE
UHPLC system

Data format Raw, statistical uni- and multi-variate analysis

How data was acquired
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Experimental factors

Experimental features

Data source location

Data accessibility

Proteins were directly isolated from the xylem sap of Fe-
deficient, Mn-deficient and control (Fe- and Mn-sufficient)
plants

Plants grown in nutrient solution under control, Fe- and Mn-
deficient conditions were analyzed and xylem sap collected by
de-topping. Xylem sap proteins were precipitated, resuspended
and analyzed by label free LCMS/MS (Ceballos-Laita et al.,
2018, Chapter 3.3)

Tomato (Solanum lycopersicum, cv. Tres Cantos) plants were
grown hydroponically in a controlled environment chamber

The MS proteomics data have been deposited to the
ProteomeXchange Consortium via the Pride partner repository
with the data set identifier PXD007517

3.4.2. Value of the data

Tomato xylem sap proteins identified and quantified using a shotgun approach are
presented herein, providing data on the protein composition of this fluid and facilitating
comparisons with other plant species and different plant stresses.

Statistically significant and biologically relevant changes in the xylem sap protein
composition upon Fe and Mn deficiencies provide information to assess the effects of
these nutritional deficiencies on the metabolic pathways of tomato plants growing in
controlled environmental conditions, and results could be compared to those found in
other nutritional constraints.

Data would allow other researchers to assess the companion paper (Ceballos-Laita et

al., 2018, Chapter 3.3), extend analyses at a later stage and facilitate the study of target

proteins in tomato xylem sap.

3.4.3. Data

The proteome data presented herein were collected from xylem sap fluid of tomato plants grown

in two nutritional deficiencies that occur often in plants, Fe and Mn deficiency (Figures 3.4.1

and 3.4.2). A shotgun proteomic approach and data processing software were used to identify

and quantify a large number of proteins in the xylem sap as well as to assess the changes

induced in the proteome of this fluid by these nutritional stresses. The peptides used in the

quantification and the protein profiling of the xylem sap proteome are shown in Tables 3.4.S1

and 3.4.S2, respectively. To assess the effects of Fe deficiency or Mn deficiency, the ratios of

normalized protein abundances between nutrient-deficient and control samples were calculated,

and proteins showing changes statistically significant (ANOVA; p < 0.05) and above a

biologically relevant threshold (fold > 2) are shown in Tables 3.4.S3 and 3.4.54, respectively.
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Multivariate statistical analyses (Principal Component Analysis, PCA) of proteins showing
statistically significant changes (ANOVA; p < 0.05) are shown in Figure 3.4.3. The MS
proteomics data have been deposited to the ProteomeXchange Consortium via the Pride partner
repository with the data set identifier PXD007517.The full description of Materials and
Methods, Results and Discussion for this data set are presented in the associated research article
(Ceballos-Laita et al., 2018, Chapter 3.3).

3.4.4. Experimental design, materials and methods

For each of three treatments (Fe- and Mn-sufficient control, Fe-deficient and Mn-deficient

conditions), the xylem sap fluid from six independent batches of plants were collected after

eight days of treatment (Figures 3.4.1 and 3.4.2).

Figure 3.4.1: Composite image depicting pictures of whole plants from Fe-deficient, control and Mn-
deficient plants at the time of sampling.

In each batch of plants, fluid from 16-18 plants was pooled together and considered as a
biological replicate (total n = 6). Xylem sap proteins were precipitated, resuspended in the
appropriated buffer (Ceballos-Laita et al., 2018, Chapter 3.3) and analyzed by shotgun
proteomics. Mass spectrometry analysis was carried out on an LTQ Orbitrap XL (Thermo
Fisher Scientific, Waltham, MA, USA) equipped with Xcalibur software (v. 2.0.7, Thermo
Fisher Scientific). Parameters used were: peptide mass and MS/MS tolerances of £ 5 ppm and +
0.6 Da, respectively; one missed cleavage, fixed modification carbamidomethylation (Cys) and
variable modification oxidation (Met) allowed; and peptide charges +1 to +3. Data files
obtained were processed (Progenesis QI) and all peptides identified and quantified are shown in
Table 3.4.S1. Proteins identified (MASCOT v. 2.4.1 using the NCBI database) are shown in
Table 3.4.52. Data on abundance changes between treatments are provided after using two

filters: ANOVA statistical significance (p < 0.05) and a biologically relevant threshold level
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(fold > 2) (Tables 3.4.S3 and 3.4.54, for Fe and Mn deficiencies, respectively). Principal
Component Analysis (PCA) analyses were carried out using SPSS Statistical software (v. 24.0)

(Figure 3.4.3).

i

Mndeficient

Figure 3.4.2: Composite image showing pictures of the plant culture set up for Fe-deficient, control and
Mn-deficient plants at the time of sampling, with insets showing close-ups of the leaves and roots of the

same plants.
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Figure 3.4.3: Score scatter PCA (Principal Component Analysis) plot of nutrient-deficient samples when
compared to controls. Principal component analysis was carried out using SPSS Statistical software (v.
24.0) and included proteins showing statistically significant changes (ANOVA; p <0.05) as a result of the
nutrient deficiency treatments. Fe-sufficient, Fe-deficient and Mn-deficient samples are depicted with
green, blue and orange circles, respectively.
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Protein identification was carried out using the list of total peptides with the Mascot
search engine (Ceballos-Laita et al., 2018, Chapter 3.3). Protein information was exported from
Mascot .xml format and imported to Progenesis (Ceballos-Laita et al., 2018, Chapter 3.3),
which then associates peptide and protein information.

Table 3.4.S1: List of peptides identified and quantified by shotgun proteomics and Progenesis LC-MS
analyses. (https://ars.els-cdn.com/content/image/1-s2.0-5S2352340918300374-mmc2.xlsx)

Table 3.4.S2: List of proteins identified and quantified by shotgun proteomics and Progenesis LC-MS
analyses. (https://ars.els-cdn.com/content/image/1-s2.0-5S2352340918300374-mmc3.xlsx)

Positive protein identification was assigned with at least two unique top-ranking peptides
with scores above the statistical and biological threshold levels (ANOVA; p < 0.05 and fold >
2). Proteins achieving these thresholds are shown in Tables 3.4.S3 and 3.4.54 for Fe-and Mn-

deficient samples, respectively.

Table 3.4.S3: List of proteins showing significanz changes (ANOVA; p < 0.05) above the biological
relevance threshold (fold > 2) and identified and quantified with at least two peptides when Fe-deficient
xylem sap samples were compared to those of control conditions. (https://ars.els-
cdn.com/content/image/1-s2.0-S2352340918300374-mmc3.xIsx)

Table 3.4.54: List of proteins showing significant changes (ANOVA; p<0.05) above the biological
relevance threshold (fold > 2) and identified and quantified with at least two peptides when Mn-deficient
xylem sap samples were compared to those of control conditions. (https://ars.els-
cdn.com/content/image/1-s2.0-52352340918300374-mmc3.x1sx)

Companyon article

Ceballos-Laita L., Gutierrez-Carbonell E., Takahashi D., Abadia A., Uemura M., Abadia J.,
Lopez-Millan A.F. Effects of Fe and Mn deficiencies on the protein profiles of tomato (Solanum
lycopersicum) xylem sap as revealed by shotgun analyses. J. Proteomics (2018) 170, 117-129.
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ABSTRACT

The aim of this work was to assess the effects of manganese (Mn) toxicity on the proteome of
tomato roots using two proteomic approaches, shotgun and two-dimensional electrophoresis.
The shotgun approach yielded 367 reliable proteins, whereas the 2-DE approach detected 340
consistent spots. The 2-DE method found 54 proteins changing in relative abundance in the
excess Mn treatment, whereas the shotgun detected changes in 118 proteins. Only 7 % of the
differential proteins were found by both methods, illustrating their complementary nature.
Metabolic pathways most affected were protein metabolism, oxido-reductases and signaling.
Results support that Mn toxicity alters the protein turnover and impairs energy production in
roots, leading to changes in glycolysis, pyruvate metabolism, TCA and oxidative
phosphorylation. Excess Mn also induced changes in peroxidases and hydrolases participating
in cell wall lignification and suberization and activated plant defense mechanisms, with changes
occurring via pathogenesis-related proteins as well as peroxidases. Finally, Mn toxicity elicited
regulatory mechanisms and affected the abundance of root nutrient reservoir proteins. The
overall analysis of the differential root proteome upon Mn toxicity suggests a general slowdown
of metabolic activities especially energy production, cell wall integrity and protein turnover

which occurs in parallel with increases in stress related proteins.
Biological significance

The present work applies two dimensional electrophoresis and shotgun proteomic approaches to

unravel the effects of Mn toxicity on the tomato root proteome. In spite of the well-known
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sensitivity of the shotgun technique, the number of proteins detected exclusively by any of the
two methods was relevant, confirming that both techniques are complementary. The overall
analysis of the differential root proteome upon Mn toxicity suggests a general slowdown of
metabolic activities, especially energy production, cell wall integrity and protein turnover which
occurs in parallel with increases in stress related proteins. Mn toxicity seems to elicit changes in
protein turnover, based on the decreases measured in the categories of protein synthesis and
degradation. Metabolic pathways involved in energy production were heavily affected by Mn
toxicity, showing a reduction in the production of ATP and reducing power. In addition, excess
of Mn caused alterations in the root cell wall properties, associated to increases in several
peroxidases and glycosyl-hydrolases involved in cell wall lignification and suberization, which
probably affect cell wall stiffening and expansion, likely leading to the inhibition of root
growth. Our results also suggest that exposure to excess Mn caused a high stress situation,
increasing general and ROS defense related proteins. Finally, decreases in several proteins with
RNA binding domains suggest that RNA regulatory mechanisms are relevant in the modulation

of the cellular response to Mn toxicity.

3.5.1. Introduction

Manganese (Mn) is an essential micronutrient necessary for all living organisms, and in
photosynthetic organisms it is a component of the O, evolving complex of the photosystem 11
that carries out water splitting (Pittman et al., 2005; Socha and Guerinot, 2014). In plants, Mn is
also a cofactor of multiple enzymes participating in important physiological and biochemical
processes such as the Krebs cycle and the biosynthesis of many cell components, including
RNA, proteins, carbohydrates, acyl lipids, flavonoids and lignins (Lidon et al., 2004; Millaleo et
al., 2010). In addition, Mn plays an important role in redox homeostasis and reactive oxygen
species (ROS) physiology through the activity of MnSOD (Wang et al., 2007).

Manganese occurs in the soil in a wide range of oxidation states, with its solubility
depending on soil pH and redox conditions, and is taken up by roots mainly as Mn(ll)
(Hernandez-Soriano et al., 2012; Marschner and Marschner, 2012). Since the amount of Mn(ll)
in soils increases when the pH decreases below 5.0 (Lynch and St. Clair, 2004; Watmough et
al., 2007), Mn may become toxic for plants in acidic soils (Mukhopadhyay and Sharma, 1991),
which includes 50 % of the arable lands in the world (Foy, 1984). The percentage of acid soils
is progressively increasing due to use of intensive horticulture and acidifying fertilizers
(Millaleo et al., 2010; Graham et al., 2002) and climate events such as elevated ozone levels,
increased ambient temperatures and emission of acidic gases (Driscoll et al., 2001; Fernando
and Lynch, 2015; Guo et al., 2010). Visual symptoms of Mn toxicity include brown spots, leaf

chlorosis and necrosis of leaves, and they generally occur when leaf Mn concentrations are
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higher than 100 mg Mn g™ of dry weight (Millaleo et al., 2010; Epstein and Bloom, 2015). An
excess of Mn also causes alterations in the correct function and structure of leaf cell organelles
due to oxidative stress via ROS (Gonzalez et al., 1998; Mittler, 2002; St. Clair and Lynch,
2005). In addition, Mn toxicity impairs photosynthesis, causes pigment degradation and alters
hormone balances and enzyme activities (Durst, 1976; Millaleo et al., 2013; Srivastava and
Singh, 2006; Yao et al., 2012). Finally, the genotoxic effects of this metal cause disturbances in
the metabolism of carbohydrates, amino acids, proteins and nucleic acids, which ultimately
affect cell division and therefore plant growth (Mukhopadhyay and Sharma, 1991; Yao et al.,
2012; Durand et al., 2010; Fihrs et al., 2012; Zhou et al., 2013).

In spite of the importance of Mn, little is still known about the molecular mechanisms
participating in its homeostasis. Several families of transporters are involved in Mn transport
across membranes, including NRAMP (natural resistance associated macrophage protein), ZIP
(ZRT/IRT1-related protein), YSL (yellow stripe-like), CAX (cation exchanger), CCX (Ca
cation exchangers), CDF (cation diffusion/facilitator), P-type ATPases and VIT (vacuolar Fe
transporter) (Pittman, 2005; Socha and Guerinot, 2014; Shao et al., 2017). Characterized
members of these families participating in Mn transport into the cytosol include the Mn root
plasma membrane uptake transporters AINRAMP1, OsNRAMP5 and AtIRT1 (Cailliatte et al.,
2010; Connolly et al., 2002; Curie et al., 2000; Ishimaru et al., 2012; Sasaki et al., 2012), the
vacuolar exporters AtNRAMP3 and 4, AtZIP1 and OsYSL6 (Fecht-Christoffers et al., 2003;
Milner et al., 2013; Thomine et al., 2003), the xylem unloading transporters AtZIP2 (Milner et
al., 2013) and OsNRAMP3 (Yamaji et al., 2013), and the phloem unloading transporter
OsYSL2 (Koike et al., 2004). Also, Ca-permeable channels can transport Mn in several plant
species (Socha and Guerinot, 2014). Characterized transporters involved in Mn export from the
cytosol include vacuolar CAX (AtCAX2, AtCAX4, AtCAX5, OsCAXla, OsCAX3), CCX
(AtCCX3), VIT (AtVIT1) and CDF importers (OsMPT8.1) (see Socha and Guerinot, 2014 for a
review). In addition, two members of the P-type ATPases family, AtECA1 and AtECA3, have
been described to export Mn from the cytosol into the endoplasmatic reticulum (ER) and Golgi,
respectively, whereas AtMTP11 (the only characterized CDF Mn transporter so far) is localized
in the Golgi apparatus and it is believed to participate in Mn vesicular trafficking and exocytosis
(Peiter et al., 2007). The wide array of existing Mn transporters, their overlapping functions, and

their ability to transport several micronutrients indicate the complexity of Mn homeostasis.

Physiological studies have revealed that plants can use several strategies to cope with
excess Mn, including the regulation of the acquisition and distribution of Mn (Delhaize et al.,
2003; Dou et al., 2009; Wu et al., 2002), a decreased translocation of Mn from roots to shoots
(Zhou et al., 2013; Chen et al., 2016; You et al., 2014), and the complexation of free Mn ions

into metabolically inactive chelates, either in the plant or in the rhizosphere (Pittman et al.,
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2005; Chen et al., 2015; De la Luz Mora et al., 2009; Fernando et al., 2010; Horst and Maier,
1999). On the other hand, molecular studies characterizing Mn transporters have revealed that
Mn sequestration in the vacuole or apoplast and mobilization into the ER and Golgi play
important roles in the plant tolerance to Mn excess (Socha and Guerinot, 2014; Horst and Maier,
1999; Hirschi et al., 2000; Schaaf et al., 2002). It has been suggested that AtECAL might play a
major role in managing Mn toxicity in the cell (Wu et al., 2002), whereas AtECA3 and
AtMTP11 participate in detoxification of Mn via the Golgi apparatus (Peiter et al., 2007; Wu et
al., 2002; Li et al., 2008).

Proteomic approaches can be useful to understand the underling mechanisms used by
plants to cope with Mn-toxicity on a whole plant basis. However, to date little proteomic
information is available about plant responses to this nutritional stress. Proteomic studies to date
have focused on the effect of Mn stress in leaves, which causes revealing major impairments in
photosynthesis and large increases of reactive oxygen species (ROS) (Fecht-Christoffers et al.,
2003; Fuhrs et al., 2008). The only studies on the effects of Mn toxicity on root proteome were
carried out by 2-DE using two Citrus species, Citrus sinensis and Citrus grandis (You et al.,
2016) and Glycine max (Chen et al., 2016). These studies indicated the existence of an increased
protein turnover as well as alterations in root cell wall structure and lignification, which are in
line with the root growth inhibition observed with excess of Mn in several plant species
(Gonzalez et al., 1998; Fecht-Christoffers et al., 2003; Chen et al., 2015; 2016). Assessing the
effects of Mn toxicity in roots of different plant species can provide new and complementary
information about the plant responses elicited in the metabolic adaptation to this nutritional
stress. Therefore, the aim of this work was to assess the effect of Mn toxicity on the root
proteome of tomato (Solanum lycopersicum) using two proteomic approaches based on two-

dimensional electrophoresis (2-DE) and mass spectrometry shotgun analyses.
3.5.2. Materials and methods

Plant material and sampling

Tomato (Solanum lycopersicum, cv. Tres Cantos) plants were grown hydroponically in a
controlled environment chamber (Fitoclima 10.000 EHHF, Aralab, Lisbon, Portugal) with a
photosynthetic photon flux density (PPFD) of 400 pmol m? s photosynthetically active
radiation, 80 % relative humidity and a photoperiod of 16 h, 23°C/8 h, 18°C day/night regime.
Seeds were germinated in vermiculite for 13 days in half-strength Hoagland nutrient solution
containing 4.6 pM MnCl,. Seedlings were then transplanted to 10 L plastic buckets (16-18
plants per bucket) containing half-strength Hoagland nutrient solution and grown for an

additional 13-day period. Iron was added as 45 uM Fe(lll)-ethylenediamine tetraacetic acid
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(EDTA). After this time, solutions were renewed and control (4.6 pM MnCl,) and Mn-toxicity
(300 uM MnCl,) treatments imposed. Roots and leaf disks were collected eight days after

treatment onset, frozen in liquid nitrogen and kept at -20°C until analysis.
Experimental design

One independent experiment consisted in two buckets (one bucket per treatment) containing 16-
18 plants each, with roots from two plants per bucket being pooled, used for protein extraction
and considered as a biological replicate. This set up was repeated four times for the 2-D
electrophoresis analysis (n = 4) and five times for the shotgun analysis (n = 5).

For mineral analysis, roots from two plants per treatment were sampled separately and
mean values calculated, and the experiment was repeated at least three times (n = 3).
Photosynthetic pigment analyses were performed in three plants per treatment (using two leaves
in each plant and five disks per leaf) in at least three independent experiments (n = 3). For Fe
reductase activity, measurements were performed in eight plants per treatment in a single

experiment (n = 8).
Mineral analysis, chlorophyll estimation and photosynthetic pigment analysis

For nutrient analysis, roots were sampled, washed, dried and milled using standard procedures
(Carrasco-Gil et al., 2016). Plant tissues (100 mg dry weight) were digested in a microwave
system (Milestone Ethos Plus, Bergamo, Italy) with 6.4 mL HNO; (26 %, TraceSelect Ultra,
Sigma-Aldrich, Madrid, Spain) and 1.6 mL H,0, (30 %). The concentrations of micro- (Fe, Mn,
Cu and Zn) and macronutrients (Ca, Mg and K) were determined by flame atomic absorption

spectrometry (AAS) using a Solaar 969 apparatus (Unicam Ltd., Cambridge, UK).

Disks for pigment analysis were sampled using a calibrated 0.5-cm-diameter cork borer
from young (L4-L5) and old (L1-L3) expanded leaves (Carrasco-Gil et al., 2016) at sampling
time (eight days after treatment onset), wrapped in aluminum foil, frozen in liquid N, and stored
at -20 °C until analysis. Leaf pigments were extracted with acetone in the presence of Na
ascorbate and stored following the procedure described in (Abadia and Abadia, 1993). Pigment
extracts were thawed on ice, filtered through a 0.22-um polytetrafluoroethylene (PTFE) filter
and analyzed by high-performance liquid chromatography using a Waters 600 pump and 996
photodiode array detector (Waters Co., Milford, MA, USA) (Larbi et al., 2004). The total
concentrations of Chl (Chl a + Chl b), neoxanthin, violaxanthin (V), lutein epoxide
(taraxanthin), antheraxanthin (A), lutein and zeaxanthin (Z). The ratios Chl a/Chl b and (A+Z)/

(V+A+Z) were also calculated.
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Root iron reductase activity

The root ferric reductase activity (FC-R) of intact, illuminated plants was determined by
following the formation of the Fe(I1)-BPDS complex from Fe(ll1)-EDTA (Bienfait et al., 1983).
Eight days after the treatment onset, individual plants were transferred to 250 ml beakers
containing 5 mM Mes-KOH pH 5.5 solution supplemented with 300 uM BPDS and 500 uM
Fe(l11)-EDTA. The beaker was fully covered with aluminum foil, and the solution was aerated
continuously. Aliguots were collected 30 min after placing plants in the beakers and absorbance
was measured at 535 nm with a spectrophotometer (UV2450, Shimadzu, Kyoto, Japan). An
extinction coefficient of 22.14 mM™ cm™ was used for the estimation of reduced Fe. Blanks
were made in the absence of plants to correct for any photoreduction and also in the presence of
plants but adding Fe only at the end of the reaction to correct for Fe reduction caused by

secreted substances.
Protein extraction

Approximately 0.5-1.0 g of root material (pooled from 2 plants of a given treatment) was
ground in liquid N, with mortar and pestle, and then homogenized in 6 mL of phenol saturated
with Tris-HCI 0.1 M (pH 8.0) containing 5 mM B-mercaptoethanol, by stirring for 30 min at 4
°C. After incubation, the homogenate was filtered (PVDF, 0.45 um) and centrifuged at 5000 x g
for 15 min. The phenol phase was re-extracted for 30 min with one volume of phenol saturated
Tris-HCI 0.1 M (pH 8.0) containing 5 mM B-mercaptoethanol, and centrifuged as described
above. The phenol phase was collected, and proteins precipitated by adding five volumes of
cold 0.1 M ammonium acetate in methanol. Samples were kept overnight at -20°C and then
centrifuged at 20,000 x g for 20 min. The pellet was washed twice with cold methanol, dried
with N, gas and solubilized in a sample rehydration buffer containing 8 M urea, 2 % (w/v)
CHAPS, 50 mM DTT, 2 mM PMSF and 0.2 % (v/v) IPG buffer pH 3-10 (GE Healthcare,
Uppsala, Sweden). After rehydration, samples were incubated in a Thermomixer Confort device
(Eppendorf AG, Hamburg, Germany) at 42 °C and 1,000 rpm during 3 h, then centrifuged at
10,000 x g for 10 min at room temperature and filtered (0.45 pm ultrafree-MC filters, Millipore,
Bedford, USA). Protein concentration was quantified immediately with a Bradford kit (Sigma-
Aldrich, St. Louis, MO, USA) method using microtiter plates in an Asys UVM 340
spectrophotometer (Biochrom Ltd., Cambridge, UK) and BSA as standard.

Label free liquid chromatography-tandem mass spectrometry (LC—MS/MS)

Sample preparation for label free LC-MS/MS shotgun analysis was carried out according to (Li

et al., 2012). Briefly, 5 pg of total proteins were subjected to 1-DE to remove non-protein
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compounds. The resulting gel bands were cut into six pieces, proteins were in gel digested with

trypsin, and peptides were subsequently extracted.

Peptide solutions were concentrated in a trap column (Lcolumn Micro 0.3 x 5 mm; CERI,
Japan) using an ADVANCE UHPLC system (Michrom Bioresources, Auburn, CA, USA).
Elution was carried out with 0.1 % (v/v) formic acid in ACN and concentrated peptides were
separated in a Magic C;g AQ nano column (0.1 x 150 mm; Michrom Bioresources) using a
linear gradient of ACN (from 5 % to 45 %) and a flow rate of 500 nL min™. Peptide ionization
was carried out with a spray voltage of 1.8 kV using an ADVANCE spray source (Michrom
Bioresources). Mass spectrometry analysis was carried out on an LTQ Orbitrap XL (Thermo
Fisher Scientific, Waltham, MA, USA) equipped with Xcalibur software (version 2.0.7, Thermo
Fisher Scientific) and mass data acquisition parameters were set as described elsewhere
(Gutierrez-Carbonell et al., 2016).

Mass data analysis was performed according to (Takahashi et al.,, 2013). Protein
identification was carried out using the full peptide list with the Mascot search engine (version
2.5.1, Matrix Science, London, UK) and NCBI 20151004 database (72,195,234 sequences;
26,318,602,641 residues). Search parameters were: peptide mass tolerance £5 ppm, MS/MS
tolerance +0.6 Da, one allowed missed cleavage, allowed fixed modification
carbamidomethylation (Cys), and variable modification oxidation (Met) and peptide charges
were set to +1, +2 and +3. Positive protein identification was assigned with at least two unique
top-ranking peptides with scores above the threshold level (p < 0.05). The false discovery rate
(FDR) for protein identification, based on a search of the Mascot decoy database, was less than
5%. Protein information was exported from Mascot .xml format and imported to Progenesis QI
for proteomics software (v. 2.0, Nonlinear Dynamics, Newcastle upon Tyne, UK), which then
associates peptide and protein information. The MS proteomics data have been deposited to the
ProteomeXchange Consortium via the (Vizcaino et al., 2016) partner repository, with the data
set identifier PXD008326.

Proteins changing in relative abundance were selected using a paired Student t-test and a
significance level of p < 0.05. Protein response ratios were defined as the normalized protein
abundance in the treatment divided by the normalized abundance in the control. Only changes
with a p < 0.05 (Student t-test) and a ratio > 2 or < 0.5 were considered as statistically
significant and biologically relevant, respectively. Multivariate statistical analyses (Principal
Component Analysis; PCA) were carried out using SPSS Statistical software (v. 24.0),
including only proteins showing statistically significant changes (Student t-test; p < 0.05) as a
result of the Mn toxicity treatment. We used the GO biological process annotation
(http://www.geneontology.org) and domain annotations for classification of each individual

protein identified into nine different functional categories (protein metabolism, signaling,
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carbohydrate metabolism, oxido-reductases, polysaccharide metabolism, defense, lipid
metabolism, unknown and a miscellaneous group containing functional categories not belonging

to the previous groups).
Protein 2-DE separation of root samples

Preliminary 2-DE experiments were carried out in root samples using a first dimension IEF
separation on 7 cm ReadyStrip IPG Strips (BioRad) with a linear pH gradient pH 5-8, using a
Protean IEF Cell (BioRad, Hercules, CA, USA). Strips were rehydrated for 16 h at 20 °C in 125
pL of rehydration buffer containing 80 pg of root extract proteins and a trace of bromophenol
blue, and then transferred onto a strip tray. IEF was run at 20 °C, for a total of 14000 V h (20
min with a 0 - 250 V linear gradient, 2 h with a 250 - 4000 V linear gradient and 4000 V until
10 000 V h). After IEF, strips were equilibrated for 15 min in equilibration solution | [6 M urea,
0.375 M Tris-HCI, pH 8.8, 2 % (w/v) SDS, 20 % (v/v) glycerol, 2 % (w/v) DTT] and for
another 15 min in equilibration solution Il [6 M urea, 0.375 M Tris-HCI pH 8.8, 2 % (w/v) SDS,
20 % (v/v) glycerol, 2.5 % (w/v) iodoacetamide]. For the second dimension SDS-PAGE,
equilibrated IPG strips were placed on top of vertical 12 % SDS-polyacrylamide gels (8 x 10 x
0.1 cm) and sealed with melted 0.5 % agarose in 50 mM Tris HCI, pH 6.8, containing 0.1 %
SDS. SDS-PAGE was carried out at 20 mA per gel for approximately 1.5 h, until the
bromophenol blue reached the plate bottom, in a buffer containing 25 mM Tris, 192 mM
glycine, and 0.1 % SDS, at 4°C. Gels were subsequently stained with Coomassie-blue R-250
(Sigma-Aldrich, St. Louis, MO, USA).

Gel image and statistical analysis

Stained gels were scanned with an Epson Perfection 4990 Photo Scanner (Epson Ibérica,
Barcelona, Spain) at 600 dpi, previously calibrated using the SilverFast 8 software (LaserSoft
Imaging AG, Kiel, Germany) and an IT8 reference card. Spot detection, gel matching and
interclass analysis were performed with PDQuest 8.0 software (BioRad). First, normalized spot
volumes based on total intensity of valid spots were calculated for each 2-DE gel and used for
statistical calculations of protein abundance; for all spots present in the gels, pl, Mr, and
normalized volumes (mean values and SD) were determined. Experimental Mr values were
calculated by mobility comparisons with Precision Plus protein standard markers (BioRad) run
in a separate lane on the SDS gel, and pl was determined by using a linear scale over the total
dimension of the IPG strips. Only spots consistently present in 100 % of the replicates (four
gels) from at least one class were considered and used in further analysis. The spots were also
manually checked, and consistent reproducibility between normalized spot volumes was found

in the different replicates.
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Spots changing in relative abundance were selected using a paired Student t-test and a
significance level of p <0.05. Protein response ratios were defined as the relative abundance in

the treatment divided by the relative abundance in the control.
Protein in gel digestion

Spots were excised automatically using an EXQuest spot cutter (BioRad), transferred to 500 uL
Protein LoBind Eppendorf tubes, destained in 400 uL of 40 % [v/v] acetonitrile (ACN) and 60%
[v/v] 200 mM NH4HCO; for 30 min and dehydrated in 100 % ACN for 10 min. Gel pieces were
dried at room temperature and then in gel digested with 15 pL Trypsin solution (Sequencing
grade Modified Trypsin V511, Promega, Madison, WI, USA,; 0.1 pg/uL in 40 mM NH4HCO,/
9% ACN). After incubation overnight at 37 °C, the reaction was stopped by adding 1 puL of 1 %
TFA. The peptide solution was then analyzed using mass spectrometry (MS).

