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MM rubio-Wilhelmi Resumen

El gran reto del Siglo XXI es la creacion de una “segunda revolucion verde”
basada en una mejora de la produccion de los cultivos que asegure alimento a
la poblacion mundial junto con una aplicacién reducida de fertilizantes. La
alternativa mas razonable para conseguir este objetivo es la utilizacion de
especies 0 genotipos de plantas que muestren capacidad para crecer y
producir de forma O6ptima en suelos o medios de cultivo con una baja
disponibilidad de nutrientes, especialmente de nitrdgeno (N), uno de los
factores que determina gran parte de la produccion vegetal. La utilizacion de
estas plantas con una fertilizacion reducida es la estrategia mas légica para
mantener y desarrollar una agricultura sostenible, rentable econémicamente y
respetuosa con el medioambiente. Teniendo en cuenta que las plantas tienen
una dependencia fundamental del N para su crecimiento se aplican
aproximadamente entre 85-90 millones de toneladas de fertilizantes
nitrogenados al suelo anualmente, por lo que en la actualidad se hace
imprescindible la reduccion de este tipo de fertilizantes y especialmente en
forma de nitratos (NO3s) que es considerado uno de los principales

contaminantes agricolas.

El N es un macronutriente esencial para las plantas, siendo
cuantitativamente uno de los elementos minerales mas abundantes en los
tejidos vegetales. Por tanto, la deficiencia de N, fundamentalmente de nitrato
(NO3), ha sido definida como uno de los factores mas limitantes en el
crecimiento de los cultivos. Las citoquininas (CKs) son fitohormonas que
tradicionalmente han sido relacionadas con procesos como divisiéon celular,

crecimiento y desarrollo, dominancia apical o senescencia, pero en los ultimos
25



MM rubio-Wilhelmi Resumen

afos ha sido estudiada la implicacion de las CKs en la sefializacion del estado
nutricional y se conoce que esta fitohormona influye en la homeostasis de
algunos nutrientes como N, fésforo (P), azufre (S), hierro (Fe). La relacion entre
CKs y N ha sido la mas ampliamente estudiada y se sabe que actian como
mensajeros a larga distancia que controlan la asimilacién de este nutriente y el
estatus de éste en la planta, por lo que estas hormonas podria ser buenos
candidatos para mejorar la utilizacién del N plantas y poder asi reducirse la
aplicacion de fertilizantes nitrogenados. Por ello y utilizando como disefio
experimental la comparacion entre plantas de tabaco wild type (WT) y plantas
modificadas geneticamente que expresan el gen IPT responsable de la sintesis

de CKs, los objetivos de esta tesis doctoral fueron los siguientes:

1. Establecer las respuestas fisioldgicas de las plantas a la deficiencia de N y

definir la implicacion en éstas de la expresion del gen IPT.

2. Evaluar si la expresion del gen IPT en plantas puede concretarse como una
herramienta valida y eficaz para mejorar el uso de N y poder reducir asi la

aplicacion de fertilizantes nitrogenados.

Para lograr dichos objetivos se llevaron a cabo los experimentos que se

detallan a continuacién y en los que se obtuvieron los siguientes resultados:

- Efecto de las CKs sobre el estrés oxidativo en plantas de tabaco

sometidas a deficiencia de N

26
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Plantas de tabaco WT y plantas transgénicas que sobreexpresan el gen
IPT, enzima que codifica el paso clave de la sintesis de citoquininas (CKs),
crecieron bajo condiciones de deficiencia de N (7 mM y 1 mM de NOg3).
Nuestros resultados muestran que las plantas WT sometidas a deficiencia de N
redujeron la biomasa y la tasa de crecimiento relativo (RGR) incrementando el
dafo oxidativo y reduciendo las concentraciones foliares de las distintas formas
de N. Sin embargo, las plantas transgénicas Psark::!IPT a pesar de mostrar un
descenso significativo de las formas de N en hoja, no mostro alteracion del
metabolismo oxidativo manteniendo asi la biomasa foliar y el RGR bajo

deficiencia de N.

- Formacién y asimilacion de amonio en plantas transgénicas de tabaco
Psark::IPT bajo deficiencia de nitrégeno

Se analizaron las enzimas relativas al metabolismo del N vy
fotorrespiraciéon junto con las formas de N y los aminoacidos (aas) en plantas
de tabaco WT y Psark::IPT sometidas a deficiencia de N. Nuestros resultados
indican que las plantas WT redujeron la asimilacion de NO3. Sin embargo, en
estas plantas incrementaron la produccion de amonio (NH;") mediante
procesos como la degradacion de proteinas y la fotorrespiracion lo que conllevo
un incremento del ciclo glutamina sintetasa/glutamato sintasa (GS/GOGAT).
Ademas en plantas WT la cantidad de aas disminuy6 bajo deficiencia de N,
aunque la cantidad relativa de glutamato y glutamina increment6. A pesar de
gue en las plantas transgénicas las formas de N disminuyeron bajo deficiencia
de N, éstas mantuvieron el ciclo GS/GOGAT a niveles del control. Nuestros

resultados parecen indicar que bajo deficiencia de N, las CKs previenen de la
27
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formacion y asimilacion de NH;" que se genera en procesos como la

fotorrespiracion o la degradacion de proteinas.

- Mejora dependiente de CKs de la eficiencia del uso del N y la calidad de
plantas transgénicas de tabaco Psark::IPT sometidas a deficiencia de N

Se evalud el papel de las CKs en la eficiencia del uso del N (NUE) y
diferentes pardmetros que determinan la calidad de las hojas de tabaco. Los
resultados obtenidos indicaron que las plantas de tabaco WT sometidas a
deficiencia de N redujeron el cociente hojas:raiz asociado a un descenso del
NUE y de los parametros de calidad de la hoja de tabaco. Por el contrario, las
plantas transgénicas Psark::IPT sometidas a deficiencia de N presentaron un
mayor NUE asi como mayor calidad de las hojas que las plantas WT, como
reduccion en la cantidad de nicotina e incremento de azucares reducidos. Por
tanto la expresion del gen IPT podria ser una herramienta util para mejorar el
cultivo de tabaco, reduciendo la aplicacion de fertilizantes, manteniendo la

produccion e incrementando la calidad de la hoja.

- Respuesta de metabolitos ricos en carbono y N frente a la deficiencia de
N en plantas de tabaco Psark::IPT

Se analiz6 el posible efecto de la deficiencia de N sobre compuestos
ricos en carbono, como los compuestos fendlicos asi como en compuestos
ricos en N como poliaminas (PAs) y prolina (Pro), examinando las rutas
implicadas en su sintesis y degradacién. La deficiencia de N estimulo el
metabolismo fendlico incrementando la cantidad de fenoles en ambas lineas de

plantas de tabaco WT y Psark::IPT. Esto sugiere que la concentracion NO3™ en
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los tejidos podria actuar como sefial favoreciendo la acumulacién de
compuestos fendlicos bajo deficiencia de N. Ademas encontramos que en las
plantas WT las PAs libres se mantuvieron a pesar de la deficiencia de N, lo que
podria estar relacionado con una mayor respuesta al estrés generado por la
baja disponibilidad de N en estas plantas. Por el contrario, la reduccion de PAs
libres y Pro observada en plantas Psark::IPT bajo deficiencia de N podria
indicar una activaciéon de mecanismos de reciclaje de N que ayudaria a estas

plantas a un uso mas eficiente de N.

- La expresion de Psark::IPT causa proteccion de la fotosintesis en
plantas de tabaco durante la deficiencia de N

En este trabajo realizado en la Universidad de Davis-CA (USA) se
midieron parametros fotosintéticos y del metabolismo de los azucares en
plantas de tabaco WT y Psark::IPT sometidas a deficiencia de N. Los
resultados obtenidos indican que las plantas WT mostraron una drastica
reduccion de la tasa fotosintética (A) y de parametros como el cociente maximo
de carboxilacion de la Rubisco (Vcmax), el cociente maximo de la cadena de
transporte electrénico (Jmax) asi como del uso de las triosas-P (TPU). Sin
embargo, la expresion del gen IPT bajo el control del promotor Psagrk, inducido
por maduracion y estrés, conllevé un mantenimiento de la fotosintesis y de los
parametros Vcmax (manteniendo el nivel de expresidon de la subunidad
pequefia de la Rubisco (sm-Rubisco)), Jmax y TPU, conservando asi la
biomasa foliar bajo condiciones de deficiencia de N. El limitado incremento de
la concentracion de azucares junto con el mantenimiento de la biomasa foliar

en las plantas transgénicas observado podrian indicar un posible papel de las
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CKs en la limitaciéon del sumidero provocado por la deficiencia de N, mejorando
la fuerza del sumidero, formado por las hojas jovenes, y por tanto mejorando la

biomasa foliar bajo condiciones de deficiencia severa de N (1mM).

Por tanto las conclusiones que derivan de los trabajos que acabamos de

describir serian las siguientes:

1. La deficiencia de N conlleva una reduccién de la biomasa y de la tasa de
crecimiento relativo foliar en plantas de tabaco WT, debido a un descenso de
las diferentes formas de N y una induccion de especies reactivas de oxigeno
(ROS) y por tanto del dafio oxidativo. Por el contrario, en las plantas de tabaco
Psark::IPT la deficiencia de N no afecté la produccion de ROS manteniéndose
la biomasa y la tasa de crecimiento relativo foliar a pesar de que también se
reduce la concentracion de las distintas formas de N. Esta repuesta diferencial
nos sugiere que el aumento de CKs en plantas de tabaco Psark::IPT podria
actuar como sefial impidiéndose la aparicion de las respuestas tipicas de la

deficiencia de N.

2. Ante una deficiencia de N severa las plantas WT activan los procesos de
generacion de NH,4" independientes de la reduccion del NOs, como son la
fotorrespiracion, la degradacion de proteinas y el aumento de los niveles
relativos de aas de transporte, todo ello con el fin de suministrar N a zonas de
crecimiento. Por el contrario, las plantas transgénicas Psark::!IPT no inducen

estas respuestas tipicas de la deficiencia de N lo que les permite en estas
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condiciones un mantenimiento de la biomasa foliar y una mejora en la calidad

de las hojas de tabaco asi como en la eficiencia del uso del N.

3. La deficiencia de N estimula el metabolismo fendlico incrementando la
cantidad de fenoles, lo cual podria definirse como respuesta a la baja
concentracion NOj3™ existentes en los tejidos. EI mantenimiento de la cantidad
de PAs en plantas de tabaco WT bajo deficiencia de N podria estar relacionado
con el mayor estrés oxidativo observado previamente en dichas plantas. Por el
contrario la reducciébn de PAs y Pro en las plantas transgénicas podria
representar un mecanismo de reciclaje de N bajo situaciones de baja

disponibilidad de dicho nutriente.

4. La expresion del gen IPT en plantas de tabaco sometidas a deficiencia de N
conlleva un mantenimiento de la fotosintesis de tal manera que las CKs podrian
actuar protegiendo este proceso fisiologico lo que se demuestra por el
mantenimiento de los niveles de transcrito de la sm-Rubisco, la cadena de
transporte electrénico y la capacidad del cloroplasto para usar las triosas-P. En
relacion a la relacion fuente-sumidero, la induccion en la sintesis de CKs podria
ayudar a potenciar la fuerza del sumidero que representan las hojas jovenes,

mejorando la biomasa foliar bajo condiciones de deficiencia severa de N.
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1. Fisiologia del NOj3 en las plantas

1.1. Absorcién y distribucion

El N es un macronutriente esencial para las plantas, siendo cuantitativamente
uno de los elementos minerales mas abundantes en los tejidos vegetales
(Horchani et al., 2011). Aungue aproximadamente el 80% de la atmosfera esta
formada por N, la forma mas abundante (N;) no se encuentra disponible para
las plantas, ya que la mayoria de ellas carecen de la capacidad de fijar el N,
atmosférico (Maathuis et al., 2009). Por ello, las plantas captan N en forma
ionica del suelo mediante absorcion por las raices, preferentemente como NO3’
y de forma menos frecuente como NH,;" (Barcel6 et al., 2005). En muchos
suelos, especialmente en los destinados a la agricultura, el NO3 es la forma
nitrogenada mas abundante, cuya concentracion normalmente varia dentro de
un rango aproximado de entre 0.5 mM y 10 mM (Benton Jones, 1999). Por el
contrario, el NH;" se encuentra en el suelo en una concentracion de 10 a 100
veces menor (Marschner, 1995). A diferencia con el NO3', el NH;" predomina
en aquellos suelos en los que la nitrificacion estéd inhibida, por ejemplo en

suelos encharcados o de climas frios (Mengel y Kirkby, 2001).

La absorcion del NOsz ocurre a nivel de la raiz y es un proceso
dependiente de energia metabdlica. Es llevado a cabo mediante dos sistemas
de transporte que coexisten y actian de forma coordinada para absorber el
NOj3 de la solucién del suelo y distribuirlo a nivel de planta completa (Tsay et

al., 2007). Generalmente, es asumido que la familia de genes NRT1 media los
35



MM Rubio-Wilhelmi Introduccion

transportadores de baja afinidad (LATS), que no presentan cinética de
saturacion de tal forma que el cociente de absorcién incrementa con la
concentracion de forma lineal. Estos actlan a elevadas concentraciones de
NO3 en el medio en un rango de 250 uM hasta 50 mM. Por otro lado, el
sistema de transportadores de alta afinidad (HATS) codificado por la familia de
genes NRT2, actia cuando la concentracion de NO3 en el medio es baja
(Masclaux-Daubresse et al., 2010). Dentro de los HATS se han propuesto un
sistema constitutivo de alta afinidad (cHATS) inducido rapidamente por la
presencia de NOg3', y saturable a bajas concentraciones de NO3 en el medio (<
1 mM), y un sistema inducible de alta afinidad (iIHATS) que son inducidos entre
horas y dias después de la exposicion a los NO3 (Crawford y Glass, 1998).
Considerando estos dos procesos, Ullrich (1987) demostré un mecanismo de

co-transporte 2H*/NO5’, tanto para los sistemas de alta como de baja afinidad.

La absorcion de NOjz es sensible tanto a sefales externas como
internas. La absorcion de NOg3 desde la solucion del suelo al simplasto de la
raiz depende de la concentracion de NOj™ en dicha solucién, mientras que el
proceso de carga al xilema depende tanto de la demanda de la parte aérea
como del contenido de compuestos de N reducidos en el floema (Saravitz et al.,
1998). Aminoacidos (Aas) como la glutamina (GIn) llevan a cabo una regulacion
“feedback” aunque otros Aas, como glutamato (Glu) o aspartato han sido
considerados como inhibidores de la absorcion de NOs (Muller y Touraine
1992; Gojon et al., 1998). Algunos factores ambientales también son capaces

de influir en la absorcion del NOjs. Asi, el incremento de la temperatura
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radicular, los UV-B o la presencia de metales pesados, podrian afectar de
forma negativa a la absorcién del NO3 (Lazof et al., 1994; Hessen-Dago et al.,

1997, Vaast et al., 1998).

1.2. Reduccion del NO3™ y formacion de NH,*

La asimilacion del N requiere la reduccion del NOs™ a NH,". El primer paso de
dicha reduccion es la transformacion del NO3™ a nitrito (NO2) que ocurre en el
citoplasma de células tanto de la raiz como de la parte aérea, y que esta
catalizada por la enzima clave del proceso de reduccion que es la nitrato
reductasa (NR) (Fig. 1). Dicha reduccion requiere NADH, NADPH o ambos
como donadores de electrones. La NR es una enzima homodimérica, donde
cada uno de los mondmeros esta asociado a tres grupos prostéticos: Flavin
adenina dinucleotido (FAD), un grupo hemo y un cofactor de molibdeno
(MoCo). La caracterizacion de mutantes resistentes a clorato identific6 dos
clases de genes, Nia que codificaba la apoenzima y los genes Cnx que estan
implicados en la codificacién del cofactor MoCo (Meyer y Stitt, 2001). La
actividad de la NR se ha asumido como factor limitante en la via de asimilacion
del NOgs, siendo considerada como la herramienta que distingue entre
diferentes genotipos de plantas (Caba et al.,, 1995; Bussi et al.,, 1997). La
actividad NR es inducible por NOj3 aunque la presencia de éste no es
indispensable para la expresion de dicha enzima (Kronzucker et al., 1995).
También el estado nutricional de N y el flujo de éste controlan la expresiéon de
la NR (Samuelson et al., 1995). Ademas su induccion requiere luz en los tejidos

verdes, aunque el efecto de la luz no esta suficientemente explicada aun y
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podria ser reemplazada por glucosa o sacarosa (Gniazdowska, 1998). Como
inhibidores de la actividad NR han sido descritos algunos Aas o compuestos
reducidos de N como el NH;" (Aslam et al., 1997; Dzuibany et al., 1998).
Factores externos como la sequia o la salinidad también pueden reducir la

actividad NR (Foyer, 1998; Khan y Srivastra, 1998).

Después de la reduccion del NOgs', el NO; es trasladado a los plastidios
o cloroplastos donde sera reducido a NH4;" mediante la enzima nitrito reductasa
(NIiR) (Fig 1.1). Los genes Nii codifican la enzima NiR que ha sido clonada en
varias especies variando el numero de genes de uno a dos (Meyer y Stitt,
2001). La enzima posee dos centros redox, un grupo sirohemo y un centro
hierro-azufre y cataliza la transferencia de seis electrones desde la ferredoxina
reducida o desde un donador de electrones similar a ésta (Horchani et al.,
2011). La NiR es inducible por NO3 y por NO, siendo esta forma la mas

efectiva (Barneix et al., 1984).

1.3. Asimilacién de NH,"

El NH;" procedente de la reduccion del NOs', fotorrespiracion o reciclaje de
Aas, va a ser asimilado mediante el conocido como ciclo Glutamina
sintetasa/Glutamato sintasa (GS/GOGAT), tanto en plastidios como en
cloroplastos (Lea y Forde, 1994). La GS fija NH;" en GIn a partir de una
molécula de Glu, seguidamente la GOGAT cataliza la transferencia del grupo

amino de la GIn al 2-oxoglutarato produciendo dos moléculas de Glu (Fig. 1)
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NR NiR
Glutamato Glutamato
GDH oxacidos
Glutamato
—3
—
—/

degradacion
de proteinas

Figura 1. Reduccion del nitrato (NO3) y asimilacion del amonio (NH,") en las plantas

Se han descrito dos clases de genes nucleares que codifican para la
GS. El GLN1 es una familia de genes que codifica las isoforma GS1 citosélica,
envuelta en el reciclaje de NH,;* durante determinados estadios del desarrollo
como la senescencia de la hoja (Bernard y Habash, 2009). Por otro lado, el gen
gue codifica las isoforma GS2 cloroplastidial es denominado GLNZ2. Dicha
isoforma esta implicada en la asimilacion primaria del NH;" y en la
reasimilacion del NH;" producido en la fotorrespiracion en plantas Cs
(Masclaux- Daubresse et al., 2010). En cuanto a la enzima GOGAT se han
descrito dos formas presentes en plantas, Fd-GOGAT que aparece

preferentemente en cloroplastos de hojas, y NADH-GOGAT que aparece en
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plastidios no fotosintéticos. Cada una de las formas utiliza ferredoxina o NADH

respectivamente como donador de electrones (Vanoni et al., 2005).

Por otro lado, gran parte de los Aas procedentes de la degradacion de
proteinas, son convertidos en Glu que es desaminado por la NADH-glutamato
deshidrogenasa (GDH) (Fig. 1). La GDH también puede llevar a cabo la
reaccion inversa, aunque esta via de asimilacion de NH;" es escasa en plantas
bajo condiciones normales (Fig.1). No obstante, se ha sugerido que la GDH
podria jugar un papel importante en la reasimilaciéon de NH,* bajo condiciones

de estrés (Barneix, 2007).

Finalmente, los esqueletos carbonados y especialmente los keto-acidos
son esenciales para la formacion de compuestos de N organico como los Aas.
La disponibilidad de éstos asi como de ATP, ferredoxina y NADH necesarios
para la asimilacion del N dependera de la fotosintesis, fotorrespiracion y
respiracion, procesos éstos en los que se forman dichos compuestos

(Masclaux- Daubresse et al., 2010).

2. El NO3 como fisiopatia en las plantas: deficiencia

La deficiencia de N, fundamentalmente de NOs3", ha sido definida como uno de
los factores mas limitantes en el crecimiento de los cultivos (Glass, 2003), ya

gue este nutriente forma parte de acidos nucleicos y aminoécidos, llevando a
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cabo su funcion en la sefalizacién y regulacion proteica. Ademas es de gran
importancia en la bioquimica de compuestos como co-enzimas, pigmentos,
metabolitos secundarios o poliaminas (Maathuis, 2009). Dada su implicacion
en numerosos procesos, los sintomas de deficiencia de NOsz son mdultiples
afectando a la fisiologia de la planta completa. Asi, como sintomas generales
las plantas deficientes en NO3 muestran una reduccion del crecimiento y un
incremento del cociente raiz/parte aérea, debido a un redireccionamiento de
fotoasimilados hacia la raiz con el objetivo de mejorar la absorcion (Kovacik y
Backor, 2007). Pero el sintoma visual més caracteristico de la deficiencia de
NO3" en las plantas es la clorosis y senescencia de la hoja que normalmente se
inicia en hojas maduras totalmente desarrolladas (Fig. 2), lo que responde a la
removilizacién del NO3™ hacia las hojas jovenes con el objetivo de mantener el
crecimiento (Mengel et al., 2001). Ambos sintomas de deficiencia de NOj
estan provocados por la peroxidaciéon de lipidos y la pérdida de pigmentos y
proteinas. Dado que se ha descrito que la enzima mas importante del proceso
fotosintético, la ribulosa 1,5 bifosfato carboxilasa/oxigenasa (Rubisco)
representa entre el 30-50% del total de las proteinas solubles, la perdida de
éstas unido a la reduccidon de pigmentos, conlleva un descenso en la capacidad
fotosintética y por tanto de la fijacién de diéxido de carbono (CO,) (Long et al.,

2006; Casano et al., 1994)
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Control

Figura 2. Sintomas foliares de deficiencia de NO3; en Mulberry (Tewari et al., 2007).

3. Importancia agrondémica y ambiental  del NO3

Las plantas tienen una dependencia fundamental del N inorganico, por lo que
Su uso en la agricultura actual esta muy extendido. Anualmente se aplican 85-
90 millones de toneladas de fertilizantes nitrogenados al suelo en el mundo
(Good et al., 2004). Por lo tanto en la mayoria de las regiones de elevada
actividad agricola la produccion de los cultivos es altamente dependiente de la

aplicacion exogena de NOj3™ (Garnett et al., 2009).

Tradicionalmente, el uso de dichos fertilizantes, utilizados para restaurar
el N perdido en el suelo, se ha traducido en una mejora del estado de la planta
y por tanto en un incremento de la produccion (Garnett et al., 2009), pero el N
es uno de los nutrientes mas caros de suministrar por lo que los fertilizantes
comerciales representan uno de los mayores costos en la produccién de los

cultivos (Masclaux-Daubresse et al., 2010). Recientemente, desde el punto de
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vista econdémico, el incremento de la demanda mundial por las reservas
limitadas de combustibles fésiles, ha elevado los precios de los fertilizantes
nitrogenados y por tanto el coste de la produccion agricola a nivel mundial

(USDA _ERS, 2008; Garnett et al., 2009).