Protein identification by nanoliquid chromatography-tandem mass spectrometry
(nLC—ESI—-MS/MS)

Peptides present in 6 puL of sample were preconcentrated on line onto a 300 um i.d. x 5 mm, 5
um particle size ZORBAX 300SB-C18 trap column (Agilent Technologies, Waldbronn,
Germany), using a 100 pL min! flow rate of 3 % ACN, 0.1 % formic acid, in a nano-HPLC
system 1200 series (Agilent Technologies). Backflow elution of peptides from the trap column
was carried out, and separation was done with a 75 um i.d. x 150 mm, 3.5 um particle size
ZORBAX 300SB-C18 column (Agilent Technologies), using a 300 nL min* nanoflow rate and
a 55 min linear gradient from solution 97 % A (0.1 % formic acid) to 90 % of solution B (90 %
ACN, 0.1 % formic acid). The nano-HPLC was connected to a HCT Ultra high-capacity ion
trap (Bruker Daltoniks, Bremen, Germany) using a PicoTip emitter (50 um i.d., 8 um tip i.d.,
New Objective, Woburn, MA, USA) and an on line nanoelectrospray source. Capillary voltage
was —1.8 kV in positive mode and a dry gas flow rate of 10 L min *was used with a temperature
of 180 °C. The scan range used was from 300 to 1500 m/z. The mass window for precursor ion
selection was +0.2 Da and the rest of parameters were those recommended by the manufacturer
for MS/MS proteomics work. Peak detection, deconvolution and processing were performed

with Data Analysis 3.4 software (Bruker Daltoniks, Bremen, Germany).

Protein identification was carried out using the Mascot search engine (Matrix Science;
London, UK) and the non-redundant databases NCBInr 20151004 (72195234 sequences;
26318602641 residues) and ITAG v2.3 20151015 (34727 sequences; 11956401 residues).
Search parameters were: monoisotopic mass accuracy, peptide mass tolerance + 0.3 Da,
fragment mass tolerance = 0.6 Da; one allowed missed cleavage; allowed fixed modification

carbamidomethylation (Cys), and variable modification oxidation (Met). Positive identification
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was assigned with Mascot scores above the threshold level (p < 0.05), at least 2 identified
peptides with a score above homology and similar experimental and theoretical molecular
weight and pl values. We used the GO Dbiological process annotation
(http://www.geneontology.org) and domain annotations for protein classification.

3.5.3. Results

Photosynthetic pigment analysis

Tomato plants grown with 300 uM Mn showed toxicity symptoms as soon as 6 days after the
treatment onset. Visual toxicity symptoms at sampling time included brown spots in stems and
along the main and secondary veins of all leaves and yellowing of younger leaves. Accordingly,
total chlorophyll in old (L1-L3) and young (L4-L5) leaves decreased by approximately 50 % in
plants affected by Mn toxicity, with the Chl a/Chl b ratio remaining constant (Table 3.5.1).
Table 3.5.1. Concentrations of leaf photosynthetic pigments (in zmol m2) in Solanum lycopersicum
plants grown in control and excess Mn conditions. Samples were taken at day 8 after treatment onset and
data are means £ SE (n = 3). In the control plants there were no differences in leaf pigments between

young and old leaves, and therefore the results presented are for the whole plant. Different letters within
the same row indicate statistically significant differences (Student’s t-test, p < 0.05).

Pigment (umol-m™) Control Youzg/l Igaves OIcJJIr 'I\t/elgves
Neoxanthin 120+06a 53x05D 73+x09b
Violaxanthin 176 +09a 9.7+0.7b 84+0.7b
Taraxanthin 02+£0.1 n.d n.d.
Antheraxanthin 0.8+0.2a 15+03b 3.1+£03c
Lutein 448+16a 253+2.1b 309+27hb
Zeaxanthin 02%£01a 1.7+05b 46+08¢
Total Chl (Chl a + Chl b) 3239+14.1a 165.4+15.3b 162.8+229b
Chl a/Chl b ratio 3.0+£01a 29+0.1a 27+0.1a
;’igori]aexnatgt?\'/” fyAC'f 2 18.6+0.8a 12.9+0.9b 16.1+ 1.0 ab
(A+2)[(V+A+2) 0.06 £0.01a 0.22+0.05b 0.47+0.04c

The concentrations of A and Z were higher in young (2- and 8- fold, respectively) and old
(4 and 21-fold, respectively) leaves of Mn-treated plants when compared to controls, whereas
those of neoxanthin, V and lutein decreased between 43 and 56 % in young leaves and between
31 and 52 % in old leaves (Table 3.5.1). The concentration of taraxantin was always low and
did not change with Mn toxicity. The total amount of violaxanthin cycle pigments (V+A+Z)
was lower in young (31%) leaves from plants grown in excess Mn than in controls. The
(A+2)/(V+A+Z) ratio increased markedly with Mn toxicity from 0.06 to 0.22 and 0.47 in young

and old leaves, respectively.
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Mineral composition and root iron reductase activity

The Mn concentration in roots from plants grown in excess Mn was 17-fold higher than in the
controls (Figure 3.5.1A) whereas no significant differences were measured in the concentrations
of the other analyzed micro- (Fe, Cu and Zn) and macronutrients (Ca, Mg and K) (Table S1).
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Figure 3.5.1. (A) Concentration of Mn (A) and Fe reductase activity (B) in roots of Solanum
lycopersicum plants grown in control and Mn-excess conditions after 8 days of treatment onset. Data
correspond to means x SE (n =3 for Mn concentration and n=8 for Fe reductase activity). Asterisks

indicate statistically significant differences (Student’s t- test, p < 0.01).

The Fe reductase activity in roots from plants treated with excess Mn was 12-fold higher
than that measured in roots from control plants (Figure 3.5.1B).

Effect of Mn-toxicity on the root proteome

The shotgun proteomic approach detected 918 proteins in root extracts, and 367 of them were
reliably identified and quantified with at least 2 peptides and considered in this study. The list of
proteins detected is shown in Table S2 and the list of the corresponding peptides is available in
the ProteomeXchange Consortium via the Pride partner repository with the data set identifier
PXDO008326. A large majority (88 %; 324 proteins) of the identified and quantified proteins are
ascribed to the Solanum genus and 91 % of them (294 proteins) were matched specifically to the

species S. lycopersicum (Table S2).

Changes induced by Mn toxicity on the root proteome using shotgun analysis are shown
in a volcano plot, using the relationship between statistical significance [-logio (p-value)] and
biological significance [log, (fold-change)] (Figure 3.5.2A). Manganese toxicity caused
statisticallysignificant (Student t-test, p < 0.05) and biologically relevant (fold > 2 or fold < 0.5)
changes in 118 proteins, with 79 of them showing relative decreases in abundance (green dots in
Figure 3.5.2A, Table S3) and 39 showing relative increases in abundance (red dots in Figure
3.5.2A, Table S3).
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Figure 3.5.2. Effect of Mn toxicity on the root protein profile as revealed by label-free shotgun analyses
and bi-dimensional electrophoresis. (A) Volcano scatter plot showing the 367 identified and quantified
proteins (peptides assigned to a protein and used for quantification > 2) by shotgun analyses. Proteins
unaffected by Mn toxicity are depicted in grey and proteins changing as a result of Mn toxicity (t-
Student’s, p < 0.05) are depicted in green (decreasing) or red (increasing). Light colors are used for those
proteins meeting only the statistical threshold (t-Student's, p < 0.05) and bright colors where used when
both statistical and biological (fold change < 0.5 or > 2) thresholds were met. The size of the dots is
proportional to the fold changes. (B) and (C) Functional classification of proteins identified by shotgun
and 2-DE analyses showing decreases and increases, respectively, in relative abundance as a result of
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Mn toxicity above the statistical and biological thresholds (fold change < 0.5 or > 2) . Classification was
based on GO biological process and domain annotations. (D) Virtual composite 2-DE gel image showing
the protein profile map of root extract preparations from Solanum lycopersicum plants. Spots showing
changes in abundance above the biological and statistical thresholds (t-Student'’s, p < 0.05 and fold > 2 or
<0.5) are depicted with green (decreases) and red (increases) circles whereas spots showing changes
above the statistical threshold (t-Student's, p < 0.05) but below the biological threshold (fold <2 or >0.5)
are depicted with green (decreases) and red (increases) squares.

On the other hand, the 2-DE proteomic approach detected 340 consistent spots in extracts
from tomato roots, with 87 of them showing statistically significant (t-Student’s test; p < 0.05)
changes; among those, 66 also showed biologically relevant (fold > 2 or fold < 0.5) changes as a
result of Mn toxicity (Figure 3.5.2D; Table S4). Only spots showing statistically significant and
biologically relevant changes in abundance as a result of Mn toxicity were analyzed by nLC
ESIMS/MS, and 92 % of them (61 spots) were reliably identified, whereas two spots were not
identified and in three spots several proteins were present and therefore they were not
considered in further analyses. From the 61 differential spots reliably identified in the 2-DE
approach, 37 of them corresponded to 36 proteins decreasing in abundance (green circles in
Figure 3.5.2D, Table S4), whereas 24 spots corresponded to 18 protein species increasing in

abundance (red circles in Figure 3.5.2D, Table S4), giving a total of 54 proteins changing in
relative abundance.

In summary, a total of 161 proteins were found to show changes in relative abundance.
Eleven of them (corresponding to 14 spots in 2-DE) were found with the two approaches used,
whereas 107 proteins were detected only by the shotgun approach and 43 (corresponding to 47
spots) were identified only by the 2-DE approach (Figure 3.5.3). These 161 proteins are listed in
Tables S5 and S6 (112 proteins decreasing and 49 increasing in relative abundance, see below),
and those among them showing large changes in abundance (21 proteins having fold-changes >
25 or <0.1) are listed in Table 3.5.2.

Shotgun ),—x 2-DE

4 spots) (47 spots)

Figure 3.5.3. Venn diagram comparing the number of root proteins changing as a result of Mn toxicity
determined by shotgun and 2-DE methods (p < 0.05, number of peptides for identification and
quantification > 2 and fold < 0.5 or > 2).
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Table 3.5.2. Proteins showing large changes in abundance (fold-change > 25 or < 0.1) among the 161 root
proteins affected by Mn toxicity (t-Student's, p < 0.05 and fold > 2 or < 0.5). Spot numbers correspond to spots
depicted in Figure 3.5.2D. UniProt indicates UniProt database entry. Pepc and Pepq are the number of

peptides used for identification and quantification. Mr/pl th and Mr/pl exp correspond to the theoretical and
experimental molecular masses and pl, respectively. Fold-changes (Fold +Mn/C) were calculated by dividing
the mean of normalized abundances (obtained with Progenesis QI v.2.5.1 in the case of shotgun) or the mean
of normalized spot volumes (obtained with the PDQuest v.8 in the case of 2-DE) in plants affected by Mn
toxicity by that of control samples. Detailed information about functional classification, identification and

quantification is given in Tables S2-4.

NO

NO

Fold Mr/pl  Mr/pl

Prot Spot Uniprot Description +Mn/C  th exp Pep. Pepq
Decreased
Oxido-reductases
1 8411 Q07446 Predicted peroxidase 3-like 0.1 36.5/80 405/7.3 3 --
2 - Q40131 Uncharacterized protein LOC544002 0.1 2 2
3 3102 KACXJ6 Zéﬁiﬁfﬁgeﬁ?ﬁ:ﬁim'g)(?c'fm-uike1 0.1 21.7/57 217/62 6 -
Carbohydrate metabolism
4 7703 KACNR?7 Acid B-fructofuranosidase 00 73.1/6.2 64772 4  ---
5 7305 K4BX34 Predicted fructose-bisphosphate aldolase 3 0.0 43.2/8.9 34.6/7.3 4 -
6 6507 K4B740 UDP-glucose 6-dehydrogenase 0.0 57.2/6.3 50.7/69 5 ---
7 6501 K4B170 Dihydrolipoyl dehydrogenase 2 0.1 60.6/6.8 51.3/68 5 --
8 5609 Q8GT30 Dihydrolipoamide dehydrogenase precursor 0.1 53.1/6.9 60.2/6.8 12 ---
Protein metabolism
9 5305 Q2V9B2 Similar to eukz_alryotictranslation initiation 00 30.1/6.1 33.6/68 2 -
factor 2 subunit B (S. tuberosum)
Signaling:regulation
10 2706 K4BZGO | epted Switch-associated protein 70 00 556/56 67.8/62 4 -
U - e PR SrORO Ok gy 2 o
Increased
Polysaccharide metabolism
12 - Q01412 Glucan endo-1,3-B-glucosidase A 38.3 8 8
Oxido-reductases
13 8210 Q4A3Y6 Peroxidase cevilb New 32.2/7.7 29.2/74 11 ---
Protein metabolism
14 -~ CO9DFAG6 Predicted subtilisin-like protease 41.0
15 - K4BEU1 Predicted serine protease inhibitor 5-like 25.0 6 6
Defense
16 - Q53U35 ;_rlfeﬂi;ted pathogenesis-related protein 105.3 9 9
17 -~ 024025 PR1a2 protein 60.6 3 2
18 110 KACWC4 Pathogenesis-related protein STH-2-like New 17.5/54 16.5/56 2 -
Lipid metabolism
19 - K4B6U4 Predicted patatin-like protein 1 65.2 3 2
Miscellaneous
Predicted uncharacterized protein
20 --- KA4DOF3 LOC101254542 P 32.6 2 2
21 305 Q43633 Similar to phaseolin (P. vulgaris) 28.0 29.3/49 312/56 2 --
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From the total 161 proteins changing in abundance with Mn toxicity, 112 decreased in
relative abundance (79 by the shotgun approach and 36 with the 2-DE approach, with 3 being
found with both techniques) (Table S5, Figure 3.5.2B). Functional classification of these
proteins yielded nine functional categories, including protein metabolism (33 proteins, 30 % of
the total), signaling (19 proteins, 17 %), carbohydrate metabolism (19 proteins, 17 %), oxido-
reductases (15 proteins, 13 %), polysaccharide metabolism (4 proteins, 3 %), defense (2
proteins, 2 %), lipid metabolism (1 protein, 1 %), miscellaneous group (16 proteins, 14 %) and
unknown proteins (3 proteins, 3 %). Decreases measured for most proteins (90 %) ranged
between 50 and 80 % (Table S5), and only eleven proteins showed decreases in relative
abundance above 90 %, with nine of them being identified by 2-DE (Table 3.5.2). Among these
eleven proteins showing major decreases three were oxidoreductases, including a class Il
peroxidase (QO07446), an Fe(ll) and 2- oxoglutarate (20G)-dependent dioxygenase domain
containing protein (Q40131) and a FMNreductase-like protein (K4CXJ6). Five more proteins
decreasing strongly in abundance were ascribed to the carbohydrate category and included an
acid pB-fructofuranosidase (K4CNR7), a fructose-bisphosphate aldolase 3 (K4BX34), a
dihydrolipoamide dehydrogenase precursor (Q8GT30) and a dihydrolipoyl dehydrogenase 2
(K4B170) and an UDP-glucose 6-dehydrogenase (K4B740) (Table 3.5.2). The remaining 3
proteins showing major decreases were an eukaryotic translation initiation factor (Q2V9B2) and
two more proteins involved in signaling and regulation, a serine/threonine kinase (K4BZGO0)
and an ATPase activator (K4D2D4) (Table 3.5.2).

Forty-nine proteins increased in abundance as revealed by both techniques (39 by the
shotgun approach and 18 with the 2-DE approach, with 8 found with both techniques) (Table
S6, Figure 3.5.2C). Functional classification of these proteins only yielded six functional
categories, including oxido-reductases (17 proteins, 35 % of the total), defense (10 proteins,
21%), polysaccharide metabolism (8 proteins, 16 %), protein metabolism (4 proteins, 8 %) and
lipid metabolism (3 proteins, 6 %) and a miscellaneous group of 7 proteins (14 %) involved in
amino acid metabolism and nutrient reservoir. Increases in the oxido-reductase and
polysaccharide metabolism categories were moderate except for a glycoside hydrolase 17
(GH17) family protein (Q01412) which increased 38-fold and for a partial peroxidase
(Q4A3Y6) which was detected de novo by the 2-DE approach (Table 3.5.2). Large increases
were measured in a protein inhibitor (K4BEU1; 25-fold), a subtilisin-like protease (CO9DFAG;
41-fold) belonging to the protein metabolism category, and in three pathogenesis related
proteins (Q53U35, increasing 105-fold); 024025, increasing 61-fold; KACWC4, detected de
novo by the 2-DE approach) from the defense category and in a predicted patatin-like protein 1
(K4B6U4, 65-fold increase) involved in lipid metabolism (Table 3.5.2). Two more proteins, a
phaseolin (Q43633) and a predicted protein involved in tryptophan catabolism (K4DOF3) also
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presented remarkable (approximately 30-fold) increases (Table 3.5.2). The remaining 39

proteins showed increases between 2- and 18-fold (Table S6).
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Figure 3.5.4. Score scatter PCA (Principal Component Analysis) plot of differential proteins as
revealed by shotgun (A) and 2-DE (B) as a result of Mn toxicity. Principal component analysis was
carried out using SPSS Statistical software (v. 24.0) and included proteins showing statistically
significant changes as a result of the Mn toxicity treatment (t-Student's; p < 0.05). Control and Mn-
treated samples are depicted by yellow dots and blue diamonds, respectively.

The PCA analysis of the proteins showing statistically significant changes in the 2-DE
and shotgun analyses (Student t-test; p < 0.05) showed a good separation between treatments,
with the first and second components explaining approximately 94 and 3 % of the variation in
the shotgun experiment (Figure 3.5.4A) and 80 and 11 % in the 2-DE one (Figure 3.5.4B).

Table 3.5.3. List of proteins correlated to component 1 found by PCA in both experimental approaches.
Fold changes (Fold +Mn/C) were calculated by dividing the mean of normalized abundances (obtained
with Progenesis QI for shotgun) or the mean of normalized spot volumes (obtained with the PDQuest v.8

for 2-DE) in plants affected by Mn toxicity by that of control samples. Spot number corresponds to those
in Table S4 and Figure 3.5.2D.

Protein descriotion UniProt  Fold +Mn/C Spot Fold +Mn/C
P Entry Shotgun P 2-DE
ﬁlligerlzatlon—assomated anionic peroxidase 2- KABE93 8.4 9301 6.6
Peroxidase 3 precursor Q07446 0.7 8411 0.1
Glucan endo-1,3-B-glucosidase A Q01412 38.3 5306 3.1
Glucan endo-1,3-B-glucosidase B precursor Q01413 8.3 7106 5.1
110 new
Pathogenesis-related protein STH-2-like K4CWC4 10.5 2003 4.3
1003 2.7
. 1006 6.7
TSI-1 protein 049881 16.0 1107 56
Lipoxygenase homology domain-containing 8 1.9
protein 1-like K4BI74 38 1011 10.7

In the 2-DE analysis, spots with large positive component 1 scores (27 spots) were mainly

found in the carbohydrate (22 %, six spots) and protein metabolism (19 %, five spots)
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categories, whereas those with large negative contributions (26 spots) were found in the redox
(31 %, eight spots), defense (31 %, eight spots) and polysaccharide (15 %, four spots) categories
(Table S7). Similar results were obtained in the shotgun PCA, where the category containing a
larger number of proteins with positive component 1 scores (7 proteins) was protein metabolism
(four proteins) whereas categories containing a larger number of proteins with negative
component 1 scores (24 proteins) were also redox (25 %, six proteins), defense (29 %, seven
proteins) and polysaccharide (17 %, four proteins) (Table S8). The comparison of the results
obtained with each experimental approach yielded eight proteins with large contributions to the
separation of the treatments, including two glycoside hydrolases subfamily 17 (Q01412 and
Q01413), two Bet-V-I domain containing proteins from the defense category (K4CWC4 and
049881), two peroxidases (K4BE93 and Q07446) and a lipoxygenase domain containing
protein (K4BJ74) (Table 3.5.3).

3.5.4. Discussion

Effects of Mn toxicity on the root proteome

The overall analysis of the differential root proteome upon Mn toxicity suggests a general
slowdown of metabolic activities. Approximately 70 % of the proteins showing changes in
relative abundance were found to decrease (112), and this set of proteins covered a wider range
of functional categories than those of proteins increasing in abundance. A similar behavior has
been previously described in roots of Citrus sinensis grown in excess Mn (You et al., 2014), as
well as in Beta vulgaris exposed to Zn toxicity (Gutierrez-Carbonell et al., 2013) and L.

esculentum grown under Cd toxicity (Rodriguez-Celma et al., 2010).
Mn toxicity alters protein turnover in roots

Protein metabolism was one of the most represented categories affected by Mn toxicity (33
proteins decreasing, four proteins increasing), and changes found in this category support an
altered protein turnover. Results indicate that both protein synthesis and degradation of
damaged proteins via the proteasome are diminished in roots of plants exposed to excess Mn.
On one hand, the decreases in ten structural components of the ribosome indicate a lower
number of ribosomes, and the decreases in one translation elongation factor and one initiation
factor (one of the largest decreases measured) also suggest that translation is impaired. On the
other hand, five regulatory units of the proteasome (mostly activating factors) and three subunits
of the complex also decreased in abundance, suggesting a slowdown of protein degradation via
the proteasome. Decreases in proteasome components were also found in Citrus grandis

affected by Mn toxicity (You et al., 2014). In addition, five more proteases from MEROPS
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families S8, A1, C1 and M16 decreased, whereas only two from the family S8 increased, and
two protease inhibitors of the MEROPS family 13 increased also pointing towards a decrease in
proteolysis. Increases in protease inhibitors were also found in soybean roots exposed to Mn
toxicity (Chen et al., 2016). Overall, these results indicate that the decrease in protein synthesis
might be balanced by a decrease in protein degradation, and this metabolic adjustment would
lead to an accumulation of damaged proteins that could be behind some of the deleterious
effects of Mn toxicity. Although it has been described that an excess of Mn can displace Mg and
subsequently affect the correct assembly of the ribosomes (Cammarano et al., 1972), this
competition does not necessarily lead to a decrease in ribosome components. Therefore, the
decreases in ribosomal components measured in roots exposed to Mn toxicity suggest the

existence of an additional toxicity mechanism affecting protein synthesis.

Further indications of an altered protein turnover were the decreases measured in eight
chaperones, including two HSP70 (K4B2J4 and K4B219), four CPN60 (K4CWE4, P93570,
K4C227 and K4C711), a predicted HSP70-HSP90 organizing protein 2 (A9NUH2) and a
peptidyl-prolyl cis-trans isomerase (K4CAH4). Chaperones with a CPN60 domain usually assist
folding of newly synthesized polypeptides (Hemmingsen et al., 1988; Kubota et al., 1995) and
HSP70 proteins prevent partially synthesized peptides from aggregating (Mashaghi et al., 2016),
whereas HSP70-HSP90 organizing proteins and peptidyl-prolyl cis-trans isomerases mediate the
transfer of peptides (Wegele et al., 2004) and protein-protein interactions (D'Andrea and Regan,
2003), respectively, during the assembly of multiprotein complexes. Similar decreases in HSPs
were found in Citrus sinensis roots affected by Mn toxicity (You et al., 2014). Heat shock
proteins also play important roles in preventing aggregation of damaged or miss-folded proteins
in stress situations including heavy metal stresses, although in such cases their abundance
usually increases (Hossain and Komatsu, 2013). Therefore, decreases in these proteins likely
suggest a less intense assembling of de novo synthesized proteins, in line with the proposed

decrease in protein synthesis.

In addition, Mn toxicity also affected some proteins involved in amino acid metabolism
processes, including an increase in a protein involved in tryptophan degradation (K4DOF3) and
decreases in five proteins involved in GABA and glycine degradation (B1Q3F8 and K4B9V1,
respectively) and in serine (K4BUB7, K4C261) and glutamine biosynthesis (A5A7P7).
Decreases in free amino acids upon Mn toxicity have been described in leaves of Brassica rapa
(Leeetal., 2011).

The importance of the protein metabolism category was further confirmed by the PCA
which indicated that eight proteases, two translation related proteins, two chaperones and three
amino acid related proteins were among those proteins greatly contributing to the separation of
the treatments (Tables S7 and S8).
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Mn toxicity impairs energy production in roots

Results in this study indicate that energy metabolism, including glycolysis, pyruvate
metabolism, TCA and oxidative phosphorylation, was heavily affected by Mn toxicity. A large
number (19) of proteins classified in the carbohydrate category decreased in abundance,
including an invertase (K4CNRY7), three proteins from the glycolysis pathway (one enolase,
P26300 and two fructose-bisphosphate aldolases, KAD3E4 and K4BX34), four components of
the pyruvate dehydrogenase complex (K4C8X8, B5LAWS, K4B170 and Q8GT30), four TCA
proteins, including aconitase (K4CFD4), malate dehydrogenase (K4BLA1), and two succinato
dehydrogenases (K4BB47 and M1CP34). Similar decreases were described in Citrus sinensis
roots and in cowpea leaf apoplast upon Mn toxicity (Zhou et al., 2013; You et al., 2014; Fihrs
et al., 2008), and altogether indicate a reduction in the production of ATP and reducing power.

The PCA of the 2-DE results revealed that proteins form the carbohydrate category
including a component of the pyruvate dehydrogenase complex (M1CP34), two glycolysis-
related (the enolase, KABKV2, and the triosephosphate isomerase, K4B3X5), a fructokinase 2
(Q42896) involved in the synthesis of starch and a carbonic anhydrase (Q5NE21) had a large
positive contribution to the separation of the treatments (Tables S7 and S8), supporting the

effect of Mn toxicity in the carbohydrate metabolism.

Furthermore, the decreases in the relative abundance of a subunits of the complex |
(K4D5V2), classified in the oxido-reductase category, and in the two succinate dehydrogenases
(complex 1) suggest a reduction in the electron transport activity, and therefore a decrease in
energy production. Since the NADH:ubiquininone oxido-reductase (complex 1) also contains a
Fe-S cluster, the decreases measured might be associated to a decreased Fe availability caused
by the competition between Mn and Fe at the molecular transporter level (Pittman et al., 2005;
Socha and Guerinot, 2014; Williams and Pittman, 2010). Other Fe containing proteins such as a
NADH-cytochrome b5 reductase (K4ABZAG6) and a dioxygenase (Q40131) also showed a similar
behavior. This is in agreement with the increase in root Fe reductase activity measured in roots
of plants grown in excess Mn (Figure 3.5.1B) that suggests some degree of Fe shortage,
although the root Fe concentrations did not change and the decreases in leaf Fe concentrations

were still higher than those typical of Fe-deficient plants (Table S1).
Mn toxicity modifies cell wall properties

Changes measured in peroxidases and GHs suggests that Mn toxicity causes alterations in the
root cell wall properties. The second most represented category of differential proteins were
oxido-reductases (17 proteins increasing and 15 decreasing). Although the number of proteins

decreasing and increasing is similar, almost all of the proteins increasing (16) in abundance
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were peroxidases, whereas only six peroxidases, a catalase and two ascorbate peroxidases
decreased. Furthermore, most of the peroxidases increasing in abundance were orthologs of
Arabidopsis peroxidases (AtPER12, 25, 52 and 72) involved in cell wall lignification and
suberization (Andersson-Gunneras et al., 2006; Fernandez-Pérez et al., 2015a; 2015b; 2015c;
Shigeto et al., 2014), indicating a Mn-induced increase in lignification which probably affects
cell wall stiffening and expansion (Imberty et al., 1985; Kdarkdnen et al., 2002; Ros Barcelo et
al., 1987; Sato et al., 1995) and may ultimately lead to the inhibition of root growth (Chen et al.,
2016). An induction of cell wall lignification by Mn toxicity has been previously described
(Chen et al., 2016; Fecht-Christoffers et al., 2006; Lavres et al., 2009; Morita et al., 2006). On
the other hand, peroxidases decreasing were orthologs of AtPER3, 27 and 70 and their changes

might be related to redox homeostasis maintenance.

Accordingly, peroxidases accounted for a large percentage of the proteins explaining the
separation between treatments in the PCA (seven in shotgun and ten in 2-DE) and furthermore,
two of them PER52-K4BE93 (increasing and related to lignification) and PER3-Q07446
(decreasing and whose Arabidopsis ortolog is involved in stress response) were found in both
treatments with opposite contributions to the separation (Table 3.5.3), suggesting their different

roles in the response to Mn toxicity.

Changes in the polysaccharide related category (eight proteins increasing and four
decreasing) also point towards alterations in the root cell wall. Proteins increasing included an
expansin (K4CNFOQ) and seven GHs from families 17, 18 and 19, whereas proteins decreasing
were two GHs from families 3 and 16 (K4B267 and Q6RHX9, respectively), a
glycosyltransferase family 75 (Q6I1V07) protein, and a probable cinnamyl alcohol
dehydrogenase 1 involved in lignin formation. The increases in endo-hydrolyzing enzymes (GH
17, 18 and 19) and the decreases in glycosyl-forming enzymes (Q6RHX9 and Q61V07) provide
support for the existence of polysaccharide degradation, which in conjunction with the increase
in expansin may alter the mechanical behavior of the cell wall. The expansin-like B1-like
protein (K4CNFO) also increased in Glycine max roots exposed to Mn toxicity and was
proposed to play a role in inhibiting root growth in Mn toxicity conditions by altering cell wall
properties (Chen et al., 2016). The Mn-induced increase measured here in the same expansin
protein is in line with this hypothesis. Since Mn is a cofactor of multiple peroxidases and of
several enzymes involved in lignin biosynthesis (Morita et al., 2006; Huber and Graham, 1999;
Malavolta, 2006; Thompson and Huber, 2007), changes observed in the abundance of these

enzymes may be related to Mn availability.

Proteins in the polysaccharide category greatly contributed to the separation of treatments

(four proteins in shotgun and five spots/four proteins in 2-DE) and two of them (GH17 Q01412
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and GH17 Q01413) were found in both approaches (Tables S7, S8 and 3.5.3), supporting the

importance of the endo-hydrolyzing enzymes in the response to Mn toxicity.