Ademas de los costes econémicos, la aplicacion de fertilizantes
nitrogenados, principalmente de NOs3°, implica un coste medioambiental
importante ya que solo entre el 30-40% del N aplicado al suelo es utilizado por
la planta (Lea y Azevedo, 2006). El NO3 restante en el suelo va a sufrir
procesos como lixiviacion a aguas subterraneas, volatilizacion a la atmosfera o
pérdidas por actividad microbiana (Vitousek et al., 1997). La Unién Europea
(UE) presta especial atencién a la contaminacion por lixiviacién de NO3 de las
aguas. La Directiva de Nitratos de la UE (1991) tiene por objeto proteger la
calidad del agua en toda Europa evitando que los NO3 procedentes de fuentes
agricolas contaminen las aguas superficiales y subterraneas, y fomentando el
uso de buenas practicas agricolas. En este sentido esta directiva europea ha
recomendando que la cantidad de NOs en agua potable no exceda los 50 mg
L™, pidiendo a los estados miembros politicas de reduccién del uso de NOg
(Alva et al., 2006). Este efecto medioambiental de la contaminacién de agua se
ve incrementado por el impacto de los gases de efecto invernadero liberados a
la atmoésfera en la produccion de fertilizantes nitrogenados, los cuales en
términos cuantitativos son representativos ya que el 1.2% de la energia
consumida en el mundo es utilizada para la produccion de dichos fertilizantes

(Ahlgren et al., 2008).
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Ademas de la importancia econdmica y medioambiental del NO3 hay
gue considerar también su importancia en la salud humana. Los vegetales
ocupan un lugar especialmente importante en nuestra dieta, pero
desafortunadamente constituyen el grupo de alimentos que aporta mayor
cantidad NOj3 para los humanos (Anjana et al., 2007). Algunas especies
vegetales tienen gran capacidad de acumulacion de NOj3™ (los productos de
hoja fundamentalmente), dependiendo el grado de acumulacion en parte de la
especie y variedad genética, pero fundamentalmente de la cantidad de N
disponible. Debido a la aplicacién excesiva de fertilizantes nitrogenados, los
vegetales pueden acumular elevadas cantidades de NO3™ en sus hojas, cuando
la absorcion del i6bn excede la capacidad de reduccion y asimilacion de éste
(Ruiz et al., 2006). El incremento de la cantidad de NOj3 en los productos
vegetales causa serios problemas en la salud humana ya que éstos pueden ser
facilmente transformados en NO’, los cuales causan enfermedades peligrosas
en niflos como la metahemoglobinemia por oxidacion del Fe*? de la
hemoglobina. Ademas los NO,, pueden reaccionar con aminas y amidas
dando lugar a nitrosaminas y nitrosamidas, las cuales son sustancias
carcinogénicas y mutagénicas causantes de enfermedades como céncer del

tracto digestivo (Mirvish, 1993).

Por tanto, y dados los costes tanto ambientales, econdmicos y sanitarios
ha despertado recientemente el interés por diversas practicas agronémicas que
permitan una mejora en la en la eficiencia del uso del N (NUE) que favorezca la

reduccion en la aplicaciéon de fertilizantes nitrogenados, y por lo tanto un ahorro
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en los costes econdmicos y medioambientales, favoreciendo la sostenibilidad

de la agricultura moderna.

4. Eficiencia en el uso del NO 3 por las plantas: alternativas parasu  mejora

La eficiencia nutricional de un genotipo se define como la capacidad de adquirir
nutrientes del medio de cultivo y/o incorporarlos y utilizarlos para la generacion
de biomasa o produccion. Por tanto, una planta eficiente en el uso del NO3’, es
aguella que produce mas materia seca 0 un mayor incremento en la produccién
por unidad de tiempo, area o N aplicado. Ademas estas plantas presentaran
menores sintomas de deficiencia y/o mayores concentraciones de N que otras
plantas crecidas en el mismo medio (Fageria et al., 2008). El NUE puede ser
dividido en dos procesos fundamentales, por un lado la habilidad de la planta
de extraer el N del suelo, y por otro la eficiencia en la utilizacion del N
absorbido, es decir, la capacidad de las plantas de transferir y utilizar este
elemento en los 6rganos vegetales (Lea y Azevedo, 2006; Ruiz et al., 2006). La
variabilidad genética en el NUE se ha demostrado en varias especies como el
arroz, la alfalfa, el maiz o el tomate (Harrison et al., 2004; Lawlor, 2002;
Machado y Fernandes, 2001; Sanchez-Rodriguez, 2011a) y son numerosos los
mecanismos fisioldgicos, metabdlicos y genéticos que estan implicados o
asociados al NUE. Ademas son cuantiosos los trabajos que describen técnicas,
tanto agrondmicas como moleculares, que persiguen una mejora del NUE de
tal manera que plantas con elevado NUE limitarian el uso de fertilizantes
nitrogenados, retrasando la degradacion medioambiental y mejorando y

manteniendo la productividad de la agricultura moderna.
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Algunos de los factores principales que afectan al NUE son la eficiencia
de absorcién y asimilacion del NO3, por lo que numerosos esfuerzos por
mejorar el NUE se han centrado en la manipulacién genética de ambos
procesos. Algunos experimentos han modificando la absorcion del NOs a
través de la sobreexpresion de los transportadores HATS (Fraisier et al., 2000),
o han intentado mejorar el NUE a través de la manipulacion de la asimilaciéon
de NOg3’, sobreexpresando las enzimas NR y NiR (Pathak et al., 2009). Sin
embargo en ninguno de ellos se observé una mejora del NUE, debido a que en
ambos casos existe una compleja regulacion postranscripcional. Respecto a la
sobreexpresion de enzimas como la GS o GOGAT se ha demostrado que
pueden incrementar la biomasa y la cosecha de grano en plantas como la judia
o el arroz, pero aun se requiere demostrar sus efectos beneficiosos en
condiciones de campo (Migge et al., 2000; Habash et al., 2001; Yamaya et al.,
2002). Trabajos que manipulan factores de transcripcion, los cuales regulan
genes implicados en el metabolismo de los &cidos organicos, indican que el
NUE podria ser mejorado mediante la manipulacion del metabolismo del

carbono (Masclaux-Daubresse et al., 2010).

Por otro lado, algunas técnicas agricolas han sido utilizadas con el fin de
incrementar el NUE en plantas horticolas. Diferentes estudios muestran que el
uso de injertos puede mejorar el NUE de determinados genotipos, ya que
ciertos portainjertos favorecen la absorcion y asimilacion de N en la parte
aérea, evitando la perdida de produccién de dichos genotipos (Ruiz et al., 2006;
Sanchez-Rodriguez et al.,, 2011b). También la fertilizacion con otros

macronutrientes esenciales como el azufre (S) ha demostrado un aumento del
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NUE ya que un buen estado nutricional de este nutriente en la planta

incrementa la absorcién y asimilacion del N (Salvagiotti et al., 2009).

Trabajos recientes evidencian la relaciébn entre algunas hormonas
vegetales y la nutricion mineral. De todos los tipos de hormonas vegetales o
compuestos reguladores del crecimiento (auxinas, citoquininas (CKs), acido
abcisico, giberelinas, brasinosteroides, acido jasmonico o etileno), los genes
implicados en la sintesis y degradacién de CKs y sus receptores parecen estar
implicados de forma mas directa que otras hormonas en la regulacion del N y
otros nutrientes (Forde, 2002; Sakakibara, 2003). Trabajos a nivel molecular
con maiz y Arabidopsis muestran como la sefial de transduccion del estatus de
N en la planta esta mediada por CKs (Takei et al., 2004), por tanto se ha
hipotetizado que el manejo de la ingenieria genética relacionada con las CKs

podria tener una posible aplicacion en agricultura en este sentido (Ma, 2008).

5. CKs y nutricion  vegetal

El funcionamiento de los organismos pluricelulares requiere mecanismos
precisos de regulacion que permitan la coordinacion de las actividades de sus
células, tejidos y 6rganos. Ademas dichos organismos han de ser capaces de
percibir y responder a las fluctuaciones de su ambiente. Entre los mecanismos
de regulacién, el principal en las plantas se basa en una serie de mensajeros
quimicos conocidos como hormonas. El control de la respuesta hormonal se
lleva a cabo a través de cambios de la concentracion y sensibilidad de los

tejidos a dichas hormonas (Segura, 2000). Existen varios tipos de hormonas
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vegetales como las auxinas, CKs, acido abcisico, giberelinas, brasinosteroides,
Acido jasmoénico o etileno, que cumplen numerosas funciones relacionadas
fundamentalmente con el desarrollo (Segura, 2000). Sin embargo, en los
altimos afios, se han encontrado evidencias de la participacion de estos
compuestos en funciones de sefializacion, controlando y regulando la
respuesta a las fluctuaciones del medio externo, principalmente la variacion en

la disponibilidad de nutrientes (Schachtman y Shin, 2007).

Las CKs son fitohormonas que tradicionalmente han sido relacionadas
con procesos como divisiéon celular, crecimiento y desarrollo, dominancia apical
0 senescencia (Mok, 1994). Las CKs naturales son derivadas de la adenina y
llevan unido al N°®-terminal un derivado del isopreno (CKs isoprenoides) o bien

un compuesto aromatico (CKs aromaticas) (Fig. 3).

Isoprencid side chain

F‘,,CIH
/\A /\)\/‘3‘“ */\)\/DH VNN
Iﬁc:penten}rladenine I:iP]I* trans-Zeatin (t£) Dihydrozeatin (DZ) cis-Zeatin (cZ)
NHA
N |N\>
‘%N "N

Aromatic side chain

~O A~ D

Benzyladenine (BA) meta-Topolin (mT) artho-Topolin (oT)

Figura 3. Estructura de las CKs, el sitio de conjugacion con el anillo de adenina se representa
como * (Hwang y Sakakibara, 2006).
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El primer paso de la sintesis de CKs es catalizado por la enzima
adenosina fosfato isopenteniltransferasa (IPT) usando adenosina 5 -fosfato
(principalmente ATP, ADP pero también AMP) y dimetilalil bifosfato (DMAPP).
Segun el tipo de adenosina fosfato utilizado se formara isopenteniladenina
ribosa 5 difosfato (iPRTP) o isopenteniladenina ribosa 5° trifosfato (iPRTP). La
enzima P450 monooxigenasa (CYP735A) mediante una trans-hydroxilacion de
las formas iP formara transzeatina (tZRTP, tZRDP). Ha sido propuesta una via
alternativa de sintesis de tZ en Arabidopsis que utiliza compuestos de la via del
mevalonato aunque su contribucion a la sintesis de CKs aln no esta
caracterizada (Astot et al., 2000). En cuanto a la degradacién de las CKs,
fundamentalmente es llevada a cabo por la enzima CK oxidasa/hidroxilasa

(CKX) (Fig. 4) (Hwang y Sakakibara, 2006).

CYPT35A
IFT -
DMAPE ATP + DMAPP —— IPRTP = {7RTP

fLV“oPP l 1

CYPT35A
IPT
ADP+DMAPP = iPRDP = {ZRDP

| }

BT CYPTI5sA
AMP + DMAPP === jPRMP —* tZBMP

i i

iPR tZR
iP tZ
/" l’ CHX CKX l'
Glycosylation 4 4. Ade
+ +
Side chain Side chain

Figura 4. Via de sintesis de CKs, resumida de Hwang y Sakakibara, 2006.
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La biosintesis y homeostasis de CKs esta controlada por otras
fitohormonas y por las fuentes de N inorganico, lo cual describimos a

continuacion.

Debido a que las plantas estan constituidas por numerosos 6rganos con
diferentes funciones y requerimientos nutricionales se necesita una
coordinacion a nivel de planta completa, y por tanto una sefializacion tanto a
nivel local como a larga distancia del estado nutricional de cada érgano (Kiba et
al., 2011). La implicacion de las CKs en la sefializacion del estado nutricional
ha sido ampliamente estudiada y se conoce que esta fitohormona influye en la

homeostasis de algunos nutrientes como N, fosforo (P), azufre (S) o hierro (Fe).

Las CKs regulan negativamente la respuesta a deficiencia de P (PSR)
en raices de Arabidopsis, asi como la expresion de genes inducibles por la
deficiencia de P que codifican transportadores de alta afinidad de dicho
elemento. AUn no esta claro como ocurre, pero se ha propuesto que podrian
actuar como sefial a larga distancia durante la deficiencia de P aminorandola
(Martin et al.,, 2000). También se ha sugerido que el efecto negativo del
aumento de las CKs en la sefializacion de la deficiencia de P podria ser debida
al incremento de P intracelular que se observa en plantas sometidas a
deficiencia de P y tratadas con CKs (Wang et al., 2006). Por tanto, se sabe que
la deficiencia de P reprime la acumulacién de CKs aunque el mecanismo por el

gue esto ocurre aun no esta claro (Franco-Zorrilla et al., 2002).
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Son menos los trabajos que describen el efecto de las CKs sobre la
asimilacion del S, pero si se sabe que la adicion de CKs reprime la expresion
de genes que codifican para transportadores de alta afinidad de sulfato, los
cuales se inducen bajo condiciones de deficiencia de S (Maruyama-Nakashita
et al., 2004). Por otro lado, se han realizado estudios que describen como las
CKs son capaces de inducir la expresion de genes que responden a la
deficiencia de S en Arabidopsis (Ohkama et al., 2002). Por tanto aun esta por

determinar el papel de las CKs en el control de la sefializacion de S.

Las plantas responden a la deficiencia de Fe incrementando la
proliferacion de pelos radiculares e induciendo genes que codifican
transportadores de Fe o reductasas férricas. Se ha descrito como las CKs son
capaces de reprimir genes que codifican transportadores de Fe y reductasas
férricas bajo condiciones de deficiencia de Fe (Séguéla et al.,, 2008). Sin
embargo, el mismo estudio muestra como las CKs pueden mediar la represién
de dichos genes, independientemente de la aplicacion de Fe, por lo que queda
abierta la cuestion de la funcion de la CKs tanto en la homeostasis de dicho

nutriente bajo condiciones normales como bajo condiciones de deficiencia.

La relacion entre CKs y N ha sido la mas ampliamente estudiada y se
sabe que actian como mensajeros a larga distancia que controlan la
asimilacion de N y el estatus de éste en la planta (Sakakibara et al., 2006). A
continuacion describiremos algunos de los estudios mas recientes que
relacionan las CKs con la homeostasis y sefializacién del estado nutricional en

plantas de N.
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5.1. CKsy fisiologia del nitrégeno

Los primeros indicios de la relacion entre la aplicacion de N y la sintesis de CKs
se encontraron en cebada y tabaco, plantas en las que se observd que el
suministro de N estaba fuertemente relacionado con el contenido de CKs
(Singh et al.,, 1992; Samuelson y Larsson, 1993). Singh et al. (1992)
demostraron con plantas de girasol y tabaco que la aplicacion de N inducia la
acumulacion de CKs en la hoja, lo que demostraba que la sintesis de CKs esta
regulada por N. Posteriormente se comprobd que la aplicacién de N causa un
incremento en el contenido de CKs en el xilema pero también en raices y parte
aérea de maiz indicando una posible funcion de las CKs como sefal a larga
distancia de la suplementacion de N (Takei et al., 2001). Plantulas de
Arabidopsis crecidas con elevadas concentraciones de N contenian elevados
niveles de CKs mientras que aquellas crecidas a bajas concentraciones de N
presentaban niveles de CKs menores, lo que evidencié que las CKs no solo
actuaban como sefal de la cantidad de N existente en el medio, sino que
también actuaban como sefial del estatus de N (Takei et al., 2004). En
Arabidopsis se sabe que existen siete genes que codifican la enzima IPT en
diferentes tejidos y entre dichos genes se conoce que AtIPT3 es inducible por
NOj3; (Takei et al.,, 2004). Ademas trabajos recientes confirman que las CKs
pueden actuar como sefal local ademas de cémo sefal a larga distancia

(Matsumoto-Kitano, 2008).

Ademas de los datos descritos anteriormente, la relacion N-CKs es

reciproca ya que la aplicacion externa de estas hormonas podia parcialmente
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reducir los efectos de reduccion del crecimiento causados por un bajo
suministro de N en Plantago mayor (Kuiper, 1988). Existen numerosos trabajos
gue avalan la hipétesis de que las CKs actian como sefal inhibiendo la
absorcién de NOj3™ en la raiz, asi como de otros nutrientes (Li et al., 2007; Lin et
al., 2008). Por tanto, las CKs podrian actuar como sefial a larga y corta
distancia comunicando a la parte aérea si la aplicaciéon de N en la raiz es
adecuada y regulando asi los sistemas de absorcion del N y de otros nutrientes

del suelo (Sakakibara et al., 2006).

Las plantas detectan el estado nutricional de N tanto externo como
interno y se adaptan a cambios en éste modificando tanto expresion génica
como la actividad de enzimas y el contenido de otros metabolitos. Algunos
estudios que indican que la sefial producida por el N puede ser reemplazada
por CKs, las cuales como mensajero a larga y corta distancia podria regular
gran cantidad de genes implicados en el metabolismo y desarrollo asi como la

adquisicién de otros macronutrientes (Fig. 5) (Sakakibara et al., 2006).
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El gran reto del Siglo XXI es la creacién de una “segunda revolucion verde”
basada en una mejora de la produccion de los cultivos que asegure alimento a
la poblacion mundial junto con una aplicacion reducida de fertilizantes. La
alternativa mas razonable para conseguir este objetivo es la utilizacion de
especies 0 genotipos de plantas que muestren capacidad para crecer y
producir de forma O6ptima en suelos o medios de cultivo con una baja
disponibilidad de nutrientes, especialmente de N, uno de los factores que
determina gran parte de la produccion vegetal. La utilizacion de estas plantas
con una fertilizacion reducida es la estrategia mas ldgica para mantener y
desarrollar una agricultura sostenible, rentable econdmicamente y respetuosa
con el medioambiente. Teniendo en cuenta que las plantas tienen una
dependencia fundamental del N para su crecimiento se aplican
aproximadamente entre 85-90 millones de toneladas de fertilizantes
nitrogenados al suelo anualmente, por lo que en la actualidad se hace
imprescindible la reduccion de este tipo de fertilizantes y especialmente en
forma de NOj3; que es considerado uno de los principales contaminantes
agricolas. Por ello y utilizando como disefio experimental la comparacion entre
plantas de tabaco wild type (WT) y plantas modificadas genéticamente que
expresan el gen IPT responsable de la sintesis de CKs, los objetivos de esta

tesis doctoral fueron los siguientes:

1. Establecer las respuestas fisioldgicas de las plantas a la deficiencia de N y

definir la implicacidn en éstas de la expresion del gen IPT.
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2. Evaluar si la expresion del gen IPT en plantas puede concretarse como una
herramienta valida y eficaz para mejorar el uso de N y poder reducir asi la

aplicacion de fertilizantes nitrogenados.
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ABSTRACT

Wwid type (WT) and transgenic tobacco plants  expressing
isopentenyltransferase (IPT), a gene coding the rate-limiting step in cytokinins
(CKs) synthesis, were grown under limited nitrogen (N) conditions. Our results
indicated that the WT plants subjected to N deficiency displayed reduced
biomass and relative growth rates (RGR), increased levels of oxidative damage
and reduced foliar concentrations of the different N forms. However, the
transgenic plants expressing Psark::IPT, in spite of showing a significant decline
in all the N forms in the leaf, avoided the alteration of the oxidative metabolism
and maintained biomass and the RGR at control levels, under suboptimal N
conditions. These results suggest that the increased CKs synthesis in the

transgenic plants is an effective mechanism to improve N-use efficiency.

Keywords: Antioxidant system; cytokinins; nitrogen deficiency; oxidative stress;

tobacco plants.

Abbreviations: AA, ascorbate; APX, ascorbate peroxidase; CAT, catalase;
CKs, cytokinins; GPX, guaiacol peroxidase; GSH, glutathione; H,O,, hydrogen
peroxide; IPT, isopentenyltransferase; MDA, malondialdehyde; N, nitrogen;
NH,;", ammonium; NO3', nitrate; O,", superoxide ion; RGR, relative growth rate;

ROS, reactive oxygen species; SOD, superoxide dismutase.
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INTRODUCTION

N is an essential macronutrient for plants, forming part of nucleic and amino
acids, serving its function in protein signalling and regulation. In addition, it is of
great importance in the biochemistry of compounds such as enzymes,
pigments, secondary metabolites, and polyamines (Maathuis, 2009). The main
symptom of N deficiency in plants is leaf senescence provoked by lipid
peroxidation and pigment loss as well as protein degradation that leads to the
inhibition of photosynthetic capacity (Casano et al., 1994). Thus, during N-
deficiency-induced senescence, the rise in reactive oxygen species (ROS),
such as superoxide ion (O2) or hydrogen peroxide (H.O,) trigger oxidative

stress (Grossman and Takahashi, 2001).

Plants can respond to this stress through their antioxidant system, which
iIs composed of non-enzymatic antioxidants such as ascorbate (AA) or
glutathione (GSH) and enzymatic antioxidants, including the enzymes
superoxide dismutase (SOD) capable of detoxifying the O, and of transforming
it into H,O,, which later will be eliminated by the action of catalase (CAT),
guaiacol peroxidase (GPX) or enzymes belonging to the AA-GSH or Halliwell-
Asada cycle, such as ascorbate peroxidase (APX), which reduces H,O, by AA
oxidation (Jaleel et al., 2009). The induction of the plant antioxidant system
during moderate N-deficiency has been reported (Polesskaya et al., 2004;
Tewari et al., 2007). Polesskaya et al. (2004) showed greater activity of SOD,
APX, or CAT in wheat plants exposed to N deficiency. Also, Tewari et al. (2007)

demonstrated a higher H,O, concentration in leaves of Mulberry subjected to N
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deficiency, which prompted a rise in lipid peroxidation, in the concentration of
antioxidant compounds such as AA or GSH, and in the activity of enzymes in

charge of detoxification.

CKs are phytohormones that control the plant developmental
programme. CKs can also regulate plant responses against abiotic stress
(Haberer and Kieber, 2002; Rivero et al., 2007). In addition, a relationship
between CKs and macronutrient acquisition has been postulated (Franco-
Zorrilla et al., 2002; Brenner et al., 2005). Recent studies indicated that CKs act
as long-distance messengers signalling the N status of the plant (Forde, 2002;
Takei et al., 2002). Therefore, CKs can act as a signal communicating to the
shoot if the N application of the root is adequate, thereby regulating the nutrient
uptake systems (Sakakibara et al., 2006). Gan and Amasino (1995) showed
that leaf senescence could be delayed in transgenic plants overexpressing IPT,
an enzyme that catalyses the limiting step in CKs synthesis. Therefore, the aim
of the present work was to evaluate the effect of N deficiency on oxidative

metabolism in WT and transgenic tobacco plants expressing Psarx::IPT.

MATERIALS AND METHODS

Plant material and growth conditions

Seeds of WT (Nicotiana tabaccum cv.SR1) and transgenic plants expressing

Psark::IPT were germinated and grown in soil for 30 days (d) in a tray with wells

(each well 3 cm x 3 cm x 10 cm). During this time, no differences in germination
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or plant development between WT and the transgenic plants were observed.
Afterwards, the seedlings were transferred to a growth chamber under
controlled conditions with relative humidity of 50+10%, at 28°C/20°C (day/night),
and a 16h/8h photoperiod with a PPFD (photosynthetic photon-flux density) of
350 pmol m?s™® (measured with an SB quantum 190 sensor, LI — COR Inc.,
Lincoln, NE, USA). Under these conditions, plants were grown in individual pots
(25 cm upper diameter, 17 cm lower diameter, and 25 cm high) of 8 L in volume
and filled with a 1:1 perlite:vermiculite mixture. During 30 d, the plants were
grown in a complete nutrient solution containing: 10 mM NaNOj, 2 mM
NaH,PO, 5 mM KCI, 2.5 mM CaCl,, 1.5 mM MgCl,;, 2 mM Na,SO,4, 2 pM
MnCl,, 0.75 pM ZnCl,, 0.25 PM CuCl,, 0.1 UM (NH4)sM07024, 5 UM Fe-EDDHA,
and 50 uM H3BOg3, pH 5.8. The nutrient solution was renewed every 3 d and the
soil was rinsed with distilled water to avoid nutrient accumulation. The N
treatments began 60 d after sowing (DAS) and was maintained for 30 d. The
treatments were 10 mM (Control), 7 mM and 1 mM NaNOs. The experimental
design was a randomized complete block with six treatments, arranged in
individual pots with six plants per treatment, and three replicates. The

experiment was repeated three times under the same conditions (n = 9).

Sampling and determination of the relative growth rate (RGR)

All plants were at the late vegetative stage when harvested. Middle leaves
(positions 7" and 8™) were harvested, frozen immediately in liquid N, and kept
at -80°C until used. To determine the RGR, leaves from three plants per line

were sampled at 60 DAS, before starting the N treatment. The leaves were
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dried in a forced-air oven at 70°C for 24 h, and the dry biomass (DB) was
recorded. The remaining plants were sampled at 90 DAS. The relative growth
rate was calculated from the increase in leaf DW at the beginning and at the
end of N-treatment, using the equation RGR = (In DWf — In DWI)/(Tf — Ti) where
T is the time and the subscripts denote the final and initial sampling (i.e. d 0 and

30, respectively, after nitrogen treatment) (Cervilla et al., 2007).

Analytical Methods

Total reduced N concentration was analysed as described by Baethgen and
Alley (1989). NO3 was measured by spectrophotometry following Cataldo et al.
(1975), and NH," was determined as described by Krom (1980).
Malondialdehyde (MDA) concentration in leaves was determined as described

before (Sanchez-Rodriguez et al., 2010).

H,O, content of leaf samples was determined as described by Mukherje
and Choudhuri (1983) and the detection of O, was based on its ability to
reduce nitro blue tetrazolium (NBT) as described by Kubis (2008). The
extraction and quantification of total and reduced ascorbic acid and
dehydroascorbate (DHA) was perforemed according to Okamura (1980) with
the modifications by Law et al. (1992). GSH was measured by the recycling
assay initially described by Tietze (1969) and modified by Noctor and Foyer
(1998).

Pyridine nucleotides were extracted from liquid N-frozen leaves material

in 1 mL of 200 mM NaOH for NADPH or 5% TCA for NADP". Nucleotides were
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quanified by the enzyme-cycling method (Matsumura and Miyachi, 1980) with

some modification (Gibon and Larher, 1997).

SOD (EC 1.15.1.1) activity was assayed according to the methods of
Giannopolitis and Ries (1977) and Beyer and Fridovitch (1987), with some
modifications (Yu et al. 1998). CAT (1.11.1.6) activity was determined according
to Nakano and Asada (1981). GPX (EC 1.11.1.7) activity were determined
following a modified version of Cara et al. (2002) using 100 mM K-phosphate

buffer (pH 7) for extraction.

APX (EC 1.11.1.11) and glutathione reductase (GR; EC 1.6.4.1) were
assayed following Rao et al. (1996). Dehydroascorbate reductase activity
(DHAR; EC 1.8.5.1) was measured at 265 nm for 3 min following the change in
absorbance resulting from the formation of AA (Nakano and Asada, 1981). The
free radical scavenging capacity of extracts was determined as described by Re

et al. (1999).

The Ferric Reducing Ability of Plasma (FRAP) assay was made with 1
mM 2,4,6-tripyridyl-2-triazine (TPTZ) and 20 mM FeCls in 0.25 M CH3COONa,
pH 3.6 (FRAP reagent). An aliquot of 100 mL of extract (1 g per 10 mL in
methanol) was added to 2 mL of FRAP reagent and mixed thoroughly. After the
mixture was left at room temperature (20 °C) for 5 min, absorbance at 593 was
measured. Calibration was against a standard curve (25-1600 mM Fe**) using
freshly prepared ammonium ferrous sulphate (Benzie and Strain, 1996). The

Trolox Equivalent Antioxidant Capacity (TEAC) value of an extract represents
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the concentration of Trolox solution that has the same antioxidant capacity as

the extract. TEAC was expressed as mg Trolox g DW™.

The protein concentration of the extracts was determined according to

the method of Bradford (1976), using BSA as the standard.

Statistical analysis

The data compiled were submitted to an analysis of variance (ANOVA) and the

differences between the means were compared by Duncan’s multiple-range test

(P> 0.05).

RESULTS

Effects of reduced NO 3" on plant biomass and RGR

Nitrogen deficiency resulted in reduced foliar biomass and RGR in the WT

plants (Table 1). The application of 7 mM and 1 mM NO3’ resulted in reductions

of 20-33% and 21-33% in foliar biomass and RGR, respectively. Besides,

neither biomass nor growth rates of the transgenic plants were affected by the

reduction in NO3™ (Table 1).
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Table 1: Foliar biomass and foliar RGR in two lines of Tobacco plants subjected to N deficit.

Foliar Biomass (g DW)

Foliar RGR (g day)

NO; treat. WT IPT WT IPT
Control 6.77 £0.36 a 9.15+0.23 0.042 £0.002 a 0.048 +0.001
7 mM 541+0.01b 7.88 £0.07 0.033+0.001 b 0.044 +0.001
1mM 453+0.08¢c 8.22+0.62 0.028 £0.001 c 0.045 +0.001
P-value xk NS ok NS
LSDy o5 0.745 1.338 0.004 0.004

Values are means + SE (n = 9) and differences between means were compared using LSD (P =
0.05). Means followed by the same letter in the same column do not differ significantly. Levels of
significance are represented by *P < 0.05, **P < 0.01, ***P < 0.001 and ns (not significant) P > 0.05.

N-deficiency affected the concentrations of the different N-forms in both

WT and transgenic plants. Both lines showed the minimum concentrations of

total reduced N, NO3™ and total N under the 1 mM NOj3 treatment (Table 2). The

reduction in total N was more pronounced in the WT plants (36%) than in the

Psark::IPT plants (19%) (Table 2). A treatment of 7 mM NO3 had no effect on

the different N-forms with exception of a reduction of 20% in NO3™ content in the

transgenic plants (Table 2).

Table 2: Concentration of total reduced N, NO3 and total N in two lines of tobacco plants
subjected to N deficit.

Lines/NO3 Total reduced N NO;3 Total N
Treatment (mg-g'1 DW) (mg-g'l DW) (mg-g'l DW)
WT
Control 30.60+2.22 a 24.94+1.24 a 55.61+4.02 a
7 mM 31.74+1.23 a 27.52+1.30 a 59.27+1.29 a
1mM 19.65+0.98 b 3.52+0.18 b 23.18+1.18 b
P_Value **k% *kk *kk
LSDy 05 4.596 3.157 8.760
IPT
Control 30.41+2.03 a 29.44+£1.09 a 59.86+2.08 a
7 mM 29.87+1.53 a 23.28+1.36 b 53.16+2.81 a
1mM 24.77+0.83 b 3.71+0.28 ¢ 28.48+1.16 b
P'Value * *%x% *%k%
LSDy.05 4525 3.079 7.376

Values are means + SE (n = 9) and differences between means were compared using LSD (P =
0.05). Means followed by the same letter in the same column do not differ significantly. Levels of
significance are represented by *P < 0.05, **P < 0.01, ***P < 0.001 and ns (not significant) P >

0.05.
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Effects of reduced NO 3 on lipid peroxidation, ROS and NADP *, NADPH

concentration

MDA concentrations, a measure of lipid peroxidation, together with the
concentration of ROS are good indicators of tissue oxidative stress. In WT
plants, N-deficiency caused a significant increase in the O," (Fig. 1A) and H,0,
(Fig. 1B) concentrations in the leaves, raising the foliar MDA concentration (Fig.
1C). On the contrary, no increase was seen MDA concentration in the
transgenic plants subjected to N deficiency (Fig. 1C). Furthermore, neither the
0O," (Fig. 1A) nor the H,;0O, (Fig.1B) concentrations displayed significant
differences with N deficiency, both values remaining close to those from the
control treatments (10 mM). Besides, N-deficiency affected the concentrations
of NADP" and NADPH (Table 3). In WT plants NADP" decreased significantly
under N treatments, although no differences were observed in NADP”*
concentration in transgenic plants. NADPH increased with 1 mM treatments in

the WT and transgenic plants.
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Fig. 1 Effect of 10 mM NO3 (control) and NO3 deficiency (7 and 1 mM) on (A) Superoxide (O,)
(B) Hydrogen peroxide (H,0,) and (C) Malondialdehyde (MDA) concentration in leaves of two
tobacco lines: ‘WT’ and ‘IPT’. Bars represent means+s.e. (n=9); for each lines.
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Table 3: Effect of N deficit on NADP*, NADPH and NADP*:NADPH ratio in two
lines of tobacco plants.

Lines/NO5 NADP” NADPH NADPH/NADP*

Treatment (mmol g 'FW) (mmol g 'FW)

WT
Control 0.554+0.021 a 0.364+0.017 b 0.656+0.030 ¢
7 mM 0.467+0.017 b 0.345+0.007 b 0.739+0.016 b
1 mM 0.374+0.011 ¢ 0.412+0.011 a 1.101+0.030 a
P'Value *%x% *% *%x%
LSDg 05 0.051 0.037 0.078

IPT
Control 0.391+0.017 0.333+0.006 b 0.853+0.017
7 mM 0.338+0.020 0.328+0.030 b 0.969+0.089
1 mM 0.395+0.027 0.404+0.013 a 1.024+0.033
P-value NS * NS
LSDg o5 0.065 0.056 0.173

Values are means + SE (n = 9) and differences between means were compared using
LSD (P = 0.05). Means followed by the same letter in the same column do not differ
significantly. Levels of significance are represented by *P < 0.05, *P < 0.01, **P <
0.001 and ns (not significant) P > 0.05.

Effects of N-deficiency on antioxidant activities

During N-deficiency treatments, the activities of some of the foliar antioxidant
enzymes increased significantly in the WT plants. SOD, CAT and GPX activities
(Figs. 2A, B and C) increased under both the 1 and 7 mM NOj  treatments.
While SOD increased with N-deficiency in the WT plants, the activity remained
constant in the transgenic plants. A large increase in CAT was observed in the
WT plants under low N. Besides, in the transgenic plants, CAT activity remained

constant under 7 mM N and was even lower in the 1 mM treatment. GPX

activity was higher under 7 mM N (Fig. 2C).
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Fig. 2 Effect of 10 mM NOj3 (control) and NOj3 deficiency (7 and 1 mM) on (A) Superoxide
dismutase (SOD) (B) Catalase (CAT) and (C) Guaiacol peroxidase (GPX) activity in leaves of
two tobacco lines: ‘WT’ and ‘IPT'. Bars represent means+s.e. (n=9); for each lines.

Although no differences were observed in the total AA concentrations in
WT plants, there was a significant increase in reduced AA content and a
decrease in DHA in the WT plants in the 7 mM and 1 mM treatments (Table 4).
As a consequence, the reduced AA to foliar DHA increased significantly during
N-deficiency treatments. The transgenic plants showed no differences in total

AA concentrations during N-deficiency, although DHA declined in the 1 mM
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treatment with the concomitant increase in the reduced AA to DHA ratio (Table

4).

Table 4: Concentration of reduced AA, DHA, total AA and the ratio of reduced AA:DHA in the leaves

of two lines of tobacco plants subjected to 3 treatment of N deficit.

Lines/NO3 AA red DHA Total AA AA red/DHA
Treatment (mmol.g'lFW) (mmol.g'lFW) (mmol.g'lFW) (mmol.g'lFW)
WT
Control 5.99+0.06 b 2.69+0.20 a 8.69+0.26 2.34+0.19c
7mM 7.14+0.20 a 1.48+0.06 ¢ 8.62+0.15 4.93+0.33 a
1 mM 7.11+0.06 a 2.07+0.10 b 9.19+0.15 3.50+0.19 b
P_Value *k*k *k*k NS *k*k
LSDg .05 0.372 0.409 0.575 0.731
IPT
Control 4.93+0.04 3.41+0.17a 8.34+0.21 ab 1.47+0.06 b
7mM 5.06+0.08 3.59+0.17a 8.66+0.20 a 1.43+0.06 b
1 mM 4.99+0.05 2.75+0.22b 7.75%0,21 b 1.91+0.17 a
P-value NS * * o
LSDg 05 0.185 0.553 0.615 0.327

Values are means + SE (n = 9) and differences between means were compared using LSD (P = 0.05). Means
followed by the same letter in the same column do not differ significantly. Levels of significance are represented
by *P < 0.05, **P < 0.01, **P < 0.001 and ns (not significant) P > 0.05.

N-deficiency induced a decrease in total foliar GSH in both WT and
transgenic plants (Table 5), and a reduction of GSSG in the WT plants, but not

in the transgenic plants.

With regard to the enzymes involved in the Halliwell-Asada cycle, a
decrease in the foliar activities of APX, DHAR, and MDHAR (Figs. 3A, B and C)
was found in the WT grown under lower N-regimes. However, GR activity was
lower under the 7 mM treatment (Fig. 3D). Notably, while an increase of foliar
APX activity was seen in the Psark::IPT plants under the 1 mM dosage of N
(Fig. 3A), MDHAR activity remained unchanged (Figs. 3C and D) and an

increase in DHAR activity was detected only with the 7 mM (Fig. 3B).
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Table 5: Concentration of reduced GSH, GSSG, total GSH and the relationship of reduced
GSH/GSSG in the leaves of two lines of tobacco plants subjected to 3 treatment of N deficit.

Lines/NO3 GSH red GSSG GSH total GSH red/GSSG
Treatment (mmol g'lFW) (mmol g'lFW) (mmol g'lFW)
WT
Control 0.16+0.03 0.28+0.01 a 0.44+0.03 a 0.60+0.11
7mM 0.13+0.04 0.12+0.00 c 0.25+0.02 b 1.06+0.12
1 mM 0.15+0.02 0.18+0.01 b 0.33+0.04 b 0.86+0.29
P-value NS il * NS
LSDg .05 0.101 0.036 0.107 0.569
IPT
Control 0.17+0.03 a 0.15+0.00 b 0.32+0.04 a 1.11+0.25 a
7mM 0.10+0.02 ab 0.21+0.00 a 0.31+0.09 a 0.53+0.12 b
1 mM 0.09+0.00 b 0.15+0.00 b 0.23+0,00 b 0.66+0.06 ab
P-value * * * *
LSDg 05 0.075 0.037 0.077 0.483

Values are means = SE (n = 9) and differences between means were compared using LSD (P = 0.05).
Means followed by the same letter in the same column do not differ significantly. Levels of significance are
represented by *P < 0.05, **P < 0.01, ***P < 0.001 and ns (not significant)
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Fig. 3 Effect of 10 mM NOj (control) and NOj deficiency (7 and 1 mM) on (A) Ascorbate
peroxidase (APX) (B) Dehydroascorbate reductase (DHAR), (C) Monodehydreascorbate
reductase (MDHAR) and Glutation reductase (GR) activity in leaves of two tobacco lines: ‘WT’
and ‘IPT'. Bars represent means+s.e. (n=9); for each lines.
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The antioxidant activity in tobacco leaves was studied by the analysis
of the FRAP and TEAC tests. Whereas in the WT plants, there was a significant
increase in both tests for plants subjected to 1 mM of N deficiency, the
transgenic plants did not display significant differences among the N treatment

(Table 6).

Table 6: Effect of N deficit on antioxidant test FRAP and TEAC in two
lines of tobacco plants.

Lines/NO5’ FRAP TEAC
Treatment (mg.g™ ' FW) (mg.g™ ' FW)
WT
Control 2.84+0.03 b 1.10+0.02 b
7 mM 2.36£0.05 ¢ 1.09+0.02 b
1mM 4.28+0.06 a 1.42+0.03 a
P-value *k Kk * %k
LSDoos 0.381 0.076
IPT
Control 1.72+0.06 0.9740.01
7 mM 2.1840.10 1.00+0.02
1mM 2.1740.33 1.00+0.05
P-value NS NS
LSDg.o5 0.597 0.109

Values are means + SE (n = 9) and differences between means were
compared using LSD (P = 0.05). Means followed by the same letter in the
same column do not differ significantly. Levels of significance are represented
by *P < 0.05, **P < 0.01, ***P < 0.001 and ns (not significant) P > 0.05.

DISCUSSION

N deficiency reduced the RGR as well as the biomass in the leaves of WT
tobacco plants (Table 1). Similar results have been reported in Triticum, Morus
or Matricaria subjected to N deficiencies (Tewari et al., 2004, 2007; Kovacik and
Backor, 2007). These reductions in RGR and biomass have been explained
based on the numerous functions of this element within the plant (Maathuis,

2009). Furthermore, the N-deficiency induced decline in biomass and RGR,
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particularly in the case of severe deficiency (1 mM of N) appeared to be directly
related to the diminished foliar concentration of total N, total reduced N and
NO3 (Table 2). In addition, N deficiency, like other abiotic stresses such as
drought or heavy metals (Arora et al., 2002) is capable of altering oxidative
metabolism. During this stress conditions, the rate of the Calvin cycle is
disminished, which prevents oxidation of NADPH and restoration of NADP™. The
insufficient electron acceptor NADP™ pool carried accumulation of ROS (Chaves
et al., 2009). In our work, the N deficiency increased NADPH:NADP™ ratio
(Table 3), this could explain the accumulation of ROS, O,~ and H,O , in the WT
plants, resulting in greater lipid peroxidation (Fig. 1A, B, and C). It is known that
under conditions of N deficiency, an accumulation of ROS, result an increase
activity of ROS-detoxifying enzymes (Huang et al., 2004). Our result shown the
induction of enzymes involved in detoxification of O,™ and H,O,, such as SOD
(Fig. 2A), CAT (Fig. 2B), or GPX (Fig. 2C), in WT plants under the 1 and 7 mM
N treatments. These results agree with those of Polesskaya et al. (2004), who
reported increased activity of these enzymes in wheat plants subjected to N
deficiency. However, the increased CAT and GPX activity in tobacco leaves of
the WT plants was not sufficient to detoxify all the H,O, accumulated in the leaf
during the N deficient treatments (Fig. 1B). This might be due to the diminished
activity in the enzymes of the AA regeneration cycle or the Halliwell-Asada
cycle, particularly of APX, the enzyme that detoxify H,O, via the oxidation of
reduced AA (Jaleel et al.,, 2009). High APX endogenous levels have been
defined as essential for the maintenance of the antioxidant system that protects
against damage due to abiotic stress (Shigeoka et al., 2002). The APX activity

in WT plants was reduced with N-deficiency (Fig. 3A), leading to the
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accumulation of reduced AA (Table 4) which was not used by APX. This,
together with the failure to induce enzymes such as MDHAR or GR under N
deficiency could be determinant in the accumulation of toxic levels of H,O, in
the WT plants, since APX in combination with the rest of the enzymes of the
Halliwell-Asada cycle are essential in the detoxification of H,O, in

photosynthetic organisms (Asada, 1999).

The non-enzymatic antioxidant levels also play an essential role against
the deleterious effects of abiotic stress (Jaleel et al., 2009). Prior studies
demonstrated that AA and/or GSH increases could be the result of increased de
novo synthesis as a response to oxidative stress provoked by the N deficiency
(Logan et al., 1999; Kandlbinder et al.,, 2004). Also, Szalai et al. (2009)
postulated that greater GSH synthesis under different types of abiotic stress
would prompt stronger tolerance of the plant against stress. The inability of the
WT plants to increase the concentrations of AA and GSH during stress
correlated with their sensitivity to N-deficiency stress. However, the tests for
antioxidant capacity (FRAP and TEAC) would suggest that phenols, tocoferols
and/or carotenoids could increased in the WT plants during N-deficiency (Table
6). Similar results have been reported during the effects of stress on lettuce and

tomato (Cervilla et al., 2007; Blasco et al., 2008).

Nitrogenous nutrition has been associated with the synthesis of CKs,
since CKs are believed to act as N-sensing because of their role in the
regulation of genes involved in the uptake of nutrients (Sakakibara et al., 2006;

Rubio et al., 2009). It has been postulated that CKs play a role in the NOg3'-
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regulated plant growth response (Samuelson et al., 1992), and that the amounts
of available NO3 regulates plant CK levels in plants, thus, NO3™ deficiency would
lower CKs endogenous levels while an application of NO3 would raise CK
levels in the shoot, thereby activating genes associated with nutrient uptake and
homeostasis (Argueso et al., 2009). Kuiper (1988) argued for the importance of
CKs in growth regulation, demonstrating that the decrease in CKs contents in
Plantago mayor plants subjected to nutrient deficiencies was due to diminished
endogenous cytokinins and not a decrease in the nutrient concentration in plant
tissues. The expression of IPT under the control of the maturation- and stress-
induced SARK promoter induced CKs synthesis during stress and drought
tolerance in tobacco plants (Rivero et al., 2007, 2009). The higher CK content of
the transgenic Psark::IPT plants used in this study would explain the ability of
the transgenic plants to maintain plant biomass and RGR during N-deficit (Table
1), despite the decrease in foliar concentrations of total N, total reduced N, and
NO3; seen when plants were grown under 1 mM treatment (Table 2). The
Psark::IPT plants displayed low H,O, content during a pronounced drought
stress (Rivero et al., 2007). A decrease in the concentration of radical hydroxyl
and MDA formation was also observed in wheat plants exposed to N-deficiency
and treated with exogenous CKs (Stoparic and Maksimovic, 2008). These
results, together with the results presented here, showing the lack of induction
of lipid peroxidation in the transgenic plants during N-deficiency, support the

notion of a role of CKs in the plant response to N-deficiency.

The absence of oxidative stress in the transgenic plants under N-

deficient conditions was also indicated by the unchanged total AA, reduced AA
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and in other antioxidant compounds as shown by the FRAP and TEAC tests.
The decrease in the concentrations of total GSH, reduced GSH, and the
reduced-GSH:GSSG ratio under these conditions would correlate with the sharp
decrease in the N forms under N-limited conditions and the need of N for GSH
synthesis. Nonetheless, the normal growth displayed by the transgenic plants

indicated that the decrease in GSH content was not harmful for the plants.

In conclusion, our results showed that the tobacco WT plants displayed
reduced biomass during N-limited conditions that produced a decrease in all of
the different N forms and the generation of ROS that induced a damaging
oxidative stress. In contrast, under N-deficiency transgenic Psark::IPT did not
produce high ROS concentrations and maintained biomass and RGR values
similar to the control plants. Our results suggest that the expression of
Psark::IPT in plants could improve N use efficiency, favouring a reduction in the

application of nitrogenous fertilizers, without losses in crop productivity.
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ABSTRACT

Wwid type (WT) and transgenic tobacco plants expressing
isopentenyltransferase (IPT), a gene encoding the enzyme regulating the rate-
limiting step in cytokinin (CKs) synthesis, were grown under limited nitrogen (N)
conditions. We analyzed nitrogen forms, nitrogen metabolism related-enzimes,
aminoacids and photorespiration related-enzymes in WT and Psark::IPT
tobacco plants. Our results indicate that the WT plants subjected to N deficiency
displayed reduced nitrate (NOgz) assimilation. However, an increase in the
production of ammonium (NH;"), by the degradation of proteins and
photorespiration, led to an increase in the glutamine synthetase/glutamate
synthase (GS/GOGAT) cycle in WT plants. In these plants, the amounts of
amino acids decreased with N deficiency, although the relative amounts of
glutamate and glutamine increased with N deficiency. Although the transgenic
plants expressing Psarx::IPT growing under suboptimal N conditions displayed
a significant decline in the N forms in the leaf, they maintained the GS/IGOGAT
cycle at control levels. Our results suggest that under N-deficiency CKs
prevented the generation and assimilation of NH4; by increasing such
processes as photorespiration, protein degradation, the GS/GOGAT cycle, and

the formation of glutamine.