In addition, four proteins decreasing in the carbohydrate category were related to
nucleotide sugar metabolism, including a dTDP-4-dehydrorhamnose reductase (K4CP14), an
UTP-glucose-1-phosphate  uridylyltransferase  (P19595) and two UDP-glucose 6-
dehydrogenases (Q9SQJ1 and K4B740). These proteins play central roles as glucosyl donors in
cellular metabolic pathways, including the transfer of sugar nucleotides to cell wall polymers
(Tenhaken and Thulke, 1996), and therefore their decreases also suggest Mn-induced changes in

cell wall.
Excess Mn activates plant defense mechanisms

Changes in defense related proteins and in some oxido-reductases indicate that plants exposed
to excess Mn are subjected to a high stress situation. Accordingly, these categories contained a
significant number of proteins with large contributions to the separation of treatments in both
PCAs (Tables S7 and S8). First, the increases measured in a large number of peroxidases, in
addition to the role in lignification commented above, may also imply a higher level of
protection in roots against oxidative damage. Furthermore, three enzymes from the
ascorbategluthation cycle (ascorbate peroxidase 1, ascorbate peroxidase 2 and a
dehydroascorbate reductase) decreased as a result of Mn excess, suggesting that this path for
ROS protection is diminished, probably compensating the peroxidase increases. Second, a large
number of defense related proteins (10) increased, whereas only two decreased as a result of Mn
toxicity. Among proteins increasing, four were pathogenesis related (PR10) belonging to the
Bet v | family (three predicted PR STH2, Q53U3, K4CWC6 and K4CWC4, and a TSI-1
protein, 049881), two were thaumatins (QIM3X2 and Q84U62), two were PR2 with Barwin
and RlIpA-like domains (P32045 and 003994) and two more were PR1 proteins (B2LW68 and
024025) (Table S6). All these proteins have been involved in stress response in plants, but their
specific roles remain unknown. Homologues of these proteins have been found in several
species as a response to different biotic and abiotic stresses, including heavy metal toxicity
(Chen et al., 2016; Li et al., 2013; Loukehaich et al., 2012; Udawat et al., 2014; Wang et al.,
2013). Nevertheless, it is worth mentioning that two of them showed increases amongst the
highest measured, a PR10 predicted STH-2 (Q53U35; 105-fold) and the small cys rich PR1a2
(024025, 61-fold) (Table 3.5.2), whereas two more PR10, the STH-2 (KW4CWC4) and the
TSI-1 (049881), were found in both PCAs to have large contributions to the separation of the
treatments (Table 3.5.3). PR10 proteins contain a hydrophobic pocket able to bind hormones
and siderophores (Mogensen et al., 2002; Roth-Walter et al., 2014) and therefore they could be

involved in hormone signaling. On the other hand the PR1a2 is a secretory cys rich protein that
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has an unknown function, but members of this family have been reported to chelate Ca in
mammals and therefore regulate the activity of some ion channels (Gibbs et al., 2006; Milne et
al., 2003). Therefore, one may speculate that this secretory protein could sequester Mn in the
apoplast as a detoxifying mechanism. Both proteins constitute good candidates for future
studies.

Regulatory mechanisms elicited in Mn toxicity

The signaling-regulation category contained 19 proteins, all of them decreasing in abundance,
and most of them (15 proteins) had RNA binding domains. Two of these RNA binding proteins
presented significant contributions to the separation of treatments in the 2-DE PCA (Table S7).
Although the specific functions of these proteins are still unknown, domains present include
RRM (in seven proteins), KH (in three proteins), Zn finger (in two proteins), helicase C (in one
protein), FDF (in one protein) and HABP4 (in one protein), which are usually involved in RNA
stability, translation and regulation of alternative splicing (Ambrosone et al., 2015;
Anantharaman and Aravind, 2004; Kenan et al., 1991; Lorkovic et al., 2009). Therefore, these
decreases in RNA-binding proteins suggest that Mn toxicity might cause a decrease in RNA
stability and also indicate that RNA regulatory mechanisms are important in the modulation of
the cellular response to Mn toxicity as it occurs in other type of stresses such as salt or drought
(Ambrosone et al., 2012; Nakaminami et al., 2012). The Arabidopsis ortholog of the HABP4
containing protein A9PDAL (predicted plasminogen activator inhibitor 1) has already been
described to play a key role in the tolerance to salt stress (Ambrosone et al., 2015), and the

decrease found here suggests a role of this protein in general stress mechanisms.

In addition, this category had four more proteins with possible roles as activators and/or
signal transducers. Two of them (Q94K24, K4BZG0) contained lipid binding-PH domains,
suggesting that lipid-mediated regulation may also play a role in Mn toxicity as it has been
proposed for Mn deficiency (Ceballos-Laita et al., 2018). The Ran-binding protein-1 (Q94K24)
is a small GTPase that interacts with Ran, suppressing the Ran-mediated protein transport
between the nucleus and the cytoplasm (Ki et al., 2001; 2003; Steggerda et al., 2002). A
previous study in soybean roots exposed to Mn toxicity suggested that the suppressing action of
GmRanBP1 over the delivery of the GmRan3 protein could contribute to the root growth
inhibition upon Mn toxicity (Chen et al., 2016). The decrease measured in the putative G3BP-
like protein isoform X1 (K4CAI5) involved in nuclear transport also supports an impairment of

protein transport to the nucleus.

Further indications of an involvement of lipid-mediated signaling in Mn toxicity include
the remarkable increase measured in a patatin-like protein (K4B6U4, 65-fold) and in two
lipoxygenases (K4BJ73 and K4BJ74, ca. 5-fold). The latter lipoxygenase (K4BJ74) was found
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in both PCAs as significantly contributing to explain differences between treatments whereas
the first one was found only in the PCA of the shotgun results (Tables S7 and S8). Patatin is a
root specific lipolytic acyl hydrolase that cleaves fatty acids from membrane lipids whereas
lipoxygenases catalyze the dioxygenation of fatty acids into cell signaling oxylipins (Rydel et
al., 2003). Both enzymes participate in signal transduction in stress situations (Baulande et al.,
2010; Holk et al., 2002; La Camera et al., 2004; Wasternack et al., 2007; Weber, 2002),

including nutrient stresses such as Fe and P deficiencies (Rietz et al., 2004; 2010).
Mn toxicity affects the abundance of nutrient reservoir proteins

It is also worth mentioning that five nutrient reservoir cupins were altered as a result of Mn
toxicity (three increasing and two decreasing), with one of them (Q43633) showing a significant
(28-fold) increase and three (Q43632, Q41115 and Q50JD8) having large component 1 scores
in the 2-DE PCA (Table 3.5.2 and Table S7). Increases in these N storage proteins might be the
result of the reduced protein synthesis and degradation. However, these proteins also contained
RmIC and RmIC jelly roll domains, which are found in a dTDP-sugar isomerase enzyme
involved in the synthesis of L-rhamnose, in Mn-binding proteins with oxalate oxidase or SOD
activity and in auxin receptors (Interpro domain annotation), indicating that their changes in
abundance may also be related to cell wall modifications or ROS defense. Interestingly, cupins
increasing are annotated as vacuolar proteins, whereas one of the cupins decreasing (K4BKK9)
is apoplastic, which makes tempting to speculate that upon Mn toxicity, Mn storage could occur

in the root vacuoles in a process aided by cupins.
Comparison of 2-DE and shotgun

The experimental approach used, combining 2-DE and shotgun analysis, has been proven to be
useful in the determination of the differential root proteome changes upon Mn toxicity,
detecting a total of 161 proteins changing in relative abundance. Among those, only 54 proteins
(34 % of the total; Figure 3.5.3) were detected by 2-DE, confirming the moderate sensitivity of
this technique. This number is better than those found upon Mn toxicity in soybean (27; Chen et
al., 2016), and C. grandis and C. sinensis (39-53; You et al., 2014), using in both cases a lower
significance threshold (1.5- vs. the 2-fold change used here). The sensitivity of the shotgun
technique was superior, not only confirming the changes in abundance in 11 of the proteins
already found by 2-DE (7 % of the total; Figure 3.5.3), but also finding abundance changes not
detected by 2-DE in 107 proteins more (66 % of the total; Figure 3.5.3). The PCA of the 2-DE
and shotgun results revealed a similar number, 40 (53 spots) and 31 proteins, significantly
contributing to the differences between treatments with seven of them found with both methods

(Table 3.5.3). These numbers illustrate the complementarities of both techniques, since the
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number of proteins detected exclusively by any of the two methods is relevant and are in
agreement with previous studies also using both proteomic approaches (Gonzalez-Fernandez et
al., 2013; Min et al., 2017). In addition, 2-DE allowed the identification of several spots
corresponding to the same protein, which may allow us the study of isoforms or protein
modifications occurring upon Mn toxicity in these specific cases. The complementarities of both
proteomic approaches as well as the limitations and advantages described here have already
been addressed in several reviews (Abdallah et al., 2012; Baggerman et al., 2005; Zargar et al.,
2016) and clearly indicate that the combination of both approaches renders a more thorough
description of differential proteomes.

Supplementary material

The supplementary data are included in the electronic version: Table S1. Concentrations of
mineral nutrients in roots and leaves; Table S2. List of proteins identified and quantified in
tomato roots by shotgun proteomics and Progenesis LC-MS analyses; Table S3. List of proteins
that presented significant changes as a result of Mn toxicity; Table S4. 2-DE spots presenting
significant changes in abundance as a result of Mn toxicity; Table S5. Proteins showing
significant decreases in abundance as a result of Mn toxicity using both shotgun and 2-DE
proteomic techniques; Table S6. Proteins showing significant increases in abundance as a result
of Mn toxicity using both shotgun and 2-DE proteomic techniques. Table S7. Standardized
component scores obtained in the principal component analysis of the differential proteins in the
2-DE experiment; Table S8. Standardized component scores obtained in the principal

component analysis of the differential proteins of the shotgun experiment.
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ABSTRACT

The aim of this work was to study the effects of Mn toxicity on the xylem sap proteome of
tomato using a shotgun proteomic approach. This approach yielded 641 proteins reliably
identified and quantified with 66 % of them predicted as secretory proteins. Manganese toxicity
caused statistically significant and biologically relevant changes in abundance in 217 proteins
with more proteins decreasing than increasing (134 and 83 proteins, respectively), suggesting
that this nutritional stress causes an overall deactivation of metabolic pathways. Metabolic
pathways most affected by Mn toxicity were defense and polysaccharide and protein
metabolisms. First, Mn toxicity induced changes in hydrolases and peroxidases involved in
primary cell wall degradation and lignin formation indicate the existence of alterations in the
cell wall. Excess Mn also affected protein turnover based on the decreases measured in
proteolytic enzymes and in protein synthesis related proteins. Results also support that Mn
toxicity modifies the redox environment of the xylem sap due to the several changes observed in
the oxido-reductase category which together with changes observed in the defense category
indicate a significant stress situation in the xylem sap. Finally, results suggest the existence of
several signaling pathways including fasciclin arabinogalactans and lipids which overall seem to

be repressed since most of the changes in the signaling category were decreases.
3.6.1. Introduction

Manganese (Mn) is an essential micronutrient which plays important roles in physiological
processes in plants (Marchner, 1995). As a constituent of the oxygen evolving complex of the
photosystem 11, Mn is essential for photosynthesis; Mn also acts as a cofactor of several

enzymes in important metabolic pathways such as the Krebs cycle or in redox homeostasis
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through the action of Mn SOD (Millaleo et al., 2010; Pittman et al., 2005; Socha and Guerinot,
2014; Wang et al., 2007). However, when in excess Mn can be toxic for plants. Manganese is
mainly taken up from the soil in the form of Mn (I1). The amount of Mn in the soil is influenced
by soil parameters such as pH, soil porosity, water contain or microbial activity. Nowadays,
certain human activities including intensive horticulture and acidifying fertilizers (Millaleo et al.
2010; Graham et al., 2002) or climate events such as elevated ozone levels, increased ambient
temperatures and emission of acidic gases (Fernando and Lynch, 2015; Driscoll et al., 2001,
Guo et al. 2010), are increasing the percentage of acidic soils in the world (Foy 1984). In these
soils, the prevalence of divalent Mn, highly available for plant roots, increases considerably and
Mn toxicity can occur (Mukhopadhyay and Sharma 1991). High Mn concentrations increase the
concentration of reactive oxygen species (ROS) and therefore cause oxidative stress and
disturbances of the metabolisms of carbohydrates, amino acids, proteins and nucleic acids
(Fuhrs et al. 2010; Gangwar et al. 2010; Shi et al. 2006; Fihrs et al. 2012; Venkatesan et al.
2007; Yao et al. 2012; Zhou et al. 2013). Mn excess also alters photosynthesis and the contents
of pigments and hormones (Durst, 1976; Millaleo et al., 2013; Srivastava and Singh, 2006). To
cope with Mn toxicity, plants elicit several stress response mechanisms that include decreases in
the translocation of the metal from roots to shoots (Zhou et al., 2013; Chen et al., 2016; You et
al., 2014) and the regulation of the mechanisms involved in adquisition and distribution in the
whole plant (Delhaize et al., 2003; Dou et al., 2009; Wu et al., 2002). The plant vascular system
plays an essential role in these adaptive mechanisms since it constitutes the main conduit for the

long distance delivery and distribution of Mn.

The vascular transport system is composed by phloem and xylem conduits with the
apoplast compartment acting as an intracellular space between them and also between cells that
controls the exchange of molecules, compounds and signals (Lucas et al., 2013; Oparka et al.,
2000). The xylem is an essential component of the vascular transport system whose major role
is the transport of nutrients, including Mn, and water from roots to shoots. Transport in the
xylem occurs via the xylem sap, a fluid that flows trough the treachery elements that compose
the xylem vessels and is driven by the negative pressure created by transpiration and/or by a
positive root pressure created by the differences in water potential between the soil and the root
system (Fisher, 2000). Altough the most abundant components of the xylem sap are water and
mineral nutrients, this fluid also contains other compounds in low quantities including
carbohydrates, hormones, secondary metabolites, peptides and proteins (Carella et al., 2016;
Dickson, 1979; Escher et al., 2004; Friedman et al., 1986; Lépez-Millan et al., 2000a;
Rodrigues-Celma et al., 2016). The protein profile of xylem sap presents a characteristic
composition and it is mainly composed by proteins containing N-terminal peptides that are

synthetized in the roots and subsequently loaded in the xylem sap via the secretory pathway
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(Rodriguez-celma et al., 2016; Alvarez et al., 2006; Fukuda et al., 1996; Ligat et al., 2011).
However, the presence of proteins originated in neighboring tissues and indicating cytoplamic
contamination is also commonly reported in the xylem sap proteome (Rodriguez-Celma et al.,
2016).

Proteomic approaches are a powerful tool to understand the undelying mechanisms that
plants elicit to respond to nutritional stresses including Mn toxicity. In spite of their advantages,
limited information is available on the effects Mn toxicity exerts on the xylem sap proteome,
which is an essential component in Mn homeostasis. Proteomic information on Mn toxicity to
date is restricted to roots and leaves. Root proteomic analysis have been carried out by 2-DE
using Citrus species and Glycine max, and by shotgun proteomics and 2-DE using Solanum
lycopersicum (You et al.,, 2014; Chen et al.,, 2016; Ceballos-Laita et al., 2018, in second
revision). These studies indicate that Mn toxicity causes alterations in the structure and lignin
composition of root cell walls and an impairment of metabolic pathways involved in energy
production, which are probably responsible for the growth inhibition observed in roots of plants
grown in the presence of excess Mn (Chen et al., 2016; Ceballos-Laita et al., 2018, accepted).
Other root alterations include changes in the protein turnover and an activation of plant defense
and reactive oxygen species (ROS) protection mechanisms (Fecht-Christoffers et al., 2003;
Gonzélez et al., 1998; Chen et al., 2015; 2016). In leaves, proteomic studies have revealed that
Mn toxicity causes a major impairment in photosynthesis and CO, fixation and important
increases of ROS (You et al., 2014; Fuhrs et al., 2008; Fecht-Christoffers et al., 2003). On the
other hand, studies on xylem sap obtained from plants subjected to different biotic and abiotic
stresses, including Mn deficiency, indicate the proteins in xylem sap might play important roles
in nutrient stress signaling (Carella, 2016; Ceballos-Laita et al., 2018; Zhang et al., 2015; Del
Vecchio et al., 2014; Kaida et al., 2010). Given the important role of xylem sap plays in Mn
homeostasis and the advantages of proteomic approaches, the aim of this work was to assess the
effect of Mn toxicity on the xylem sap proteome of tomato (Solanum lycopersicum) using a
shotgun proteomic approach. Tomato was chosen as a model plant because the tomato genome
has been published and the combination of root pressure and turgid stems allow for sufficient

xylem sap collection by de-topping.
3.6.2. Materials and methods
Plant material and sampling

Tomato (Solanum lycopersicum, cv. Tres Cantos) plants were grown hydroponically in a
controlled environment chamber (Fitoclima 10.000 EHHF, Aralab, Lisbon, Portugal) with a

photosynthetic photon flux density (PPFD) of 400 umol m? s™ photosynthetically active
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radiation, 80 % relative humidity and a photoperiod of 16 h, 23 °C/8 h, 18 °C day/night regime.
Seeds were germinated in vermiculite for 13 days in half-strength Hoagland nutrient solution
containing 4.6 pM MnCl,. Seedlings were then transplanted to 10 L plastic buckets (16-18
plants per bucket) containing half-strength Hoagland nutrient solution and grown for an
additional 13-day period. After this time, solutions were renewed and control (4.6 pM MnCl,)
and Mn-toxicity (300 pM MnCI,) treatments imposed. Xylem sap were collected eight days
after treatment onset. At this time, plants were de-topped approximately five mm above the
mesocotyl using a carbon steel disposable scalpel (Nahita, Beriain, Spain) and the exuded fluid
was collected from the cut surface. The initial sap collected during the first 5 min was discarded
to minimize contamination with other plant fluids and broken cells, and the xylem sap was
collected for 30 min using a micropipette tip. Samples were kept on ice during the entire

collection period and immediately analyzed.
Experimental design

The experiment was repeated six times with independent sets of plants. Each batch of plants
consisted of one 10 L bucket per treatment with 16-18 plants per bucket. In each batch of plants,
xylem sap fluid from all plants in a given treatment was pooled together and considered as a
biological replicate (n = 6).

Mineral analysis

Micronutrients (Fe, Mn, Cu and Zn) were measured in xylem sap obtained from 4 plants from
each treatment. The concentrations of micronutrients in the collected fluid were determined by
ICP-MS (Inductively Coupled Plasma Mass Spectrometry; model Agilent 7500 ce; Agilent
Technologies, Tokyo, Japan) after digestion with 1 % HNO; (TraceSELECT Ultra, Sigma-
Aldrich, Madrid, Spain).

Protein extraction

Proteins in the collected fluid were precipitated immediately by adding five volumes of cold
0.1M ammonium acetate in methanol containing 0.07 % B-mercaptoethanol, kept overnight at

-20 °C and then centrifuged at 20,000 x g for 20 min. The pellet was washed twice with cold
methanol, dried with N, gas and solubilized in a sample rehydration buffer containing 8 M urea,
2 % (w/v) CHAPS, 50 mM DTT, 2 mM PMSF and 0.2 % (v/v) IPG buffer pH 3-10 (GE
Healthcare, Uppsala, Sweden). After rehydration, samples were incubated in a Thermomixer
Confort device (Eppendorf AG, Hamburg, Germany) at 42 °C and 1,000 rpm during 3 h, then
centrifuged at 10,000 x g for 10 min at RT and filtered (0.45 pum ultrafree-MC filters, Millipore,

Bedford, USA). Protein concentration was quantified immediately with a Bradford kit (Sigma-
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Aldrich, St. Louis, MO, USA) using microtiter plates in an Asys UVM 340 spectrophotometer
(Biochrom Ltd., Cambridge, UK) and BSA as standard.

Label free liquid chromatography-tandem mass spectrometry (LC-MS/MS)

Sample preparation for label free LC-MS/MS shotgun analysis was carried out according to Li
et al. (2012). Briefly, 5 pg of total proteins were subjected to 1-DE to remove non-protein
compounds. The resulting gel bands were cut into six pieces, proteins were in gel digested with
trypsin, and peptides were subsequently extracted. Peptide solutions were concentrated in a trap
column (Lcolumn Micro 0.3 x 5 mm; CERI, Japan) using an ADVANCE UHPLC system
(Michrom Bioresources, Auburn, CA, USA). Elution was carried out with 0.1 % (v/v) formic
acid in ACN and concentrated peptides were separated in a Magic C;g AQ nano column (0.1 x
150 mm; Michrom Bioresources) using a linear gradient of ACN (from 5 % to 45 %) and a flow
rate of 500 nL min™. Peptide ionization was carried out with a spray voltage of 1.8 kV using an
ADVANCE spray source (Michrom Bioresources). Mass spectrometry analysis was carried out
on an LTQ Orbitrap XL (Thermo Fisher Scientific, Waltham, MA, USA) equipped with
Xcalibur software (version 2.0.7, Thermo Fisher Scientific) and mass data acquisition

parameters were set as described elsewhere (Gutierrez-Carbonell et al., 2016).

Mass data analysis was performed according to Takahashi et al. (2014). Protein
identification was carried out using the full peptide list with the Mascot search engine (version
2.4.1, Matrix Science, London, UK) and NCBI 20141009 database (50,750,890 sequences;
18,190,226,827 residues). Search parameters were: peptide mass tolerance £5 ppm, MS/MS
tolerance 0.6 Da, one allowed missed cleavage, allowed fixed modification
carbamidomethylation (Cys), and variable modification oxidation (Met) and peptide charges
were set to + 1, + 2 and + 3. Positive protein identification was assigned with at least two
unique top-ranking peptides with scores above the threshold level (p < 0.05). Protein
information was exported from Mascot .xml format and imported to Progenesis QI for
proteomics software (v. 2.0, Nonlinear Dynamics, Newcastle upon Tyne, UK), which then
associates peptide and protein information. The MS proteomics data have been deposited to the
ProteomeXchange Consortium via the Pride partner repository (Vizcaino et al., 2016), with the
data set identifier PXD007517.

To assess the effect of Mn toxicity in the protein profile of tomato xylem sap, we
calculated the ratio of normalized protein abundance between treatment and control samples.
Only changes with a p < 0.05 (ANOVA) and a ratio > 2 or < 0.5 were considered as statistically
significant and biologically relevant, respectively. Multivariate statistical analyses (Principal
Component Analysis; PCA) were carried out using SPSS Statistical software (v. 24.0),
including only proteins showing statistically significant changes (ANOVA; p < 0.05) as a result
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of the Mn toxicity treatment. We used the GO biological process annotation
(http://www.geneontology.org) and domain annotations for classification of each individual
protein identified into nine different functional categories (polysaccharide related, oxido-
reductases, protein metabolism, carbohydrate metabolism, lipid metabolism, signaling, defense,
nutrient reservoir, unknown and a miscellaneous group containing functional categories not
belonging to the previous groups). The presence of a signal peptide in xylem sap proteins was
assessed using TargetP (www.cbs.dtu.dk/services/TargetP) (Emanuelsson et al., 2007), and
SecretomeP (www.cbhs.dtu.dk/services/SecretomeP) was used to assign proteins to secretory
classical and non-classical classes (Bendtsen et al., 2004, 2005).

3.6.3. Results
Xylem sap collection and mineral composition

Xylem bleeding rates were similar in control and Mn-treated plants (approximately 0.55 ml g*
h') whereas the protein extraction yield in xylem was 3 times higher in plants grown in the
presence of high Mn concentration (27 ng protein uL™) than in the controls (9 ng protein pL™)
(Table 3.6.1).

Table 3.6.1. Exudation rates (mL g*h™), protein yield (ng prot puL™) and concentrations of mineral
nutrients in xylem sap (in uM) of Solanum lycopersicum plants grown in control and excess Mn
conditions after 8 days of treatment onset. Data correspond to means + SE (n = 6 for collection
parameters and n = 4 for micronutrient concentration). Statistically significant differences were

determined with the Student’s t-test,  p <0.05; " p<0.01; " p <0.001).

Control Mn-toxicity
Collection parameters
Exudation rates (mLgh™) 056+0.11 0.52%0.21

Protein yield (ng prot pL™* xylem) 9.0+34 27.0+125
Micronutrient concentrations (LM)

Mn 65+0.8 385.7+16.17
Fe 478+125 157+257
Zn 95+1.3 8.0+0.9
Cu 3.6+0.8 31+05

Manganese concentration in xylem sap from plants grown in excess Mn was
approximately 60 times higher than in controls whereas the concentrations of Fe and Zn were
67% and 16 % lower and no significant differences were measured in the concentration of Cu
(Table 3.6.1).

Effect of Mn-toxicity on the xylem sap proteome

The LC-MS/MS analysis detected 1534 proteins in tomato xylem sap, and 641 of them were
reliably identified and quantified with at least 2 peptides and considered in this study. The list
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Figure 3.6.1. Effect of Mn toxicity on the xylem protein profile as revealed by label-free shotgun
analyses. Volcano scatter plot (A) showing the 641 identified and quantified proteins (peptides assigned
to a protein and used for quantification > 2) where proteins unaffected by Mn toxicity are depicted in
grey and proteins changing as a result of Mn toxicity (ANOVA, p < 0.05) are depicted green (decreasing)
or red (increasing). Light colors are used for those proteins meeting only the statistical threshold
(ANOVA, p <0.05) and bright colors where used when the statistical and biological (fold change < 0.5 or
> 2) thresholds were met. The size of the dots is proportional to the fold changes. Pie chart depicting
subcellular classification (NS: non-secretory, CS: classical secretory and NCS: non-classical secretory)
as revealed by SignalP and SecretomeP prediction tools of proteins showing decreased (B) and increased
(C) abundances. Functional classification based on GO biological process and domain annotations of
secretory proteins showing decreased (D) and increased (E) abundances as a result of Mn toxicity.
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of proteins detected is shown in Table S1 and the list of the corresponding peptides is available
in the ProteomeXchange Consortium via the Pride partner repository with the data set identifier
PXD007517. A large majority (84 %; 542 proteins) of the identified and quantified proteins
were ascribed to the Solanum genus and 94 % of them (508 proteins) where matched
specifically to the species S. lycopersicum (Table S1).

Manganese toxicity caused significant (ANOVA, p < 0.05) and biologically relevant (fold
> 2 or fold < 0.5) changes in 315 proteins of the xylem sap proteome (Tables S2 and S3). A
volcano plot, showing the relationship between statistical significance [-logio(p-value)] and
biological significance [log,(fold-change)], was used to visualize these changes (Figure 3.6.1A)
and the prediction programs TargetP and SecretomeP were used to classify these proteins into
the secretory pathway as classical secretory (CS), non-classical secretoy (NCS) and no secretory
(NS) (Figure 3.6.1B, Tables S2 and S3).

Proteins decreasing in abundance

Among the 315 proteins showing changes above the statistical and biological thresholds, 195
proteins decreased in abundance (green dots in Figure 3.6.1A), and 134 of them were classified
as secretory proteins (73 CS and 61 NCS; Figure 3.6.1B; Table S2). The remaining 61 proteins
(31 %) were NS and since their unequivocal presence in xylem sap deserves further studies,
they were excluded from the biological interpretation (Table S2). Polysaccharide metabolism
(18 %, 24 proteins), oxido-reductases (16 %, 22 proteins) and protein metabolism (14 %, 19
proteins) were the most represented categories followed by carbohydrate metabolism (10 %, 13
proteins), lipid (10 %, 13 proteins) and signaling (7 %, 10 proteins) (Figure 3.6.1D, Table S2).
Most (19 out of 24) of the proteins in the polysaccharide metabolism were glycoside hydrolases
(GH) belonging to a wide variety of subfamilies (GH 3, 5, 10, 16, 17, 20, 28, 32, 35, 79 and
127) with GH17 (four proteins) and GH 28 (three proteins) being the most represented
subfamilies. The remaining five proteins in this group included three pectin esterases (K4D4J5,
K4CGQ4 and Q153F8) a glycosyl amidase (M1B8U3) and an UDP-N-acetylglucosamine
pyrophosphorylase (K4B715) (Table S2). Only four proteins within this category were NCS
(Table S2). The most represented families in the oxidoreductase category included peroxidases
(five proteins), copper oxidases (seven proteins) and aldehyde/histidinol dehydrogenases (five
proteins) (Table S2). The five remaining proteins in this category included two miscellaneous
reductases (B1Q3F7 and K4D331), a superoxide dismutase (K4C5F4) and two miscellaneous
oxidases (K4CM66 and AS5BF85) (Table S2).The large majority of the oxidoreductases
decreasing (68 %) were classified as CS (Table S2). In the protein metabolism category,
decreases were measured in 14 proteins involved in proteolysis and in five structural

components of the ribosomes (Table S2). Proteolytic proteins decreasing included four
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subtilisins (MEROPS family S8), three serine carboxy-peptidases (MEROPS family S10), two
cysteine proteases (MEROPS family C1), one aspartic peptidase (MEROPS family Al), one
processing peptidase from the MEROPS family M16, a gamma-glutamyltranspeptidase
(MEROPS family T3) and two regulatory subunits of 26 S proteasome (Table S2). The later
five proteins were classified as NCS whereas the remaining ones were CS (Table S2).

Table 3.6.2. Xylem sap proteins showing large changes in abundance (fold > 25 or < 0.1) among the 217
secretory proteins affected by Mn toxicity (ANOVA, p < 0.05 and fold > 2 or <0.5). Accession indicates
UniProt database entry. Pep. and Pep, are the number of peptides used for identification and
quantification. Abundance changes (Fold +Mn/C) were calculated by dividing the mean of normalized
abundances (obtained with Progenesis QI v.2.5.1) in plants affected by Mn toxicity by that of control
samples. Description includes the protein name according to the UniProt database. SecretomeP column
includes classification as classical secretory (CS) or non classical secretoty (NCS) as indicated by
SecretomeP (www.chs.dtu.dk/services/SecretomeP) software. Detailed information about functional
classification, identification and quantification is given in Tables S2 and S3.