Keywords: Aminoacids, cytokinins, Nicotiana tabaccum, nitrate reductase,

photorespiration.
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Abbreviations: AAs, amino acids; AAT, aspartate aminotransferase; CKs,
cytokinins; GDH, glutamate dehydrogenase; GGAT, glutamate:glyoxylate
aminotransferase; GO, glyoxylate oxidase; GIn, glutamine; Gly, glycine; Glu,
glutamate; GOGAT, glutamate synthase; GS, glutamine synthetase; HR,
hydroxypyruvate reductase; IPT, isopentenyltransferase; NH,*, ammonium;
NOgs’, nitrate; NR, nitrate reductase; NIR, nitrite reductase; 2-PG, glycolate-2-
phosphate; Rubisco, RuBP carboxylase/oxygenase; RuBP, ribulose-1,5-

biphosphate; Ser, serine; SGAT, serine:glyoxylate aminotransferase.

INTRODUCTION

N is an essential macronutrient that can frequently act as a limiting factor for
growth (Antal et al., 2010). Under normal growth conditions, NOj3" is the main
source of N and its assimilation is essential for normal plant growth and
development (Cruz et al., 2004). The reduction of NOs” NH4" involves the
sequential action of nitrate reductase (NR) (EC.1.6.6.) and nitrite reductase
(NiR) (EC.1.7.2.1). The resulting NH," is then assimilated by GS (EC.6.3.1.2)
and GOGAT (EC.1.4.1.13) to organic forms such as glutamate (Glu) and
glutamine (GIn). These amino acids (AAs) are precursors in the synthesis of
other AAs, nucleic acids, chlorophylls or hormones (Oliveira et al., 2001). NO3
nutrition changed metabolite levels and enzyme activities considerably. Under
nitrogen limiting conitions, several authors have described, in various plants
such as Arabidopsis and barley a decrease in nitrate reductase activity while
GS activity was increased due to a higher accumulation of the cytosolic enzyme

(Barneix et al., 1984; Lemaitre et al., 2008). In addition, compounds such as
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amino acids, directly related to the N metabolism, reducing their concentration

in plants subjected to low N (Cruz et al., 2004; Kovacik et al., 2006).

Another process involved in NH," formation is photorespiration, a
process that is a consequence of the oxygenation of ribulose-1,5-biphosphate
(RuBP). This reaction is catalysed by RuBP carboxylase/oxygenase (Rubisco)
(EC.4.1.1.39), which generates one molecule of glycerate-3-phosphate and one
of glycolate-2-phosphate (2-PG) in the chloroplast. This 2-PG is hydrolysed by
phosphoglycolate phosphatase (EC.3.1.3.18) to glycolate, and converted to
glyoxylate in the peroxisome by glyoxylate oxidase (GO) (EC.1.2.3.5).
Glyoxylate is transaminated to glycine (Gly) by the reaction catalysed by
glutamate:glyoxylate aminotransferase (GGAT) (EC.2.6.1.4) and is transported
to the mitochondria. Subsequently, Gly is transformed into serine (Ser) by the
action of the enzymes and hydroxymethyltransferase. This reaction forms NH,",
which is integrated in the N-assimilation pathway through GS. Ser formed in the
mitochondria is transported to the peroxisome, where it is transformed by
serine:glyoxylate aminotransferase (SGAT) (EC.2.6.1.45) into hydroxypyruvate,
which in turn is reduced to glycerate by hydroxypyruvate reductase (HR)
(EC.1.1.1.81). Finally, the glycerate enters the chloroplast, where it is
phosphorylated by glycerate kinase, giving rise to a molecule of 3-PGA, which
enters the Calvin-Benson cycle (Wingler et al., 2000). Although photorespiration
involves a reduction of photosynthesis and CO, assimilation, photorespiration
allows the supply of RuBP to the Calvin-Benson cycle (Osmond, 1981; Wu et
al., 1991) and also can generate Gly and Ser (Madore and Grodzinksi, 1984).

Moreover, photorespiration play roles in N assimilation, since the production of
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NH," during photorespiration can be significant, in particular during NO3
reduction (Keys et al., 1978). The reassimilation of NH;" caused during
photorespiration by the enzymes GS and GOGAT have been defined as

essential in the maintenance of the N status in the plant (Wingler et al., 2000).

The N status of the whole plant can regulate the plant N assimilation
(Dluzniewska et al., 2006). NO3™ can also induce the accumulation of mRNA
and enzymes such as NR, GS, and GOGAT (Fan et al., 2002; Redinbaugh and
Campbell, 1993). In addition to external factors such as temperature or
atmospheric CO,, the signalling of the internal status of N is essential to
coordinate the absorption and assimilation of this element (Imsande and
Touraine, 1994). It is known that in addition to reduced N compounds such as
AAs, CKs are involved in N-dependent signalling, since in response to NOg3',
CKs accumulate in the plant tissues and induce the response of protein and
enzyme regulators involved in assimilation (Takei et al., 2002; Sheen, 2002).
The rate-limiting step of cytokinin biosynthesis, the transfer of an isopentenyl
moiety from dimethylallyl diphosphate (DMAPP) to the N° position of ATP/ADP,
is catalysed by the enzyme IPT (Argueso et al., 2009). In Arabidopsis, IPT is
encoded by seven genes that are differentially expressed in various tissues.

Among these seven genes, AtIPT3 is NOj3™ inducible (Kiba et al., 2011).

Here, we aim at the characterization of the effects of N deficiency on N-
assimilation pathways and on photorespiration of WT tobacco plants and
transgenic tobacco expressing Psark::IPT (Rivero et al.,, 2007, 2009; Rubio-

Wilhelmi et al., 2011).
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MATERIAL AND METHODS

Plant material, growth conditions and plant growth

Seeds of WT (Nicotiana tabaccum cv.SR1) and transgenic plants expressing
Psark::IPT were germinated and grown in soil for 30 days in a tray with wells
(each well 3 cm x 3 cm x 10 cm). During this time, no differences in germination
or plant development between WT and the transgenic plants were observed.
Afterwards, the seedlings were transferred to a growth chamber under
controlled conditions with relative humidity of 50+10%, at 28°C/20°C (day/night),
and a 16h/8h photoperiod with a PPFD (photosynthetic photon-flux density) of
350 pmol m?s™ (measured with an SB quantum 190 sensor, LI — COR Inc.,
Lincoln, NE, USA). Under these conditions, plants were grown in individual pots
(25 cm upper diameter, 17 cm lower diameter, and 25 cm high) of 8 L in volume
and filled with a 1:1 perlite:vermiculite mixture. During 30 days, the plants were
grown in a complete nutrient solution containing: 10 mM NaNOs, 2 mM
NaH,PO4, 5 mM KCI, 2.5 mM CaCl,, 1.5 mM MgCl,, 2 mM NaySO,4, 2 uM
MnCly, 0.75 UM ZnCl, 0.25 UM CuClp, 0.1 UM (NH4)sM07024, 5 UM Fe-EDDHA,
and 50 uM H3BOg3, pH 5.8. The nutrient solution was renewed every 3 days and
the soil was rinsed with distilled water to avoid nutrient accumulation. The N
treatments began 60 d after sowing (DAS) and was maintained for 30 d. The
treatments were 10 mM (Control), 7 mM and 1 mM NaNOj;. The experimental
design was a randomized complete block with six treatments, arranged in
individual pots with six plants per treatment, and three replicates. The

experiment was repeated three times under the same conditions (n = 9).
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Plant sampling

All plants were at the late vegetative stage when harvested. Middle leaves
(positions 7" and 8™) were harvested, frozen immediately in liquid N, and kept
at -80°C until used. A part of the plant material was used for the determination
of fresh weight (FW), NR (EC.1.6.6.1), NiR (EC.1.7.2.1), GS (EC. 6.3.1.2),
GOGAT (EC.1.4.1.13), aspartate aminotransferase (AAT) (EC. 2.6.1.1), GO
(EC.1.2.3.5), GGAT (EC.2.6.14), HR (EC.1.1.1.81) and glutamate
dehydrogenase (GDH) (EC.1.4.1.2) enzymatic activities. The rest of the plant

material was lyophilised and used to determine AAs, NOz  and NH,".

Analysis of N forms and free AAs concentration

NO3 was measured by spectrophotometry following Cataldo et al. (1975), and

NH,;" was determined as described by Krom (1980).

AAs were measured by high performance liquid chromatography (HPLC,
Agilent 1100). Fresh leaf tissue was homogenized in methanol containing DL-3-
aminobutyric acid as an internal standard and samples were agitated.
Subsequently, 200 pL of chloroform were added and samples were agitated
again for 5 min. Finally, 400 uL of ultra-pure water were added and samples
were then vortexed and centrifuged at 13 000 g for 5 min. The upper phase was
transferred to a microtube and dried under vacuum over-night. Dry residues

were resuspended in an appropriate volume of ultra-pure water and 10 uL of the
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resulting extract were sampled for amino acid derivatization according to the

AccQ Tag Ultra Derivitization Kit protocol (Waters Corp., Milford, USA).

Enzyme extractions and assays

Leaves were homogenized in 50 mM buffer KH,PO,4 (pH 7.5) containing 2 mM
EDTA, 1.5% (w/v) soluble casein, 2 mM dithiothreitol (DTT) and 1% (w/v)
insoluble polyvinylpolypyrrolidone (PVPP). The homogenate was centrifuged at
30 000 g for 20 min. Supernatant was used to measure enzyme activity of NR,
NiR, GOGAT and GDH (Groat and Vance, 1981; Kaiser and Lewis, 1984; Lillo
1984; Singh and Srivastava, 1986). The NR assay followed the methodology of
Kaiser and Lewis (1984). The NO, formed was determined colorimetrically at
540 nm after azocoupling with sulphanilamide and naphthylethylenediamine
dihydroclhoride according to the method of Hageman and Hucklesby (1971).
NiR activity was measured by the disappearance of NO, from the reaction
medium (Lillo, 1984). After incubation at 30°C for 30 min, the NO, content was
determined colorimetrically. GOGAT and GDH activities were assayed
spectrophotometrically at 30°C by monitoring the oxidation of NADH at 340 nm,
essentially as indicated by Groat and Vance (1981) and Singh and Srivastava
(1986). GS and AAT was determined by an adaptation of the hydroxamate
synthetase assay by Kaiser and Lewis (1984) and according to Gonzalez et al.
(1995) respectively. Leaves were homogenized in 50 mM of maleic acid-KOH
buffer (pH 6.8), containing 100 mM sucrose, 2% (v/v) B- mercaptoethanol and
20% (v/v) ethyleneglycol. The homogenate was centrifuged at 30 000 g for 20

min. For GS, the formation of glutamylhydroxamate was colorimetrically
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determined at 540 nm after complexing with acidified ferric chloride (Wallsgrove
et al, 1979). Supernanatant was used to measure AAT activity
spectrophotometrically at 340 nm according to Gonzalez et al. (1995). For the
determination of GO activity, fresh leaf tissue was homogenized with PVPP and
1 mL of 50 mM Tris-HCI buffer (pH 7.8) with 0.01% Triton X-100 and 5 mM
DTT. The homogenate was centrifuged at 30 000 g for 20 min. GO activity was
assayed as described by Feierabend and Beeevers (1972). For determination
of GGAT and HR activities, leaves were homogenized in 100 mM Tris-HCI
buffer (pH 7.3) containing 0.1% (v/v) Triton X-100 and 10 mM DTT. The
homogenate was centrifuged at 20 000 g for 10 min. Supernantant was used to
measure GGAT activity by coupling the reduction of 2-oxoglutarate by NADH in
a reaction catalyzed by GDH (Igarashi et al., 2006). HR activity was assayed
spectrophotometrically by monitoring NADH oxidation at 340 nm (Hoder and

Rej, 1983).

The protein concentration of the extracts was determined according to

the method of Bradford (1976), using BSA as the standard.

Statistical analysis

The data compiled were submitted to an analysis of variance (ANOVA) and the

differences between the means were compared by Duncan’s multiple-range test

(P> 0.05).
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RESULTS

Effects of N-deficiency on foliar biomass and foliar NO 3 and NHj;

concentrations

N deficiency resulted in reduced foliar biomass in the WT plants (Table 1). The
application of 7 mM and 1 mM NOj resulted in reductions of 20-33% in foliar
biomass. Besides, foliar biomass of the transgenic plants was not affected by

the reduction in NO3™ (Table 1).

Table 1: Foliar biomass in two lines of Tobacco plants
subjected to N deficit.

Foliar Biomass

(g DW)
NOj treat. WT IPT
Control 6.77 £+0.36 a 9.15+0.23
7 mM 541+0.01b 7.88 + 0.07
1mM 453+0.08c 8.22 +0.62
P-value *x NS
LSDg s 0.745 1.338

Values are means + SE (n = 9) and differences between
means were compared using LSD (P = 0.05). Means
followed by the same letter in the same column do not differ
significantly. Levels of significance are represented by *P <
0.05, **P < 0.01, ***P < 0.001 and ns (not significant) P >
0.05.

The internal NO3 concentrations was severely reduced in both WT and
Psark::IPT plants growing at low N-concentrations (i.e. 1 mM) (Fig. 1A). A
significant reduction in leaf NH,;" concentrations was also seen in plant growing
under low N, although the decrease was less pronounced in the Psark::IPT

plants (Fig. 1B).
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Fig. 1 Effect of 10 mM N (control) and N deficiency (7 and 1 mM) on (A) foliar NOjs
concentration, (B) foliar NH," concentration of two tobacco lines: ‘WT’ and ‘IPT’. Bars represent
means+s.e. (n=9); for each lines.

Effects of N-deficiency on NH 4" formation and assimilation

We measured the activities of enzymes comprising different biochemical
pathways associated with the formation of NH," in plants. The NR activity of WT
plants declined with the N-deficiency treatments, while a slight increase was
seen in NiR activity (Table 2). At control conditions, the transgenic plants
displayed lower NR activity levels as compared to WT plants, but the activity
remain constant (or increased at 7 mM N) when grown at N-deficient conditions
(Table 2). In contrast to WT plants, the transgenic plants displayed a reduction

in NiR activity under N-deficiency.
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Table 2: Effect of 10 mM N (control) and N deficiency (7 and 1 mM) on nitrate reductase (NR)
and nitrite reductase (NiR) activities in two tobacco lines: ‘WT’ and ‘IPT".

NR NiR

(umol min'lmg'lprot) (mmol min'lmg'lprot)
NOj treat. WT IPT WT IPT
Control 90.40+9.53a 34.36 £9.43 0.90+0.02b 139+0.12a
7mM 33.67+6.64Db 47.17 +8.03 1.02 +0.06 ab 1.28+0.10 ab
1 mM 7.09+0.77c 32.75+19.9 1.08+0.03a 1.05+0.02 b
P-value i NS * *
LSDg 05 19.62 39.56 0.13 0.27

Values are means + SE (n = 9) and differences between means were compared using LSD (P=0.05).
Means followed by the same letter in the same column do not differ significantly. Levels of significance are
represented by *P < 0.05, **P < 0.01, ***P < 0.001 and NS (not significant).

We tested the activity of enzymes involved in the photorespiration-

mediated NH;* production and NH;" assimilation. GO and GGAT activities

increased and HR activity decreased in WT plants grown under N-deficiency

(Table 3). On the other hand, GO and HR decrease in Psark::IPT plants grown

under 1 mM N, GGAT activity decreased at both 7 and 1 mM N treatments.

Table 3: Effect of 10 mM N (control) and N deficiency (7 and 1 mM) on

glyoxylate reductase (GO),

glutamate:glyoxylate

reductase (GGAT) and

hidroxypyruvate reductase (HR) activities in two tobacco lines: ‘WT’ and ‘IPT".

Lines/NO3 GO GGAT HR
Treatment (AAzp4 h'lmg' (AAz40 h'lmg' (AAz40 h'lmg'
'prot) 'prot) 'prot)
WT
Control 0.19+0.03 b 1.06+0.09 b 6.56+0.29 a
7mM 0.25+0.03 b 1.50+0.08 a 4.25+0.31c
1 mM 0.45+0.05 a 1.51+0.14 a 5.34+0.41 b
P_Value **% *% **%
LSDg o5 0.12 0.31 1.00
IPT
Control 0.63+0.04 a 1.17+0.12 a 6.61+0.27 a
7mM 0.66+0.07 a 0.92+0.05 ab 6.40+0.14 a
1 mM 0.32+0.02 b 0.83+0.11 b 4.62+0.10 b
P_Value **k% * **%
LSDg o5 0.14 0.29 0.55

Values are means + SE (n = 9) and differences between means were compared using
LSD (P = 0.05). Means followed by the same letter in the same column do not differ
significantly. Levels of significance are represented by *P < 0.05, *P < 0.01, *P < 0.001

and NS (not significant) P > 0.05.

109



MM Rubio-Wilhelmi

Ammonium formation and assimilation

GS, GOGAT, GDH, and ATT increased their activity in the WT plants

grown under N deficiency, showing the highest values at 1 mM of N (Fig 2). The

transgenic plants did not display differences in their GS and ATT activities (Figs.

2A and D), while in the Psark::IPT plants grown in the presence of 7 mM N,

GOGAT and GDH displayed their highest and lowest activity, respectively (Figs.

2B and C), although these values did not differ from those obtained with plants

grown under control N conditions.
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Fig. 2 Effect of 10 mM N (control) and N deficiency (7 and 1 mM) on (A) glutamine sintetase
(GS), (B) glutamate sintase (GOGAT), (C) glutamate dehydrogenase (GDH) and (D) aspartate
aminetransferase (AAT) activity in leaves of two tobacco lines: ‘WT’ and ‘IPT'. Bars represent

means+se.(n=9);for each line.
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Effects of N deficiency on free AAs contents

The concentration of total free AAs decreased drastically with the N-deficiency
treatments in both WT and transgenic lines (Table 4). In spite of this decrease
in AA contents, the relative content of Glu and GIn increased in WT plants
(Table 4). In the transgenic plants, the relative content of GIn remained constant
with N deficiency, while the relative content of Glu and alanine (Ala) increased.
The relative contents of other AAs such as Gly, arginine (Arg), valine (Va),
lysine (Lis), isoleucine (lle), leucine (Leu), and phenylalanine (Phe) slightly
increased with N-deficiency in both plant lines (Table 4). A sharp decrease in
the relative content of proline (Pro) was seen under the N-deficiency treatments

in both tobacco-plant lines (Table 4).

DISCUSSION

N deficiency reduced the foliar biomass in the leaves of WT tobacco plants
(Table 1). Similar results have been reported in plants as different as Triticum,
Morus or Matricaria subjected to N deficiencies (Tewari et al., 2004, 2007,
KovacCik and Backor, 2007). This reduction in foliar biomass have been
explained based on the numerous functions of this element within the plant
(Maathuis, 2009). Furthermore, the N-deficiency induced decline in biomass,
particularly in the case of severe deficiency (1 mM of N) appeared to be directly
related to the diminished foliar concentration of NOs” and NH," (Fig. 1). In spite
of the decrease in NOs and NH;" (Fig. 1), the transgenic plants expressing

Psark::IPT maintained active foliar biomass under severe N-deficiency (Table
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1). These results suggest that the higher CK content of the transgenic
Psark::IPT plants resulted in the ability of the transgenic plants to growth under
low N. It has been shown that in plants growing under nutrient deficiency, the
decrease in growth was correlated with a decrease in CKs content (Kuiper,

1988), and that NO3™ deficiency promoted lower CKs levels while NO3
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Table 4: Effect of 10 mM NOj3 (control) and NO;™ deficiency (7 and 1 mM) on foliar amino acids concentration in two tobacco lines: ‘WT’ and ‘IPT".

Amino acids concentration

(nmol g“FW) and relative proportion (%)

Lines WT IPT

NO; Treatment Control 7 mM 1 mM Control 7 mM 1mM
Aspartate 4657.33 (4.8) 3415.05 (4.8) 1791.46 (3.5) 4221.68 (4.4) 4020.91 (6.2) 1700.02 (3.8)
Serine 7993.42 (8.3) 7456.07 (10.5) 4037.21 (7.9) 10786.62 (11.3) 7104.29 (11.0) 6127.70 (13.7)
Glutamate 13899.41 (14.5) 5940.17 (8.4) 9398.65 (18.5) 9379.66 (9.8) 8452.01 (13.1) 7934.68 (17.1)
Glycine 2599.64 (2.7) 2428.42 (3.4) 1994.56 (3.9) 2186.21 (2.3) 1309.97 (2.0) 2596.99 (5.8)
Histidine 5716.29 (5.9) 4987.94 (7.0) 1456.72 (2.8) 7133.14 (7.5) 3197.57 (5.0) 1465.07 (3.3)
Asparagine 1531.69 (1.59) 1119.34 (1.5) 721.02 (1.4) 1678.91 (1.7) 1420.01 (2.2) 867.09 (1.94)
Glutamine 17658.01 (18.4) 15645.83 (22.1) 15137.40 (29.9) 18742.72 (19.7) 13486.03 (20.9) 8860.63 (19.88)
Arginine 437.53 (0.4) 457.49 (0.6) 389.38 (0.7) 767.65 (0.8) 450.05 (0.7) 433.99 (0.97)
Threonine 3046.95 (3.1) 2306.17 (3.2) 1661.17 (3.2) 4765.50 (5.0) 3659.12 (5.7) 2662.25 (5.9)
Alanine 5427.07 (5.6) 5371.04 (7.6) 1714.20 (3.4) 3930.18 (4.1) 3158.13 (4.9) 3638.80 (8.2)
Proline 27557.23 (28.7) 16384.47 (23.2) 7129.48 (14.1) 25976.87 (27.3) 14048.94 (21.8) 3018.55 (6.7)
Cysteine nd nd nd nd nd nd

Thyroxine 339.46 (0.4) 752.73 (1.1) 210.42 (0.4) 778.77 (0.8) 303.41 (0.4) 735.52 (1.6)
Valine 658.19 (0.7) 1137.06 (1.6) 847.47 (1.7) 1079.13 (1.1) 908.47 (1.4) 1109.99 (2.5)
Methionine 756.60 (0.8) nd nd nd nd nd

Lysine 1115.60 (1.2) 74485 (1.1) 968.23 (1.9) 285.78 (0.3) 279.19 (0.4) 780.57 (1.7)
IsoLeucine 666.59 (0.7) 522.98 (0.7) 647.35 (1.3) 858.16 (0.9) 441.28 (0.7) 781.93 (1.7)
Leucine 930.48 (1.0) 925.64 (1.3) 742.78 (1.5) 917.17 (1.0) 846.69 (1.3) 923.42 (2.0)
Phenylalanine 987.11 (1.0) 996.82 (1.4) 1019.45 (2.0) 1357.33 (1.4) 1184.54 (1.8) 923.39 (2.0)

Total

95970.09 (100)

70592.13 (100)

50688.02 (100)

94845.55 (100)

64270.68 (100)

44560.67 (100)
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applications resulted in increase shoot CKs and the activation of genes
associated with nutrient uptake and homeostasis (Argueso et al., 2009). NR and
NiR are critical steps in NOj3 assimilation (Lea and Azevedo, 2007). The
decrease in NR activity seen in the WT plants is supported by the reported NO3
induced NR activity (Cruz et al. 2004). It has been shown that high endogenous
CK levels reduced the inducibility of NR by NO3™ (Lexa, 2002). This observation
is in agreement with our results showing that the Psark::IPT plants displayed a

low response of NR activity to N deficiency (Table 2).

NH;" can be formed not only by NO3 assimilation but also by diverse
metabolic pathways such as photorespiration or protein degradation (Temple et
al., 1998; Tercé-Lagorgue et al., 2004). The increase in the enzymes GO and
GGAT (Table 3) seen in WT plants during N deficiency could lead to a greater
NH," formation and an increase in N-assimilation (Wingler et al., 2000). In
addition, the increased GDH activity, observed in the deficient WT plants (Fig.
2C), would result in increased protein degradation, especially in senescent parts
of the plant. Thus, increased photorespiration and GDH activity in WT plants
would increase NH,;" formation. These functions are carried out by the
GS/GOGAT cycle, which increased in the WT plants grown under severe N
deficiency (1mM) (Figs 2A and B). This strategy would also include the
elimination of excess toxic NH4*, and contribution to the maintenance of N

status during N deficiency.

The transgenic plants did not display the activation of enzymes

associated with photorespiration under N deficiency (Table 3). Consequently,
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the formation of NH,;" by this pathway did not appear to be affected. The
relatively low amounts of NH," in the Psark::IPT plants were paralleled by the
maintenance in GDH activity and the low response of the GS/GOGAT cycle in

the transgenic plants.

N deficiency lowered the amounts of AAs in both WT and transgenic
plants (Table 4). Similar decline in AAs under N-deficiency conditions has been
reported in tobacco plants as well as other species such as Cassava or
Matricaria (Terce-Laforgue et al., 2004; Cruz et al., 2004; Kovacik et al., 2006).
Despite the general decrease in AAs, there as a relative increase in Glu and
GIn during N-deficiency. However, the relative amounts of Pro decreased
(Table 4). The degradation of proteins by GDH and the decline in Pro could
have favoured the synthesis of Glu and GIn. In addition to their role as donors of
the amino group for the synthesis of other AAs or compounds such as ureides
or nucleic acids, Glu and GIn constitute the main form of N transported by the
phloem towards the young parts in growth, a vital process for plant growth this
process under N deficiency (Lea and Azevedo, 2007). In the transgenic plants,
the relative amounts of GIn remained constant with N deficiency, while there
was a relative increase in Glu and Ala. It has been suggested that CKs may
support the AA-mediated communication of N demand from the shoot to the
roots and participate in the regulation of N assimilation (Collier, 2003; Gessler et
al., 2004). In our work, the transgenic plants showed similar quantities of total
AAs as in WT plants, reducing their amount in similar proportions under N

deficiency (Table 4). These results are in agreement with Dluzniewska et al.

115



MM Rubio-Wilhelmi Ammonium formation and assimilation

(2006), who showed that the application of external CKs did not raise the levels

of AAs in Poplar.

N often limits plant growth and development, and in response to N
deficiency, plants have developed a number physiological as well as
morphological strategies to adjust and maintain their growth and development.
In this work, we demonstrate that in transgenic tobacco expressing Psarx:: IPT
plants, CKs prevented the generation and assimilation of NH," by stimulating
such processes as photorespiration, protein degradation, the GS/GOGAT cycle,
and the formation of AAs such as GIn, responses that were seen in the WT
plants grown under N deficiency. In spite of the N-deficient conditions, the
transgenic tobacco Psark:: IPT plants, maintained their foliar growth constant,
suggesting a role of the CKs in the efficient use of the N available under these

conditions.
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ABSTRACT

wild type (WT) and transgenic tobacco plants overexpressing
isopentenyltransferase (IPT), a gene coding the rate-limiting step in cytokinin
(CKs) synthesis, were grown under limited nitrogen (N) conditions, in order to
evaluate the role of CKs in N-use efficiency (NUE) and in different parameters
that determine the quality of tobacco leaves. Our results indicate that WT
tobacco plants submitted to N deficiency show a decline in the leaves:roots
ratio, associated with a decrease in the NUE and in tobacco-leaf quality, defined
by an increase in the quantity of nicotine. On the contrary, the transgenic plants
submitted to N deficiency maintained the leaves:roots ratio constant, presenting
a higher NUE and greater quality of tobacco leaves than the WT plants, as the
latter showed reduced nicotine and an increase in reducing sugars under
severe N-deficiency conditions. Therefore, the overexpression of CKs under N
deficiency could be a useful tool to improve tobacco cultivation, given that it
could reduce N-fertilizer application and thereby provide economic savings and

environmental benefits, maintaining yield and improving tobacco leaf quality.

Keywords: Cytokinins; nicotine; nitrogen deficiency; N-use efficiency; reduced

sugars; tobacco plants.

Abbreviations:  CKs, cytokinins; IPT, isopentenyltransferase; N, nitrogen;
NUE, N-use efficiency; NOg', nitrate; NUpE, nitrogen-uptake efficiency; NULE,
nitrogen-utilization efficiency; TNA, total nitrogen accumulation; TNC, total

nitrogen content.

125



MM Rubio-Wilhelmi N-use efficiency and plant quality

INTRODUCTION

N availability is considered one of the main limiting factors in crop production
(Glass, 2003). This is particularly true for tobacco plants, where the decline in
foliar biomass is directly correlated to N deficiency (Balachandran et al., 1997),
since the tobacco cultivation requires high quantities of nitrate (NOg3) for
maximum vyield (Ruiz et al., 2006). Since only 30-40% of the N applied to the
soil is used by the plant, greater NUE could improve crop yield and quality,
reducing economic costs as well as decreasing environmental degradation
caused by N-fertilizer application (Baligar et al., 2001). Therefore, the selection
of cultivars with high NUE becomes critical, especially in crops such as tobacco,
in which N is essential to reach harvest. Thus, crops that have high NUE offer
greater yield under conditions of limited N supply or require lower N quantities
to reach the same yield as crops with lower NUE (Ruiz et al., 2006; Svecnjak

and Rengel, 2006).

NUE is defined as biomass production per unit of N available in the soill
(Moll et al., 1982). This can be divided into two fundamental processes: i) the
ability of the plant to take up N from the soil; and, ii) the efficient use of the N
taken up, i.e. the capacity of the plant to transfer and utilize this element in plant
organs (Ruiz et al., 2006). Genetic variability in NUE has been demonstrated in
several species such as rice, alfalfa, and maize (Harrison et al., 2004; Lawlor,
2002). Improved NUE together with the evaluation of external factors such as

agricultural practices or soil types have today become essential for maintaining
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agricultural output, particularly when N is limited in the environment (Kant and

Rothstein, 2011; Baligar et al., 2001).

The quality of tobacco is a complex combination of visual, physical, and
chemical characteristics that are strongly influenced by N fertilization (Smeeton,
1987). The NOj3 levels in tobacco leaves have a marked effect on their
chemical composition, as it stimulates the formation of compounds that are
harmful for human health, such as nitric oxide, volatile carcinogenic
compounds, or specific nitrosamines that are directly related to the quantity of
this anion in the leaf (Ruiz et al.,, 2006). Furthermore, alterations in the
availability of NO3™ in tobacco plants could provoke changes in the leaf nicotine
content, and a close relationship has been reported between N metabolism and
alkaloid synthesis (Hashimoto and Yamada, 1994). In addition, another
parameter used to evaluate the tobacco quality are sugars, which are closely
related to the quantity of NO3, given that an increase in the quantity of NO3 in
tobacco leaves lowers the sugar quantity and thus quality (Weybrew et al.,

1983).

CKs are phytohormones that control the plant developmental
programme. In addition, a relationship between CKs and macronutrient
acquisition has been postulated (Franco-Zorrilla et al., 2002). Recent studies
have indicated that CKs act as long-distance messengers signalling the N
status of the plant (Takei et al., 2002), thus regulating the nutrient-uptake
systems (Sakakibara et al.,, 2006). Previous work indicated that plants

overexpressing IPT, an enzyme that catalyses the Ilimiting step in CKs
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synthesis, do not display biomass reduction caused by N deficiency (Rubio-
Wilhelmi et al., 2011), and a CK-dependent NUE was suggested. Here, we
aimed to examine the response of NUE and leaf quality of Psark::IPT tobacco

plants submitted to N deficiency.

MATERIAL AND METHODS

Plant material, growth conditions and plant growth

Seeds of WT (Nicotiana tabaccum cv.SR1) and transgenic plants expressing
Psark::IPT were germinated and grown as described before (Rubio-Wilhelmi et
al., 2011). Growth conditions and N-treatments was as described elsewhere
(Rubio-Wilhelmi et al., 2011). The N treatments began 60 days after sowing
(DAS) and were maintained for 30 days. The treatments were 10 mM (Control),
7 mM and 1 mM NaNOs;. The experimental design was a randomized complete
block with six treatments, arranged in individual pots with six plants per
treatment, and three replicates. The experiment was repeated three times under

the same conditions (n = 9).

Plant analysis

All plants were at the late vegetative stage when harvested. Middle leaves
(positions 7™ and 8™) were harvested, frozen immediately in liquid N, and kept
at -80C until used. Plant material was lyophilised and used to determine N

forms, nicotine and soluble sugar and starch. To determine the leaves:roots
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ratio, leaves and roots from three plants per line were sampled at 90 DAS. The
leaves and roots were dried in a forced-air oven at 70C for 24 h, and the dry

weight (DW) was recorded.

NUE parameters

NO3 was analyzed from an aqueous extraction of 0.2 g of dried leaves and
roots material in 10 mL of Millipore-filtered water (Cataldo et al., 1975).
Reduced N concentrations were analysed after digestion of 0.2 g dry and milled
leaves and roots material with H,SO,4 (5 mL at 98%) and H,O, (30%) (Sigma-
Aldrich, Madrid, Spain) (Baethgen and Alley, 1989). TNC (Total Nitrogen
Content) represents the sum of reduced N and NOj3; and was expressed as
mg/g DW. TNA (Total Nitrogen Accumulation) was calculated as TNC divided
by leaves tissue DW values (Sorgona et al., 2006), the result being expressed
as mg N. NUtE (Nitrogen-Utilization Efficiency) was calculated as leaves tissue
DW divided by TNC (Siddigi and Glass et al., 1981). The results were
expressed as g DW/mg N. NUpE (Nitrogen-Uptake Efficiency) was calculated
as TNA divided by roots tissue DW values (Elliot and Lauchli, 1985), the results
were expressed as mg N g/DW root. Over the period under study, determination
of N uptake fluxes were calculated from the relative growth rate (RGR), the
fresh weight (FW), the nutrient total concentrations, and NOj3 concentration

contents of leaves and roots (Kruse et al., 2007).

129



MM Rubio-Wilhelmi N-use efficiency and plant quality

Nicotine analysis

Half a leaf without midvein (100 mg) was harvested and frozen in liquid N.
Leaf material was ground frozen in a 2 mL microcentrifuge tube. The samples
were extracted by shaking the tubes vigorously for 2 h with 1.5 mL of 40%
aqueous MeOH, containing 0.5% acetic acid. The resulting extract was
centrifuged (13000 rpm, 12 min) and filtered through a 0.45um PVDF
membrane. Chromatographic analyses were carried out on a Phenomenex
reverse-phase column (250 x 4.6 mm, Luna 5um C18 (2) 100A) (Keindnen et
al., 2001). Nicotine standard were from Sigma-Aldrich. The mobile phase
consisted of two solvents: (A) H3PO4 in water (pH 2.2) and (B) acetonitrile.
HPLC gradient, 0-6 min, 12% B; 6-10 min, 18% B; and reaching 58% B in 30
min. The flow rate was 1 mL/min, the injection volume was 20 pL, and the
column oven was set at 24 °C. The eluent was monitored at 210, 254, 320, and
365 nm. The HPLC/UV analyses were carried out with an Agilent HPLC 1100

series.

Reduced sugar and starch analysis

Frozen Leaves homogenized for sugar analysis using mortar in 5 mL of ethanol
at 96%. After centrifugation, the insoluble fraction of the extract was washed
with 5 mL of ethanol at 70%. The extract was centrifuged at 5500 rpm for 10
min and the supernatant was stored at 4 C for the determination of reduced
sugars such as sucrose, glucose and fructose (Irigoyen et al., 1992), while the

residue remaining from the centrifugation was dried for 48 hours at 40 € and

130



MM Rubio-Wilhelmi N-use efficiency and plant quality

used in the analysis of starch concentration (Irigoyen et al., 1992). The analysis
of starch and reduced sugars were made with the anthrone reagent (Sigma-
Aldrich, Madrid, Spain) at an absorbance of 650 nm against a standard curve of
sucrose. The starch, reduced sugar concentrations were expressed as mg/g

DW.

Statistical analysis

The data compiled were submitted to an analysis of variance (ANOVA) and the
differences between the means were compared by Duncan’s multiple-range test

(P> 0.05).

RESULTS

Leaves:roots ratio and NUE parameters

The leaves:roots ratio was measured in WT and Psark::IPT tobacco plants. In
WT plants leaves:roots ratio remained unchanged when the plants were
exposed to 7 mM of N, whereas a significant decline was observed when the
WT tobacco plants were exposed to a severe N deficiency (ImM) (Table 1).
Nitrogen deficiency did not induced changes in the leaves:roots ratio in the

transgenic plants (Table 1).

131



MM Rubio-Wilhelmi

N-use efficiency and plant quality

Table 1: Effect of 10 mM N (control) and N deficiency (7
and 1 mM) on Total leave/Root ratio in two tobacco

lines: ‘WT' and ‘IPT".

Total leaves:root ratio

NO;3 Treat. WT IPT
Control 9.41+0.88 a 18.80+ 0.41
Def 7 mM 9.83+0.73 a 24.71+1.10
Def 1 mM 6.98+0.30 b 19.75+3.24
P-value * NS
LSDg o5 2.378 6.894

Values are means + SE (n = 9) and differences between
means were compared using LSD (P=0.05). Means followed
by the same letter in the same column do not differ
significantly. Levels of significance are represented by *P <
0.05, **P < 0.01, ***P < 0.001 and NS (not significant) P >

0.05.

Both wild-type and transgenic Psark::IPT tobacco lines showed a

significant decrease in TNC under severe N deficiency (1 mM), but no changes

were seen in the 7 mM of N treatments (Table 2). Treatments of 1 mM of N

lowered the TNA in WT plants, while in Psark::IPT plants the TNA was reduced

both under the 7 mM application as well as under 1 mM of N (Table 2). With

respect to the two NUE components, NUtE increased in both tobacco lines

under the severe N-deficiency treatment (1 mM), (Table 2). Both wild type and

Psark::!IPT plants showed a significant reduction of NUpE under the 1 mM

treatment of N with respect to control (Table 2). Similar results were found in the

N uptake flux that diminished significantly with the deficient N applications in

both tobacco-plant lines (Fig. 1).
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Table 2: Effect of 10 mM N (control) and N deficiency (7 and 1 mM) on TNC (total nitrogen content), TNA
(total nitrogen accumulation), NUtE (nitrogen-utilization efficiency) and NUpE (nitrogen-uptake efficiency) in
two tobacco lines: ‘WT’ and ‘IPT".

Lines/NO3 TCN TNA NULE NUpE
Treatment (mg/g DW) (mg N) (g DW/mgN) (mg N g/DW root)
WT
Control 55.61+4.02 a 376+27.21a 0.122+0.008 b 311+22.49 a
Def 7mM  59.27+1.29 a (+6.5%) 32046.98 a (-14.8%) 0.091+0.002 c (-25.4%) 325+7.09 a (+4.6%)
Def 1mM  23.18+1.18 b (-42%) 105+5.35 b (-72%) 0.196+0.009 a (+60.5%) 8624.40 b (-72.2%)
P‘Value *k%k *k%k *k%k *k%k
LSDo.0s 8.760 57.14 0.026 47.93
IPT
Control 59.86+2.08 a 548+19.05 a 0.153+0.005 b 876+30.48 b
Def 7mM  53.16+2.81a (-11%)  419+22.22 b (-23.5%)  0.149+0.007 b (-2.6%)  1103+58.48 a (+25.7%)
Def 1 mM 28.48+1.16 b (-47%) 2344958 ¢ (-57.2%)  0.289+0.012 a (+88.8%) 446+18.24 c (-49%)
P'Value *kk *kk *kk *kk
LSDo.05 7.376 61.53 0.030 136.71

Values are means + SE (n = 9) and differences between means were compared using LSD (P=0.05). Means followed
by the same letter in the same column do not differ significantly. Levels of significance are represented by *P < 0.05,
**P < 0.01, **P < 0.001 and NS (not significant) P > 0.05.

N UPTAKE FLUX

(mg/phnt day)

OCOMTROL ODEF 7 mM HDEF 1mM
45 a
40 -
35 b
1 a
25 1 I [
B:I 4 }
15 1
10 A c
5 -
]
WT IPT
Lines

Fig. 1 Effect of 10 mM N (control) and N deficiency (7 and 1 mM) on N uptake flux of two
tobacco lines: ‘WT’ and ‘IPT".
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Nicotine, reduced sugar, and starch

In the WT plants, N deficiency provoked a significant increase in the nicotine
amounts both under the 7 mM application as well as under severe deficiency
(ImM) (Fig. 2). A reverse situation was seen in the Psark::IPT tobacco plants,

since the N deficiency treatment significantly lowered the amounts of nicotine

(Fig. 2).

OCOMTROL BLOEF ¥ mhd BDOEF 1m

B -
5 4
4 -

NICOTINE
(mz/zDW)
()

WT IPT

Lines

Fig. 2 Effect of 10 mM N (control) and N deficiency (7 and 1 mM) on Nicotine concentration of
two tobacco lines: ‘WT" and ‘IPT".

The WT tobacco plants showed a significant increase in reducing sugars
contents under N-deficiency conditions (Fig. 3A), and Psark::!IPT plants (Fig.
3A). A similar trend was found in the quantity of starch in tobacco leaves of both

lines, which showed a significant increase with N deficiency (Fig. 3B).
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Fig. 3 Effect of 10 mM N (control) and N deficiency (7 and 1 mM) on (A) sugar reduced
concentration, (B) starch concentration of two tobacco lines: ‘WT’ and ‘IPT".

DISCUSSION

We have shown previously that the growth of WT tobacco plants under N-
deficiency resulted in reduced foliar biomass and lower relative growth rates
(Rubio-Wilhelmi el al., 2011). Similar results have been reported in different
plant species (Tewari et al., 2007; Kovacik and Backor, 2007), confirming that
plants submitted to limiting conditions of N redirect the photoassimilates
towards the root zone to increase growth and intensify N uptake (Scheible et al.,
2004). Our results appear to support this notion, as shown by a reduction of the

leaves:roots ratio in WT tobacco plants subjected to N deficiency (Table 1). On
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the other hand, the transgenic plants expressing Psark::IPT maintained active
growth and biomass under severe N deficiency (Rubio-Wilhelmi et al., 2011).
This sustained biomass, accompanied by maintenance of the leaves:roots ratio
under N deficit (Table 1) would indicate that the CKs might impede the rerouting
of the photoassimilates towards the root zone, which would otherwise limit N

availability, favouring shoot growth.

The increase in nutrient-use efficiency has been described as a useful
tool to improve agricultural systems (Fageria et al., 2008). Thus, because N is a
determining element in tobacco yield, the selection of genotypes with high NUE
is critical for the improvement of this crop. The TNC and TNA are determining
parameters in the nutritional state of the plants, given that they show a direct
relationship between yield and leaf content in N (Ruiz et al., 2008). In our work,
tobacco plants of both lines submitted to severe N deficiency (1 mM) reduced
the TNC and TNA (Table 2). However, the WT plants lowered TNA (72%) by a
higher proportion than the transgenic plants, with respect to control (57.2%)
(Table 2). This fact is correlated with the parameters related to NUE, since both
plant lines responded similarly to the N deficiency. However, in the transgenic
plants the NULE increased to 88% under severe N deficiency (1 mM), while in
WT plants the increase was only 60% (Table 2). This would indicate that under
severe N deficiency (1 mM), the transgenic plants utilize N more efficiently.
Furthermore, the transgenic plants also displayed more efficient N uptake than
WT plants when both lines were under severe N limitation, the NupE decreasing
by 72.2% in WT plants, whereas in the transgenic plants the decrease was only

49% (Table 2). This finding is again demonstrated by comparing the uptake flow
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of N of both plant lines (Fig. 1). The results would explain previous observations
that showed the maintenance of the biomass and foliar RGR in Pgark::IPT
tobacco plants under adverse growth conditions (Rubio-Wilhelmi et al., 2011).
Similar results have been shown in varieties of Brassica under N deficiency,
showing that varieties with greater NUE presented greater biomass (Ye et al.,

2010).

Tobacco quality is a complex combination of physical, chemical, and
visual characteristics that are strongly influenced by N fertilization and the foliar
concentration of NO3 (Smeeton, 1987). Previous work have shown that the N
deficiency in both tobacco lines diminished the quantity of NO3™ (Rubio-Wilhelmi
et al.,, 2011). This reduction noticably affects the improvement in quality, as it
reduces the quantity of nitric oxide and volatile carcinogenic compounds that
are related to the quantity of this anion in the leaf. In addition to the NOj3
concentration, another parameter that determines the quality of the tobacco
leaves is the nicotine. Tropano alkaloids such as nicotine are defined as
secondary metabolites that contain atomic N in their molecules and their
precursors are two amino acids such as ornithine and arginine (Hasimoto and
Yamada, 1994). The N deficiency provoked an increase in the quantity of
nicotine in WT plants (Fig. 2). This has been reported earlier in tobacco plants
subjected to N deficiency that show typical symptoms of N deficiency (Xi et al.,
2008). Nicotine as a secondary metabolite could change the chemical
composition of the leaf, palliating the damage caused by pathogen attack or
abiotic stress (Roda et al., 2003). The increase in nicotine amounts involves a

loss in tobacco quality (Ruiz et al., 2006) since nicotine is the main harmful
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component in cigarettes, playing an essential role in the development of
cardiovascular diseases and cancer (Yildiz, 2004). However, the reduction in
the quantity of nicotine shown by transgenic plants under N deficiency (Fig. 2),
representing better leaf quality. Finally, the increase in reducing sugars and
starch in transgenic plants under severe N deficiency (1 mM) (Fig. 3) would also
notably favour the quality of tobacco leaf, since in tobacco, reducing sugars
have the most favourable influence on the aroma and taste during smoking and
thus is one of the important constituents for the evaluation of tobacco quality
(Tarig et al., 2010). Finally, it should be pointed out that the increase of up to
69% of the soluble sugars and the starch found in the leaves of Psark::IPT
tobacco submitted to severe N deficiency (1 mM) (Figs. 3A and B) would
demonstrate that the photoassimilates remain in the shoot, favouring its growth

while avoiding a reduction of foliar biomass as a result of N deficiency.

In short, our results appear to indicate that the overexpression of the CKs

under N deficiency could be useful as strategy to improve the tobacco leaf

quality reducing costs (fertilizers, wastes, environmental burden, etc.)
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ABSTRACT

Wwid type (WT) and transgenic tobacco plants expressing
isopentenyltransferase (IPT), a gene coding the rate-limiting step in cytokinin
(CKs) synthesis, were grown under limited nitrogen (N) conditions. Here, we
analyse the possible effect of N deficiency on C-rich compounds such as
phenolic compounds, as well as on N-rich compounds such as polyamines
(PAs) and proline (Pro), examining the pathways involved in their synthesis and
degradation. N deficiency was found to stimulate phenolic metabolism and
increase these compounds both in Psark::IPT as well as in WT tobacco plants.
This suggests that nitrate (NOgz) tissue concentration may act as a signal
triggering phenolic compound accumulation in N deficiency plants. In addition,
we found the maintenance of PAs in the WT plants would be correlated with the
higher stress response to N deficiency. On the contrary, the reduction of free
PAs and Pro found in the Psark::!IPT plants subjected to N deficiency would
indicate the operation of a N-recycling mechanism that could stimulate a more

efficient N utilization in Psark::IPT plants.