Uniprot Fold

Num. entry ++MN/C Description SecretomeP
Polysaccharide metabolism (13 proteins)
1 F4ZE23 0,1 B-galactosidase STBG2 CS
2 K4CGQ4 0,1 Uncharacterized protein LOC101247939 CS
3 D2CGN7  276,6  Glucan endo-1,3-B-D-glucosidase precursor CS
4 Q944C0 51,6 Glucan endo-1,3-p-D-glucosidase precursor CS
5 Q01413 136,5  Glucan endo-1,3-p-glucosidase B precursor CS
6 Q8GUR4 230,7  Glucan endo-1,3-B-glucosidase A precursor CS
7 K4BBH7 48,8 Glucan endo-1,3-B-glucosidase-like CS
8 K4CAY?2 26,6 Chitotriosidase-1-like CS
9 Q05538 102,9  Basic 30 kDa endochitinase precursor CS
10 VOHZ13 56,9 Basic 30 kDa endochitinase-like CS
11 K4D1HO0 51,1 Endochitinase 3-like CS
12 Q7Y0S1 91,3 Chitinase CS
13 K4D4G1 28,8 Citrate-binding protein-like CS
Protein metabolism (8 proteins)
19 K4ATR4 0,1 Predicted serine carboxypeptidase-like 45-like CS
20 022686 0.1 tShiz:lr;ii;anrat)o 60S ribosomal protein L17 (Arabidopsis cs
21 C9DFA6 57,0 Subtilisin-like serine protease CS
22 004678 74,3 Subtilisin-like protease precursor CS
23 Q6TKT2 131,1  Miraculin-like CS
24 D4IHB9 260,7  Miraculin-like, partial NCS
25 K4BEU1 93,4 Serine protease inhibitor 1-like CS
26 P20076 31,7 Ethylene-responsive proteinase inhibitor 1 precursor CS
Oxido-reductases (5 proteins)

14 K4BU12 0,0 Blue copper protein-like CS
15 K4CLQO 0,1 Early nodulin-like protein 1-like CS
16 ASBES5 0.1 \?iir?;:é?; )to hypothetical protein VITISV_044041 (Vitis NCS
17 K4BE93 27,6 Suberization-associated anionic peroxidase 2-like CS
18 K4BTH6 62,7 Peroxidase 12-like CS

(Continued)
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Table 3.6.2: continued
Uniprot Fold

Num. entry +Mn/C Description SecretomeP
Defense (5 proteins)
19 K4CRTO 0,1 MLP-like protein 28-like NCS
20 P32045 153,0  Pathogenesis-related protein P2 precursor CS
21 003994 29,8 Wound-induced protein CS
22 B2LW68 61,8 PR1 protein precursor CS
23 QOH8U4 97,1 Pathogenesis-related protein NCS
Lipid metabolism (3 proteins)
24 K4B315 0,1 PI-PLC X domain-containing protein At5g67130-like CS
25 Q9LMO08  377,9  Similar to pepper esterase (Capsicum annuum) NCS
26 K4DD79 28,9 GDSL esterase/lipase At1g28590-like CS
Carbohydrate process (2 proteins)

27 K4AW47 0,1 Galactokinase-like NCS
28 Q10CK6 0,1 Probable UDP-glucose 6-dehydrogenase 1-like NCS

Signaling:regulation (1 proteins)
Similar to TCP-1 chaperonin-like protein (Arabidopsis

29 Q8L7NO 0,1 thaliana) NCS
Miscellaneous (2 proteins)
30 K4C320 0,1 Actin-depolymerizing factor 2-like NCS
31 K4CQI3 0,0 Adenosine kinase 2-like NCS
Unknown function (4 proteins)
32 K4C4Ww2 0,1 Remorin-like NCS
33 K4DO0G7 0,1 Uncharacterized protein At4g06744-like CS
34 K4BT79 71,7 Uncharacterized protein CS
35 K4C3P2 50,4 Uncharacterized protein LOC101247825 NCS

Proteins decreasing in abundance as a result of Mn toxicity in the carbohydrate category
were involved in glycolysis (three proteins; FLAHC9, P09043, A4ZGB6), TCA (four proteins;
K4DHU7, K4CHF9, B5LAWS, B9GPX3), pentose phosphate shunt (two proteins; A2YRBS,
A5B7A4) and in monosaccharide metabolism including galactose (two proteins; Q1LEMRL,
K4AWA4T), rhamnose (K4CP14), and manose (Q10CK®6) (Table S2). All of these proteins but
the 6-phosphogluconate dehydrogenase (A5B7A4) were classified as NCS (Table S2). In the
lipid category, most of the proteins decreasing were esterases and lipases (nine out of 10
proteins and five of them being NCS) whereas three were lipid-transfer proteins (K4CLX6,
C5YG98, B6TLUS) and one more CS was a lipoxygenase (K4BSP6) (Table S2). Half of the
proteins (five) decreasing in the signaling category were CS fasciclin-like arabinogalactan
proteins, whereas two NCS were chaperones (B6UBL7, Q8L7NO0), two were receptors (the CS,
K4DFQ3 and the NCS, K4CN56) and one NCS was a regulator of ribonuclease activity
(I3SFU5) (Table S2). Proteins decreasing (five) as a result of Mn toxicity in the defense
category including three CS osmotins belonging to the pathogenesis-related family 5 (PR-5)
(V4S9T2, KABVN4, KAC1Y2), one CS cysteine-rich secretory protein (CRSP, KACBP6) and a
NCS PR-10 family protein (K4CRTO) (Table S2). One more protein decreasing was a NCS
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nectarin (Q9SPV5) classified into the nutrient reservoir category. Finally, ten proteins (3 NCS
and 7 CS) remained unassigned whereas 17 more (15 NCS and 2 CS) were classified in a
miscellaneous category containing proteins involved in amino acid metabolism (four proteins),

photosynthesis (five proteins), purine metabolism (two proteins), among others (Table S2).

Overall, deceases were moderated (88 % of the decreases ranged between 50 and 80 %)
and only 16 proteins, scattered among the different metabolic categories, decreased more than
90 % as a result of Mn toxicity (Table 3.6.2).

Proteins increasing in abundance

Manganese toxicity caused relative increases above the biological and statistical thresholds in
the abundance of 120 proteins (red dots in Figure 3.6.1A) and 83 of them were classified as
secretory proteins (58 CS and 25 NCS; Figure 3.6.1C; Table S3). The remaining 37 proteins
(31%) were NS and therefore excluded from the biological interpretation (Table S3). Functional
classification of the 83 secretory proteins increasing in abundance revealed that polysaccharide
metabolism (21 %, 17 proteins) and oxido-reductases (17 %, 14 proteins) were the most
represented categories followed by protein metabolism (14 %, 12 proteins), nutrient reservoir
(11 %, nine proteins) and defense (7 %, six proteins) (Figure 3.6.1E). Although the most
represented categories were the similar to those found for decreasing proteins; proteins
increasing in abundance belonged to different subfamilies. In the polysaccharide-related
metabolic category, GHs were also the most represented families (15 out 17 proteins) but, in
contrast with GHs decreasing, the most abundant subfamilies belonged mostly to three
subfamilies GH17 (five proteins), 18 (three proteins) and 19 (four proteins) with two of the
subfamiles GHs18 and 19 not found among GHs decreasing (Table S3). Other GH subfamilies
increasing in this category were GH 3, GH5 and GH 20 with one protein each, whereas the
remaining two proteins in this group were a pectinacetylesterase (B7FKLO) and a
polysaccharide lyase family 7 protein (K4D4G1). All polysaccharide-related proteins increasing
were classified as CS (Table S3). Subfamiles of proteins increasing in the oxido-reductase
category (14) included peroxidases (six proteins) as described in decreasing proteins; however,
thioredoxins (three proteins) also increased whereas no copper oxidases or aldehyde/histidinol
dehydrogenases where found in this category (Table S3). The remaining oxido-reductases
increasing (five proteins) were all NCS and included a monodehydroascorbate reductase
(Q43497), a 3-dehydroquinate synthase (Q8RU74), a phenylacetaldehyde reductase (A6N6K8)
and two dehydrogenases (Q2HTL8 and Q5NE18) (Table S3). With regard to the protein
metabolism category, only one NCS elongation factor (K4DASG6) involved in protein synthesis
increased, whereas as occurred in proteins decreasing the large majority (11) proteins in this

group were proteolysis related and nine of them were CS. This later group contained proteins
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belonging to the MEROPS subfamilies S8 (four proteins) and Al (three proteins), also found
among proteins decreasing; however four of them were protease inhibitors from the MEROPS
families 13 and 13, not found among proteins decreasing in abundance (Table S3). Proteins
increasing in the defense category included a osmotin belonging to the PR-5 family (A9PJD5)
and five cysteine-rich secretory proteins (CRSP) with barwin (P32045, 003994), allergen V5
(B2LW68, QOH8U4) and Gnk2 (K4DBBO0) domains (Table S3). Only one of them, the allergen
V5 (QOH8U4) was classified as NCS.

The fourth most represented category among proteins increasing was the nutrient
reservoir which accounted for a significant percentage of the changes (11 %, eight CS proteins
and one NCS) and included eight CS proteins with a cupin-1 domain and one NCS oleosin
(G7KPZ8), however increases presented were moderated and ranged from 3 to 14-fold (Table
S3). Finally, other metabolic categories, which accounted for 30 % of the total proteins
increasing, were carbohydrate metabolism (two proteins from the gycolytic pathway and three
from pentose phosphate shunt), lipid metabolism (two esterase/lipases and two lipid-transfer
proteins), amino acid metabolism (three amino transferases and a glutamine synthetase GS1),
signaling (two protein folding related proteins), two acid phosphatases and eight proteins of
unknown function (Table S3). Among these later categories, 15 proteins (65 %) were classified
as NCS (Table S3).

The polysaccharide-related, protein metabolism and defense categories also had a large
number of proteins (11, 6 and 4 proteins, respectively) showing remarkable (fold > 25) increases
in abundance (Table 3.6.2). These proteins included ten glyco-hydrolases (GHs) from families
17, 18 and 19 and an alginate lyase (K4D4G1) in the polysaccharide category; four protease
inhibitors from the MEROPS families 13 and 113 and two subtilisin-like proteases (004678 and
C9DFA®G) in the protein metabolism category, and four pathogenesis related proteins (Table
3.6.2). In the oxido-reductase category only two peroxidases (K4BTH6 and K4BE93) increased
remarkably (above the 25-fold threshold) with the remaining 12 proteins (including four
peroxidases and a group of eight oxido-reductases with miscellaneous activities) increasing
between 2 and 11-fold (Tables 3.6.2 and S3). Although the lipid category only accounted for
2% (two proteins) of the proteins changing as a result of Mn toxicity, the most remarkable
increase (377-fold) was observed in this category in a NCS pepper-like esterase protein
(Q9ILMO8), while one more protein in this group, a GDSL esterase (K4DD79) showed a 29-fold
increase upon Mn toxicity (Table 3.6.2 and S3). Two more uncharacterized proteins (K4BT79
and K4C3P2) also showed remarkable increases (78- and 51-fold, respectively) upon Mn
toxicity (Table 3.6.2).
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Figure 3.6.2. Score scatter PCA (Principal Component Analysis) plot of Mn-treated samples when
compared to controls. Principal component analysis was carried out using SPSS Statistical software (v.

24.0) and included proteins showing statistically significant changes (ANOVA, p <0.05) when compared
to controls. Yellow dots and blue diamonds depict control and Mn-treated samples, respectively.

The PCA analysis of the statistically significant changes (ANOVA,; p < 0.05) showed a
good separation between treatments, with the first and second components explaining
approximately 95 and 2.2 % of the variation, respectively (Figure 3.6.2; Table S4). Proteins
with large positive component 1 scores (6 proteins) were mainly found in the oxido-reductases
and lipid (8 %, 2 proteins in each), protein and carbohydrate (4 %, 1 protein in each) categories,
whereas those with large negative contributions (20 proteins) were found in the polysaccharide
(31 %, 8 proteins), defense (19 %, 5 proteins), oxido-reductases (11 %, 3 proteins), nutrient
reservoir (8 %, 2 proteins) and protein (8 %, 2 proteins) categories (Table 3.6.3).

Table 3.6.3. List of proteins correlated to component 1 in the PCA. Standarized component scores
obtained in the principal component analysis of the differential proteins (ANOVA, p <0.05). Accession
and description correspond to the UniProt database identifier and name, respectively. Fold changes
(Fold +Mn/C) were calculated by dividing the mean of normalized abundances (obtained with
Progenesis QI v.2.5.1) in plants affected by Mn toxicity by that of control samples and p colum contains

the p values of the ANOVA test. Proteins with an asterisks in the UniProt identifier are proteins not
present in Tables S2 and S3 either for being out of the threshold range or for being Non secretory.

Accession Comp. Comp. Protein description ANOVA Fold — Secretome
1score 2score P (p) +Mn/C P
Polysaccharide metabolism (8 proteins)
) i glucan endo-1,3-beta-
Q01413 0.379 0.888 glucosidase B precursor 0.00 136.53 CS
) glucan endo-1,3-beta-
Q8GUR4 0.019  0.088 olucosidase A precursor 0.00 230.71 CS
) i glucan endo-1,3-beta-D-
Q944C0 0.006 0.015 olucosidase precursor 0.00 51.62 CS
EOCRH7 ~ -0.001  -0.063 ﬂtjeca” L3-beta-glucosidase- 5 39 cs
K4D1HO0 -0.003  -0.015 endochitinase 3-like 0.00 51.10 CS
K4C145 -0.002 0.003  acidic endochitinase-like 0.00 18.22 CS
K4BBH7 0001 -0017 9ucanendo-3-beta- 000 4876  CS
' ' glucosidase-like ' '
Q7Y0S1 -0.001  0.004 chitinase 0.00 91.25 CS

(Continued)

165



Capitulo 3.6

Table 3.6.3: continued

Accession Comp. 1 Comp. 2 Protein description ANOVA Fold  Secretome
score score P (p) +Mn/C P
Protein metabolism (4 proteins)
004678 -0009 0042 Subtilisin-like protease 000 7426  CS
precursor
C9DFA6 -0.32 1.52  subtilisin-like serine protease 0.00 57.00 CS
KACLT6* 0007 -001g JsPartic protease in guard 0.01 0.51 cs
cell 1-like
QOLRI9* 0001 -0.011 Cysteine-richrepeat 0.00 9.91 cs
secretory protein 38-like
Oxido-reductases (5 proteins)
D2IX33  -0.001  0.001 ﬁ[fete'” disulfide-isomerase- 455 10971 cs
P46423* -0.001  -0.001 glutathione S-transferase-like 0.00 2.59 NS
Q43497 0001 -0003 Monodehydroascorbate 000 221 NCS
reductase
B5LSTS 0.004 0.019  peroxidase 47-like 0.00 0.32 CS
Q2PYW5 0.007 0.122  catalase isozyme 1-like protein  0.00 0.15 NS
Defense (4 proteins)
QOH8U4 -0.232  -0.288 pathogenesis-related protein 0.00 97.14 NCS
KACWC4  -0005 -0024 Pathogenesis-related protein 5y 1 g9 NS
STH-2-like
KACWC6  -0.002 -0.007 Pathogenesis-related protein 6y 559 NS
STH-2-like
P32045  -0.002  0.013 E,;thoge”es's're'ated protein 500 153.03 cs
precursor
Lipid metabolism (2 proteins)
non-specific lipid-transfer
K4CLX6 0.001 0.013 protein 2-like isoform 1 0.00 0.17 CS
uncharacterized protein
C5YG98 0.003 0.028 LOC101258342 isoform 1. 0.00 0.43 CS
Nutrient reservoir (2 proteins)
AOAQ72UDP2  -0.003  -0.493 legumin A2 0.04 3.78 CS
AO0A072U3K0  -0.001  -0.195 legumin A2 0.04 4.98 CS
Carbohydrate process (1 proteins)
Q42896* 0.001 0.015 fructokinase-2 0.04 0.72 NCS

Comparison of changes observed in xylem and root proteome in response to Mn toxicity

All proteins (S and NS) changing above the biological (fold > 2 and < 0.5) and statistical (p <

0.05) thresholds in xylem sap as a result of Mn toxicity were compared to those reported to

change in roots of tomato plants grown in the same conditions using a combined 2-DE and

shotgun proteomic approach (Ceballos Laita et al., accepted) (Figure 3.6.3). This comparison

yielded 31 proteins in common between xylem sap and roots and most of them (29) followed

the same changes in both tissues as a result of Mn toxicity (18 proteins increased and 11

decreased) whereas one non secretory catalase isoenzyme (Q2PYWS) decreased 90 % in xylem

sap and increased 5-fold in roots and secretory GDSL esterase/lipase (K4DD79) followed the

opposite behavior increasing almost 30-fold in xylem sap and decreasing 50 % in roots (Table

3.6.4).
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Table 3.6.4. List of proteins showing statistically significant (ANOVA, p <0.05) and biologically relevant
(fold > 2 or <0.5) changes in abundance in both root and xylem sap proteomes when tomato plants
grown in excess Mn were compared to controls. Proteins changing in abundance in roots as a result of
Mn toxicity were obtained from Ceballos-Laita et al., accepted).

Xylemsap Root

Secretome Fold Fold
P +Mn/C  +Mn/C
Proteins decreasing in both proteomes
Oxido- Q07446 peroxidase 3-like CS 0.5 0.1
reductase Q315C4 cytosolic ascorbate peroxidase 1 N 0.1 0.3

fructose-bisphosphate aldolase

K4D3E4 A ; 0.4 0.3
cytoplasmic isozyme-like
similar to putative pyruvate
Cmarett);)gglcélgzt]e B5LAWS dehydrogenase E3 subunit (Capsicum N 0.5 0.5
annuum)
KACP14 probable rh_amnose biosynthetic N 03 02
enzyme 1-like
Polysaccharide KAB2X5 probable cinnamyl alcohol N 02 03
metabolism dehydrogenase 2-like ' '
Protein KADBV1 mitochondrial-processing peptidase N 04 03
metabolism subunit alpha-like ' '
Defense AINNAO similar to Universal Stress protein N 0.1 0.5
K4C711 T-complex protein 1 subunit eta-like N 0.3 0.2
Miscellaneous K4DHIg Probable voltage-gated potassium N 0.3 05
channel subunit beta-like
K4ASJ4 formate--tetrahydrofolate ligase-like N 0.4 0.3
Proteins increasing in both proteomes
glucan endo-1,3-beta-glucosidase B
Q01413 precursor (GH17) CS 136.53 6.7
Polysaccharide Q05538 ?gi"clg)o kDa endochitinase precursor cs 10291 35
metabolism VIHZ13 basic 30 kDa endochitinase-like (GH19) CSs 56.95 9.5
K4D1HO0 endochitinase 3-like (GH19) CS 51.1 3.6
K4CAY2 chitotriosidase-1-like (GH18) CS 26.58 3.4
K4BTH6 peroxidase 12-like CS 62.67 7.8
Oxido- K4BTH7 peroxidase 12-like CS 2.74 6.3
reductase suberization-associated anionic
K4BE93 peroxidase 2-like CS 27.57 7.5
Q6TKT2 miraculin-like (MEROPS I3, clan IC) CS 131.15 548.1
Protein subtilisin-like serine protease
metabolism ~ C°PTA8  (MEROPS S8/553) CS 57 4l
K4BEUL serine protease inhibitor 1-like CS 93.38 25
B2LW68 PR1 protein precursor CS 61.84 4.3
003994 wound-induced protein CS 29.84 16.6
P32045 pathogenesis-related protein P2 cs 153.03 122
precursor
Defense Q53U35 ﬂaktehogenesw-related protein STH-2- N 97.05 105.3
KACWCA ﬂaktehogenesw-related protein STH-2- N 19.8 58
KACWC6 ﬂaktehogenesw-related protein STH-2- N 55 01 9
Miscellaneous Kacpxs Probable inactive purple acid cs 2.6 33
phosphatase 27-like
Proteins with different response in root and xylem sap proteomes
similar to catalase isozyme 1-like
Q2PYWS5 protein N 0.1 5.2
K4DD79 GDSL esterase/lipase At1g28590-like CS 28.95 0.5
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The large majority of proteins decreasing in both tissues (10 proteins) were non secretory
whereas the large majority of those increasing were secretory proteins (Table 3.6.4). The fold
changes were very similar for decreasing proteins in roots and xylem sap whereas in general
increases were more marked in xylem than in root samples (Table 3.6.4). Proteins increasing in
abundance in both tissues were classified mainly in four metabolic categories (polysaccharide,
defense, proteolysis and oxido-reductases) and included GHs (5 proteins), pathogenesis related
proteins (six proteins), peroxidases (three proteins), proteolysis-related (three proteins) and a
probable inactive purple acid phosphatase 27-like (K4CBX5) whereas those decreasing in
abundance were scattered among different metabolic categories with carbohydrate metabolism
being the most represented with three proteins (Table 3.6.4).

A
Xylem
Carbohydrate
B Nutrient process
reservoir (1 protein)
—

(2 proteins)_\
Lipid
metabolism )
(2 proteins) Polysaccharide
metabolism

(8 proteins)

Defense_—

(4 proteins)

“~_Protein
Oxido- metabolism
reductases (4 proteins)

(5 proteins)

Figure 3.6.3. A) Venn diagram comparing the number of proteins changing as a result of Mn-toxicity in
roots and xylem sap of tomato plants. B) Functional classification of the 31 common proteins showing
changes in xylem and root samples as a result of Mn toxicity. Proteins showing significant changes in

both comparisons (p < 0.05), identified and quantified with at least two peptides, and above the threshold
level (fold change > 2 or <(.5) were classified according to their functions.

3.6.4. Discussion

The proteomic approach used in this study has allowed for the reliable identification and

quantification of a large set of proteins (641) in xylem sap and 66 % (424 proteins) of them
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were classified as secretory proteins by several prediction tools, indicating that a significant
percentage of the identified and quantified proteins in this study have an intracellular origin and
thus may reflect some degree of cytoplasmic contamination. Manganese concentration in xylem
sap was high compared to that reported in roots and leaves of similarly grown plants (Ceballos-
Laita et al., 2018) indicating an active metal translocation from roots to shoots which in some
plants has been related to their tolerance (Vose and Randall 1962; Zhou et al. 2013).

Effects of Mn toxicity on the secretory xylem sap proteome

Manganese toxicity caused significant and biological relevant changes in 217 proteins with
more decreases in relative abundance than increases (134 and 83 proteins, respectively),

suggesting that deactivation of metabolic pathways predominates in this nutritional stress.
Mn toxicity affects primary cell wall metabolism

Polysaccharide metabolism was the most represented category accounting for 19 % (41
proteins; 24 decreasing and 17 increasing) of the total changes observed in the xylem sap
proteome upon Mn toxicity, indicating that this stress caused significant alterations in the xylem
sap cell wall since most of these enzymes are extracellular and hydrolyze and/or rearrange
glycoside bonds (Minic, 2008). Most of these proteins affected were GHs and except for two of
them. Decreases in GHs were relatively moderated whereas increases measured in GHs were
among the highest measured in this study (between 50- and 300-fold) suggesting that even
though the number of proteins increasing and decreasing is similar, these later changes may play
a more relevant role in the Mn toxicity response leading to an overall degradation of the primary
cell wall. Proteins in the polysaccharide category greatly contributed to the separation of
treatments (eight proteins) and five of them were endo-glucosidases including the highest
increase in this category (Q8GUR4), supporting the importance of the endo-hydrolyzing
enzymes in the response to Mn toxicity. This evidence was mentioned in root proteome upon
Mn toxicity. Several subfamilies of GHs (GH 3, 5 and 17), which are mainly endo-glucanases
acting in primary cell wall degradation, had members increasing and decreasing as a result of
Mn toxicity. However, there were certain families which presented a distinct behavior. On one
hand, subfamilies only presenting increases were GH 18 (three proteins) and 19 (four proteins),
which are N-acetyl-hexosaminidases mainly involved in N-glycan degradation (Cazy database,
www.cazy.org). Therefore, in addition to primary cell wall degradation, their large increases
may also indicate a decrease in N-glycosylation, which is assumed to be a major post-
translational modification of secreted proteins. Similar increases have been described in roots of
tomato plants exposed to Mn toxicity (Ceballos-Laita et al., accepted). On the other hand,

subfamilies with members only decreasing in abundance as a result of Mn toxicity had very

169




Capitulo 3.6

diverse catalytic and substrate specificities and included members from GH 10, 16, 28, 32, 35,
79 and 127 subfamilies, which are glycosylases acting in different residues including
galactosides (GH28 and GH 35), fructosides (GH 32), glucuronic acid (GH 79),
arabinofuranosides (GH127), or endoxylanases (GH10) and endoglucanases (GH16) (Cantarel
et al., 2008) Overall, these decreases, although quantitatively less important than the increases
in GHs, suggest that certain processes involving cell wall degradation may be reduced in the
xylem sap of plants exposed to Mn toxicity and consequently lead to a modification of the cell
wall composition. A similar situation has been described in the xylem sap of Mn-deficient
plants (Ceballos-laita et al., 2018). These complex changes in GHs, in conjunction with the
changes measured in pectin esterases (one increasing and three decreasing), indicate that Mn
toxicity likely causes an increased degradation of the primary cell wall which occurs
simultaneously with a re-arrangement of certain cell wall glycosides. A disorganization of the
xylem vessels in soybean cultivars affected by Mn toxicity has been already been described by
means of optical microscopy (Lavres et al., 2009). In line with this hypothesis, the protein
concentration in xylem sap of plants exposed to Mn toxicity was 3-fold higher than in controls
whereas the xylem flow rates were similar, indicating that an increased cell wall permeability in

these plants.
Mn toxicity affects secondary cell wall metabolism

Almost 17 % (36 proteins) of the changes induced by Mn toxicity in the xylem sap proteome
were classified in the oxido-reductase category and some of these changes could be associated
to Mn-induced modifications in the secondary cell wall. Among them, ten were secretory
peroxidases (four decreasing and six increasing). Peroxidases increasing were orthologues of the
Arabidopsis AtPrx 12, 52 and 53 which are known to be involved in lignin formation and play a
key role in controlling its deposition in the vascular tissue (Fernadndez-Pérez et al., 2015a,
2015b, 2015c; Shigeto et al., 2016; Freudenberg, 1959; Castillo and Greppin, 1986). However,
four more peroxidases also decreased although less markedly, and they were similar to AtPrx 3,
10, 47 and 52. Two of them (AtPrx47 and 52) also involved in lignin synthesis, whereas the
other two have been described as a stress-response proteins (Tokunaga et al., 2009; Kim et al.,
2010; Kreps et al., 2002). These results indicate that Mn toxicity also affects the secondary cell
wall via peroxidase activity and reveal the complexity of the changes, since some lignin-related
peroxidases increased and some decreased. In addition, the peroxidases increasing in abundance
can also have a ROS-protecting role by depleting hydrogen peroxide and therefore diminishing
lipid peroxidation and protein oxidation (Shigeto and Tsutsumi, 2016; Santandrea, 2000).

Increased peroxidase activity in cowpea leaf apoplasts has also been described to modulate Mn
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oxidation and compartmentalization, and thus affect Mn tolerance (Fecht-Christoffers et al.,
2006).

An alteration of lignin deposition in the secondary cell wall can also be hypothesized
based on the decreases measured in seven Cu-oxidases, including six blue-copper proteins of
unknown function, with one cupredoxin and one phytocyanin domain, and a multi-copper
oxidoreductase, a laccase 3-like (K4CA83). Increases in blue copper and multicopper proteins
have been previously related to increases in lignification (Dean et al., 1994; Ma et al; 2011;
Ezaki et al., 2005) and therefore, decreases in these copper proteins may be reducing lignin
deposition and affect the structure of the cell wall.

Mn toxicity alters protein turnover

Almost 14 % of the secretory proteins affected by Mn toxicity (31 proteins) were related to
protein metabolism and their changes suggest a decrease in proteolysis in the xylem sap. Among
proteins decreasing, twelve were proteolytic enzymes and two were regulatory subunits of the
26 S proteasome, indicating that both proteolytic pathways are affected by Mn toxicity. In
addition, four of the increasing proteins were inhibitors of proteases (MEROPS inhibitor family
13) presenting fold increases amongst the largest measured in this study (30- to 290-fold). This
deactivation of proteolytic processes is in agreement with the higher protein concentration
measured in xylem sap of plants grown with high Mn concentrations. In addition, Mn toxicity
caused decreases in five structural components of the ribosomes which indicate that protein
synthesis might be compromised. Although four of them were NCS proteins, their decreases
would be in agreement with the large number of proteins (62 %) decreasing in abundance in
xylem sap as a result of Mn toxicity. Similar results have been described in the root proteome of
tomato plants subjected to Mn toxicity and it was hypothesized that the decreased protein
synthesis might be balanced with a less proteolytic environment, and that this altered protein
turnover can lead to an accumulation of damaged proteins that could be behind some of the
deleterious effects of Mn toxicity (Ceballos-Laita et al., accepted). However, seven proteases
(four MEROPS S8B and three aspartic peptidases MEROPS A1) increased as a result of Mn
toxicity, two of them greatly contributing to the separation of the treatments in the PCA (Table
3.6.3), indicating that some proteolytic events are induced upon Mn-toxicity. Increases in these
peptidases might play roles in the degradation of ROS-damaged proteins as occurs in other
nutritional stresses (Zaharieva et al., 2003; Lan et al., 2011), may be needed for maturation of
cell wall proteins or act in a signaling system mediated by peptide elicitors (Schaller et al.,
2004; Xia et al., 2004). An alteration in the protein turnover can also be inferred first from the

changes observed in four chaperones (two increasing and two decreasing) involved in protein
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folding and second by the increases measured in eight nitrogen storage cupins in the nutrient

reservoir category.
Defense mechanisms elicited by Mn toxicity

As commented above, changes observed in the oxido-reductase category (14 proteins increasing
and 22 proteins decreasing) can also alter the redox environment of the xylem sap which in
conjunction with the elevated Mn concentration measured in this study, could potentially lead to
oxidative stress. In line with this hypothesis, increases were measured in the abundance of
several antioxidant proteins including monodehydroascorbate reductase (MDAR) and three
thioredoxins. These later proteins act as antioxidants by reducing other proteins with disulfide
bridges and have also been described to participate in redox signaling (Meng et al., 2010)
whereas MDAR is active in the ascorbate-gluthahtione cycle that detoxifies hydrogen peroxide.
In addition, the peroxidases increasing in abundance can also have a role protecting from Mn-
toxicity by removing hydrogen peroxide; although in this process they can also generate ROS.
Indeed ROS produced by extracellular peroxidases have been proposed to play a role in the IAA
signaling pathway (Kawano, 2003). Increases in MDAR have also been previously described in
Citrus sinensis roots (You et al., 2014); however in tomato roots, a decrease in the ascorbate-
glutathione cycle was described indicating that thsi reponse to Mn toxicity may be species and
tissue specific (Ceballos-Laita et al., accepted). It is worth mentioning, a decrease was measured
in a Mn superoxide dismutase identified as the nutrient reservoir nectarin-1 (V4S9T2); however
this protein was NCS with a mitochondrial localization. In addition to oxidative stress related
proteins, eleven pathogenesis related proteins (six increasing and five decreasing) were affected
by Mn toxicity with five of them (four increasing and one decreasing) having changes amongst
the highest measured. These changes indicate that Mn tocicity elicits high stress in the xylem
sap proteome. Increases of pathogenesis-related proteins have already been observed in other
plant species such as tobacco or cowpea (Edreva, 1990; Fecht-Christoffers et al. 2003). All
proteins increasing were cystein rich proteins with yet unknown function; however two of the
ones showing large increases (P32045 and 003994) contained RIpA-like domains involved in
lytic transglycolase activity (InterPro entry) suggesting a role in cell wall modification; and two
more (B2LW68 and QOH8U4) contained Tpx1 and CAP domains which have been described to
regulate the activity of ion channels (Milne et al., 2003; Gibbs et al., 2006) suggesting an
involvement in Mn homeostasis by sequestering Mn in xylem sap. The PCA of the shotgun
results revealed that four proteins form the defense (two S and two NS) and two proteins from
the oxido-reductases categories had a large positive contribution to the separation of the
treatments (Tables S4), supporting the existence of a high stress environment in xylem sap of

plants grown in excess Mn. The highest decrease in the defense category was measured in a PR-

172




Xylem sap shotgun proteomics from tomato plants grown in excess Mn

10 protein (K4CRTO) containing a lipid-binding domain (START) found in signaling proteins
which suggests the existence of a lipid based signaling system (see discussion below).

Signaling and regulation mechanisms occurring in Mn toxicity conditions

Changes in the xylem sap proteome induced by Mn toxicity suggest the existence of several
regulatory and signaling mechanisms which overall seem to be repressed since most of the
changes in the signaling category were decreases. Among the ten proteins decreasing in this
category, fifty percent were fasciclin-like arabinogalactan (FLA) proteins (FLA-2, 9, 10 and
11). These proteins are a subclass of arabinogalactan proteins participating in cell-adhesion and
involved in the regulation of stem development and response to abiotic stress (Zhang et al.,
2015; MacMillan et al., 2010). FLAs affect stem biomechanics (strength and elasticity) by
altering the cellulose deposition in the stem secondary cell wall (MacMillan et al., 2010;
Lafarguette et al. 2004; Brown et al. 2005; Persson et al. 2005) and, therefore their decreases are
in agreement with the changes in peroxidases and Cu-oxidases commented above. Similar
decreases were observed in xylem sap of Mn-deficient plants (Ceballos-Laita et al., 2018) and
indicate that alterations in Mn homeostasis have a strong impact in stem biomechanics and that

alterations occur via FLAS.

Decreases were also observed in two receptor proteins including a strubbelig LRR
receptor (KADFQ3) and a PYL1 abscisic acid receptor (KACN56). The Arabidopsis orthologue
of the strubbelig receptor (SRF6; At1g53730) likely participates in stress-related processes and
probably in the positive regulation of leaf size (Eyuboglu et al., 2007); the decrease in the first
one would be in consonance with the smaller leaves of plants grown in the presence of Mn
excess. The PYL1 receptor is required for ABA mediated responses such as stomatal closure
(Miyazono et al., 2009; Zhang et al., 2013; Hao et al., 2011) and therefore a decrease would
imply an inhibition of the ABA signaling pathway. This category also contained four
chaperones (two increasing and two decreasing) involved in protein folding whose alterations

are in line with the proposed alteration in the protein turnover.

Results also suggest the possible existence of a lipid-based signaling system as it has
already been proposed to occur in the xylem sap of Mn-deficient tomato plants (Ceballos-Laita
et al., 2018) and in phloem sap (Benning et al., 2012; Barbaglia et al., 2016). Changes in the
abundance of lipases and lipid transfer proteins have been found in xylem of plants growing
upon other nutritional deficiencies (Ceballos-Laita et al., 2018, Carella et al., 2016). Mn toxicity
in tomato plants caused decreases in nine proteins with lipase, esterase or phospholipase
activity, including one PI-PLC X domain containing lipase (K4B315) showing one of the
largest decreases measured in this study (Table 3.6.2). However, two more lipases increased and

one of them a NCS pepper-esterase-like (Q9LMO08) presented the highest increase measured in
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this study. The large number of lipases decreasing seems to suggest a reduction of lipid
catabolism; however since lipases in conjunction with lipid-transfer proteins play important
roles in signal transduction (Marshall et al., 2003; Ko, 2005), these changes may also indicate
the existence of a lipid-based signal transduction pathway which may be repressed or induced
depending on the specific lipase acting in the signaling cascade. Furthermore, changes in lipid
transfer proteins (three decreasing and two increasing) and the above mentioned decrease in a
PR-10 protein (K4CRTO) containing a lipid-binding domain (START) indicates that lipid
metabolism plays an important role in the responses to Mn toxicity.

Finally, it should be noted that a large percentage of differential proteins (16 %) belonged
to the oxido-reductase category and therefore we could not exclude the existence of a redox-
based signaling mechanism as it has been proposed to occur in other stress situations (Suzuki et
al., 2012).

Mn toxicity affects general metabolism

Mn toxicity affected a significant number of carbohydrate related proteins (18 proteins);
however most of them were NCS (13 out of the 15 proteins in this category) and therefore their
interpretation is difficult. Nevertheless, overall changes indicate a decrease in the TCA cycle
which might imply a decrease in the production of reducing power and energy which has also
been observed in roots of tomato plants exposed to excess Mn (Ceballos-Laita et al., 2018). The
decreases in malate dehydrogenase and citrate synthase could also potentially lead to an
accumulation of malate which has been described to chelate Mn (Il) in Mn-hyperaccumulating
species (Bidwell et al., 2002; Fernando et al. 2010). Other energy related pathways including
glycolysis (three proteins decreasing and two increasing) and the pentose phosphate shunt (two
proteins increasing and three decreasing) were also affected by Mn toxicity and their changes

indicate the complexity of the metabolic regulation occurring upon Mn toxicity.

Two proteins in this category an UDP-glucose dehydrogenase (Q10CK6) and a
galactokinase (K4AWA47) which participates in galactose catabolism, presented remarkable
decreases (> 90 %). UDP-glucose dehydrogenases are glucosyl donors which play an important
role in carbon partitioning between sucrose synthesis and cell wall formation (Klinghammer et
al., 2007; Tenhaken et al., 1996) and therefore this decrease also suggest Mn-induced changes in
cell wall. Decreases in UDP-glucose dehydrogenases have also been observed in roots of

tomato plants exposed to Mn toxicity (Ceballos-Laita et al., accepted).

Finally, as commented above, Mn toxicity also affected a large number of lipid-related
proteins (17 proteins) and most of the changes were decreases in lipases (nine proteins)

suggesting a decrease in lipid catabolism.
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Comparison of changes induced by Mn toxicity in the root and xylem sap proteomes

Most of the common proteins increasing in abundance as a result of Mn toxicity were secretory
proteins (15 out of 18 proteins) and were distributed in four metabolic categories including
polysaccharide metabolism, oxido-reductase, protein metabolism and defense. These results
indicate that these proteins are most likely participating in extracellular processes elicited by Mn
toxicity that may be part of a non-tissue specific response. Proteins in the polysaccharide and
oxido-reductase category were five endo-glycosilases and three suberization peroxidases (Table
3.6.4) which may be involved in cell wall modifications occurring upon Mn toxicity in both
xylem sap and roots whereas common proteins in the defense category included a three STH2-
like proteins, among others. One of them (Q53U35) showed increases amongst the highest
measured in both proteomic studies. This STH2 is a PR10 protein containing a hydrophobic
pocket able to bind hormones and siderophores (Mogensen et al., 2002) which could be
involved in hormone signaling or even Mn sequestration and therefore constitutes a good
candidate for future studies. Common proteins decreasing in abundance in both proteomes were
mostly non secretory proteins (10 out of 11) which make difficult the interpretation of their
changes. These proteins were distributed among a diverse array of metabolic functions with
carbohydrate metabolism being the most represented category (three proteins); therefore
suggesting that the impairment in energy production elicited by Mn toxicity in roots (Ceballos-
Laita et al., accepted) could also take place in neighboring cells of the xylem sap.

Supplementary material

The supplementary data are included in the electronic version: Table S1. List of proteins
identified and quantified in tomato xylem sap by shotgun proteomics and Progenesis LC-MS
analyses; Table S2. List of proteins that presented significant decreases as revealed by shotgun
analysis when Mn-treated samples were compared to controls; Table S3. List of proteins that
presented significant increases as revealed by shotgun analysis when Mn-treated samples were
compared to controls. Table S4. Standardized component scores obtained in the principal

component analysis of the differential proteins of the shotgun experiment.
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En el afio 2000 se publico el genoma completamente secuenciado de Arabidopsis,
convirtiéndose en un organismo Optimo para llevar a cabo estudios tanto proteémicos como
gendmicos (The Arabidopsis Genome Initiative, 2000). Sin embargo, la utilidad de Arabidopsis
como especie modelo es limitada, ya que su genoma es entre 10 y 50 veces mas pequefio que el
de las especies de cultivo mas importantes. Este hecho hace que su uso para el estudio de los
procesos bioldgicos que ocurren en condiciones agricolas presente limitaciones. En esta Tesis
Doctoral se han utilizado dos especies como material vegetal, Beta vulgaris (remolacha) y
Solanum lycopersicum (tomate), ambas ampliamente cultivadas a nivel agricola. La especie S.
lycopersicum resulta particularmente adecuada para la obtencion del fluido de xilema debido a
la elevada presion hidrostatica en sus tallos y también a que posee un genoma secuenciado y ya
disponible en las bases de datos. Por otro lado, B. vulgaris es una especie adecuada para la
extraccion del fluido apoplastico por el tamafio y semi-rigidez de sus hojas, que permiten el uso
de protocolos basados en técnicas de centrifugacion ya establecidos para la obtencién de fluido
apoplastico. Sin embargo, B. vulgaris presenta limitaciones a la hora de la identificacién de
proteinas, ya que su genoma esta s6lo descrito de forma incompleta. En esta Tesis Doctoral, esta
limitacién se resolvié mediante la creacidon de una base de datos que recoge tanto las secuencias
de B. vulgaris anotadas en UniProt (www.uniprot.org) como la informacion contenida en cinco
bases de datos disponibles hasta la fecha (http://bvseq.molgen.mpg.de/Genome/Download),
correspondientes a modelos de genes de remolacha anotados a partir de febrero de 2013. Una
vez eliminadas las secuencias redundantes se obtuvieron 82,368 secuencias de proteinas que nos
permitieron llevar a cabo con éxito las identificaciones de nuestras proteinas de interés en esta

especie.

A lo largo de los capitulos anteriores se han descrito los cambios inducidos por los
estreses de Fe y Mn en dos proteomas que estan involucrados en los procesos de transporte a
larga y corta distancia en la planta, savia de xilema y fluido apoplastico, asi como en el

proteoma de la raiz, tejido responsable de la absorcion de dichos metales.

En este apartado se lleva a cabo la discusion general de los resultados obtenidos y se
compila el efecto global que dichos estreses nutricionales tienen en la planta, asi como las
ventajas e inconvenientes del uso de las técnicas de protedmica cléasicas y avanzadas utilizadas
en el desarrollo de la Tesis. De un modo general, se puede concluir que las categorias
funcionales més afectadas en los estreses nutricionales estudiados son similares, aunque revelan
diferentes comportamientos en funcién del tejido y de la alteracion nutricional a la que la planta

esta sometida.
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4.1. Efecto general de los estreses nutricionales sobre los proteomas

estudiados

En términos generales, un 20 % del proteoma del fluido de xilema obtenido por ‘“shotgun”
sufrié cambios significativos ante las deficiencias nutricionales estudiadas (deficiencia de Fe y
Mn). Estos porcentajes estan dentro del rango encontrado en otros sub-proteomas, como por
ejemplo el cloroplasto en estudios de deficiencia de Fe (Lopez-Millén et al., 2013), y son algo
superiores a los encontrados en los estudios de deficiencia de Mn en raiz de maiz y Arabidopsis
(Li et al., 2015; Zargar et al., 2015). Sin embargo, sélo el 2,5 % de los spots consistentes del
proteoma del fluido apopléastico obtenidos por 2D-IEF/SDS-PAGE cambiaron su abundancia de
manera significativa ante la deficiencia de Fe, sugiriendo que, al contrario de lo que ocurre en el
xilema, la homeostasis de proteinas en el apoplasto en condiciones de deficiencia de Fe esta

bien mantenida.

Si comparamos el efecto causado por las deficiencias de Fe y Mn sobre el perfil proteico
del fluido de xilema, se observa que a pesar de causar cambios en aproximadamente el mismo
namero de proteinas (un 20 % del proteoma), la de Mn provocé descensos en la mayor parte de
las proteinas que presentaron cambios significativos, mientras que la de Fe causd descensos en
el 40 % de las proteinas e incrementos en el otro 60 %. Estos resultados fueron acordes con la
cantidad de proteina extraida del xilema, inferior en las plantas crecidas en deficiencia de Mn, y
con los cambios opuestos que se observaron tanto en proteinas del ribosoma (cuatro
componentes estructurales del ribosoma aumentaron en deficiencia de Fe y cuatro disminuyeron
en deficiencia de Mn) como en proteasas involucradas en la maduracion de proteinas, que
descendieron en condiciones de deficiencia de Mn, sugiriendo por tanto la existencia de una

disminucién de la sintesis proteica con este estrés.

De modo similar a lo que ocurre con la deficiencia de Mn en xilema, aunque con
variaciones en las categorias afectadas, los efectos de la toxicidad del Mn sobre los perfiles
proteicos de xilema y de raiz sugieren una ralentizacion general de las actividades metabdlicas.
Por un lado, el efecto de la toxicidad de Mn sobre el proteoma del xilema fue mayor que en el
caso de las deficiencias nutricionales, con cambios significativos en aproximadamente el 50 %
del proteoma, siendo descensos en el 62 % de los casos. Por otro lado, el proteoma de raiz
presentd alteraciones en un porcentaje similar, un 44 %, con el 70 % de las proteinas afectadas
mostrando descensos en su abundancia relativa y cubriendo un amplio rango de categorias
funcionales, mucho mayor que en el caso de las proteinas que aumentaban. Un comportamiento
similar ya habia sido descrito en tejidos de raiz de Citrus sinensis expuestos a toxicidad de Mn
(You et al., 2014), asi como en raices de plantas de B. vulgaris y L. esculentum cultivadas en

condiciones de toxicidad de Zn (Gutierrez-Carbonell et al., 2013) y Cd (Rodriguez-Celma et al.,
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2010), respectivamente. Estos resultados sugieren que un efecto comdn de la toxicidad de
micronutrientes seria la prevalencia de disminuciones en la abundancia de muchas proteinas. El
xilema de las plantas de tomate presentd mayores concentraciones de Mn en condiciones de
toxicidad que la raiz o las hojas de estas mismas plantas, lo que indica una translocacion activa

del metal desde la raiz de la planta a la parte aérea.

A continuacién se discuten los efectos de los distintos estreses nutricionales estudiados
sobre las diferentes categorias metabdlicas.

4.1.1 Pared celular

Los resultados descritos muestran que tanto el xilema como el fluido apopléstico son
compartimentos altamente glicoliticos (Capitulo 3.1). Asi, el 21 % del proteoma total del fluido
apoplastico y el 28 % del proteoma del xilema estan constituidos por proteinas relacionadas con
el metabolismo de polisacéaridos, siendo en su mayoria glucosidasas y galactosidasas que juegan
importantes papeles en la modificacion de la pared celular durante el desarrollo de la planta
(Zhang et al., 2008; Witzel et al., 2011).

Un andlisis global de los cambios inducidos por los estreses nutricionales estudiados
sobre las proteinas relacionadas con la pared celular indica que este tipo de estreses causa
modificaciones importantes, tanto en la composicion de la pared celular primaria, via
glicosidohidrolasas, como en la de la pared secundaria, via peroxidasas, cupro-oxidasas Yy/o
fasciclin-arabinogalactanos, y que estos efectos varian dependiendo del tejido y tipo de estrés.
Independientemente de los cambios especificos, todas estas alteraciones probablemente
modifican las propiedades mecanicas de la pared celular y su porosidad, y por tanto pueden

influir en el transporte de nutrientes en los tejidos en estudio.

Pared celular primaria

La categoria de metabolismo de polisacaridos resulto una de las mas afectadas en la savia
de xilema de plantas de tomate, crecidas tanto en condiciones de deficiencia de Fe y Mn (14 y
13 proteinas respectivamente) como en condiciones de toxicidad de Mn (12 proteinas),
indicando que estos estreses nutricionales tienen un fuerte impacto sobre la pared celular. Sin
embargo, tan solo 2 proteinas (una de ellas presentando 3 isoformas distintas) del proteoma
diferencial del fluido apoplastico de plantas de remolacha crecidas en deficiencia de Fe

pertenece a esta categoria metabdlica.

La deficiencia de Fe indujo una fuerte activacion del metabolismo de la pared celular
primaria en la savia de xilema, puesto que caus6 aumentos en un gran nimero de endo-

glicosidohidrolasas extracelulares, que participan en la hidroélisis de los enlaces glicosidicos de
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los polisacaridos de la pared celular primaria (Minic, 2008), en pectin-esterasas, que participan
en la degradacion de pectina, y en N-glicosidohidrolasas implicadas en la degradacion de los N-
glicanos, modificacion post-traduccional considerada como una de las mas abundantes en las
proteinas de secrecidon. En el apoplasto de hoja de remolacha, tan solo se observaron aumentos
en un namero reducido de quitinasas clasificadas como endo-glicosidohidrolasas, indicando en
primer lugar que los efectos de la deficiencia de Fe en la pared celular primaria siguen la misma
direccion en ambos fluidos, y en segundo lugar que la homeostasis de la pared celular del
apoplasto de plantas deficientes en Fe est& bien mantenida.

Por otro lado, la deficiencia de Mn caus6 una marcada desactivacion del metabolismo de
la pared celular primaria del xilema, efecto contrario al observado con la deficiencia de Fe,
aunque las proteinas que presentaron alteraciones fueron similares a las observadas en la
deficiencia de Fe (Capitulo 3.3). Asi, la deficiencia de Mn causé descensos en la abundancia
relativa de endo-glicosidohidrolasas, N-glicosidohidrolasas, pectin-esterasas y proteinas que
actlan sobre residuos galacturonados, muy frecuentes en los polisacaridos péptidicos. Estos
descensos indican que en la savia de xilema de las plantas crecidas en condiciones de

deficiencia de Mn los procesos de degradacion de la pared celular se encuentran reducidos.

’

La toxicidad de Mn en raiz produjo principalmente aumentos en endo-
glicosidohidrolasas, sugiriendo que en estas condiciones también existe una degradacién de la
pared celular primaria. En savia de xilema, la toxicidad de Mn causé un nimero similar de
aumentos y descensos de abundancia relativa en proteinas relacionadas con el metabolismo de
los polisacéridos. Sin embargo, los descensos fueron moderados y los incrementos muy
elevados, sugiriendo que la toxicidad de este nutriente también causa una degradacién general
de la pared celular primaria, al igual que en la raiz de las mismas plantas y a diferencia de lo que
ocurre en condiciones de deficiencia de Mn (Capitulos 3.5 y 3.3, respectivamente). Sin
embargo, los principales aumentos en abundancia causados por la toxicidad de Mn en xilema
corresponden a N-acetil-hexosaminidasas involucradas en la degradacién de los N-glicanos, las
cuales disminuyen en el caso de la deficiencia de Mn. Estos resultados indican que la toxicidad
de Mn produce un descenso en los procesos post-traduccionales de N-glicosilacién en savia de
xilema, lo que también se observa en raiz, y que por el contrario parecen aumentar en
deficiencia de Mn. Estas evidencias, junto con el incremento en la concentracion de proteinas
encontrado en la savia de xilema de las plantas crecidas en condiciones de toxicidad de Mn,
apuntan a que estas plantas presentan una pared celular mas permeable que las plantas crecidas
en condiciones control, lo que, como en el caso de las deficiencias, puede producir alteraciones

en el flujo de Mn a través del xilema.

Una vision global de estos cambios en proteinas relacionadas con la pared celular

primaria lleva a plantear que pueden estar produciéndose modificaciones en su composicion que
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podrian afectar su rigidez y/o porosidad como consecuencia de las deficiencias de Fe y Mn, y
ademas, que estas modificaciones son distintas dependiendo del micronutriente y del tipo de
estrés (deficiencia o toxicidad). Asi, tanto la deficiencia de Fe como la toxicidad de Mn
producirian en general un aumento de la degradacién de la pared primaria en todos los tejidos
analizados, mientras que la deficiencia de Mn produciria una disminucion en su degradacion. Se
ha descrito que la deficiencia de Fe produce alteraciones en el tamafio de los vasos xilematicos
en hoja (Eichert et al., 2010; Fernandez et al., 2008) que podrian estar relacionadas con estos
cambios. En cualquier caso, los cambios en la rigidez y/o porosidad de la pared celular primaria
pueden influir en el transporte de los micronutrientes a través de los vasos xilematicos. Ademas,
en el caso de la deficiencia de Fe se ha especulado que el incremento en las hidrolasas puede
permitir un suministro de C anaplerético que podria compensar las bajas tasas fotosintéticas que

poseen las plantas con deficiencia de Fe (Zhang et al., 2008).

Pared celular secundaria

En el caso de las deficiencias de Fe y Mn, los cambios en los perfiles proteicos de la savia
del xilema indican que el contenido, la estructura y la composicién de lignina de la pared celular
secundaria se encontraron alterados, mientras que en el caso el fluido apoplastico de remolacha
deficiente en Fe no se encontraron diferencias (Capitulos 3.3 y 3.2, respectivamente). Los
descensos en peroxidasas involucradas en la formacidn de lignina (Fernandez-Pérez et al.,
2015a; Shigeto et al., 2014, 2016) observados en la savia de xilema sugieren un efecto similar
de ambas deficiencias sobre la composicion de la pared celular secundaria. Sin embargo, el
hecho de que la deficiencia de Fe también lleve a aumentos en la abundancia de otras
peroxidasas también relacionadas con dichos procesos indica una mayor complejidad en este
estrés nutricional. Ademas de los descensos observados para peroxidasas relacionadas con la
suberizacion, la deficiencia de Mn también causd descensos en cupro-oxidasas y fasciclin-
arabinogalactanos, proteinas implicadas en la formacién de lignina y en la deposicion de
celulosa en la pared secundaria, respectivamente, sugiriendo que aunque ambas deficiencias
afectan a la pared secundaria, el efecto es més intenso en la deficiencia de Mn. En linea con esta
hipotesis, estudios previos han descrito que la deficiencia de Fe produce alteraciones en la
composicion de lignina en tallos de Medicago truncatula (Rodriguez-Celma et al., 2016c,
Anexo 1), asi como cambios en el patron de lignificacion de la raiz de Cucumis sativus (Donnini
etal., 2010).

La toxicidad de Mn también afecta a proteinas implicadas en la formacion de la pared
celular secundaria, tanto en xilema como en raiz. Sin embargo, el efecto de la toxicidad de Mn
en la pared secundaria de xilema es mas complejo que en el caso de la deficiencia de dicho

nutriente y similar al observado en la deficiencia de Fe, ya que causé tanto aumentos (en seis
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proteinas) como descensos (en cuatro) en la abundancia de peroxidasas de secrecién
relacionadas con procesos de lignificacion. Hay que mencionar que debido a que la funcién
exacta de estas peroxidasas es aln desconocida, podria ocurrir que las peroxidasas que
aumentan en abundancia estuvieran relacionadas con procesos de homeostasis redox y no con
modificaciones de la pared celular secundaria. En el caso de la raiz, la interpretacion de los
cambios inducidos por la toxicidad de Mn es mas sencilla, puesto que la mayoria de la
peroxidasas que incrementaron su abundancia relativa estan involucradas en procesos de
lignificacion y suberizacion de la pared celular, sugiriendo que la toxicidad de Mn causa un
aumento de la rigidez y una reduccion de la expansion de la pared celular secundaria (Capitulo
3.5). Los resultados obtenidos con la savia de xilema de plantas sometidas a toxicidad de Mn
contrastan con lo observado con la deficiencia de Mn, donde los descensos en peroxidasas,
cupro-oxidasas y fasciclin-arabinogalactanos sugieren un descenso en la formacion de lignina, y
por tanto, de la rigidez de la pared celular secundaria. Las alteraciones observadas podrian ser
las responsables de la inhibicién del crecimiento de la raiz observado en las plantas sometidas a
toxicidad de Mn (Chen et al., 2016).

Como conclusién, se puede decir que las deficiencias de Fe y Mn producirian una
disminucién en la lignificacion de la pared secundaria en xilema mientras que la toxicidad de

Mn llevaria a aumentos en la lignificacidn tanto en raiz como en xilema.
4.1.2. Metabolismo de proteinas

Los fluidos vegetales como la savia de xilema y el apoplasto de hoja se caracterizan por poseer
una bateria de proteinas con actividad proteolitica (un 12 % del proteoma en ambos casos;
Capitulo 3.1), que participan principalmente en procesos de degradacion de proteinas,
sefializacion y defensa basal frente a la infeccion por patdgenos (Xia et al., 2004; Shabab et al.,
2008; Rodriguez-Celma et al., 2016a).

En el caso de la deficiencia de Fe, el andlisis del proteoma diferencial del fluido
apoplastico no mostré cambios significativos en la categoria de protedlisis (Capitulo 3.2). Por el
contrario, tanto la deficiencia de Fe como la de Mn causaron cambios en la abundancia de un
gran namero de proteinas con actividad proteolitica en la savia de xilema. Sin embargo, la
deficiencia de Fe produjo mayoritariamente aumentos en las abundancias (en 11 de 15
proteasas), mientras que la de Mn caus6 principalmente descensos (en 12 de 13 proteasas).
Ademés, en ambos casos se midieron incrementos y descensos que se encontraban entre los
mayores cambios observados en el xilema de las plantas sometidas a dichos estreses. En
condiciones de deficiencia de Fe, el aumento de esta clase de proteinas puede estar relacionada
con la degradacion de proteinas dafiadas por ROS, cuyos niveles son superiores debidos a la

situacion de escasez de este metal (Lan et al., 2011; Zaharieva et al., 2003). Sin embargo, el
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hecho de que algunas proteasas disminuyeran su abundancia de forma significativa con la
deficiencia de Fe indica que ese papel no es su Unica funcién, sugiriendo su posible implicacion
en otros procesos, como por ejemplo, su participacion en la maduracién de proteinas de la pared
celular (Schaller et al., 2004) o en la generacion de péptidos sefal.

En contraposicion a lo que ocurre con la deficiencia de Fe, los descensos en proteasas
observados en condiciones de deficiencia de Mn sugieren que el proteoma de xilema en estas
condiciones es menos proteolitico, y por tanto, que el nimero de proteinas que han sufrido
dafios no es elevado, siendo incluso menor que en las plantas crecidas en condiciones control.
Ademés, el descenso en la abundancia de proteasas podria indicar que en condiciones de
deficiencia de Mn la maduracién de las proteinas de secrecion es menor que en condiciones
control, lo que estaria de acuerdo con el bajo porcentaje de proteinas de secrecion que aumentan
en condiciones de deficiencia de Mn (un 18 %). La hipotesis de que el xilema de plantas
cultivadas en deficiencia de Mn refleja una situacion de estrés menor que el de las plantas
sometidas a deficiencia de Fe se ve reforzada por los cambios medidos en la abundancia de
enzimas involucradas en la proteccion frente a estrés oxidativo, que siguen un comportamiento
similar al de las proteasas, aumentando con la deficiencia de Fe y disminuyendo con la de Mn
(ver apartado 4.1.3). Como se ha comentado anteriormente, los cambios en la abundancia de
proteasas también pueden estar relacionados con procesos de sefializacién, en cuyo caso el
sistema estaria mas activado en condiciones de deficiencia de Fe y menos en condiciones de

deficiencia de Mn.

También es interesante destacar la presencia de varias subunidades del proteasoma en el
fluido apopléstico de B. vulgaris que estan involucradas en la degradacion de proteinas dafiadas
y mal plegadas mediante procesos de ubiquitinacion (Van Der Hoorn and Jones, 2004; Xia et
al., 2004; Pearce et al., 2010; Capitulo 3.2). Estos elementos del proteasoma se han observado
hasta el momento Unicamente en B. vulgaris, indicando que su presencia puede ser especifica de
la especie, aunque no hubo variaciones en su abundancia con la deficiencia de Fe, lo que sugiere

que en dichas condiciones esta via proteolitica no es de especial importancia.