Keywords: Cytokinins; Nitrogen deficiency; Reactive oxidative species;

Phenolic compounds; Polyamines; Proline.

Abbreviations: N, nitrogen; aa, amino acids; PAs, polyamines; ROS, reactive
oxidative species; H,O,, hydrogen peroxide; Put, putrescine; Spm, spermine;
Spd, spermidine; Pro; proline; Orn, ornithine; Arg, arginine, Glu, glutamate;

CKs, cytokinins; IPT, isopentenyltransferase.
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INTRODUCTION

Plant growth and development depends on an adequate supply of N in order to
synthesize the amino acids (aa), proteins and nucleic acids (Sanchez et al.,
2004). In addition, it is of great importance in the biochemistry of compounds
such as enzymes, pigments, secondary metabolites, and PAs (Maathuis, 2009).
N deficiency leads to wide reprogramming of primary and secondary
metabolism (Scheible et al., 2004), and low N has an extensive impact on the
overall plant metabolism, inducing a shift from N-based to C-based compounds.
For example, a typical sign of N deficiency is the depletion in aa or other N-rich
compound as PAs (Van Arendonk et al., 1998; Rubio-Wilhelmi et al., 2012) and
the accumulation of phenolic metabolites (Kovacik et al., 2011; Fritz et al.,

2006).

Phenolic compounds are C-rich metabolites that represent the largest
group of plant secondary metabolites (Giorgi et al., 2009). For example phenolic
compounds are important antioxidant and may play an important role as
scavengers of free radicals and other oxidative species (Grace and Logan,
2000). Phenolic compounds are generally synthesised through the shikimate
pathway (Dixon and Paiva, 1995). From the metabolism of carbohydrates and
glycolysis, the 3-deoxy-D-arabino-heptulosonate 7-phosphate is biosynthesised
by its corresponding synthase (DAHPS, EC 4.1.2.15), a key enzyme controlling
the C flow towards phenolic metabolism. The pathway continues, producing the
aa aromatic phenylalanine, which is afterwards deaminated by the enzyme

phenylalanine ammonium lyase (PAL, EC 4.3.1.5), the key enzyme in phenolic
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biosynthesis. PAL catalyses the non-oxidative deamination of L-phenylalanine
to form cinnamic trans-acid. Phenolic compounds are oxidatively degraded
primarily by polyphenol oxidase (PPO, EC 1.10.3.2) and also by peroxidases
(POX, EC 1.11.1.7). The increase in phenolic compound under low N is mainly
attributed to the enhanced PAL activity (Kovacik et al., 2007). It has been
postulated that the appearance of reactive oxygen species (ROS), especially
hydrogen peroxide (H2O,), under N deficiency could act as a signal activating
PAL activity and the synthesis of phenols (Kovacik et al., 2009). Others
assumed a carbon-nutrient balance hypothesis, according to which secondary
metabolism is directed towards C-rich metabolites, in N limited plants. Thus, this
type of secondary compounds may accumulate forming a pool of C in plants
subjected to N deficiency due to coordinated regulation the C and N metabolism

(Fritz et al., 2006; Blaschke et al., 2002).

PAs are known as a group of natural compounds with aliphatic N
structure, that play important roles in many physiological processes, such as
cell growth and development and the response to environmental stresses
(Singh Gill and Tuteja; 2001). Spermidine (Spd) and spermine (Spm) and their
obligate precursor putrescine (Put), are the most commonly found PAs in higher
plants and could be present as free, conjugated and bound forms (Singh Gill
and Tuteja, 2001). They are formed in the oxoglutaric acid pathway of aa
biosynthesis. The first step in PAs biosynthesis in higher plants is Put synthesis
from decarboxylation of either ornithine (Orn) or arginine (Arg) , in reactions
catalysed by the enzymes ornithine decarboxylase (ODC; EC 4.1.1.17) and

arginnine decarboxylase (ADC; EC 4.1.1.19) via agmatine (Agm). Spd and Spm

149



MM Rubio-Wilhelmi Carbon and Nitrogen-rich metabolites

are formed by the subsequent addition of an aminopropil moiety onto Put and
Spd, respectively. Intracellular free PAs pool, depend also on several processes
including degradation and conjugation. PAs are oxidatively deaminated by the
action of amines oxidases, include the copper diamine oxidases (DAO; EC
1.4.3.6) and polyamine oxidases (PAO; EC 1.5.3.3). DAO reaction product from
Put is y-aminobutiric (GABA) that is formed via pyrroline. PAO yields pyrroline,
diaminepropane and H,O, (Bouchereau et al., 1999). PAs and Pro pathways
are metabolically linked in their biosynthesis through the common precursor
glutamate (Glu), and consequently, to the substrates Arg and Orn (Balestrasse
et al., 2005). Glu is conversed into Pro by two reactions, catalysed by glutamate
dehydrogenase and A'-pyrroline-5-carboxylate synthetase (P5CS, E.C.
2.7.2.11/1.2.1.41). Another precursor of Pro synthesis is Orn, which is
transaminated by ornithine-d-aminotransferase (OAT, E.C. 2.6.1.13). The most
dramatic changes in PAs and Pro metabolism and content are those brought
about by nutrient starvation (Szabados and Savouré, 2009; Flores, 1991). K*
starvation in barley and Arabidopsis led to the accumulation of Put via ADC
activation, also other mineral deficiencies were found to be associated with a
stimulation of PAs oxidation (Watson and Malmberg, 1996; Richards and
Coleman, 1952). N deficiency led to a depletion of the free PAs and Pro levels
in different plant species as Poa or Phaseolus and possibly the use of degraded

PAs and Pro as N source (Sanchez et al., 2004; Van Arendonk et al., 1998).

CKs are phytohormones that control the plant developmental programme
and a relationship between CKs and macronutrient acquisition has been

postulated (Brenner et al., 2005). Recent studies have indicated that CKs could
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act as long-distance messengers signalling the N status of the plant (Takei et
al., 2002), thus regulating the nutrient-uptake systems (Sakakibara et al., 2006).
Previous work indicated that tobacco plants expressing Psarx::IPT, an enzyme
that catalyses the limiting step in CKs synthesis, increase the amount of CKs,
inhibiting the formation of ROS and preventing the oxidative stress caused by N
deficiency (Rubio-Wilhelmi et al., 2011; Rivero et al., 2007). Numerous studies
have indicated that compounds such as phenols, PAs or Pro and its synthesis
with oxidative stress such compounds being described classically as a ROS
scavenger (Groppa and Benavides, 2008; Matysik et al., 2002; Grace and
Logan, 2000). Here, we aim to determine the effects of N-deficiency on the
synthesis and degradation of phenolic compounds, PAs and Pro in WT and

Psark::IPT tobacco plants.

MATERIALS AND METHODS

Plant material, growth conditions and plant growth

Seeds of WT (Nicotiana tabaccum cv.SR1) and transgenic plants expressing
Psark::IPT were germinated and grown in soil for 30 days (d) in a tray with wells
(each well 3 cm x 3 cm x 10 cm). During this time, no differences in germination
or plant development between WT and the transgenic plants were observed.
Afterwards, the seedlings were transferred to a growth chamber under
controlled conditions with relative humidity of 50+10%, at 28°C/20°C (day/night),
and a 16h/8h photoperiod with a PPFD (photosynthetic photon-flux density) of

350 pmol m?s™ (measured with an SB quantum 190 sensor, LI — COR Inc.,
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Lincoln, NE, USA). Under these conditions, plants were grown in individual pots
(25 cm upper diameter, 17 cm lower diameter, and 25 cm high) of 8 L in volume
and filled with a 1:1 perlite:vermiculite mixture. During 30 d, the plants were
grown in a complete nutrient solution containing: 10 mM NaNO3, 2 mM
NaH,PO, 5 mM KCI, 2.5 mM CaCl,, 1.5 mM MgCl,;, 2 mM Na,SO,4, 2 pM
MnCly, 0.75 UM ZnCly, 0.25 uM CuCly, 0.1 pM (NH4)6M07024, 5 uM Fe-EDDHA,
and 50 uM H3BOg3, pH 5.8. The nutrient solution was renewed every 3 d and the
soil was rinsed with distilled water to avoid nutrient accumulation. The N
treatments began 60 d after sowing (DAS) and was maintained for 30 d. The
treatments were 10 mM (Control), 7 mM and 1 mM NaNOs. The experimental
design was a randomized complete block with six treatments, arranged in
individual pots with six plants per treatment, and three replicates. The
experiment was repeated three times under the same conditions (n = 9). All
plants were at the late vegetative stage when harvested. Middle leaves
(positions 7™ and 8™) were harvested, frozen immediately in liquid N, and kept

at -80°C until used.

Phenolic compound and PAs analysis by HPLC/UV

Phenolic compounds were assayed in accordance with the method of Sanchez-
Rodriguez et al. (2011). The HPLC/UV analyses were carried out with an

Agilent HPLC 1100 series.

For the identification of PAs, 3 g of fresh leaves was homogenized in 4

mL of 6% (v/v) cold perchloric acid (PCA), kept on ice for 1 h, and then
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centrifuged at 21000 g for 30 min. The pellet was extracted twice with 2 mL of
5% PCA and recentrifuged. The three supernatants were pooled and used to
determine the levels of free PAs. The supernatant was benzoylated in
accordance with the method of Aziz and Larher (1995). The HPLC/UV analyses

were carried out with an Agilent HPLC 1100 series.

Pro concentration

For the determination of the free-Pro concentration, leaves were homogenized
in 5 mL of ethanol at 96%. The insoluble fraction of the extract was washed with
5 mL of ethanol at 70%. The extract was centrifuged at 3500 g for 10 min and
the supernatant was preserved 4°C for the Pro determination (Irigoyen et al.,

1992).

Enzyme extractions and assays

For determination of DAHPS (DS-Mn, DS-Co) and phenylalanine PAL activities,
0.2 g whole fresh leaf was homogenized in 100 mM potassium-phosphate
buffer (pH 8.0) containing 1.4 mM 2-mercaptoethanol. The homogenate was
centrifugated at 15,000 g for 15 min at 4°C. The supernatant was passed
throught a Sephadex G-25 column (24 x 100 mm) previously equilibrated with
the same buffer. DAHPS activity was assayed using a modified method of
Morris et al. (1989). PAL activity was measured by a method of Tanaka et al.

(1974).
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For determination of SKDH and PPO activities, whole fresh leaf was
homogenized in 50 mM potassium phosphate buffer (pH 7.0). Homogenates
were centrifuged at 15,000 g for 15 min at 4°C. Shikimate dehydrogenase
(SKDH, EC1.1.1.25) activity was determined according to Ali et al. (2006). PPO
assay was performed in mixture containing 2.85 mL of 50 mM potassium
phosphate buffer (pH 7.0), 50 uL of 60 mM catechol and 0.1 mL of supernatant.
Increase in absorbance was read over 3 min at 390 nm (Aquino-Bolafios and
Mercado-Silva, 2004). For determination of cinnamate 4-hydroxylase (C4H, EC
1.14.13.11), fresh sample of leaf was homogenized in 200 mM potassium
phosphate buffer (pH 7.5) containing 2 mM of 2-mercaptoethanol.
Homogenates were centrifuged at 10,000 g for 15 min at 4°C. C4H activity was
assayed by using the method described by Lamb and Rubery (1975). For 4-
coumarate coenzyme A ligase (4CL, EC 6.2.1.12) activity was performed. The
extract buffer was 0.05 M Tris-HCI (pH 8.8) containing 14 mM mercaptoethanol
and 30% glycerol. The activity was determined with the spectrophotometric
method, using caffeic acid as the preferred phenolic substrate (Knoblock and
Hahlbrock; 1975). For determination of guaicol peroxidasa (GPOX, EC 1.11.1.7)
the extract buffer was 50 mM Tris-HCI (pH 7.5) containing 5 mM
mercaptoethanol, 2 mM DTT (dithiothreitol), 0.5 mM phenylmethylsulfonyl
fluoride (PMSF) and 2 mM EDTA-Na. Homogenates were centrifuged at 16,500
g for 30 min at 4°C. GPOX activity was determined by monitoring guaiacol

oxidation at 485 nm (Ghanati et al., 2005).

ADC and ODC activities were determined according to Xu et al., (2011)

with some modifications. Plant material (1.5 g) was homogenized in 50 mM
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potassium phosphate buffer (pH 6.3) containing 5 mM EDTA, 0.1 mM PMSF, 40
MM pyridoxal phosphate (PLP), 5 mM DTT, 20 mM ascorbic acid, and 0.1%
polyvinylpyrrolidone. The homogenate was centrifuged at 12000 g for 40 min at
4C and the supernatant was dialyzed at 4C, against 3 mL of 10 mM
potassium phosphate buffer (pH 6.3) containing 0.05 mM PLP, 1 mM DTT, 0.1
mM EDTA for 24 h in darkness. The dialyzed extract was used for enzyme
assay. DAO and PAO activities were determined by measuring the generation
of H,0,, a product of the oxidation of PAs, as described by Xu et al. (2011), with
some modifications. Plant material (0.5 g) was homogenized in 100 mM
potassium phosphate buffer (pH 6.5). The homogenate was centrifuged at

10000 g for 20 min at 4<C. The supernatant was used for en zyme assays.

P5CS, extraction was carried out according to Sumithra et al. (2006).
Leaves were homogenized with extraction buffer containing 100 mM Tris-HCI
(pH 7.5), 10 mM B-mercaptoethanol, 10 mM MgCl, and 1 mM PMSF and then
centrifugated at 10 000 g for 15 min. The supernatant was used for enzyme
assays. For OAT and proline deshidrogenase (PDH, E.C. 1.5.99.8) extraction,
leaves were homogenized in 100 mM K-phosphate buffer (pH 7.8). The
homogenate was filtered and centrifuged at 12 000 g for 20 min (4 °C) (Charest
and Phan, 1990). OAT was assayed according to Charest and Phan (1990) in
0.2 M Tris-KOH buffer (pH 8.0) containing 5 mM ornithine, 10 mM a-
ketoglutarate and 0.25 mM NADH. The decrease in absorbance of NADH was
monitored at 340 nm for 1 min after initiating the reaction with the addition the

enzyme extract. PDH activity was assayed by the reduction of NAD" at 340 nm.

155



MM Rubio-Wilhelmi Carbon and Nitrogen-rich metabolites

Statistical analysis

The data compiled were submitted to an analysis of variance (ANOVA) and the
differences between the means were compared by Duncan’s multiple-range test

(P> 0.05).

RESULT

Phenolic compounds, PAs and Pro

The concentration of soluble phenolic compounds was measured in WT and
transgenic tobacco plants expressing Psark::IPT (Table 1). The plants were
grown under normal conditions (10 mM N) and under two N-deficient treatments
(.,e. 7 and 1 mM N). The hydroxycinnamic acid content showed a significant
increase under 7 and 1mM N treatments in WT tobacco plants, while in
transgenic plants this significant increase was detected only under severe N
deficiency, i.e. the 1mM treatment (Table 1). With respect to flavonoids and
glycosides, the control treatment showed the lowest concentrations of these
compounds both in the case of the WT plants as well as in the transgenic
plants, showing a significant increase in these compounds with the N deficiency
(Table 1). Therefore, both lines of tobacco plants, WT and Psagrk::IPT,
registered a higher total phenol concentration in leaf, this being significant for
both lines in the case of the severe N deficiency treatment (1 mM). Finally, it
bears highlighting that under any of the treatments, the WT plants reached

higher total phenol concentrations than did transgenic plants (Table 1).
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Table 1: Effect of 10 mM N (control) and N deficiency (7 and 1 mM) on Phenolic compounds in
two tobacco lines: ‘WT’ and ‘IPT’

Lines/NO3 Hydroxycinnamic Flavonoids and Others Total
Treatment acids and glycosides (mg.g™'DW) (mg.g'DW)
derivatives (mg.g'DW)
(mg.g™'DW)
WT
Control 5.31+0.19¢ 0.52+0.00 ¢ 2.65+0.06 b 8.49+0.14 b
Def 7 mM 6.12+0.26 b 0.59+0.00 b 3.01+0.27 b 9.73+0.51 b
Def 1 mM 10.91+0.18 a 0.92+0.02 a 5.58+0.45 a 17.42+0.36 a
P_Value *kk *kk *% **%
LSDp o5 0.761 0.044 1.078 1.287
IPT
Control 2.59+0.22 b 0.42+0.00 ¢ 1.12+0.16 b 4,14+0.21 b
Def 7 mM 2.89+0.12 b 0.37+20.01 b 1.06+£0.07 b 4.34+0.12 b
Def 1 mM 5.76x0.27 a 0.56+0.00 a 2.34+0.06 a 8.67+0.20 a
P_Val ue *kk *kk *kk **k%
LSDp o5 0.764 0.038 0.383 0.652

Values are means + SE (n = 9) and differences between means were compared using LSD (P=0.05). Means
followed by the same letter in the same column do not differ significantly. Levels of significance are
represented by *P < 0.05, **P < 0.01, **P < 0.001 and NS (not significant).

PAs are a group of aliphatic amine compounds that are ubiquitous in all

plant cells. We found that in WT tobacco plants, the N deficiency did not cause

significant changes in the concentration of Spd and free Agm, and no

detectable amounts of free Put or Spm were found under any of the treatments.

On the other hand, in the transgenic Psark::IPT plants, a significant decrease in

the free PAs, Put, and Spd was seen under N deficiency (Table 2) and Spm

was not detected. Both WT and Psark::IPT tobacco plants showed a decrease

in Pro concentration under N-deficient conditions (Fig. 1).
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Table 2: Effect of 10 mM N (control) and N deficiency (7 and 1 mM) on free polyamines in two
tobacco lines: ‘WT’ and ‘IPT’

Lines/ NO3 Free polyamines

Treatment (mg g'lFW)

WT PUT SPD SPM AGM TOTAL
Control n.d 0.10+0.03 n.d 3.78+0.15 3.88+0.12
Def 7mM n.d 0.05+0.00 n.d 4.20+0.51 4.26+0.51
Def 1mM n.d 0.08+0.00 n.d 3.05+1.02 3.13+1.02
P- value NS NS NS
LSDg 05 0.06 2.30 2.29
IPT

Control 0.35+0.00a 0.231#0.01a n.d 3.95+0.62a 4.54+0.60a
Def 7mM 0.2620.03b 0.0740.00c n.d 3.72+0.37a 4.06+0.41a
Def 1mM 0.01+0.00c 0.14+0.03b n.d 1.35+0.37b 1.50+0.35b
P_ Va|Ue *% *% * *%
LSDy o5 0.06 0.06 1.63 1.62

Values are means + SE (n = 9) and differences between means were compared using LSD (P=0.05).
Means followed by the same letter in the same column do not differ significantly. Levels of significance

are represented by *P < 0.05, **P < 0.01, **P < 0.001 and NS (not significant).
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Fig. 1 Effect of 10 mM NOj3 (control) and NOj3 deficiency (7 and 1 mM) on proline content in
leaves of two tobacco lines: ‘WT’ and ‘IPT’ under N deficiency. Values are the Means+S.E

(n=9).
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Phenolic compound metabolism

The activity of some of the enzymes controling the synthesis of phenolic
compounds was measured in the leaves of WT and Psark::IPT tobacco plants
(Fig. 2). Under the severe N-deficiency treatment (1 mM), the WT plants
showed a significant increase in the activity of these enzymes, with the
exception of DAHP DS-Co (Fig. 2B). The 7mM N application only induced the
reduction of DAHP DS-Mn activity with respect to the controls (Fig. 2A). In the
case of the transgenic Psark::IPT plants, the enzymatic activities increased
when grown under 1 mM N, with the exception of DAHP-Co and SKDH which
remain unchanged (Figs. 2B and 2C). When grown under 7 mM N treatments,
the activity of the enzymes did not significantly differ with respect to controls,
except for the enzyme C4H that showed increased activity with respect to the N
control (Fig. 2F). On the other hand, the activities of PPO and GPOX (Figs. 3A
and 3B), enzymes involved in the degradation of phenol compounds, were
lower under N deficiency treatments, this trend being significant only under the
severe deficiency dosage of 1 mM in the case of the Psark::IPT tobacco plants

(Figs. 3A and 3B).
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Fig. 3 Response of flavonoid and phenylpropanoid degradation-related enzymes activity in
leaves of two tobacco lines: ‘WT’ and ‘IPT’ under N deficiency. Values are the Mean+S.E (n=9).

PAs and Pro metabolism

The enzymes involved in the PAs synthesis are shown in Fig. 4. The activity of
ADC, the enzyme mediating Agm synthesis, increased in WT tobacco plants
grown under 1 mM of N as compared to controls and no significant differences
were seen in the transgenic Psark::IPT plants grown at the N deficiency rates
(Fig. 4A). A greater ODC activity was found in the WT plants grown under N
deficiency, although significant differences were only seen in the 7 mM
treatment. A different response was seen in the Psark::IPT plants, where ODC

activity was higher under the control N treatment (Fig. 4B). The enzymes
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involved in the degradation of PAs, PAO and DAO followed a similar trend, with

higher activities under severe N deficiency treatment 1mM (Figs. 4C and 4D).
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Fig. 4 Effect of 10 mM NO3 (control) and NOj; deficiency (7 and 1 mM) on arginnine
decarboxylase (ADC) (A), ornithine decarboxylase (ODC) (B), diamine oxidases (DAO) (C) and
polyamine oxidases (PAO) (D) in leaves of two tobacco lines: ‘WT’ and ‘IPT'. Values are the
Mean+S.E (n=9).

Table 3 shows the enzymatic activities responsible for the synthesis and
degradation of Pro. Pro synthesis by OAT, was not appreciably affected by N
deficiency. On the other hand, P5CS activity decreased with N deficiency and
this decrease was significant under the 1mM deficiency treatment (Table 3).
However, in the transgenic Psark::IPT plants, the P5CS activity was significantly

lower both at the 7mM and the 1mM rates of N deficiency (Table 3). The
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degradation of Pro by the enzyme PDH was significantly reduced with N

deficiency in both lines of tobacco plants (Table 3).

Table 3: Effect of 10 mM N (control) and N deficiency (7 and 1 mM) on

proline metabolism in two tobacco lines: ‘WT’ and ‘IPT’

Lines/NO3 OAT P5CS PDH
Treatment (AAbsgoh™mg (AAbsgoh™mg (AAbsgeh™mg
prot'l) prot'l) prot'l)
WT
Control 0.187+0.018 0.678+0.095 a 2.982+0.125 a
7 mM 0.134+0.020 0.357+0.030 a 2.119+0.112 b
1mM 0.184+0.023 0.245+0.029 b 0.122+0.032 ¢
P-value NS ** *kk
LSDy 05 0.060 0.176 0.289
IPT
Control 0.21340.047 0.433+0.012 a 3.8951+0.525 a
7 mM 0.268+0.030 0.297+0.026 b 2.192+0.263 b
1mM 0.214+0.027 0.150+0.034 c 0.924+0.068 ¢
P-value NS k% kK
LSDy 05 0.105 0.075 0.998

Values are means + SE (n = 9) and differences between means were compared using
LSD (P=0.05). Means followed by the same letter in the same column do not differ
significantly. Levels of significance are represented by *P < 0.05, *P < 0.01, **P <

0.001 and NS (not significant).