La toxicidad de Mn ocasion6 cambios en un gran nimero de proteinas relacionadas con el
metabolismo proteico tanto en la savia de xilema (un 14% del proteoma diferencial) como en
raiz (un 23 % del proteoma diferencial). Los cambios fueron similares en ambos tejidos,
consistiendo, en primer lugar, en descensos en componentes estructurales del ribosoma, en
segundo lugar, en aumentos de inhibidores de proteasas, y en tercer lugar, en descensos en
proteinas con actividad proteolitica, tanto de secrecion como pertenecientes al complejo del
proteosoma. Estos cambios indican que la toxicidad de Mn causa disminuciones en los procesos
de sintesis proteica y degradacién de proteinas, cuyo resultado final alteraria la tasa de

reposicion proteica y podria causar una acumulacion de proteinas dafiadas. Esta acumulacion
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podria estar tras de algunos de los efectos nocivos de la toxicidad de Mn. El descenso de
proteinas proteoliticas en raiz ya habia sido descrito en Citrus grandis en condiciones de
toxicidad de Mn (You et al.,, 2014), y también este descenso es acorde con la elevada
concentracion proteica observada en savia de xilema. Por otro lado, la acumulacion de proteinas
dafiadas en el proteoma de raiz es acorde con los descensos observados para varias chaperonas e
isomerasas, proteinas que desempefian un papel importante en la prevencién de la agregacion de
proteinas dafiadas o mal plegadas en situaciones de estrés. Las disminuciones en estas proteinas
probablemente sugieren, ademas de la disminucién mencionada anteriormente en los procesos

de sintesis, un ensamblaje menos intenso de las proteinas sintetizadas de novo.

Estos resultados son distintos a los observados en condiciones de deficiencia de Mn, ya
gue a pesar de observarse en ambos casos descensos en abundancias relativas, el xilema de las
plantas deficientes en Mn present6 una concentracion de proteinas muy inferior al observado en
condiciones control, sugiriendo que no existe una acumulacion de proteinas dafiadas. Por
Gltimo, es necesario comentar que aungue en menor nimero, varias proteasas (dos en raiz y
siete en xilema), aumentaron en abundancia en plantas cultivadas en exceso de Mn, sugiriendo
gue algunos procesos proteoliticos se encuentran inducidos. Estos aumentos en proteasas, como
se ha comentado anteriormente en el caso de la deficiencia de Fe, podrian estar involucrados en
la degradacion de proteinas dafiadas por ROS (Zaharieva et al., 2003; Lan et al., 2011), ser
necesarios para la maduracion de proteinas de la pared celular o participar en procesos de

sefializacién mediados por péptidos (Schaller et al., 2004; Xia et al., 2004).

Como conclusion, se puede decir que tanto la deficiencia de Fe como la toxicidad de Mn
en los tejidos estudiados producen un ambiente mas proteolitico que el observado con la
deficiencia de Mn, sugiriendo la existencia de alteraciones en la tasa de recambio de proteico,
en la maduracion de proteinas y/o en procesos de sefializacion y defensa, lo que refleja la

existencia de un mayor estrés en estas condiciones.

4.1.3. Proteccion contra estrés

La caracterizacion de los perfiles proteicos del fluido apopléstico de hoja y de la savia del
xilema mostré una fraccion importante de proteinas involucradas en mecanismos de defensa
basales y de respuesta a estrés oxidativo cuando la planta no se encuentra sometida a
condiciones de estrés (un 19% del proteoma del xilema y un 18% del proteoma del fluido
apoplastico). Estos porcentajes, igual que en el caso de las proteasas, suponen la existencia de
mecanismos de defensa constitutivos en los fluidos vegetales, creando un entorno hostil para

prevenir la infeccion por patdégenos (Delaunois et al., 2013; Pechanova et al., 2010).

186




Discusion

Con las deficiencias de Fe y Mn las proteinas incluidas en la categoria de defensa no
sufrieron grandes alteraciones (una proteina aumentando en abundancia relativa con la
deficiencia de Fe en xilema y fluido apoplastico, y una aumentando y otra disminuyendo con la
deficiencia de Mn), mientras que la toxicidad de Mn si que provoco alteraciones importantes en
las proteinas relacionadas con la defensa de la planta, tanto en el fluido xileméatico como en la
raiz. Asi, en el xilema se observaron aumentos y descensos en un mismo numero de proteinas
(seis), mientras que en la raiz el nimero de proteinas que sufrieron aumentos en su abundancia
relativa fue mayor (10) que el numero de descensos (2). Estos datos sugieren que la alteracion
nutricional por toxicidad de Mn provoca mayor un estrés en la planta que el causado por las
deficiencias de Fe o Mn.

El fluido apopléstico de B. vulgaris deficiente en Fe mostr6 aumentos en la abundancia
relativa de una taumatina relacionada con la respuesta a estreses abioticos y biéticos. La misma
proteina se vio también aumentada en xilema de tomate cultivado en condiciones de deficiencia
y toxicidad de Mn y ademas, presenta aumentos tanto en en raiz como en tallo de M. truncatula
cultivada en condiciones de deficiencia de Fe (Rodriguez-Celma et al., 2011), sugiriendo que
participa de forma consistente en mecanismos de defensa si hay alteraciones nutricionales. Tras
el suministro de Fe a plantas de B. vulgaris deficientes en Fe, esta proteina disminuyé su
abundancia relativa en el fluido apoplastico, retornando de forma rapida (en 24 h) hacia valores
similares a los valores control, lo que sin duda hace que esta proteina sea un buen candidato

para futuros estudios.

La categoria de oxido-reduccion también puede ser utilizada para inferir la situacion de
estrés, en este caso oxidativo, a la que se encuentra sometida la planta. Con la excepcion del
fluido apopléastico, donde no se observaron cambios en ninguna proteina de la categoria oxido-
reduccion, los estreses nutricionales estudiados indujeron mayores cambios en las proteinas de
respuesta a estrés oxidativo que en las proteinas clasificadas en defensa. Ademas, los resultados
indican que tanto la deficiencia de Fe como la toxicidad de Mn producen un mayor estrés
oxidativo en los tejidos estudiados que la deficiencia de Mn, ya que esta Gltima provocd
descensos en abundancia relativa para la mayor parte de las proteinas que sufrieron cambios
significativos dentro de la categoria, mientras que la deficiencia de Fe y la toxicidad de Mn
causaron principalmente aumentos. Como ya se ha comentado anteriormente, la mayoria de las
proteinas diferenciales en esta categoria son peroxidasas, algunas de ellas relacionadas con la
lignificacion (Fernandez-Pérez et al., 2015a; Shigeto et al., 2014; 2016), con lo que sus cambios
podrian implicar alteraciones en la pared celular. Sin embargo, no se puede descartar que los
cambios de abundancia medidos en peroxidasas diferenciales también causen alteraciones en el
estado redox del xilema inducidos por los estreses nutricionales estudiados. La deficiencia de

Mn provocé también descensos en Cu-oxidasas y en enzimas antioxidantes que participan en la
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regeneracion del glutation oxidado (Ferretti et al., 2009; Ohkama-Ohtsu et al., 2007) o catalizan
la sintesis de acido ascorbico (Maruta et al., 2010). Los descensos en estas Gltimas proteinas,
junto con el papel dual que peroxidasas y proteasas juegan en la defensa y mantenimiento de la
estructura de los vasos xilematicos, sugieren que el proteoma de Xilema de plantas deficientes
en Mn no esta sometido a un excesivo estrés, presentando un entorno menos oxidativo que el de
las plantas control. Al contrario que la deficiencia de Mn, la deficiencia de Fe y la toxicidad de
Mn parecen generar un mayor estrés oxidativo en xilema, debido no solo al incremento en la
abundancia relativa de un gran nimero de peroxidasas sino también a los aumentos medidos
tanto en enzimas antioxidantes del ciclo glutation-ascorbato como en tioredoxinas. Como se ha
comentado anteriormente, la toxicidad de Mn en raiz produjo aumentos en un gran nimero de
proteinas de defensa asi como en peroxidasas, sugiriendo que en este tejido la situacion de estrés
es elevada, tal y como como ocurre en xilema. Sin embargo, en este caso también se observaron
descensos en abundancia relativa para tres enzimas antioxidantes del ciclo glutation-ascorbato,

indicando que existen diferencias especificas en la respuesta dependiendo del tejido.
4.1.4. Senalizacion celular

Los perfiles proteicos del fluido apoplastico muestran algunas proteinas involucradas en
procesos de sefializacion que se encuentran expresadas de forma constitutiva. Sin embargo, no
se observaron cambios significativos en respuesta a la deficiencia de Fe, sugiriendo que los
procesos de sefializacion en el apoplasto de hoja no tienen un papel importante en el

mantenimiento de la homeostasis del metal.

Las deficiencias de Fe y Mn afectaron a proteinas involucradas en tres sistemas de
sefializacion celular en el fluido del xilema, siendo antagdnica la respuesta de la planta ante
estas deficiencias. En primer lugar, la deficiencia de Fe provocO incrementos en proteinas
relacionadas con la via CLE (CLAVATA3/EMBRYO SURROUNDING REGION-RELATED;
CLV3/ESR-related), mientras que la deficiencia de Mn mostrd una represion de dicha via. Esta
ruta de sefializacién celular involucra péptidos sefial que se originan en el xilema y participan en
el control de los procesos de desarrollo de la planta (Hirakawa et al., 2008; 2010; Ito et al.,
2006; Ohyama et al., 2009; Stahl et al., 2009). Estos péptidos ya han sido descritos como
sefializadores en otros estreses nutricionales como los ocasionados por la carencia de N o P
(Wang et al., 2015).

En segundo lugar, los cambios inducidos por ambas deficiencias en los perfiles proteicos
del fluido de xilema indican la presencia de un sistema de sefializacion celular basado en lipidos
(Carella et al., 2016). Este sistema también presentaria un comportamiento antagonico en
funcidn de la deficiencia, presentando una activacion en el caso del estrés por Fe y un represion

ante la deficiencia de Mn, si bien parece existir un punto de regulacion comin en ambas
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deficiencias nutricionales, dada la disminucion en la abundancia relativa de una PI-PLC que
participa en varias cascadas de sefializacién celular. Por otro lado, la toxicidad de Mn, tanto en
xilema como en raiz, también parece provocar alteraciones la via de regulacién mediada por
lipidos, como sugieren los descensos en proteinas con actividades lipasa, esterasa y fosfolipasa.
Los aumentos de una acil-hidrolasa lipolitica especifica de la raiz, que participa en los procesos
de liberacion de &cidos grasos de los lipidos de membrana, y de dos lipoxigenasas, que catalizan
la dioxigenacion de los acidos grasos en la sefializacion celular por oxilipinas (Rydel et al.,
2003) ya habian sido descritas como proteinas con un papel activo en la transduccion de sefiales
en situaciones de estrés como las deficiencias de Fe y P (Rietz et al., 2004; 2010). Ademas, este
tipo de regulacion ya habia sido descrito en el floema, donde fue propuesto como un modo de
sefializacién a larga distancia en respuesta a estreses abidticos (Benning et al., 2012; Barbaglia
et al., 2016). Por tanto, podemos concluir que el metabolismo lipidico parece jugar un papel
importante en los procesos de sefializacién que participan en la respuesta a los estreses
nutricionales estudiados, y que este sistema de sefializacion parece ser frecuente, puesto que se

observa tanto en raiz como en xilema y tanto con Fe como con Mn.

En tercer lugar, el sistema de sefializacién basado en fasciclin-arabinogalactanos también
parece estar involucrado en la regulacién via xilema de los estreses nutricionales estudiados.
Los descensos observados en fasciclin-arabinogalactanos en savia de xilema (tres proteinas en
deficiencia de Fe, una en deficiencia de Mn y cinco en toxicidad de Mn) indican que este
sistema de sefializacion se encontraria reprimido en xilema ante los estreses nutricionales
estudiados. Esta represion afecta a la deposicion de celulosa en la pared celular secundaria del
tallo, alterando por tanto las propiedades biomecéanicas de éste (MacMillan et al., 2010;
Lafarguette et al. 2004; Brown et al. 2005; Persson et al. 2005). El hecho de que tanto la
deficiencia como la toxicidad de Mn causen descensos en un mayor nimero de proteinas de esta
ruta de sefializacion que la deficiencia de Fe sugiere que esta via de sefializacion es mas
importante en el mantenimiento de la homeostasis del Mn que en la del Fe. También conviene
comentar que en el proteoma de raiz de tomate crecido en exceso de Mn no se observaron
cambios en fasciclin-arabinogalactanos, sugiriendo que su participacion en la regulacion es

especifica del tejido, limitandose al xilema.

Ademas de estas tres rutas de sefializacion comentadas anteriormente, los estreses
nutricionales estudiados también afectaron en el fluido de xilema a dos de los mecanismos mas
importantes de modificacion post-transduccional, como son los procesos de fosforilacion y
glicosilacion. Por un lado, los cambios en abundancia relativa de ciertas fosfatasas &cidas
purpura (PAPs) indican la existencia de una red de fosforilacion extracelular (Ndimba et al.,
2003) que podria modular la actividad de las glicésidohidrolasas en la pared celular mediante

procesos de desfosforilacion. Dichas proteinas aumentaron en xilema de tomate deficiente en Fe
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mientras que disminuyeron en condiciones de deficiencia de Mn, indicando que ambas
alteraciones nutricionales provocan cambios antagénicos en el estado de fosforilacion de las
proteinas del xilema, con lo que esta red de fosforilacion actuaria de un modo opuesto en ambas
deficiencias, estando activada en la deficiencia de Fe y reprimida en la de Mn (Kaida et al.,
2010). Este hecho es muy relevante en condiciones de deficiencia de Fe, ya que las fosfatasas
contienen este metal. Por otro lado, la abundancia relativa de N-glicosilasas que actGan sobre
enlaces C-N también aumentaron en el xilema de tomate deficiente en Fe y disminuyeron en
condiciones de deficiencia de Mn, sugiriendo que el estado de glicosilacion en xilema varia con
la deficiencia nutricional, disminuyendo con la deficiencia de Fe y aumentando con la de Mn.
En el xilema de tomate cultivado en toxicidad de Mn se observaron aumentos en N-glicosilasas
pero no se observaron cambios en fosfatasas, sugiriendo que en este caso la presencia de
glicosilaciones es menor que en condiciones control y que las fosforilaciones no juegan un

papel relevante en condiciones de toxicidad de Mn.

Por Gltimo, como se ha comentado previamente, la toxicidad de Mn en raiz de tomate
produce cambios en abundancia relativa en proteinas con dominios de unién a lipidos y en
lipasas y lipooxigenasas, lo que parece indicar que en este caso también existe un mecanismo de
sefializacién basado en el metabolismo lipidico. Sin embargo, la mayoria de las proteinas
afectadas por la toxicidad de Mn en la categoria de sefializacion (15 de 19) contienen dominios
de unidn a RNA, sugiriendo que los procesos de regulacién de la homeostasis del Mn no son los
mismos en raiz y en savia de xilema. Asi, la toxicidad de Mn produjo descensos en la
abundancia relativa de proteinas con dominios RRM, KH, “Zn finger”, helicasa C, FDF o
HABP4, asociadas con procesos de traduccion, mantenimiento y estabilidad del RNA y con
mecanismos de regulacion del ensamblaje alternativo del mismo (Ambrosone et al., 2015;
Anantharaman et al., 2004; Kenan et al., 1991; Lorkovic, 2009). Estos resultados muestran la
importancia de los mecanismos de regulacion y estabilidad de RNA en la modulacion de la
respuesta celular ante esta toxicidad nutricional, participacion que ya habia sido descrita en
estreses por salinidad y sequia (Ambrosone et al., 2012; Nakaminami et al., 2012). Ademas, la
supresion del transporte de proteinas via Ran en el proteoma de la raiz también sugiere una

afectacion del transporte de proteinas al nicleo.
4.1.5. Energia

Tanto la deficiencia de Fe como la de Mn tuvieron un efecto moderado en la fraccion del
proteoma del xilema relacionado con la obtencion de energia, lo que concuerda con la
naturaleza no secretoria de estas proteinas. En ambos casos, casi todas las proteinas afectadas
(seis en cada deficiencia) fueron clasificadas, con una sola excepcién, como NCS (non-classical

secretory; proteinas secretorias no clasicas), por lo que su interpretacion resulta compleja. De
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forma general, en ambas deficiencias aumentaron proteinas relacionadas con la glicolisis (una
en la deficiencia de Mn y dos en la de Fe), mientras que causaron efectos opuestos en la ruta de
pentosas fosfato, con aumentos (dos proteinas) en la deficiencia de Mn y disminuciones (dos
proteinas) en la de Fe. Del mismo modo, la deficiencia de Fe solo afectd a dos proteinas
pertenecientes a esta categoria en el apoplasto de remolacha. Por otro lado, aunque la toxicidad
de Mn causé un gran nimero de alteraciones en la categoria relacionada con el metabolismo de
carbohidratos en el proteoma del xilema, la mayor parte de estas proteinas se clasificaron
nuevamente como NCS. A esto hay que afiadir que tanto la ruta de la glicélisis como la de las
pentosas fosfatos mostraron proteinas aumentadas y disminuidas, resaltando la dificultad para
interpretar los cambios producidos en las proteinas NCS de xilema.

Por el contrario, la toxicidad de Mn si que tuvo un claro efecto sobre las rutas metabdlicas
involucradas en los procesos de obtencién de energia en el proteoma de raiz de plantas de
tomate, incluyendo glicélisis, metabolismo del piruvato, ciclo de Krebs y fosforilacion
oxidativa. Los descensos en la abundancia relativa de proteinas implicadas en todas estas rutas
metabodlicas indican una reduccion en la capacidad de obtencién de ATP y poder reductor que
también han sido descritos en raiz de C. sinensis cultivada con exceso de Mn (Zhou et al., 2013;
You et al., 2014). Los descensos inducidos por la toxicidad de Mn en varias proteinas que
contienen Fe, como la NADH:uniquininona oxidoreductasa, la dioxigenasa o la NADH-
citocromo b5 reductasa se pueden asociar a la limitada disponibilidad de Fe en plantas crecidas
en niveles toxicos de Mn, debido a la competicién entre Mn y Fe a nivel de transporte
molecular. Estos resultados son acordes con el aumento de la actividad reductasa medido en las
raices de las plantas crecidas en condiciones de exceso de Mn, que también sugiere un cierto
grado de escasez de Fe. Al mismo tiempo, aunque la concentracion de Fe en la raiz no cambid,
la concentracion de Fe en hoja descendi6 pero sin llegar a alcanzar niveles considerados como

deficientes.

Finalmente, es de destacar que la toxicidad de Mn en tomate también afect6 a un elevado
numero de proteinas clasificadas como reservorios de nutrientes en los perfiles proteicos de la
raiz (cinco proteinas) y el fluido de xilema (10), en contraposicion con la deficiencia de Mn, que
no presentd alteraciones en esta categoria. Los cambios en la abundancia relativa de estas
proteinas pueden, por un lado, estar relacionados con la variaciéon en la tasa de repuesto de
proteinas anteriormente mencionado, ya que estas proteinas actian como reservorios de N. Por
otro lado, la gran mayoria de estas proteinas (tres en raiz y ocho en xilema) son cupinas con
dominios RmIC y “RmlC jelly roll” que se encuentran normalmente en dTDP-isomerasas
involucradas en la sintesis de L-ramnosa, en proteinas de union a Mn (como la oxalato oxidasa
0 la MnSOD) y en receptores de auxina, indicando que sus cambios en abundancia podrian estar

relacionados con modificaciones en la pared celular y/o en procesos de defensa frente a ROS.
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Ademas, las cupinas que mostraron aumentos en el proteoma de raiz han sido descritas como
proteinas vacuolares, mientras que las cupinas que presentaron descensos en dicho proteoma
son extracelulares. Este hecho sugiere que en condiciones de toxicidad de Mn la planta

almacena el metal en las vacuolas del tejido radicular en un proceso asistido por cupinas.
4.2. Comparacion entre las técnicas de protedmica utilizadas

En esta Tesis Doctoral se ha utilizado la electroforesis bidimensional (2-DE), una técnica de
protedmica clasica, junto con el “shotgun proteomics”, una técnica de protedmica avanzada,
para el estudio de los distintos proteomas de la planta. En la 2-DE, las proteinas de un extracto
proteico se separan en funcién de su peso molecular y punto isoeléctrico mediante electroforesis
en dos dimensiones, y a continuacién los spots que presentan cambios significativos en
abundancia relativa se digieren e identifican por espectrometria de masas (Figura 4.2.1).

Durante varias décadas, este ha sido el método mas comunmente elegido para los estudios

prote6micos.

Digestion + Respuesta

Estadistica ., L
Identificacion Bioldgica

Figura 4.2.1. Flujo de trabajo utilizado en el estudio de los proteomas de la planta mediante

electroforesis bidimensional.

Sin embargo, la electroforesis en dos dimensiones no es la Unica plataforma para la
separacion de proteinas en la actualidad. El desarrollo de técnicas avanzadas basadas en el uso
de cromatografia multidimensional, cuyo uso se ha incrementado recientemente, permite la
digestion previa de muestras complejas de proteinas, el posterior fraccionamiento de los
péptidos resultantes, su andlisis e identificacion mediante 2D-LC y la determinacion mediante
parametros estadisticos de las variaciones significativas que van a determinar la respuesta

bioldgica de la planta (Figura 4.2.2).

Identificacion

2B + Estadistica

Figura 4.2.2. Flujo de trabajo usado por las técnicas de protedmica avanzada en el estudio de los
proteomas de la planta.
En los estudios proteémicos se pueden distinguir dos aproximaciones generales. La
primera seria la protedbmica descriptiva, basada en la identificacion del mayor nimero posible de

proteinas dentro de un proteoma. La segunda seria la protedmica diferencial o comparativa,
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centrada en el analisis de diferencias entre muestras. La protedmica descriptiva se ha utilizado
en esta Tesis para describir proteomas de fluidos vegetales poco conocidos hasta la fecha,
incluyendo la savia de xilema y floema y el fluido apopléstico, en una revisién de los estudios
publicados sobre estos compartimentos vegetales (Capitulo 3.1). Este estudio refleja la
dificultad del mapeo completo de un tejido y la importancia de establecer criterios claros, asi
como indicadores universales, para estimar la contaminacion por componentes intracelulares en
fluidos vegetales, que aparece frecuentemente debido la naturaleza invasiva de los métodos de
obtencidn de estos fluidos. Junto con esta revision, en el desarrollo de esta Tesis Doctoral se ha
llevado a cabo el mapeo del fluido apopléstico de hoja de Beta vulgaris mediante el uso de 2-
DE (Capitulo 3.2). Tanto el nimero de spots observados en este estudio (203 spots) como su
identidad fueron consistentes con los reportados en otras especies vegetales, todos ellos basados
en técnicas de electroforesis bidimensional. EI proteoma del fuido apopléstico estd compuesto
por proteinas de caracter soluble, y probablemente contiene un mayor nimero de proteinas que
los 200 spots que han sido identificados en estos estudios. Estos resultados muestran que la
electroforesis bidimensional posee limitaciones inherentes a la técnica, como por ejemplo la
visualizacidn de proteinas que estan presentes en bajas concentraciones en la muestra (Harry et
al., 2000; Rabilloud, 2002). Este hecho sugiere que herramientas como el “shotgun” podrian ser
de mayor utilidad en el mapeo de sub-proteomas, como los de los fluidos vegetales, en los que

las proteinas se encuentran en baja abundancia.

En segundo lugar, la protedmica comparativa ha sido de gran utilidad para discernir los
efectos de estreses abidticos como la deficiencia de Fe en el fluido apoplastico y la savia de
xilema (descritos en los Capitulos 3.2 y 3.3, respectivamente), el efecto de la deficiencia de Mn
en la savia de xilema (descrito en el Capitulo 3.3) y la toxicidad de Mn en la raiz y la savia de

xilema (descritos en los Capitulos 3.5 y 3.6, respectivamente).

Los cambios en los perfiles proteicos con la toxicidad de Mn en los tejidos de raiz de
tomate han sido analizados por ambas metodologias, para llevar a cabo una comparacién entre
la 2-DE clasica y la técnica de “shotgun”. Los resultados obtenidos permiten concluir que la
técnica de “shotgun”, resulta mas sensible para la identificacion de proteinas, siendo la
responsable de la identificacion del 70% de las proteinas diferenciales totales. A pesar de esta
sensibilidad, conviene destacar que tan s6lo el 7% de las proteinas diferenciales en este estudio
fueron identificadas mediante ambas técnicas, lo que sugiere que las dos metodologias, 2DE y
“shotgun proteomics”, presentan una gran complementariedad. Ademas, las nuevas técnicas de
protedmica basadas en el analisis cromatogréafico presentan desventajas para la deteccion de
isoformas y modificaciones post-traduccionales, que resultan relativamente sencillas con la
electroforesis basada en gel (véase Capitulo 3.2). Est4 claro que en los estudios de mapeo la 2-

DE resulta limitada en comparacion con las técnicas avanzadas, principalmente debido a la
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mayor sensibilidad de estas nuevas metodologias. Sin embargo, en el caso de la proteémica
comparativa, la 2-DE sigue siendo una herramienta de gran utilidad, ya que permite una
visualizacion relativamente sencilla de los cambios, asi como la deteccién de variaciones en
isoformas y modificaciones post-traduccionales. Por ejemplo, el anélisis por 2-DE del proteoma
diferencial de apoplasto de remolacha deficiente en Fe reveld varias isoformas con distinto pl de
una quitinasa, con una de ellas apareciendo de novo, lo que pone de manifiesto la utilidad de
esta técnica. A pesar de estas ventajas, una de las mayores limitaciones de la 2-DE sigue siendo
la dificultad en su automatizacion, que lleva a que el nimero de réplicas a analizar sea reducido,
lo que resulta en una mayor variabilidad experimental, que ademas, se ve incrementada por la
mayor intervencion manual en este método (Quadroni and James, 1999; Lopez, 2000). Ademas,
el nimero menor de réplicas conlleva a una menor robustez de los andlisis estadisticos. Las

técnicas no basadas en gel pueden reducir, por tanto, tanto costes como el tiempo invertido.

No toda la responsabilidad en la identificacion de proteinas debe recaer sobre la
tecnologia utilizada, ya que junto a la eleccién de la metodologia utilizada hay que tener en
cuenta que la etapa mas critica se encuentra al inicio del proceso, que incluye tanto la extraccion
como la preparacién de la muestra. Esta etapa es determinante para la posterior identificacion de
proteinas y adquiere gran importancia en los estudios sobre fluidos vegetales, ya que como se ha
comentado anteriormente y se describe en los Capitulos 3.1 y 3.2, la naturaleza invasiva de los
métodos de extraccion puede llevar a que un alto porcentaje de las proteinas encontradas se
pueda considerar como resultado de la contaminacién por tejidos vecinos. Este hecho, unido a la
alta sensibilidad de las técnicas de protedmica avanzada, lleva a que haya que replantearse los
criterios de pureza utilizados y a la busqueda de estrategias que permitan la distincion entre las
proteinas propias del fluido y aquellas que sean contaminantes intracelulares. Por otro lado, la
alta variabilidad de las muestras bioldgicas hace que se presenten variaciones en el tamafio
molecular de los polipéptidos, en su carga e hidrofobicidad, en las modificaciones post-
traduccionales o en su distribucion celular, no existiendo un protocolo de extraccién Gnico ni un
sistema de solventes capaz de extraer el proteoma completo de un tejido determinado. Este
hecho se hace especialmente relevante en muestras de tejido, como es el caso de la raiz. En
nuestros estudios se ha utilizado un protocolo de extraccion para proteinas solubles basado en la
solubilizacion de proteinas en fenol y su posterior precipitacion en acetato de amonio en
metanol (Hurkman and Tanaka, 1986; Meyer et al., 1988). Este protocolo genera extractos de
calidad con una contaminacién aparentemente minima (Mijnsbrugge et al., 2000; Wang et al.,
2003), minimizando también la proteolisis durante la extraccion (Schuster and Davies, 1983),
pero lleva a la pérdida selectiva de especies de proteinas con baja solubilidad, como son las

proteinas hidrofobicas.
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Discusion

Por dltimo, hay que resaltar que los estudios protedmicos requieren generalmente la
validacion de resultados, que puede llevarse a cabo mediante una gran variedad de técnicas
experimentales, incluyendo las de fisiologia, bioquimica, metabolémica y genodmica, lo que

siempre incrementa la informacion y refuerza los datos obtenidos.
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CONCLUSIONES






Conclusiones

1. Los proteomas del fluido apoplastico y las savias de xilema y floema presentan categorias
funcionales similares, si bien cada uno con proteinas especificas, existiendo no obstante un
pequefio grupo que es comun en los tres proteomas y que tiene funciones en el mantenimiento

de pared celular y defensa.

2. La deficiencia de Fe tiene un mayor efecto sobre el perfil proteico de la savia de xilema
que sobre el del fluido apopléstico, indicando que la homeostasis de proteinas es especialmente

eficiente en Ultimo caso.

3. Las deficiencias de Fe y Mn afectan a un nimero similar de proteinas en el proteoma del
xilema: la de Mn provoca descensos en la mayor parte de las proteinas y la de Fe causa

descensos e incrementos casi por igual.

4, Los cambios causados por la toxicidad de Mn en los proteomas de xilema y de raiz
muestran una ralentizacién general de las actividades metabolicas, siendo el efecto en el caso

del xilema mayor que el originado por las deficiencias nutricionales.

5. Los proteomas del fluido apoplastico y la savia de xilema indican que son
compartimentos altamente glicoliticos, siendo abundantes las proteinas relacionadas con el

metabolismo de polisacaridos.