DISCUSSION

N deficiency increased the concentration of phenols as well as the enzymes
involved in their synthesis and degradation in WT and transgenic Psark::IPT
plants (Table 1; Fig. 2). These compounds have been shown to inhibit of
oxidative damage (Rice-Evans et al., 1996), and the increased activity of
enzymes associated with phenol synthesis, PAL in particular, and tissue phenol
concentrations have been reported in plants grown under diverse abiotic stress,
including N deficit (Sanchez-Rodriguez, 2011; Kovacik 2007; Dixon and Paiva,

1995). Furthermore, it has been suggested that ROS are molecules involved in
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signalling between the perception of stress and the expression of the enzyme
PAL, and therefore an increase in ROS would act as a signal, increasing
phenolic compounds synthesis. Previous results by our group have shown that
under N deficiency, only WT tobacco plants increased in ROS (Rubio-Wilhelmi
et al., 2011), and therefore, the greater PAL activity and the higher quantity of
phenols in both plant lines did not correlate with the increment in ROS.
Recently, the role of N in the regulation of the synthesis of phenol compounds,
and the role of nitrate (NO3) in the regulation phenylpropanoid metabolism has
been proposed (Fritz et al., 2006). Thus, several genes associated with
phenolic metabolism are induced by N deficiency, including members of the
gene families encoding enzymes such as PAL, 4CL, and C4H (Scheible et al.,
2004; Wang et al., 2003). Therefore, the increase in the activity of the enzymes
involved in the phenolic compounds metabolism shown in this work, as well as
the increase in the quantity of phenols observed in both WT and Psark::IPT
plants submitted to N deficiency, appears to supports the notion of N as a
possible regulator of phenolic metabolism, and that changes in the N
concentrations could trigger variations in phenolic metabolism. The low
concentrations of NO3™ and total reduced N found previously both in the WT and
in Psark::IPT lines subjected to N deficiency (Rubio-Wilhelmi et al., 2011) would
support the hypothesis that changes in NO3 tissue concentrations could act as
a signal, triggering phenolic accumulation in N deficient plants (Frizt et al.,
2006) and therefore phenolic compounds could be synthesised as a C pool in

plants as a response to low N concentrations.
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PAs and Pro metabolism is associated with the tolerance of plants to
adverse environmental conditions (Szabados and Savouré, 2009; Singh Gill
and Tuteja, 2001). Our results show that in response to a severe N deficiency,
the synthesis and degradation of PAs are stimulated and the amounts of free
PAs are maintained in the WT plants (Fig. 4; Table 2). On the other hand, N
deficiency induced a reduction in free PAs amounts in the transgenic Psark::IPT
plants, and this reduction was associated with the increased activities of DAO
and PAO (Table 2; Figs. 4C and 4D). In the WT plants, the maintenance of PAs
was associated with the improvement of ADC activity (Fig. 4A), which has been
shown to play predominant roles in the accumulation of PAs under stress
conditions (Wang et al., 2011). It has been postulated that PAs may function
along the signalling processes associated with the plant responses to different
stress signals (Liu et al., 2007). Furthermore, their antioxidant effect due a
combination of their anionic and cationic-binding properties in radical
scavenging has been reported (Wimalasekera et al.,, 2011). Therefore, the
previously noted increase in ROS in WT plants, caused by the N deficiency
(Rubio-Wilhelmi et al., 2011), could be involved in the maintenance of these
compounds despite their high N content. However, the increased DAO and
PAO activities (Figs. 4C and 4D) could be considered a N-recycling mechanism,
given that GABA, a product of these enzymes, is subsequently transaminated
and oxidised to succinic acid, which is incorporated into the TCA cycle. Thus,
this pathway ensures the recycling of C and N from Put (Bouchereau et al.,

1999).
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The accumulation of Pro has been associated with the response of plants
to environmental stress (Yang et al., 2009; Choudhary et al., 2005).
Nevertheless, the reduction in Pro concentrations have been also reported
during N deficiency (KovacCik et al., 2011; Lemaitre et al., 2008). WT and
transgenic Psark::IPT plants displayed a reduction in Pro (Table 3, Fig. 1), that
appears to be associated with the inhibition of P5CS, and would indicate a

possible redirection of N towards the synthesis of other essential aa.

In conclusion, N deficiency induced changes in the primary and
secondary metabolism. Our work indicates that N deficiency treatments
stimulated phenolic metabolism and increased phenol contents in both WT and
transgenic Psark::IPT plants. Therefore, phenolic compounds could be
accumulated, indicating NO3 tissue concentration may act as a signal triggering
phenolic compound accumulation in N deficiency plants. The maintenance of
PAs in the WT plants would be correlated with the higher stress response to N
deficiency. On the other hand, the reduction of free PAs and Pro found in the
Psark::IPT plants subjected to N deficiency would indicate the operation of a N-
recycling mechanism that could stimulate a more efficient N utilization as seen
by the previously reported enhanced growth at otherwise inimical low N

fertilization regimes.
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ABSTRACT

wild type (WT) and transgenic tobacco plants  expressing
isopentenyltransferase (IPT), a gene coding the rate-limiting step in cytokinins
(CKs) synthesis, were grown under limited nitrogen (N) conditions. Our results
indicated that while WT tobacco plants showed a drastic reduction in
photosynthetic rate (A) and the maximum carboxylation rate of Rubisco
(Vcmax), the maximum rate of the electron transport (Jmax) and the use of
triose-P (TPU) parameters, the expression an IPT gene driven by Psark, a
stress-and maturation-induced promoter, leads the maintenance of
photosynthesis as well as VCmax, Jmax and TPU parameters and leaf biomass
related with the maintenance of sm-Rubisco transcripts levels under N
deficiency. Limited increase in sugar concentration as well as the maintenance
of leaf biomass observed in transgenic plants would indicate CKs may play a
role in the sink limitation caused by deficiency of N, enhancing the strength of
the sink, such as young leaves, enhancing foliar biomass under severe N

deficiency.

Keywords: Cytokinins; nitrogen deficiency; photosynthetic rates; sugar

metabolism; tobacco plants.

Abbreviations: A, photosynthetic  rate; CKs, cytokinins; IPT,

isopentenyltransferase; Fru, fructose; Glu, glucose; Glu-6P, glucose-6P; Jmax,

maximum rate of the electron transport; Man, mannose; N, nitrogen; Rubisco,
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Ribulose 1,5-bisphosphate carboxilase/oxygenase; Suc, Sucrose; TPU, use of

triose-P; Vcmax, maximum carboxylation rate of Rubisco.

INTRODUCTION

N is a mineral element that plants require in greatest amount and it is often the
growth limiting nutrient (Antal et al., 2010). The role of N in agricultural
production is intimately connected with photosynthesis because more than half
of the total leaf N is allocated to the photosynthesis apparatus (Makino and
Osmond, 1991; Lawlor, 2002). Two days of N deprivation led to coordinate
repression of the majority of genes assigned to photosynthesis, chlorophyll
synthesis, and plastid proteins synthesis (Scheible et al., 2004). Thus, N
shortage results in a marked decrease in plant photosynthesis, decreasing in
both A and the quantum yield of photosynthesis (Cruz et al., 2003; Boussadia et
al., 2010). Limited N supply, causes diminution in the content of chloroplastidic
pigments and a reduction in the synthesis of several enzymes involved in the
Calvin cycle, particularly in Ribulose 1,5-bisphosphate carboxilase/oxygenase
(Rubisco, EC 4.1.1.39) (Terashima and Evans, 1988). Overall leads, sink
limitation due to decreased in shoot growth, results in accumulation of
carbohydrates in matures leaves, higher levels of carbon allocated to the roots
and an increase in root-to-shoot biomass ratio (Paul and Foyer, 2001; Hirari et
al.,, 2004; Remans et al., 2006). Therefore N deficiency affects, primary
photosynthesis, sugar metabolism and carbohydrate partitioning between

source and sink tissues (de Groot et al., 2003; Scheible et al., 2004).
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CKs are phytohormones involved in numerous important biological
processes associated with plant growth and development, including the
response of plants to abiotic stress (Haberer and Kieber, 2002; Rivero et al.,
2007). An unfavourable environmental was found to have an impact on CKs
content in plants and changes in endogenous CKs levels were reported to alter
the stress tolerance in plants (Werner et al., 2010; Nishiyama et al., 2011).
Thus, CKs, selectively could affect the expression of certain genes, which is of
special importance for stress protection (Chernyad'ev 2009). It has been
proposed the protective action of CKs under stress conditions, preserving the
structure and function of the photosynthetic machinery inducing the synthesis of
proteins of the electron-transport chain, photosynthetic chlorophyll-protein
complexes and Rubisco (Chernyad'ev 2009). Thus, Rivero et al. (2010)
demostred the prevention of the degradation of the photosynthetic protein
complexes, and the maintenance of photosynthesis during water stress in the
plants expressing an IPT gene driven by Psark, @ stress-and maturation-
induced promoter. Furthermore it has been suggested that CKs may also be
involved in the regulation of assimilate partitioning affecting source-sink
relationships (Roitsch and Ehnef, 2000). Peleg et al. (2010) demonstrated that
the expression of Psark::IPT in rice affected plant hormone homeostasis and
altered the source-sink balance showing that CKs could maintain the strength of
this sink increasing the amount of starch and sucrose (Suc) during water-deficit.
Moreover, it has been demostrated that CKs supplied at physiological
concentration could change the direction of assimilate export from individual
leaves, thus completely inverting the source-sink relationship in favour of the

shoot.
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Furthermore, the availability of N can alter the levels of CKs. It was
proposed that CKs may be root-derived signal which controls uptake and
utilization of assimilates and biomass distribution in response to N (Beck, 1999;
Sakakibara et al., 2006). Therefore, N deficiency would lower CKs endogenous
levels while an application of N would raise CKs levels in the shoot (Argueso et
al., 2009). Thus, CKs can act as a signal communicating to the shoot if the N
application of the root is adequate, thereby regulating the biomass distribution
and nutrient uptake systems (Sakakibara et al., 2006). Previous work indicated
that tobacco plants overexpressing Psark::IPT increase the amount of CKs,
inhibiting the formation of ROS and preventing biomass reduction caused by N
deficiency (Rivero et al., 2007; Rubio-Wilhelmi et al., 2011). There are
numerous evidence linking N deficiency with CKs and photosynthesis,
therefore, the aim of the present work was to evaluate the effect of CKs on
photosynthetic parameters and sugar metabolism in WT and Psark::IPT tobacco

plants under N deficiency.

MATERIAL AND METHODS

Plant material and growth conditions

Seeds of WT tobacco (Nicotiana tabacum ‘SR1’) and transgenic line expressing
Psark::IPT were sown in soil (Metro-Mix 200; Sun Gro) in a growth chamber
(500 pmol photons m? s* 16-h photoperiod, 25°C) for 15 d until the
appearance of the first two true leaves. During this time, no differences in

germination time and in plant development between the WT and Pgark:: IPT
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lines were observed. After, plants were transferred and transplanted (10-L pots
filled with vermiculite) to a greenhouse (UC-Davis, CA, US), where they were
grown for 1 week to allow acclimation of the plants to the new conditions (1,000
umol photons m? s®, 16-h photoperiod, 28°C—30°C/23°C-25°C day/night).
During 20 d, the plants were grown in a complete nutrient solution containing:
10 mM NaNOs, 2 mM NaH;PO4 5 mM KCI, 2.5 mM CaCl,, 1.5 mM MgCl,, 2
mM Na,SOs, 2 UM MnCl,, 0.75 pM ZnCl,, 0.25 uM CuCl,, 0.1 pM
(NH4)sM07024, 5 UM Fe-EDDHA, and 50 puM H3BOj;, pH 5.8. The nutrient
solution was renewed every 3 d and the soil was rinsed with distilled water to
avoid nutrient accumulation. The N treatments began 40 d after sowing (DAS)
and was maintained for 30 d. The treatments were 10 mM (Control), 7 mM and
1 mM NaNOjs;. The experimental design was a randomized complete block with
six treatments, arranged in individual pots with six plants per treatment, and
three replicates. All plants were at the reproductive stage when harvested.
Middle leaves (positions 7" and 8™) were harvested, frozen immediately in
liquid N2, and kept at -80°C until used. Leaves, roots and flowers were dried in a

forced-air oven at 70°C for 24 h for dry biomass determination.

A/CO; curves

Gas-exchange measurements were conducted in the eighth fully expanded leaf
in each genotype (wild type, Psark::IPT) with a gas exchange system (LI-6400;
Li-Cor). Leaves were first equilibrated at a photon density flux of 1,000 mmol m”
2 s for at least 20 min. After this, photosynthesis was induced with 1,000 mmol

-1

photons m? s* and 400 mmol mol! CO, surrounding the leaf (Ca). Leaf
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temperature was maintained at 25°C, and the leaf-to-air vapor pressure deficit
was kept between 1 and 1.3 kPa. These conditions were kept constant for the
determination of A. CO, response curves were performed at steady state at
least 30 min after clamping the leaf. CO, response curves, corresponding to
eighth fully expanded leaves of 6 different plants, were obtained per each plant
genotype (the wild type and Psark::IPT lines) and were repeated every 5 d. A
and rates of CO, assimilation under varying intercellular CO, concentrations
(Ci) were first measured at 400 mmol mol* Ca. Then, Ca was increased
stepwise up to 1,800 mmol mol™ and returned to its original value, followed by a
stepwise decrease down to 0 mmol mol™ Ca. A and Ci were measured at 12
different Ca values for each curve. From the AJ/Ci curves, the following
photosynthetic parameters were calculated according to Long and Bernacchi
(2003): Vcmax, Jmax that is equivalent to the ribulose-1,5-bisP (RuBP)
regeneration rate, as well as TPU. In order to avoid miscalculation of A and Ci
due to leakage into the gasket of the gas analyzer, we performed CO, response
curves using an empty chamber. The values obtained for A and Ci in the empty
chamber were compared with those of the chamber filled with a tobacco leaf
and subtracted from the values obtained with the empty chamber. The relation
between A and Ci was fitted with the software Photosyn Assistant (Dundee
Scientific). The program uses the model proposed by Farquhar et al. (1980), as
subsequently modified by von Caemmerer and Farquhar (1981), Sharkey et al.

(1985), Harley and Sharkey (1991), and Harley et al. (1992).
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gPCR

cDNAs were obtained from two independent RNAs corresponding to the same
sample using the SuperScript VILO synthesis kit (Invitrogen). This procedure
was done with tissues from WT plants and Psark::IPT plants growing under
control conditions (10 Mm) and deficient conditions (7Mm, 1Mm) so that every

sample was represented by two independent cDNASs.

From each cDNA, three replicates were placed on a 96-well plate, so that
every sample was represented by six replicates. For all targets analyzed, the
primers were designed using ABI Primer Express software. For IPT expression,
the primers used were IPT-forward (5"-CCAAGGCCAGAGTTAAGCAG-3") and
IPT-reverse (5"-TTTGCGTCAAGCTGCAATAG-3"). For Rubisco small subunit
(smRubisco), the primers used were smRubisco-forward (5'-
AGTGCGGCAACGGTAATATC-3") and smRubisco-reverse (5°-
TCAACAAAGTCCGGAGAACC-3"). An internal control Elongation factor 1 a
(EF-1a) which expression did not change over the amplification in the different
samples, were processed in parallel. The primers used were as follows: EF-
la-forward (5"-TGAGATGCACCACGAAGCTC-3) EF-l1a-reverse (5°-
CCAACATTGTCACCAGGAAGTG-3"). The amplification was performed in a
total reaction volume of 20 mL. Reactions included 2 mL of template, 10 mL of
Fast SYBR Green Master Mix, 0.9 mL of reverse primer, 0.9 mL of forward
primer, and sterile molecular biology-grade water to a total volume of 20 mL. All
PCRs were performed with the exact reaction cycling conditions as follows:

95°C for 10 min followed by 40 cycles of 95°C for 3 s and 60°C for 30 s. A melt
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curve for every target analyzed was included with the following conditions: 95°C
for 15 s, 60°C for 1 min, and 95°C for 15 s. Amplification and data analysis were
carried out on an ABI StepOne Plus real-time PCR system (Applied
Biosystems) taking as internal control EF-1a and as a sample control WT plants
growing under control conditions (10 mM). All template and primer

concentrations were optimized for the reactions.

Sugar determination

Leaves glucose-6P (Glu-6P), Suc, glucose (Glu), mannose (Man), fructose
(Fru) were quantified as described (Smith and Zeeman, 2006) with some
modifications. Middle leaves were sampled from WT and Psark::IPT tobacco
plants and immediately frozen in liquid-N. Then 0.25 g was incubated in ethanol
(80%) for 3 min at 95 °C and centrifuged 3000 g 10 min, keeping supernatant
(soluble carbohydrate fraction). For sugars quantification, the soluble
carbohydrate fraction dissolved in ethanol (80%) was evaporated using a rotary
evaporator. The samples were dissolved in ddH,O and subsequently analysed
by high performance liquid chromatography (HPLC) using Aminex HPX-87C

column.

Enzymes assay

Enzymes were extracted from 0.1 g of leaves by homogenizing in 50 mM
Hepes/NaOH (pH 7.5), 5 mM MgCl,;, 1 mM EDTA, 0.005% Triton X-100, 1 %

insoluble PVP, and 5 mM DTT. The homogenate was centrifuged at 20 000 g
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for 20 min. Supernatant was used to measure suc-P synthase (SPS, EC
2.4.1.14; SPS), suc synthase (SS, EC 2. 4. 1. 13), vacuolar and citosolic
invertases (EC 3.2.1.26) activities. Resuspended pellet was used for measured

of cell wall invertase (EC 3.2.1.26).

SS and SPS assays were performed in a manner similar to that
previously described (Hubbard et al., 1989; Miron and Schaffer, 1991; Klann et
al., 1993). SS and SPS reactions and controls contained 40 pL of extract in a
total volume of 70 pL. Suc synthase assays contained 50 mM Hepes/NaOH (pH
7.5), 15 mM MgCl,, 25 mM Fru, and 25 mM UDP-GIlu. Suc-P synthase assays
contained 50 mM Hepes/NaOH (pH 7.5), 15 mM MgCl,, 25 mM Fru-6-P, 25 mM
Glu-6-P, and 25 mM UDP-Glu. Controls were boiled for 10 min immediately
after the addition of the enzyme extract. The reactions were incubated for 30
min at 37°C and then stopped by transfer to a boiling water bath. Reactions and
controls were stored at -20°C until the Suc was assayed using the anthrone
assay (Van Hamdel, 1968). To the 70uL sample, 70 puL of 30% KOH was
added, boiled for 10 min, and cooled. Anthrone reagent was then added, and
the tubes incubated for 20 min at 40°C. Absorbance was measured at 650 or

595 nm and compared to Suc standards.

Vacuolar, citosolic and cell wall invertases assays contained either 100uL
of extract in a total volume of 300 pL. The final assay contained 500 mM sodium
acetate/NaOH pH 4.5 for vacuolar and cell wall invertase or pH 7.5 for citosolic
invertase and 120 mM Suc. Both reactions and controls were neutralized with

the addition of 30 pL of 2.5 M Tris base before boiling to prevent acid hydrolysis
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of the Suc. Controls were boiled immediately, and the reactions were incubated
at 37°C for 30 min before boiling. Reaction and controls were stored at -20°C
until the reducing sugar assay was performed. Reducing sugars in the
invertases assays were measured using the Somogyi modification of Nelson's

reducing sugar assay (Nelson, 1944; Somogyi, 1952).

RESULTS

Effects of N deficiency on plant biomass

Table 1 shows foliar, root and flower biomass in WT and Psark::IPT tobacco
plants under N deficiency. In WT plants, a significant decrease in foliar biomass
was seen under severe N deficiency (ImM). However, transgenic line did not
show significant differences in foliar biomass under any of the treatments (Table
1). Besides, root biomass was not affected by the N deficiency in WT plants; on
the contrary, Psark::IPT plants shown significant decreased in this parameter
under 1mM treatment (Table 1). Finally, in WT plants, 7 mM dosage of N
deficiency produced a significant increase in flower biomass compared to
control (10 mM); while transgenic plant shown a reduction in flower biomass
under N severe deficiency (1 mM), however this reduction was not significant

(Table 1).
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Table 1: Foliar, root and flower biomass in WT and transgenic tobacco plants subjected to N
deficit.

Foliar Biomass Root Biomass Flower Biomass
(g DW) (g DW) (g DW)

NO3’ WT IPT WT IPT WT IPT
treat.

Control 9.89#0.53a 12.66+0.89  8.44+1.15 5.774¢0.23a  6.83+0.58b  7.31+0.80
7 mM 9.80+0.29a 12.03+0.67  8.24+1.37 6.70£0.90a  9.14+0.27a  7.16+0.36
1mM 6.61+0.34b  11.15#1.01  7.4240.20 4.02+0.50b  5.92+0.41b  5.57+0.66
P-value b NS NS * o NS
LSDo 05 1.214 2.631 3.597 1.009 1.338 1.916

Values are means *+ SE (n = 9) and differences between means were compared using LSD (P = 0.05).
Means followed by the same letter in the same column do not differ significantly. Levels of significance
are represented by *P < 0.05, **P < 0.01, **P < 0.001 and ns (not significant) P > 0.05.

Effects of N deficiency on IPT and sm-Rubisco expression analysis

Relative expression IPT gene driven by Psark, a stress-and maturation-induced
promoter levels during control and under N deficient in Psark::IPT transgenic
plants shown in Fig 1. When the plants grown under 7 mM N treatment did not
show differences in Psark::IPT expression levels, however severe N deficiency
(1 mM) increased Psark::IPT expression levels compared to control (10 mM).
On the other hand, sm-Rubisco relative expression levels in both lines of
tobacco plants are shown in Fig. 2. WT plants registered a significant decrease
in sm-Rubisco relative expression levels under N deficiency (Fig. 2). The lowest
expression levels were shown under 1 mM N treatment (Fig. 2). However, in
transgenic plants, sm-Rubisco relative expression levels remained unchanged
under the different N dosages (7 mM and 1 mM) compared to control (10 mM,;

Fig. 2).
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Fig 1: Relative expression IPT gene driven by Psark, a stress-and maturation-induced promoter
levels during control and under N deficient in Pgark::IPT transgenic plants. Bars represent
means+s.e. (n=9); for each lines.
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Fig 2: Relative expression sm-Rubisco subunit levels during control and under N deficient in
WT and transgenic plants. Bars represent means+s.e. (n=9); for each lines.

Effects of N deficiency on A/C ; curves, Vcmax, Jmax and TPU

We measured rates of CO, assimilation under varying intercellular CO;
concentrations (Ci) and produced A/Ci curves (Figs. 3A and B). A/Ci curves

showed a significant decrease in both lines of tobacco plants under the 1 mM
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dosage of N (Figs. 3A and B), being more pronounced in WT plants (Fig. 3A). A
treatment of 7 mM of N had no significant effect in neither of tobacco lines (WT

and Psark::IPT; Figs. 3A and B).
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Fig 3: CO, assimilation rates at different intercellular CO, concentrations (A/Ci curves) of WT
and transgenic tobacco plants under N deficiency.