6. Tanto la deficiencia de Fe como la toxicidad de Mn llevan a cambios en los perfiles
proteicos consistentes con aumentos de la degradacion de la pared primaria, mientras que la
deficiencia de Mn produce el efecto contrario, afectando dichos cambios a las propiedades

biomecanicas y/o porosidad de la pared celular.

7. Las deficiencias de Fe y Mn producen una disminucion en la lignificacion de la pared
secundaria en xilema, que es més intensa en el caso del Mn, mientras que la toxicidad de Mn

produce el efecto contrario tanto en raiz como en xilema.

8. El proteoma del xilema muestra un entorno menos proteolitico con la deficiencia de Mn
que con la de Fe, reflejando una situacion de estrés menor, mientras que con la toxicidad de Mn
disminuye tanto la actividad proteolitica del xilema como los procesos de sintesis y degradacion

de proteinas en la raiz.

9. La deficiencia de Fe y la toxicidad de Mn causan cambios en los perfiles proteicos que

reflejan la existencia de estrés oxidativo, a diferencia de lo que ocurre con la deficiencia de Mn.

10. La toxicidad de Mn provoca grandes cambios en las abundancias relativas de proteinas
relacionadas con defensa en el fluido xilematico y especialmente en la raiz, a diferencia de lo

que ocurre con las deficiencias de Fe y Mn.
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11. En cuanto a los sistemas de sefializacion celular, las deficiencias de Fe y Mn afectan de
un modo antagonico a la via CLE, el basado en lipidos y la red de fosforilacion extracelular,
mientras que el basado en fasciclin-arabinogalactanos se regula de forma analoga en ambas
deficiencias. Por otro lado, la toxicidad de Mn provoca alteraciones en la via de regulacion
mediada por lipidos.

12. La toxicidad de Mn tiene un claro efecto sobre los perfiles proteicos de la raiz, con
disminuciones en los procesos de obtencién de ATP, poder reductor y transporte electronico.

13.  Los resultados obtenidos permiten confirmar no s6lo que las técnicas de protedmica
avanzada resultan mas sensibles que las clésicas en la identificacion de proteinas, sino también
que ambas aproximaciones resultan complementarias, teniendo las nuevas tecnologias una
mayor sensibilidad y permitiendo la electroforesis 2-D una mejor visualizacion de los cambios y

la deteccion de variaciones en cuanto a isoformas y modificaciones post-traduccionales.
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ABSTRACT

Iron deficiency is a yield-limiting factor with major implications for crop production, especially
in soils with high CaCOs. Because stems are essential for the delivery of nutrients to the shoots,
the aim of this work was to study the effects of Fe deficiency on the stem proteome of
Medicago truncatula. Two-dimensional electrophoresis separation of stem protein extracts
resolved 276 consistent spots in the whole experiment. Iron deficiency in absence or presence of
CaCO; caused significant changes in relative abundance in 10 and 31 spots, respectively, and
80% of them were identified by mass spectrometry. Overall results indicate that Fe deficiency
by itself has a mild effect on the stem proteome, whereas Fe deficiency in the presence of
CaCOs has a stronger impact and causes changes in a larger number of proteins, including
increases in stress and protein metabolism related proteins not observed in the absence of
CaCOs. Both treatments resulted in increases in cell wall related proteins, which were more
intense in the presence of CaCOs;. The increases induced by Fe deficiency in the lignin per
protein ratio and changes in the lignin monomer composition, assessed by pyrolysis-gas
chromatography—mass spectrometry and microscopy, respectively, further support the existence

of cell wall alterations.
Biological significance

In spite of being essential for the delivery of nutrients to the shoots, our knowledge of stem

responses to nutrient deficiencies is very limited. The present work applies 2-DE techniques to
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unravel the response of this understudied tissue to Fe deficiency. Proteomics data,
complemented with mineral, lignin and microscopy analyses, indicate that stems respond to Fe
deficiency by increasing stress and defense related proteins, probably in response of mineral and
osmotic unbalances, and eliciting significant changes in cell wall composition. The changes
observed are likely to ultimately affect solute transport and distribution to the leaves.

A.l1.1. Introduction

Many environmental conditions, including the high pH of calcareous soils, can result in scarce
Fe availability in farmlands, resulting in Fe deficiency chlorosis and marked reductions in
agricultural produce yield and quality (Abadia et al., 2011; Alvarez-Fernandez et al., 2003;
Mengel, 1994). Iron deficiency associated with soils rich in CaCOs; is a major constraint for
yield in economically relevant crops such as soybean grown in the upper Midwest areas of the
U.S. (Coulombe et al.,1984; Froelichet al., 1981; Lin et al., 1997) and fruit tree crops in
Mediterranean climate areas (Alvarez-Fernandez et al., 2011; Rombola and Tagliavini, 2006).
When facing low soil Fe availability, plants respond by inducing root morphological and
physiological changes aimed to increase the Fe uptake capacity, which vary depending on the
taxonomical group (Romheld, 1987). Efforts have been devoted to deciphering this complex
network in plants at the transcriptomic, proteomic and metabolomic levels (Hindt and Guerinot,
1823; Lan et al., 2011; Lopez-Millan et al., 2013; Rellan-Alvarez et al., 2010a; 2011;
Rodriguez-Celma et al., 2013a; Schmidt and Buckhout, 2011). In dicotyledonous plants, root
responses include an induction of the Fe-reduction based uptake machinery (Eide et al., 1996;
Robinson et al., 1999), an enhanced proton extrusion capacity (Santi and Schmidt, 2009), the
excretion of organic compounds including carboxylates, phenolics and flavins (Cesco et al.,
2010; Fourcroy et al., 2014; Rodriguez-Celma et al., 2011a; 2013a; Schmid et al., 2014), and a
reprogramming of general metabolic pathways such as the tricarboxylic acid cycle (TCA) and
glycolysis to fuel the high energy requirements for Fe uptake (Lépez-Millan et al., 2009;
Zocchi, 2006). Being an essential micronutrient, Fe must be translocated to the shoots, where it
plays important roles in respiration and chlorophyll synthesis among others (Marschner, 1995).
In the xylem pathway, complexation with citrate plays a determinant role (Durrett et al., 2007,
Rellan-Alvarez et al., 2010b: Roschzttardtz et al., 2011).

The effects of Fe deficiency are not restricted to roots and leaves, and low soil Fe
availability also results in plants with reduced stem length and mass (Vasconcelos et al., 2014).
Plant stems provide mechanical support to the plant and are essential for the delivery of water
and nutrients (e.g., minerals, sugars amino acids) to the various plant organs (Lucas et al.,
2013). In addition, the vascular systems within the stem act as long distance communication

channels between roots and shoots, in which hormones, micro-RNAs, peptides and proteins act
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as signaling molecules (Hossain and Komatsu, 2013). The dual role of these systems, including
delivery of nutrients as well as signaling, makes stems crucial for the coordination of responses
to nutritional stresses at the whole plant level. However, very little information is available to
date about the effects of Fe deficiency in stem tissues.

Proteomic profiling using 2-DE is an excellent tool to provide a holistic picture of
changes induced by nutritional stresses (Hossain and Komatsu, 2013; Jorrin-Novo et al., 2009;
Liang et al., 2013). Indeed, changes in the protein profiles in response to Fe deficiency have
already been studied in different plant tissues, mainly roots and thylakoids, using model plant
species such as barrel medic (Medicago truncatula) (Lopez-Millan et al., 2013). This plant
species has a small diploid genome that yields manageable genetic tools, it is autogamous, has a
short generation time and a prolific seed production that makes it useful as a model legume
(Benedito et al., 2008; Colditz and Braun, 2010; Watson et al., 2003). Among the resources for
M. trucatula, several reference proteomes, including that of stems, are currently available
(Watson et al., 2003).

In the present study, we have examined the effects of Fe deficiency on the stem protein
profiles of M. truncatula plants submitted to Fe deficiency, and used pyrolysis-gas
chromatography—mass spectrometry and microscopy to assess changes in the lignin composition
of these tissues. Legumes are valuable agricultural and commercial crops that serve as important
nutrient sources for both humans and animals, and a better understanding of the effects of Fe
deficiency in stems, essential for the long distance transport of Fe, may strengthen our ability to
enhance Fe-efficiency responses. Two different treatments have been used to impose Fe
deficiency in nutrient solution, with or without CaCQOj, with the aim to know whether the
presence of CaCOs, which is often found in Fe-deficient soils, causes additional effects to those

of a direct Fe shortage alone.
A.l1.2. Material and methods

Plant material and growth conditions

Medicago truncatula cv. ‘Jemalong’ plants were grown in a controlled environment chamber
with a photosynthetic photon flux density at leaf height of 350 pmol m? s 2 photosynthetically
active radiation, 80 % relative humidity and at a 16 h-23 °C/8 h-19 °C, day/night regime. Seeds
were scarified by nicking the seed coat, then imbibed overnight in distilled water and
germinated on filter paper for three days in darkness with full humidity. Seedlings were grown
for an additional two-week period in half-strength Hoagland nutrient solution (pH 5.5) with 45
uM Fe(lIN-EDTA (Terry, 1980). Plants were then transplanted to 10 L plastic buckets (six

plants per bucket) containing half-strength Hoagland nutrient solution and treatments were
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imposed. Control plants were grown with 45 uM Fe(lI1)-EDTA (pH 5.5) and Fe-deficient plants
were grown with no added Fe (0 uM Fe), with (pH 7.7) or without (pH 5.5) 1 g L™* CaCOs,.
After six days, stem tissues (including main stems and petioles but excluding cotyledons and
leaves; Supplementary Figure S1) were harvested, frozen in liquid N, and stored at —80 °C. Five
independent batches of plants were grown and sampled for proteomic analysis. Tissues for
mineral (stems including petioles, roots and leaves) and lignin (stems and petioles separately)
analyses were also harvested six days after treatment onset from three plants per treatment in
two independent batches of plants.

Protein extraction

For protein extraction, approximately 0.5-1 g of tissue (pooled from two plants of a given
treatment), containing whole stems (including the main stems and petioles, see Supplementary
Figure S1) but excluding cotyledons and leaves, was ground in liquid N, with mortar and pestle.
The tissue was homogenized in 6 mL of phenol saturated with 0.1 M Tris-HCI (pH 8.0) and
containing 5 mM B-mercaptoethanol, by stirring for 30 min at 4 °C. Then, the homogenate was
filtered (PVDF, 0.45 um) and centrifuged at 5000 xg for 15 min. The phenol phase was
reextracted for 30 min with one volume of phenol-saturated 0.1 M TrisHCI (pH 8.0) containing
5 mM B-mercaptoethanol, and centrifuged as described above. Proteins in the phenol phase
were precipitated by adding four volumes of 0.1 M ammonium acetate in cold methanol,
followed by overnight incubation at —20 °C. Samples were then centrifuged at 5000 xg for 15
min, and the pellet was washed three times with cold methanol, dried with N, gas and
resuspended in sample rehydration buffer containing 8 M urea, 2 % (w/v) CHAPS, 50 mM
DTT, 2 mM PMSF and 0.2 % (v/v) 3-10 ampholytes (Amersham, Uppsala, Sweden). After
rehydration, samples were incubated at 38 °C for 1.5 h and then centrifuged at 15,000 xg for 10
min at 20 °C. Samples were analyzed immediately by 2-DE. Protein concentration was
measured with the Bradford method (BioRad kit), using microtiter plates in an Asys UVM 340
(Biochrom Ltd., Cambridge, UK) spectrophotometer and BSA as standard.

Protein 2-DE separation

Preliminary 2-DE experiments were carried out using a first dimension IEF separation with a
linear pH gradient 3—10; in these conditions most of the spots were concentrated in the central
region of the 2-DE gel (results not shown); therefore, to prevent protein comigration and
improve resolution a narrower pH gradient was chosen. A first dimension IEF separation was
carried out on 7 cm ReadyStrip IPG Strips (BioRad) with a linear pH gradient pH 5-8 using a
Protean IEF Cell (BioRad, Hercules, CA, USA). Strips were passively rehydrated for 16 h at 20

°C in 125 pL of rehydration buffer containing 60 pg of root extract proteins and a trace of
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bromophenol blue, and then transferred onto a strip tray. IEF was run at 20 °C, for a total of
14,000 V h (20 min with a 0-250 V linear gradient, 2 h with a 250-4000 V linear gradient and
4000 V until 10,000 V h). After IEF, strips were equilibrated for 10 min in equilibration
solution | [6 M urea, 0.375 M Tris-HCI, pH 8.8, 2 % (w/v) SDS, 20 % (v/v) glycerol, 2 % (w/v)
DTT] and for another 10 min in equilibration solution 11 [6 M urea, 0.375 M Tris-HCI pH 8.8,
2% (w/v) SDS, 20 % (v/v) glycerol and, 2.5 % (w/v) iodoacetamide]. For the second dimension
SDS-PAGE, equilibrated IPG strips were placed on top of vertical 12 % SDS-polyacrylamide
gels (8 x 10 x 0.1 cm) and sealed with melted 0.5 % agarose in 50 mM Tris HCI, pH 6.8,
containing 0.1 % SDS. SDS-PAGE was carried out at 20 mA per gel for approximately 1.5 h,
until the bromophenol blue reached the plate bottom, in a buffer containing 25 mM Tris, 192
mM glycine, and 0.1 % SDS, at 4 °C. Gels were subsequently stained with colloidal Coomassie-
blue G-250 (Serva, Barcelona, Spain). For each treatment, gels were made from independent
whole stem samples (including petioles) preparations obtained from five different batches of

plants (n = 5).
Gel image and statistical analysis

Stained gels were scanned with an Epson Perfection 4990 Photo Scanner (Epson Ibérica,
Barcelona, Spain) at 600 dpi, previously calibrated using the SilverFast 6 software (LaserSoft
Imaging AG, Kiel, Germany) and an IT8 reference card. Spot detection, gel matching and
interclass analysis were performed with PDQuest 8.0 software (BioRad). First, normalized spot
volumes based on total intensity of valid spots were calculated for each 2-DE gel and used for
statistical calculations of protein abundance; for all spots present in the gels, pl, Mr, and
normalized volumes (mean values and SD) were determined. Experimental MR values were
calculated by mobility comparisons with Precision Plus protein standard markers (BioRad) run
in a separate lane on the SDS gel, and pl was determined by using a linear scale over the total
dimension of the IPG strips. Only spots consistently present in at least 80 % of the replicates
(four out of five gels) from at least one class were considered and used in further analysis;
missing spot volumes were estimated from the data set by a sequential K-Nearest Neighbor
algorithm using an R 2.7.0 environment. After the input of missing values, a second
normalization based on total intensity of valid spots per gel was used to compensate for gel
replicate variations, and resulting data were used for statistical analyses. The spots were also
manually checked, and consistent reproducibility between normalized spot volumes was found

in the different replicates (Supplementary Table S1).

Univariate and multivariate statistical analyses were carried out. Spots changing in
relative abundance were selected using a paired Studentt-test and a significance level of p<0.05.

Protein response ratios were defined as the relative abundance in a given treatment divided by
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the relative abundance in the controls. Only proteins with mean response ratios above 2.0 or
below 0.5 were considered as physiologically relevant and are discussed in this study. Principal
component analysis (PCA) was carried out using Excel ad-in Multibase 2014.

Protein identification by nano-liquid chromatography-tandem mass spectrometry (nLC-
ESI-MS/MS)

Consistent spots showing statistically significant differences in accumulation were excised
automatically using a spot cutter EXQuest (BioRad), proteins in spots digested, and peptides
separated by nanoHPLC (n-HPLC system 1200 series, Agilent Technologies, Waldbronn,
Germany) as described in (Gutierrez-Carbonell et al., 2013). The nano-HPLC was connected to
a HCT Ultra high-capacity ion trap (Bruker Daltonics, Bremen, Germany) using a PicoTip
emitter (50 pum i.d., 8 um tip i.d., New Objective, Woburn, MA, USA) and an online nano-
electrospray source. Capillary voltage was —1.8 kV in positive mode and a dry gas flow rate of
10 L min* was used with a temperature of 180 °C. MS data were acquired automatically using
Hystar 3.2 software following a MS survey scan from 50 to 3000 m/z at a resolution of 5500.
The mass window for precursor ion selection was +0.15 m/z with an active exclusion after two
spectra and release after 1.2 min for the one most intense peptide. MS/MS spectra were
sequentially and dynamically acquired in a scan from 300 to 1500 m/z with a maximum
accumulation time of 750 ms depending on sample concentration. The fragmentation amplitude
for MS/MS was 1 V. Singly charged ions and trypsin peptides were excluded from MS/MS
analysis. Peak detection, deconvolution and processing were performed with Data Analysis 3.4
(Bruker Daltonics). Protein identification was carried out using the Mascot search engine
(version 2.3.02, Matrix Science; London, UK) and the non-redundant databases NCBInr
20,120,303 (17,378,729 sequences; 5,967,463,365 residues). Search parameters were:
monoisotopic mass accuracy, peptide mass tolerance +0.2 Da, fragment mass tolerance £0.6 Da;
one allowed missed cleavage; allowed fixed modification carbamidomethylation (Cys), and
variable modification oxidation (Met). Positive identification was assigned with Mascot scores
above the threshold level (p < 0.05) and at least two identified peptides with a score above
homology. The list of peptides identified is shown in Supplementary Table S2. We used the GO
biological process annotation (http://www.geneontology.org) of the individual identified

proteins and UniProt database information for manual classification into functional categories.
Mineral analysis

Roots, whole stems (including petioles) and leaves were harvested from three plants per
treatment, dried in a conventional oven at 60 °C and ground in a stainless steel mill. Subsamples

(ca. 0.15 g dry weight) of each ground sample were digested and processed for elemental
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analysis as described elsewhere (Garcia and Grusak, 2015). Elemental analysis (Ca, Cu, Fe, K,
Mg, Mn, Mo, Na, P, S, and Zn) was carried out using inductively coupled plasma-optical
emission spectroscopy (CIROS ICP Model FCE12; Spectro, Kleve, Germany); the instrument
was calibrated daily with certified standards. Tomato leaf standards (SRM 1573 A; National
Instituteof Standards and Technology, Gaithersburg, MD, USA) were digested and analyzed
along with the M. truncatula samples to ensure accuracy.

Microscopy

For microscopy analysis, sections from both petioles and stems of M. truncatula plants grown
for 6 d in the control conditions or with 0 uM Fe in the presence or absence of CaCOs, were
excised with a razor blade and embedded in 5 % agar. Eight different petiole and stem sections
from eight different plants for each treatment were analyzed. Stem and petiole transversal
sections (60 puM thick) were obtained using a vibrating blade microtome (VT1000 S, Leica
Microsystems GmbH). Cell walls were stained using phloroglucinol (SIGMA), and bright field
and auto-fluorescence images of the transversal slices were taken with an inverted microscope
(DM IL LED, Leica Microsystems GmbH) equipped with a fluorescence kit (340-380
excitation wavelength and 425 nm cut-off filter; Al filter cube, Leica Microsystems GmbH) and
a CCD camera (DFC 240C, Leica Microsystems GmbH).

Lignin analysis

Lignin analysis was carried out by pyrolysis-gas chromatography—mass spectrometry (Py-GC—
MS) using separately petioles and stems harvested from three M. truncatula plants per
treatment. Pyrolysis of the samples (approximately 7 mg) was performed with a 3030 p-furnace
pyrolyzer (Frontier Laboratories Ltd.) connected to an Agilent 7820 A GC using a DB-1701
fused-silica capillary column (60 m x 0.25 mm i.d., 0.25 pum film thickness) and an Agilent
5975 mass selective detector (El at 70 eV). The pyrolysis was performed at 500 °C. The oven
temperature was programmed from 45 °C (4 min) to 280 °C (10 min) at 4 °C min*. Helium was
the carrier gas (2 mL min™). Compounds were identified by comparing their mass spectra with
those in the Wiley and NIST libraries and those reported in the literature (Ralph and Hatfield,
1991). Peak molar areas were calculated for the main lignin-degradation products using their
characteristic mass fragment ions, the summed areas were normalized, and data from four
biological replicates were averaged and expressed as percentages. The main lignin compounds
and the mass fragment ions used for quantitation were: guaiacol (m/z 124), 4-methylguaiacol
(m/z 138), 4-ethylguaiacol (m/z 137), 4-vinylguaiacol (m/z 150), eugenol (m/z 164), cis-
isoeugenol (m/z 164) and trans-isoeugenol (m/z 164) as guaiacyllignin markers, and syringol

(m/z 154), 4-methylsyringol (m/z 168), 4-ethylsyringol (m/z 167), 4-vinylsyringol (m/z 180), 4-
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allylsyringol (m/z 194), cis-4-propenylsyringol (m/z 194), and trans-4-propenylsyringol (m/z
194) as syringyl-lignin markers. The compounds used for quantitation of proteins and their
characteristic fragment ions were phenylacetonitrile (m/z 117), indole (m/z 117), and 3-
methylindole (m/z 130).

A.1.3. Results

Symptoms of Fe deficiency in M. truncatula plants included a yellowing of young leaves and a
reduction of biomass, which were more intense in the treatment that included CaCOj; these
symptoms were described in detail in a parallel study focused to root proteomic changes
(Rodriguez-Celma et al., 2011b).

Protein profiles

Changes in the protein profile of extracts of stems (including petioles) from Fe-deficient M.
truncatula plants grown in the absence (pH 5.5) or presence of CaCO; (pH 7.7) were studied by
2-D IEF-SDS PAGE electrophoresis. Typical real scans of 2-DE gels obtained from root protein
extracts of Fe-sufficient and Fe-deficient (pH 5.5 or 7.7) plants are shown in Figure A.l.1A-C,
respectively.
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Figure A.1.1. 2-DE IEF-SDS PAGE protein profile maps of stem extracts from Medicago truncatula
plants. Scans of typical gels from the stems of Fe-sufficient and Fe-deficient plants grown in the absence
and presence of CaCO; are shown in A, B and C, respectively. To facilitate visualization of the studied
spots, a virtual composite image (D) was created containing all spots present in the real gels A, B and C.
In B (—Fe) and C (—Fe + CaCOy), spots whose intensities decreased or increased when compared to
control maps are marked with blue and orange symbols, respectively. Identified spots are labeled in B
and C with the corresponding number assigned in Table A.l.1.
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The average number of detected spots (mean = SD) was 265 + 2, 261 + 2 and 267 £ 2 in
gels from plants grown with 45 uM Fe and 0 uM Fe in the absence or presence of CaCOs;
approximately 95 % of spots were consistently found in all five replicates within each treatment
(Supplementary Table S3). The total number of spots consistently detected in the whole
experiment (present in at least 80 % of the gels of one treatment) was 276 (Supplementary
Tables S1 and S3). A composite averaged virtual map containing all spots present in all 15 gels
(5 per treatment) is shown in Figure A.1.1D.

When compared to the control plants, four and 11 % of the consistent spots (10 and 31
spots, respectively) showed changes in relative abundances that were statistically significant at
p<0.05 and above the cut-off values for fold-change (>2 or <0.5) in the 0 uM Fe treatments in
the absence or presence of CaCQOs, respectively (these spots are marked in bold and with an
asterisk in Table A.l.1). Two of these changes (decreases in the relative abundance of spots 1
and 23) occurred irrespectively of the presence of CaCO; (Table A.l.1 and Figure A.1.2B). From
the total 39 spots showing physiologically relevant changes, 80 % (31 spots) were reliably
identified (Table A.l.1).

Table A.1.1. Proteins identified in 2-D IEF-SDS PAGE gels. In the —Fe vs +Fe and —Fe + CaCOs3 Vs +
Fe columns, spots showing statistically significant changes (t-Student's test, p < 0.05) and above the
biological relevant cut-off values (fold > 2 or fold < 0.5) are marked in bold with an asterisk, and spots
showing significant changes in relative abundance but with fold-changes outside the cut-off values are
marked only in bold. For some spots, fold changes outside the threshold cut off values (p < 0.05 and/or
fold > 2 or fold < 0.5) are indicated in normal typeface in a given treatment when they were significant in
the other treatment. Spots were analyzed by LC-MS/MS and positive identification was retained with
Mascot scores (Sc) above the threshold levels (p < 0.05) and at least two identified peptides with a ion
score above homology (ion/pep). Function was inferred from GO and UniProt entry annotation. “new”’
and “lost” indicate spots that have been newly detected or no longer detected in the —Fe treatments.

Scion Sq Mwiply & €
Spot UniProt Protein description i (O/q) Mw/plth vs CaCO, GO:BP
pep 70 Ploo 4Fe vs+Fe
Photosynthesis

. . Photosynthesis

1 Q40073 R“k(’:jci’/ Sftg’raes)EA 1%/2 8 jzgg 02 01* (GO:0015979); ATP
-vulg : binding (GO:0005524)

. . Photosynthesis

2 BTFMC2 ;'f;b(',f/‘fotiml;‘t’ﬂfg)‘ 347’(;10 44 igﬁ; 02* 07  (GO:0015979); C
' ' fixation (GO:0015977)

Photosynthesis

. . (GO:0015979);

3 A0A072UZ59 Rumfffﬂi‘;::}’?:; (M. 97/%53 45 455%6%9 05* 06 reductive pentose-

' phosphate cycle

(GO:0019253)

Photosynthesis

. . (GO:0015979);

4 P28459 R(u\k/) IS:(?elr&:;gfiﬁrrf)l n 6/22/2 4 ggﬁg; lost* 0.7 reductive pentose-

' ' phosphate cycle

(G0:0019253)
(Continued)
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Table A.l.1: continued

Scfion Sq  Mwipl, ¢ Fet
Spot UniProt Protein description Ioe (O/q) Mw/ pl hvs CaCO; GO:BP
Pep 0 Ploo  1Fe vs+Fe
Cytochrome h6-f Photosynthetic electron
5 B7FGU7  complex iron-sulfur 15/2/2 11 gggg 03  lost* transport chain
(M. truncatula) ' (G0:0,009,767)
. . Photosynthesis
6  KEH21532 R“(t,’\'/lsct‘; Lf:gg't'u‘l’;‘;“” 27%14 37 256%867 02 02*  (GO:0015979); C
' ' fixation (GO:0015977)
. . Photosynthesis
7 Q8GTY4 R”?,{jcga‘if%ase 48%10 39 jggi 18 05* (G0:0015979); ATP
' ' binding (G0O:0005524)
Photosynthesis
Oxygen-evolving (G0:0015979);
8 P14226 enhancer protein 1 14;:1))/3 13 gg;gg 15 22* photosystem Il
(P. sativum) ' stabilization
(G0:0042549)
Defense/response to oxidative stress
Polyketide cyclase/ Defense response
dehydrase/lipid ~ 148/3 18/5.1 . (GO:0006952); MRNA
B7FKA 24 . . o
S 0 transporter /3 20/5.5 09 21 modification
(M. truncatula) (G0O:0016556)
Thioredoxin reductase 155/2 40/6.9 .~ Removal of superoxide
10 A6XJ26 (M. truncatula) 2 ! 34/5.8 14 28 radicals (G0O:0019430)
Glutathione _—
- 125/3 26/8.8 .~  Response to oxidative
11 Q%6VUL - peroxidase 1 (L. =" 9 ooy 29 3T o (GO:0006979)
japonicus)
12 B6ZHCO PR-5b protein (G. max) 15;2/3 17 Zﬁg 28 124*  Phatogenesis related
Glutaredoxin C4 108/2 11.4/6.5 Cell redox homeostasis
13 ADAQ72TXUS (M. truncatula) 2 34 14/6.6 new  new* (G0:0045454)
Protein-related process
Ubiquitin-conjugating 77/2 17/6.2 L
. Protein ubiquitination
14  B7FF81 enzyme (M. 14 04* 09 .
truncatula) 2 20/7.1 (G0:0016567)
78 kDa glucose . .
. 367/5 41/8.5 - Protein folding
15 P49118 regulated proteln 14 13 74/5.4 14 21 (GO:0006457)
(S.lycopersicum)
HSP 70 kDa 887/16 72/5.9 - Protein folding
16 GNU4 i uncatalay 13 24 qoms 12 23 (GO:0006457)
HSP 70 kDa. N
; - 241/6 72/5.8 - Protein folding
17 P37900 mltochqndrlal 1 8 70/5.8 12 25 (GO:0006457)
(P. sativum)
Small GTPase
- mediated signal
GTP-binding nuclear .
X 175/5 25.6/6.4 transduction
18 P38548 protein Ran/TC4 I 19 29/73 lost 6.1* (GO:0007264);
(V. faba) ;
protein transport
(GO:0015031)
30S ribosomal .
XM_ ; 297/5 44.9/5.2 . Translation
19 oogsoagos  Protein S1 (M. 5 18 sz 10 ot (GO:0006412)
truncatula)
. Translational
20 D7KCE2 E'?Sg(i“?”r;igt)or 36%10 15 gg'g 11 28* elongation
- ' (GO:0006414)
(Continued)
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Table A.l.1: continued

. . .. Sclion Sq  Mw/pl —Fe P
Spot UniProt Protein description Ioe %) Mw/ Ith vs CaCO, GO:BP
Pep 0 Ploo  1Fe vs+Fe
40S ribosomal protein 218/6 15.6/5.5 " Translation
21 GILES3 “g15 (M. truncatla) /5 °r 2060 O 29 (GO:0006412)
Oxidation/reduction process
Ferric leghemoglobin 278/7 53/6.9 Cell redox homeostasis
22 OBl4I3 ojictase2 (G.max) 6 4 suz0 M MeWT TG0.0045454)
Nitrate transport
Ferredoxin-nitrite 5, 65.8/6.5 cys(tce;i(r?éok())iziz/gfgétic
23 G7JL79 reductase (M. P 9 64/7.0 0.2 0.3 process (GO:0019344);
truncatula) S :
oxidation-reduction
process (GO:0055114)
Respiratory chain

complex | (GO:0045271);
proteasome core complex

NADH-ubiquinone asserr_1bly_ (GO:008Q129);
oxido-reductase  310/5 82/7.1 OX|dat|on—r.educt|on _
24  G7J8R4 75 kDa subunit (M 5 8 24170 0.7  0.4* process (GO._0055114),
truncatula) ' ' ATP synthesis coupled
electron transport
(GO:0042773); response
to oxidative stress
(G0:0006979)
Metabolism
Malate 71/2 36/5.9 TCA (G0O:0006099);
25  Q9FTO00 dehydrogenase 2 (C. P 8 2 /6. 4 48* 25 carbohydrate metabolic
arietinum) ' process (GO:0005975)
Malate TCA (G0O:0006099);
26 048904 dehydrogenase 54/17/12 24 gggg 10  26* carbohydrate metabolic
precursor (M. sativa) ' process (GO:0005975)
Malate TCA (G0:0006099);
27  B7FJQ4  dehydrogenase (M. 35/15111 13 jg;?i 2.2 2.7* carbohydrate metabolic
truncatula) ' process (GO:0005975)
Serine (G0O:0006563)
and glycine
Serine- (G0O:0006544)
hydroxymethyl- 87/2 58/8.4 . metabolic process; one
28 AYWSO transferase (M. 2 ! 52/7.2 31 15 C metabolism
truncatula) (G0:0006730);
methylation
(G0:0032259)
Secondary metabolism
Phenylcoumaran Oxidation-reduction
29 B7RHvQ | Denoylicether 3986 o, 33956, L proﬁﬁfn(y?p?aggﬁgildm’
reductase-like protein /6 42/6.1 .
Fil (M. truncatula) metabpllc process
(G0:0009698)
Methylation
(G0:0032259);
Putative O-methyl- phenylpropanoid
30 B7FIC1 transferase (M. 11/3/4 23 ggﬁgi 38* 46 metabolic process
truncatula) ' (G0:0009698);
cysteine biosynthetic
process (GO:0019344)
(Continued)
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Table A.l.1: continued

. . .. Sclion Sq  Mw/ply —Fe Fet _
Spot UniProt  Protein description fpep (%) Mw/pleg +ste S:Sl% GO:BP
pyridoxal .
31 QasFF2 D iosg Bt;‘(els'; (pl\rAOtem 33}3’ 8 16 2;;22 nd  new* ﬁ.ycf:;ﬂ?ﬁe't?: Sf??eaﬁi
truncétula). ' (G0:0042823)
Not identified

32 Not identified 27/6.9 14 2.3*

33 Not identified 17/5.5 lost* 1.1

34 Not identified 43/7.5 04 lost*

35 Not identified 13/7.1 0.7 0.4*

36 Not identified 22/5.9 1.0 2.0*

37 Not identified 28/6.3 1.7 2.3*

38 Not identified 28/6.5 10 2.4*

39 Not identified 23/6.4 12 3.2*

When a PCA analysis was run using all consistent spots, the samples from Fe-deficient
plants in the presence of CaCO; were well separated, whereas those from Fe-sufficient plants
and Fe-deficient plants grown without CaCO; overlapped (Figure S2A). However, when the
PCA analysis was run using only those spots showing significant differences in relative
abundance, samples from the three treatments were clearly separated (Figure S2B).