From the curves, one can calculate biochemical factors such as the
Vcmax, Jmax and TPU (Figs. 4A, B and C). The application of 1 mM N resulted
in reductions of 72, 70 and 66% respectively compared to control (10 mM) in
WT tobacco plants (Figs. 4A, B and C). Vcmax, Jmax and TPU did not show
significant differences under 7mM N treatment and control condition (10 mM;
Figs. 4A, B and C). In transgenic plants, Psark::IPT, a decrease in Vcmax and
Jmax was observed under severe N deficiency (1 mM; 48 and 45%
respectively) (Figs. 4A, B and C). However, TPU showed significant differences
under both N rates (1 mM, 7 mM) and control conditions, resulted in reduction

of 21% in the case of 1 mM dosage (Figs. 4A, B and C).
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Effects of N deficiency on sugars metabolism

Table 3 shows Glu-6P, Suc, Glu, Man and Fru concentrations in WT and
Psark::IPT tobacco plants under N deficiency. In WT plants, severe N deficiency
(1 mM) resulted an increase Glu-6P, Glu, Man y Fru concentration, being the
increase of 45, 89, 194 y 51% respectively compared to control conditions (10
mM; Table 3). When the WT plants grown under 7 mM N treatment, only Suc
concentration showed a significant decrease respect to control (10 mM; Table
2). In the case of Psark::IPT plants under severe N deficiency dosage (1 mM),
only Glu and Man concentrations presented an increase compared to control
condictions (10 mM; 50 y 57% respectively). Fru concentration was not affected
by the reduction in N. On the contrary, Glu-6P, Glu concentrations showed a

reduction under severe deficiency treatment (1 mM; Table 2).
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Fig 4. Vcmax (A), Jmax (B), TPU (C) in WT and transgenic tobacco plants under N deficiency.
Bars represent means+s.e. (n=9); for each lines.
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Table 2: Glu-6P, Suc, Glu, Man, Fru Concentrations in WT and transgenic tobacco plants subjected to N deficit.

Lines/NO3 Glucose 6P Sucrose Glucose Mannose Fructose
Treatment (mg g'lDW) (mg g'lDW) (mg g'lDW) (ug g'lDW) (mg g'lDW)
WT
Control 56.20+3.45 b 17.2440.25 a 11.20+0.47 b 1.22+0.29 b 8.39+0.52 b
7mM 78.98+3.50 a 14.97+0.63 b 9.15+0.79 b 0.81+0.25 b 9.32+0.71 b
1 mM 81.01+5.78 a 18.55+0.36 a 21.22+1.21 a 3.59+0.45 a 12.67+0.43 a
P-value * % * % * %% * %% * %
LSDg o5 14.027 1.429 2.818 1.105 1.848
IPT
Control 71.31+6.12 a 17.03+0.58 a 9.81+0.30 b 1.22+0.09 b 8.24+0.67
7mM 62.90+0.59 ab 13.20+1.15b 12.02+0.92 b 1.35+0.16 b 9.25+1.14
1 mM 52.19+1.12 b 14.63+0.24 ab 14.67+0.87a 1.92+0.31 a 9.49+0.04
P-value * * *% *kx NS
LSDg o5 11.559 2.432 2.421 0.263 2.459

Values are means + SE (n = 9) and differences between means were compared using LSD (P = 0.05). Means followed by the same
letter in the same column do not differ significantly. Levels of significance are represented by *P < 0.05, **P < 0.01, ***P < 0.001 and
ns (not significant) P > 0.05.

The enzymes envolved in Suc synthesis are shown in Fig 5. WT tobacco
plants presented an increase in SPS and SS activities under both N deficiency
treatments (7 mM, 1 mM). Activities were higher under 1 mM dosage (Fig. 5). In
Psark::IPT plants, 7mM of N resulted in increase of SPS, while SS activity
showed a significant increase when plant grown under severe N deficiency (1
mM; Fig. 5). Finally, in WT tobacco plants, the enzymes involved in Suc
degradation, cell wall, vacuolar and citosolic invertases, followed a similar trend,
with higher activities under the severe N deficiency treatment (1 mM; Table 3),
while in Psark::IPT plants, vacuolar and citosolic invertases activities remain
unchanged under N deficiency, only cell wall invertase activity showed

significant decrease under 7mM treatment (Table 3).
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Table 3: Effect of 10 mM N (control) and N deficiency (7 and 1 mM) on invertases activity in WT
and transgenic tobacco plants

Lines/NO5’ Cell wall Invertase Vacuolar Invertase Citosolic Invertasa

Treatment (umol Glu mg™proth™)  (umol Glu mg'proth™)  (umol Glu mg™prot h'™")
WT

Control 1.65+0.08 b 4.33+0.37 b 1.09+0.11 b
7 mM 1.54+0.30 b 3.89+0.37 b 1.01+0.09 b
1mMm 2.88+0.30 a 6.26+0.70 a 1.5840.13 a
P-value ** * *x
LSDg s 0.776 1.527 0.356
IPT
Control 1.8840.16 ab 3.35+0.31 1.03+0.13
7 mM 1.53+0.07 b 3.25+0.11 1.17+0.14
1 mM 2.13+0.17 a 4.08+0.28 1.13+0.11
P-value * NS NS
LSDg 05 0.432 0.595 0.391

Values are means + SE (n = 9) and differences between means were compared using LSD (P = 0.05).
Means followed by the same letter in the same column do not differ significantly. Levels of significance
are represented by *P < 0.05, **P < 0.01, **P < 0.001 and ns (not significant) P > 0.05.
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Fig 5: SPS and SS activity in WT and transgenic tobacco plants under N deficiency. Bars
represent means+s.e. (n=9); for each lines.
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DISCUSSION

The effect of low N availability on partitioning plant biomass, has already been
widely studied (Nguyen et al., 2003; Scheible 2004). N content was negatively
correlated with the proportion of C allocated to the root (de Groot et al., 2003).
The reduction in foliar biomass as well as the root biomass maintenance
observed in WT plants submitted to severe N deficiency would agree with Groot
et al. (Table 1). On the contrary, Psark :: IPT plants under severe N deficiency
(1 mM) reduced root biomass and maintained leaf biomass, which suggests that
in these plants the translocation of sugars (carbon compounds) to the root is
disrupted despite N deficiency. This response could be related to increased IPT
gene expression levels under severe N dosage (1 mM; Fig. 1) which shows the
response of promoter Psark to severe N deficiency. These results indicates that
CKs may play a role in plant biomass partitioning under low availability of N. In
this sense, it has been indicated that CKs supplied at physiological
concentrations to Urtica dioica plans could change the direction of
photoassimilates, thus completely inverting the source-sink relationship in

favour of the shoot (Beck, 1999).

It has been demostrated the protective action of CKs under stress
conditions preserved the structure and function of the photosynthetic machinery
(Chernyad’ev, 2009), thus CKs could induce the synthesis of proteins of the
electron-transport chain, photosynthetic chlorophyll-protein complexes and
Rubisco (Chernyad’ev, 2009). Several authors show A maintenance under

water stress in plants which expressing IPT gene driven by different promoters
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(Rivero et al., 2009; Merewitz et al., 2011). In WT plants, severe N deficiency (1
mM) provoked drastic decrease in A (Fig. 3A) linked to drastic decrease in
Vcmax, Jmax and TPU parameters (72, 70 and 66% respectively; Figs. 4A, B
and C). Furthermore, in Psark::IPT plants under 1ImM N dosage, reduction of A
(Fig. 3B) and Vcmax; Jmax and TPU parameters (48, 45 and 21% respectively;
Figs. 4A, B and C) was less pronounced than in WT tobacco plants. It suggest
that CKs could protect biochemical processes such as carboxylation rate of
Rubisco which may enhance A. In Psark::IPT tobacco plants under severe N
deficiency, the maintenance of Jmax and TPU appears to supports a role of
CKs in the protection of the electron transport, leading to the regeneration of
RUBP and the capacity of the chloroplast reactions to use triose-P under low

availability of N.

Sm-Rubisco are encoged by a family of nuclear genes. It has been
proposed that this subunit may be involved in the regulation of photosynthetic
ratios and thus the carboxylase / oxygenase Rubisco activity (Khrebtukova and
Spreitzer, 1996). Our results show a decrease in sm-Rubisco transcripts in WT
plants under N deficiency according to a decrease Vcmax. However Psark::IPT
plants preserved sm-Rubisco transcripts levels under N deficiency compared to
control conditions (10 mM). It suggets the CKs could be involved transcripcional

regulation of this gene under N deficiency.

Regarding the enzymes involved in sugars metabolism, an increase in
both synthesis and degradation of Suc was observed in the WT plants

subjected to severe N deficiency (1 mM, Table 3, Fig. 6). Psark ::IPT tobacco
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plants showed a similar trend although both synthesis and degradation were
increased less than in WT plants (Table 3, Fig. 6). It has been demostrated that
N deficiency leads a sugar accumulation due to less carbon is consumed and
exported from source leaves for N assimilation and growth (Paul and Driscoll,
1997, Scheible et al., 2004) the degradation of Suc by invertase, observed
especially in WT plants (Table 3) could be directed to the formation of carbon
skeletons. Thus, carbon skeletons may be aminated forming new amino acids,
particularly affected during the N deficiency (Sanchez et al., 2004). In fact
previous work by our group show that WT plants under N deficiency increased
processes such as protein degradation or photorespiration which could lead an
ammonia formation. This ammonia can be reassimilated by the cycle GS /
GOGAT. Thus carbon skeletons, from the Suc degradation could enhance N
remobilization process, which are key under low availability of N (Rubio-
Wilhelmi et al., 2012). Besides, general increase in other sugars concentration
in mature leaves (Table 2) and a reduction in leaf biomass (Table 1) found in
WT plants subjected to severe N deficiency (1 mM) could be related with sink
limitation within the whole plant due to decreased the growth under N deficiency
(Paul and Foyer, 2001). In transgenic plants, limited increase in sugar
concentration as well as the maintenance of leaf biomass observed would
indicate that CKs may play a role in the sink limitation caused by deficiency of
N. Overall could be agree with several authors that indicated CKs may be
involved in the maintenance of sink strength in plants subjected to various types

of stress such as saline or water (Peleg et al., 2011, Perez-Alfocea et al. 2010).
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In conclusion, our work indicated that expression an IPT gene driven by
Psark, @ stress-and maturation-induced promoter, leads the maintenance of
photosynthesis as well as VCmax, Jmax and TPU parameters and leaf biomass
under N deficiency. Therefore, our results suggest that CKs could protect
biochemical processes such as carboxylation rate of Rubisco, enhancing sm-
Rubisco transcrits levels under low availability of N. Also, CKs could be involved
in the protection of the electron transport, leading to the regeneration of RUBP
and the capacity of the chloroplast reactions to use triose-P under N deficiency.
Regarding sink-source relationships, CKs would act maintain the strength of the
sink, such as young leaves, enhancing foliar biomass under severe N deficiency

(2 mM).
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Uno de los factores mas limitantes del crecimiento de los cultivos es la
disponibilidad de N, de tal manera que la aplicacion de fertilizantes
nitrogenados se ha convertido en una practica agronémica muy extendida. De
acuerdo con las Ultimas investigaciones el incremento del doble de la
produccion agricola, que se ha producido en los pasados 40 afos, se ha
asociado con un aumento de siete veces en la fertilizacion nitrogenada. Pero la
aplicacion de estos fertilizantes es costosa econdmica y medioambientalmente,
por lo que la utilizacidon de plantas con menor requerimiento de N que no
implique una disminucién en la cantidad y la calidad de la cosecha, es la
estrategia mas légica para mantener y desarrollar una agricultura sostenible,

rentable econbmicamente y respetuosa con el medioambiente.

Por tanto, conocer las respuestas fisioldégicas de las plantas a la
deficiencia de N podria ayudar en la busqueda de genotipos capaces de utilizar
de forma mas eficiente el N. Asi, la consecuencia fundamental de la deficiencia
de N en las plantas es la represion de genes de la fotosintesis y de la sintesis
de clorofilas que provoca la senescencia de las hojas y por tanto la reduccion
de la biomasa foliar que conlleva pérdidas en la produccion de los cultivos. A
pesar de que estas consecuencias se conocen de manera amplia, pocos son
los estudios que engloban el estudio fisioldgico y agrondmico de la deficiencia
de N orientados hacia la reduccion de la aplicacion de fertilizantes. Por ello, en
esta tesis doctoral utilizamos plantas de tabaco WT y Psark::IPT que expresan
el gen IPT asociado al promotor Psark que se induce en la madurez y con el
estrés. Estas plantas mostraron distintas respuestas fisiologicas frente a la

deficiencia de N.
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Las plantas de tabaco WT sometidas a deficiencia severa de N (1 mM)
presentaron una reduccion de biomasa foliar acompafiado de un
mantenimiento de la biomasa radicular. Esto ha sido descrito previamente por
algunos autores en distintos tipos de plantas sometidas a deficiencia de N
(Tewari et al.,, 2004, 2007; Kovacik and Backor, 2007) y corrobora que las
plantas en situaciones limitantes de N redirigen los fotoasimilados hacia la
parte radicular manteniendo el crecimiento de la raiz e intensificando la
absorcion de N (Scheible et al., 2004). Pero a pesar de esta redireccion de
fotoasimilados hacia la raiz, las plantas WT acumularon gran cantidad de ellos
en las hojas maduras lo que confirma la perdida de fuerza del sumidero que
suponen las hojas jovenes y por tanto la reducciéon del crecimiento de la parte

aérea observado en plantas WT bajo deficiencia de N.

El principal proceso alterado por la deficiencia de N es la fotosintesis ya
gue normalmente existe una relacion directa entre capacidad fotosintética y
cantidad de N por unidad de area en la hoja (Walcroft et al., 1997). La
deficiencia de N provoco en las plantas WT una reduccion generalizada de
parametros fotosintéticos, especialmente relacionados con la Rubisco ya que
esta enzima constituye un elevado porcentaje de las proteinas totales de la
planta (Antal et al., 2010). Por tanto, la alteracion de los parametros de
crecimiento observado en las plantas WT, parecen ser consecuencia de la
reduccion drastica de A asociado con la disminuciéon del Vcmax y con la
reduccion en los niveles de expresion de sm-Rubisco observados en las
plantas WT sometidas a deficiencia de N. Otros parametros fotosintéticos como

el TPU y el Jmax se vieron afectados por la baja disponibilidad de N. Una de

208



MM Rubio-Wilhelmi Discusion general

las consecuencias de la alteracion de la cadena de transporte electronico es el
incremento en la formacion de ROS, ampliamente conocidas por generar dafio
oxidativo y por tanto reduccion del crecimiento (Jaleel et al., 2009; Arora et al.,
2002). La deficiencia de N provoco en las plantas WT un incremento en la
cantidad de ROS frente al cual estas plantas respondieron incrementado la
actividad de algunas de las enzimas del metabolismo oxidativo como SOD,
CAT y GPX o manteniendo compuestos como las PAs que aunque ricos en N
se han descrito como antioxidantes. La reduccion de la biomasa foliar
demuestra que dicha respuesta no fue suficiente para evitar el dafio oxidativo
en las plantas WT posiblemente debido a que procesos tan importantes en la
detoxificacion ROS como el ciclo de Halliwell-Asada no fueron capaces evitar la

acumulacion de éstas.

Por otro lado la reduccion de la biomasa foliar se asocia con la
disminucién de todas las formas de N medidas en las hojas de plantas WT bajo
deficiencia severa de N (1 mM). El descenso de las formas de N en conlleva
una activacion de procesos de reciclaje o removilizacion de N, propios de
situaciones de baja disponibilidad de N. Las plantas WT activaron procesos
como la degradacion de proteinas, reduccion en la sintesis de Pro y la
fotorrespiracion, todos ellos son capaces de formar NH;* que rapidamente sera
reasimilado ya que resulta muy téxico para las plantas. Este NH," fue asimilado
por el ciclo GS/GOGAT para la formacion de Aas esenciales como el Glu y la
GIn, donadores de grupos amino en la sintesis de otros Aas. Asi mismo, el
aumento en la sintesis y degradacion de Suc observado bajo deficiencia severa

de N (ImM) parece estar asociado a la generacidon de nuevos esqueletos
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carbonados los cuales seran aminados para dicha sintesis de Aas. Por tanto,
las plantas WT activan mecanismos de removilizacion de N, en un intento por
parte de la planta de sintetizar nuevos Aas como respuesta a la deficiencia
severa de N (ImM).

El incremento en la eficiencia del uso de los nutrientes se ha descrito
como una herramienta util para mejorar los sistemas agricolas (Fageria et al.,
2008). Se ha relacionado previamente un elevado NUE con un incremento en
la biomasa (Ye et al., 2010). En nuestro trabajo los parametros relacionados
con el NUE, TCN, TNA y NUpE se redujeron en las plantas WT sometidas a
deficiencia severa de N especialmente el NUpE asociado a una reduccion
acusada del flujo de absorcién de N por parte de la raiz. A pesar de que
observamos un incremento del NUtE bajo deficiencia de N, éste no fue

suficiente para el mantenimiento de la biomasa foliar en plantas WT.

La implicacion de las CKs en la sefalizacion del estado nutricional ha
sido ampliamente estudiada y se conoce que esta fitohormona influye en la
homeostasis de algunos nutrientes como N, P, S o Fe. Pero especialmente la
relacion entre CKs y N ha sido la mas estudiada y se sabe que actian como
mensajeros a larga distancia que controlan la asimilacion de N y el estatus de
éste en la planta (Sakakibara et al., 2006). Por tanto, las CKs podrian actuar
como sefial a larga y corta distancia comunicando a la parte aérea si la
aplicacion de N en la raiz es adecuada y regulando asi los sistemas de

absorcion del N y de otros nutrientes del suelo (Sakakibara et al., 2006).
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Las plantas de tabaco Psark::IPT expresan el gen IPT unido al promotor
Psark €l cual como a otros estreses, se muestra sensible a la deficiencia de N
ya que incrementa su expresion relativa bajo condiciones de deficiencia severa
de N (1 mM). Las plantas Psark::IPT muestran un mantenimiento de la biomasa
foliar y una reduccion de la biomasa radicular en condiciones de baja
disponibilidad de N. Este fendmeno parece estar asociado a que las plantas
transgénicas fueron capaces de mantener A bajo deficiencia severa de N
(ImM) lo cual se relaciona de forma directa con la conservacion de los niveles
de expresion de sm-Rusbisco observados en situaciones de baja disponibilidad
de N ya que esta subunidad ha sido relacionada con la regulacion de la
actividad carboxilasa/oxigenasa de la Rubisco (Khrebtukova and Spreitzer,
1996). Normalmente bajo situaciones de estrés se ha descrito un descenso de
actividad de la Rubisco acompafiado de un descenso del ratio de asimilacion
fotosintético de CO,. En nuestro caso las CKs son capaces de reducir este
descenso en la fotosintesis mediante el mantenimiento de la expresion relativa
de sm-Rubisco y por tanto de la fijacion de CO,. Asi, un menor descenso de la
fotosintesis permite a la planta sostener el crecimiento foliar manteniéndose la
fuerza del sumidero formado por las hojas jovenes que explica una
acumulacion limitada de azlcares en las hojas intermedias de las plantas
Psark::IPT. Sin embargo la biomasa radicular se redujo durante la deficiencia
de N, hecho que induce a pensar que en estas plantas la translocacion de
azucares hacia la raiz se encuentra interrumpida, lo que también favoreceria la
translocacion de compuestos carbonados hacia las hojas jévenes, ayudando al

mantenimiento de la biomasa foliar durante la deficiencia de N.
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Por otro lado, una menor afectacion de la fotosintesis implica que las
plantas Psark::IPT no muestren un incremento en la sintesis de ROS por lo que
estas plantas no activaron la respuesta antioxidante propia de situaciones de
disponibilidad de N. Algunos compuestos no enzimaticos que se han
relacionado de forma clasica con la respuesta antioxidante como los fenoles,
presentaron un aumento en Su concentracion, pero éste parece estar mas
relacionado con una respuesta de la planta a bajas cantidades de NO3’ y otras
formas de N, encontradas en las hojas de las plantas Psark::!IPT que con la
respuesta antioxidante. La acumulacion de otros compuestos como PAsy Proy
su metabolismo se ha asociado a la tolerancia de algunas plantas a
condiciones adversas. Las plantas Psark::!IPT mostraron un descenso
significativo en ambos compuestos lo que podria explicarse ya que éstos
poseen una elevada cantidad de N en su estructura lo que los hace
especialmente sensibles a la deficiencia de dicho nutriente. Por ultimo, otros
compuestos ricos en N como los Aas redujeron su concentracion en las plantas
transgénicas sometidas a deficiencia, pero a la luz de nuestros resultados, esto

no parece comprometer la biomasa foliar.

La baja disponibilidad de N en el medio conlleva un induccion rapida de
la senescencia foliar por disminucion del nivel de CKs, lo que se traduce en una
disminucién del crecimiento y de la productividad de las plantas, y por lo tanto
en una reduccion drastica del NUE. La expresion del gen IPT en plantas de
tabaco sometidas a deficiencia severa de N provoca un retraso en la
senescencia y por tanto una mejora en la eficiencia en el uso de N asi como de

su absorcion lo que ofrece un mantenimiento de la produccion bajo condiciones
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de baja disponibilidad de N. Esto, sefala a las plantas Psark::IPT como una
herramienta eficaz para la reduccion del uso de fertilizantes nitrogenados,
costosos econdmica y medio ambientalmente, sin que esto acarre una perdida

de produccion.
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1. La deficiencia de N conlleva una reduccién de la biomasa y de la tasa de
crecimiento relativo foliar en plantas de tabaco WT, debido a un descenso de
las diferentes formas de N y una induccion de especies reactivas de oxigeno
(ROS) y por tanto del dafio oxidativo. Por el contrario, en las plantas de tabaco
Psark::IPT la deficiencia de N no afecté la produccion de ROS manteniéndose
la biomasa y la tasa de crecimiento relativo foliar a pesar de que también se
reduce la concentracion de las distintas formas de N. Esta repuesta diferencial
nos sugiere que el aumento de CKs en plantas de tabaco Psark::IPT podria
actuar como sefial impidiéndose la aparicion de las respuestas tipicas de la

deficiencia de N.

2. Ante una deficiencia de N severa las plantas WT activan los procesos de
generacion de NH,4" independientes de la reduccion del NOs, como son la
fotorrespiracion, la degradacion de proteinas y el aumento de los niveles
relativos de aas de transporte, todo ello con el fin de suministrar N a zonas de
crecimiento. Por el contrario, las plantas transgénicas Psark::IPT no inducen
estas respuestas tipicas de la deficiencia de N lo que les permite en estas
condiciones un mantenimiento de la biomasa foliar y una mejora en la calidad

de las hojas de tabaco asi como en la eficiencia del uso del N.

3. La deficiencia de N estimula el metabolismo fendlico incrementando la
cantidad de fenoles, lo cual podria definirse como respuesta a la baja
concentracion NOj3™ existentes en los tejidos. El mantenimiento de la cantidad
de PAs en plantas de tabaco WT bajo deficiencia de N podria estar relacionado

con el mayor estrés oxidativo observado previamente en dichas plantas. Por el
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contrario la reducciébn de PAs y Pro en las plantas transgénicas podria
representar un mecanismo de reciclaje de N bajo situaciones de baja

disponibilidad de dicho nutriente.

4. La expresion del gen IPT en plantas de tabaco sometidas a deficiencia de N
conlleva un mantenimiento de la fotosintesis de tal manera que las CKs podrian
actuar protegiendo este proceso fisiologico lo que se demuestra por el
mantenimiento de los niveles de transcrito de la sm-Rubisco, la cadena de
transporte electrénico y la capacidad del cloroplasto para usar las triosas-P. En
relacion a la relacion fuente-sumidero, la induccion en la sintesis de CKs podria
ayudar a potenciar la fuerza del sumidero que representan las hojas jovenes,

mejorando la biomasa foliar bajo condiciones de deficiencia severa de N.
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