The statistical analysis of averaged maps indicated that the Fe deficiency treatment in
absence of CaCOs caused significant increases (p < 0.05; fold-change > 2) in relative abundance
of three spots (spots 25, 28 and 30 in Table A.1.1; orange ellipses in Figure A.1.1B). All of them
matched reliably to known proteins and were manually classified by their GO: BP (Biological
Process) annotation to general metabolism (spots 25 and 28) and phenylpropanoid metabolism
(spot 30) (Figure A.l.2A). Five spots (spots 1-3, 14 and 23) showed significant decreases in
relative abundance and two more (spots 4 and 33) were no longer detected in the 0 uM Fe
treatment when compared to controls (p < 0.05; fold-change < 0.5; blue ellipses in Figure
A.1.1B), and six of them were reliably identified (spots labeled 1-4, 14 and 23 in Table A.l.1);
they were assigned to photosynthesis (spots 1-4), protein modification (spot 14) and
oxidation/reduction process (spot 23) (Figure A.1.2A).

Changes in the whole stem protein profile were more marked when Fe deficiency was
imposed in the presence of CaCO;. Eighteen spots showed significant increases in relative
abundance (spots 8-12, 15-18, 20, 21, 26, 27, 32, and 36-39 in Table 1) and four more were
detected de novo (spots 13, 22, 29 and 31 in Table 1) in the Fe-deficient treatment in the
presence of CaCO; when compared with the controls (p < 0.05; fold-change > 2; orange

rectangles in Figure A.1.1C). Among them, 17 were reliably identified and manually classified
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in the following functional categories: photosynthesis (spot 8), defense and oxidative stress
(spots 9-13), protein metabolism (spots 15-18, 20 and 21), oxidation/ reduction processes (spot
22), general metabolism (spots 26 and 27) and secondary metabolism (spots 29 and 31) (Table
1, Figure A.1.2A). Six spots showed significant decreases in relative abundance (spots 1, 6, 7,
23, 24 and 35 in Table A.1.1) and three more (spots 5, 19 and 34 in Table A.l.1) were no longer
detected (p < 0.05; fold-change < 0.5; blue rectangles in Figure A.I.1C). Among them, seven
spots were identified and assigned to photosynthesis (spots 1 and 5-7), translation (spot 19), and
oxidation-reduction process (spots 23 and 24) (Figure A.1.2A).

A

General metabolism u-Fe

m-Fe + CaCO3

Secondary metabolism

Photosynthesis

Oxidation/Reduction Process

Plant defense

Protein related

No identified

5 4 3 -2 1 0 1 2 3 4 5 6 7
Number of proteins decreasing Number of proteins increasing

B -Fe +CaCO,
(31)

5,6,7,19
24, 34, 35

Figure A.1.2. A. Number of identified spots changing as a result of Fe deficiency, organized in metabolic
pathways. Pathways related to the identified proteins were integrated according to the UniProt database
and GO annotation. B. Venn diagram depicting proteins with changes in abundance as a result of the Fe
deficiency treatments. Numbers indicate spots as in Table 1. Orange and blue color numbers indicate
increases (including new appearances) and decreases (including disappearances) in spot abundance as a
result of Fe deficiency, respectively.

The information on the significant changes (p < 0.05; fold-change > 2 or < 0.5) in protein
abundance as a result of both Fe deficiency treatments is summarized in a Venn diagram (Figure
A.1.2B), using the same color code than that used in Figure A.l.1 (orange and blue numbers for
increases and increases in relative abundance, respectively). Two spots (spots 1 and 23 in Table

1) changed significantly and above the cut-off values in both Fe deficiency treatments.
Mineral analysis

Mineral analysis was carried out in whole stem samples (including stems and petioles). The

stem dry weights from Fe-deficient plants grown in both conditions were approximately 24%
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lower than that of the Fe-sufficient controls (Figure A.1.3A). Iron concentration in stems of Fe-
deficient plants grown in the absence of CaCO; did not change when compared to controls,
whereas in Fe-deficient plants grown in the presence of CaCOj; the Fe concentration was 54 %
lower than in Fe-sufficient controls (Figure A.1.3B).
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Figure A.1.3. Mineral composition of stems, including petioles, as affected by Fe deficiency. A: dry mass
(DW, in mg per plant); B: micronutrient concentrations (in xg g~* DW), and C: macronutrient
concentrations (in mg g~ DW) of stems (including petioles) of Medicago truncatula plants grown for six
days in Fe-sufficient (white columns) and Fe-deficient conditions (grey columns for plants grown in the
absence of CaCOj; and black columns for plants grown in the presence of CaCQs3). Data are means + SE
(n = 3; from one batch of plants with three samples per treatment). Columns marked with the same letter
are not significantly different at the p < 0.05 probability level.

The total Fe content in stems was lower in both Fe deficiency treatments when compared
to controls, due to the lower stem dry weights in the absence of Fe (Supplementary Figure S3).
Stem concentrations of Zn, Cu and Mn from Fe-deficient plants grown in the absence of CaCO;
were 90, 100 and 60 % higher, respectively, than those in the Fe-sufficient controls, whereas the
concentrations of Ni, Mo, Co and B did not change significantly (Figure A.1.3B). The presence
of CaCQ; in the zero-Fe solution did not lead to significant changes in the concentrations of Zn,
Cu, Mn, Ni, Mo Co and B when compared to the Fe-sufficient controls (Figure A.1.3B). With
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regard to macronutrient concentrations, in whole stems of Fe-deficient plants grown in the
absence of CaCO; the only significant change was a 50 % increase in Mg concentration when
compared to Fe-sufficient controls (Figure A.1.3C). In the presence of CaCOs, increases in Mg
(140 %), and Ca (28 %) concentrations and a decrease in K concentration (10 %) were found
when compared to those in Fe-sufficient controls (Figure A.1.3C).

The mineral composition of leaves and roots was also determined (Supplementary Figure
S4). In roots, Fe concentration was lower than in controls in both Fe deficiency treatments,
whereas Zn and Cu concentrations increased in the absence of CaCO3; and Ni concentration
increased in the presence of CaCOs. In leaves, Fe concentration only decreased in the presence
of CaCOs. Regarding other micronutrients in leaves, results were similar to those described
above for stems, with Zn, Cu, Mn and also Ni concentrations being higher in the Fe deficiency
treatment in the absence of CaCOj; than in Fe-sufficient controls, and similar to controls or only
slightly higher in the presence of CaCO; (Supplementary Figure S4). The trends observed for
changes in macronutrient concentrations in leaves and roots as a result of both Fe deficiency
treatments were quite similar to those observed in stems (Supplementary Figure S4). The only
significant changes in macronutrient root concentrations occurred in Fe-deficient plants in the
presence of CaCQOs, and included an increase in Ca and decreases in P and S concentrations
(Supplementary Figure S4). In leaves, Fe deficiency increased Ca and Mg concentrations, with

the increases being larger in the presence of CaCOs.
Microscopy of petiole and stem sections

In order to study possible cell wall changes, lignin was localized in sections of stems and
petioles using autofluorescence and phloroglucinol staining. In Fe-sufficient petioles, the blue
autofluorescence signal was mainly detected in xylem vessels and sclerenchyma tissue (Figure
A.1.4A). When compared to controls, Fe-deficient petioles from plants grown in the absence of
CaCO; showed a slightly lower autofluorescence intensity in both xylem vessel and
sclerenchyma tissue (Figure A.1.4B), whereas in petiole sections from Fe-deficient plants grown
in the presence of CaCO;, the autofluorescence signal intensity decreased in xylem vessels
when compared to both sclerenchyma and controls (Figure A.1.4C). This decrease in
autofluorescence occurred especially in the innermost part of xylem vessels, where blue
autofluorescence was barely observed and instead a greenish color was detected (Figure
A.1.4C). When phloroglucinol staining was used, lignin distribution in Fe-sufficient petioles was
similar to that found using autofluorescence, but the staining was more intense in the
sclerenchyma (deep red) than in xylem vessels (almost black) (Figure A.1.4D). Phloroglucinol
staining of Fe-deficient petioles from plants grown in the absence of CaCO; yielded an intense

coloration in xylem vessels similar to that observed in Fe-sufficient controls and little staining
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in the sclerenchyma (Figure A.LL4E). In petiole sections from Fe-deficient plants grown in the
presence of CaCQOs, phloroglucinol staining was intense and even higher than that observed in
controls in both xylem vessels and sclerenchyma (Figure A.l.4F).

Figure A.l1.4. Microscopy analyses of Fe-deficient petioles. Micrographs of petiole sections (10x):
autofluorescence (A—C) and phloroglucinol staining (D—F) from Fe-sufficient plants (A and D) and Fe-
deficient plants grown in the absence (B and E) and presence of CaCOj3; (C and F). X: xylem; Ph:
phloem; C: cortex; Ep: epidermis, and Sc: sclerenchyma. Transversal petiole slices, 60 zm thick, were
obtained using a vibrating blade microtome.

Stems of Fe-sufficient plants showed a clear blue autofluorescence in the xylem vessels
and a more diffuse one in the cortex, and similar results were observed when phloroglucinol
was used for lignin staining (Supplementary Figure S5). Stems from Fe-deficient plants showed
similar autofluorescence and staining patterns to those of controls, irrespective of the presence

of CaCO; in the nutrient solution (Supplementary Figure S5).
Lignin analysis

The lignin composition (relative molar abundances of G- and S-lignin derived markers and S/G
ratios) of both stems and petioles samples was studied by Py-GC/MS. The percentages of

protein markers relative to the lignin markers (lignin/protein ratio) were also estimated.

In petioles, the lignin per protein ratio increased 20 and 110 % in the Fe deficiency
treatment in the absence and presence of CaCOs, respectively, when compared to the Fe-
sufficient controls (Table 2). The total relative abundance of S- and G- lignin markers and the

S/G ratio in petioles from both Fe deficiency treatments were similar to those of controls but
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significantly different between them (Table 2). However, the relative molar abundances for
most of the specific G-lignin markers (six of the seven compounds measured) in Fe-deficient
samples presented statistically significant differences (two compounds increased and four
compounds decreased with Fe deficiency) with those of control samples (Table 2). The relative
molar abundances of specific S-lignin markers changed in at least one of the Fe deficiency
treatments in four of the seven measured compounds when compared to control petioles (Table 2).
Table A.1.2: Relative molar abundance of G- and S-lignin derived markers, S/G ratio, percentage of
protein markers and lignin/protein ratio in stems and petioles of Fe-sufficient and Fe-deficient plants
grown in the absence and presence of CaCOs, as estimated by Py-GC/MS. Data are means + SD of four

biological replicates. Different letters within the same row and tissue indicate statistically significant
differences using the Student's t-test and p < 0.05.

Petioles Stems

Compounds —Ee + —Fe +

+ Fe - Fe CEIl:CeOg + Fe - Fe C;éos

G-lignin markers

Guaiacol 195+05a 247+21b 239+22b 256+15a 275+2la 262+18a
4-Methylguaiacol 34+02b 31+02a 30%+0la 33+x04a 34+0la 32%01la
4-Ethylguaiacol 40+07a 64+02b 65+09b 64+04a 71+03b 7.0x0.7ab
4-Vinylguaiacol 442+24c¢ 362+20a 407+24b 235+14a 242+12a 252+19a
Eugenol 19+02b 14+02a 11+03a 10+01a 11+0la 11+02a
cis-1soeugenol 15+00b 12+02a 10+02a 12+01a 12+0la 13+01la

trans-1soeugenol 71+02a 70+x03a 6.1+09a 64+05a 67x07a 71+£06a
Total Gcompounds 81.6+1.3ab 80.1+12a 823+13b 675%x36a 710+xl1l6a 71.1+10a

S-lignin markers

Syringol 78+06a 91+05b 78+09a 152+17b 13.9+05b 128+05a
4-Methylsyringol 1.3+01b 12+01ab 10+02a 21+01b 17+01a 16+0.1a
4-Ethylsyringol 11+02a 16%+01b 17+03b 32+x05a 27+02a 29+02a
4-Vinylsyringol 57+03b 54+04ab 47+06a 80+09b 67+05a 67+04a
4-Allylsyringol 05+01a 04+00a 04+01a 05+01a 05+01ab 06+00b
cis-4- 03+0la 03+0la 03+00a 06+0la 05+0la 07+0la
propenylsyringol

trans-4-

propenylsyringol 17+03a 11+0la 18+02a 3.0+x04a 30x05ab 37x02b

Total Scompounds 184+13ab 199+12b 177+13a 325+36a 290x16a 289+10a
S/G ratio 02+0.0ab 03+00b 02+00a 05+0la 04+00a 04%00a

Protein markers"

Phenylacetonitrile  429+6.3c 285+55b 129+50a 87+18b 93+30b 52+14a
Indole 1380+205b 1205+160b 76.7+178a 450+52a 572+180a 468+158a
3-Methylindole 359+79b 189+41a 151+25a 86+13a 100+34a 109+28a

;Oatrak'e??te'” 2168+325¢ 1679+251b 1047+248a 624+82a 765+24la  629+199a

Lignin/Proteinratio 05+0.1a 06+01b 10+02c 16+02a 14+03a 17+04a

* Protein-markers calculated as percentage of total lignin markers (G + S)

On the other hand, very few changes in the stem lignin parameters were found with Fe

deficiency. The lignin per protein ratios, relative molar abundances of G- and S-lignin derived
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markers and S/G ratios were similar in the Fe-deficient samples, irrespective of the presence of
CaCQg, to those found in Fe-sufficient controls (Table A.1.2).

A.l1.4. Discussion

In the present study we have characterized the differences in the protein profiles of whole stems
(including petioles) from M. truncatula plants grown in hydroponics in two different Fe
deficiency conditions, in the presence and absence of CaCOj3, with the aim of shedding light
into processes that may be relevant in Fe deficiency induced modifications in this tissue. It
should be noted that the individual specific effects of Fe deficiency and CaCOj in the proteome
of stems from Fe-deficient plants grown in the presence of CaCOj; cannot be discriminated
using the current experimental approach. The presence of CaCO; along with Fe(lI1)-EDTA as
an Fe source causes Fe precipitation and immobilization, therefore making unfeasible its use as

a control.

Overall results from the protein profiling indicate that Fe deficiency in the presence of
CaCOs has a more pronounced impact on the stem proteome than the lack of Fe alone, since a
larger number of spots (31) displayed differences in relative accumulation in the presence of
CaCO;s than in its absence (10). This stronger effect is also supported on one hand by the fact
that the functional category containing the most spots that increased in relative abundance (five)
in Fe-deficient plants grown in the presence of CaCO; was the defense and stress category,
whereas in the absence of CaCO; no proteins from this category were found to increase
significantly (Figure A.l.2A and Table A.l.1). A similar situation was described in the
proteomic profiling of roots of in the same plant species (Rodriguez-Celma et al., 2011b); this is
not only the result of the lack of Fe and the presence of CaCOs;, but also of a combination of
factors including the basic pH of the growing solution which impairs Fe mobilization in the root
apoplast (Mengel et al., 1994; Martinez-Cuenca et al., 2013; Zuo et al., 2007). Furthermore, the
presence of CaCO; may alter the pH of plant fluids such as the xylem sap and apoplastic fluid
causing changes in the chemical speciation of Fe and therefore in Fe availability (Kosegarten et
al., 1999; Ldpez-Millan et al., 2000; Nikolic and Romheld, 2002). On the other hand, the
functional category containing most of the spots decreasing in relative abundance was
photosynthesis, with six proteins decreasing in relative abundance in the presence of CaCO;
(four of them above and two below the biological cut-off value) in comparison with the four
decreasing in the absence of CaCOs;. The decreases in the relative abundance of the
photosynthesis related proteins affect different isoforms of the Rubisco activase (spots 1, 3 and
7; Supplementary Figure S6A), the large (spot 4) and small chains (spots 2 and 6) of Rubisco,
and the iron-sulfur subunit of the cytochrome b6f complex (spot 5), which imply a decreased

carbon fixation capacity and are in agreement with the well-known Fe deficiency induced
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impairment of the photosynthetic processes (Marschner et al., 2007). All proteins identified in
the stress and defense category increased in abundance, and were related either to general
defense [polyketide cyclase/ dehydratase (spot 9) and PR-5b (spot 12)] or to defense against
oxidative stress [thioredoxin reductase (spot 10), glutathione peroxidase 1 (spot 11) and
glutaredoxin C4 (spot 13)]. The polyketide cyclase/dehydratase contains a Betvl domain and
belongs to family 10 of plant pathogenesis-related proteins (PR-10; UniProt annotation) and
PR-5b belongs to the thaumatin superfamily (Lytle et al., 2009), both with yet unknown
functions. However, some members of PR5 subfamily have been described to play distinctive
roles in the defense system that protects against high-salt stress or osmotic imbalance (Tachi et
al., 2009), which is also likely to occur in the Fe deficiency treatment in the presence of CaCOs.
The same PR5b protein showed increases in abundance in roots of M. truncatula plants grown
in the presence of CaCO; (Rodriguez-Celma et al., 2011b). Interestingly, a proteomic study on
Beta vulgaris roots submitted to several levels of Zn toxicity, which also causes induced Fe
deficiency, found that some Betvl proteins, including some PR-10, increased in abundance in
roots when Zn supply increased (Gutierrez-Carbonell et al., 2013). Therefore, we could
speculate that the increases measured in both pathogenesis related proteins in the CaCO;
treatment might be related to osmotic stress caused by both metal imbalances and the presence
of CaCOs. On the other hand, increases in proteins related to defense against oxidative stress
including thioredoxin reductase (spot 10) and those associated with glutathione metabolism,
such as the glutathione peroxidase (spot 11) and the glutaredoxin C4 (spot 13), found in this
study, have been reported to increase upon Fe deficiency in different root proteome studies
(Lopez-Millan et al., 2013) and are probably associated with the redox imbalances caused by the
lack of Fe. The existence of osmotic and redox unbalances in the high pH treatment is also
supported by the de novo detection of a pyridoxal biosynthesis protein (spot 31). Pyridoxal, or
vitamin B6, is a singlet oxygen quencher and may play a role in osmotic or salt tolerance as well

as in oxidative stress resistance (Chen and Xiong, 2005; Tambasco-Studart et al., 2005).

Changes in the protein-related category also indicate a Fe deficiency driven stress
situation which was more severe in the presence of CaCO3;. Relative increases were observed in
three proteins of the heat shock 70 kDa (HSP70) family whose members have direct functions
in managing stress situations by preventing misfolded or damaged proteins to aggregate or by
facilitating their disposal by interacting with ubiquitin ligases (Luders et al., 2000). One of the
HSP70 (spot 15) increased in both Fe deficiency treatments (although below the threshold level
in the absence of CaCOs), and its Arabidopsis counterpart (AtBIP1; At5g28540) is involved in
the ER degradation of misfolded proteins (TAIR annotation). The decrease measured in the
ubiquitin-conjugating enzyme (spot 14) which belongs to the E2 class performing the second

step in the ubiquitination pathway (UniProt annotation) may also suggest a role of the ubiquitin-
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dependent catabolic pathway in the Fe deficiency response. The other two HSP70 (spots 16 and
17) increased only in the presence of CaCOj; and are most likely isoforms of the same protein
given their localization in the 2-DE gel (Supplementary Figure S6B). These proteins blast to the
same Arabidopsis orthologue (AtHsp70-10, At5g09590) that has been suggested to play an
important role in the regulation of the Fe-S assembly pathway in mitochondria (Leaden et al.,
2014). Their increases may be related to the decreases measured in Fe-S cluster proteins,
including the NADH-ubiquinone reductase (spot 24) of the respiratory chain complex I, the Fe-
S subunit of the cytochrome b6f complex (spot 5) and the ferredoxin nitrite reductase (spot 23).

On the other hand, significant changes in the protein translation machinery were only
observed in the Fe deficiency treatment in the presence of CaCOs, affecting two structural
components of the ribosome (spots 19 and 21) and an elongation factor (spot 20). Changes in
the abundance of some components of the ribosome induced by Fe deficiency have been
described in Arabidopsis roots and authors speculated that these changes can control mRNA
preference and bias translation efficiency towards specific sets of genes (Lan et al., 2011; Lan
and Schmidt, 2012; Rodriguez-Celma et al., 2013b), but they also may indicate the need of de
novo synthesis of Fe deficiency effector proteins. The fact that these changes are only observed

in the presence of CaCO; reinforces the strong effect of this treatment in the stem proteome.

Several lines of evidence support that Fe deficiency causes alterations in the cell wall of
stem tissues, especially in the presence of CaCOs. First, the increases in relative abundance
measured in two protein species involved in the phenylpropanoid biosynthesis pathway: the
phenylcoumaran benzylic ether reductase (PCBER, spot 29) and a putative Omethyltrasferase
similar to the caffeoyl-CoA O-methyltransferase 1 (spot 30). PCBER has been shown to be one
of the most abundant proteins in the xylem of poplar (Gang et al., 2011) that participates in
lignan synthesis (Vander Mijnsbrugge et al., 2000) and the O-methyltrasferase probably plays a
role in the methylation steps necessary for the biosynthesis of monolignols, the lignin precursors
(Do et al., 2007). Their increases suggest that Fe deficiency may cause changes in lignification.
A second line of evidence is provided by the lignin Py-GC/MS analysis of the petioles, which
showed a small but significant relative increase in the lignin per protein ratio in Fe-deficient
petioles when compared to the controls, which was more intense in the presence than in the
absence of CaCO; (Table 2). Finally, the microscopy study of petiole sections also indicates
stronger alterations in plants grown in the presence than in the absence of CaCOs;. In petioles
from plants grown in the presence of CaCOs;, phloroglucinol staining indicates an increase in
lignin in the inner part of the xylem vessels (Figure A.l1.4F), and the shift towards a green color
in the autofluorescence signal in the same area suggests the existence of changes in lignin
composition (Figure A.1.4C); similar shifts in autofluorescence have been associated elsewhere

with changes in lignin composition (Djikanovi¢ et al., 2012). When Fe-deficient plants were
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grown in the absence of CaCOs, changes in the micrograph images relative to the controls were
less marked (Figure A.1.4B, E). Conversely to what occurs in the petioles, in the case of the
stems from Fe-deficient plants the lignin/protein ratio, the lignin composition and the
autofluorescence and phloroglucinol micrographs did not differ from those of control plants,
and this is likely due to the fact that these stems were developed before the onset of Fe
deficiency.

Overall, cell wall-related changes observed in petioles of plants grown in the presence of
CaCQO; should led to an increase in cell wall rigidity, especially in the xylem vessels. Changes in
cell wall composition resulting in increased lignification have been described to occur upon
mineral imbalances, for instance in the roots of Fe-deficient pear and quince cultivars (Donnini
et al., 2009), and have also been suggested as a detoxification strategy for excess Cd in roots
(Lux et al., 2011; Redjala et al., 2011). Modification in cell wall related proteins have also been
described in proteomic studies of Fe-deficient roots (Lépez-Millan et al., 2013). It has been
hypothesized that increased lignification may provide a protective barrier to avoid the lateral
transport and distribution of minerals by decreasing the permeability of the cell wall (Higuchi et
al., 1981). In leaves, Fe deficiency also elicits structural changes in morphology, including a
reduction of the leaf xylem vessel size, which could disturb normal stomatal functioning
(Eichert et al., 2010; Fernandez et al., 2008).

Other effects of Fe deficiency in the stem protein profiles included increases in several
spots identified as malate dehydrogenase (spots 25-27 in Table 1 and Supplementary Figure
S6C) and in a serinehydroxymethyl-transferase (spot 28) in both treatments that were also
described in the proteome of Fe-deficient M. truncatula roots (Rodriguez-Celma et al., 2011b).
Increases in both proteins have been reported in physiological and proteomic studies on Fe
deficiency in roots and leaves (Lopez-Millan et al., 2013; Abadia et al., 2002) and results from

this study indicate this may be a common response throughout plant organs.

Mineral analyses indicate the existence of alterations in micro- and macronutrient balances
as a result of Fe deficiency. Although the stem Fe concentrations did not decrease significantly
in Fe-deficient plants grown in the absence of CaCOs, Fe content decreases occurred in both Fe
deficiency treatments (Figure A.l.3, Supplementary Figure S3). The decrease in stem Fe
concentration in the presence of CaCO; was accompanied at the proteomic level by decreases in
relative abundance of three Fe containing proteins related to energy production: a subunit of a
NADH-ubiquinone oxido-reductase (spot 24), the ferredoxin-nitrite reductase (spot 23), and the
cytochrome b6f complex (spot 5). Decreases in abundance in Fe-containing, energy related
proteins have been widely described in different proteomic studies as a result of Fe shortage

(Lépez-Milléan et al., 2013), and this could ultimately account for the reduction in stem mass.
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A.1.5. Conclusions

A summary of the proteomic results is shown in Figure A.1.5. Overall results indicate that Fe
deficiency by itself has a mild effect on the stem proteome of M. truncatula plants, mainly
affecting photosynthesis-related proteins. However, Fe deficiency in the presence of CaCOj; has
a stronger impact on the proteome, including a general increase in stress and protein metabolism
related proteins not observed in Fe-deficient plants grown without CaCOs, as well as a larger
number of photosynthesisrelated proteins decreasing. These results probably indicate the
existence of mineral and osmotic unbalances. Iron deficiency also elicited significant increases
in cell wall related proteins and in the lignin per protein ratio, which were more intense in the
presence of CaCO;. Changes in the lignin S and G monomer composition induced by Fe
deficiency and the microscopy study of petiole sections further confirm the existence of
alterations in cell walls of petiole tissues. These results suggest that Fe-deficient plants,
especially those grown in the presence of CaCOj; as occurs in many arable soils, present an
increased lignification and a probable lower capacity of cell walls to interact with ions in the
xylem fluid, which ultimately may affect solute transport and distribution to the leaves.
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Figure A.1.5. Changes in metabolic pathways as affected by Fe deficiency without (A) and with CaCO;
(B) when compared to Fe-sufficient plants. Pathways related to the identified proteins were integrated
according to the GO annotation. A statistical Student t-test was performed to show relevant changes
between samples. Orange symbols mark newly detected and proteins with increased relative abundance
compared to controls (using a two-fold threshold change). The same threshold (decreases larger than
50%) was selected for proteins with decreased relative abundance (blue symbols). Numbers correspond
to those in Table A.1.1.
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Table S2. List of peptides identified; Table S3. Summary of the 2-DE protein profiling results;
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Figure S1. Stem sampling; Figure S2. The PCA analysis using all consistent spots and spots
showing significant differences in relative abundance; Figure S3. The total micro- and
macronutirients content in stems; Figure S4. The mineral composition of leaves and roots;
Figure S5. Autofluorescence and staining patterns of lignin of Fe deficient and control plants;
Figure S6. Localization of more relevant spots in the 2-DE gel.
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