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Resumen

Las enfermedades virales causan cuantiosas pérdidas econdmicas en los cultivos
en todo el mundo debido principalmente a las alteraciones morfoldgicas y fisiologicas que
producen en las plantas y que se traducen en importantes pérdidas en la produccion (rev.
Hull, 2002). En el caso de los cultivos de pimiento tienen un especial interés las
denominadas cepas pimiento de los tobamovirus que infectan los cultivos de pimiento
resistentes a los virus del mosaico del tabaco (TMV) y del tomate (ToMV) y que se han
descrito en todo el mundo. En Espafia una de estas cepas, el Virus del moteado suave del
pimiento (PMMoV) es uno de los mas prevalentes en los cultivos de pimiento de la
provincia de Almeria, con brotes epidémicos importantes entre 1984 y 2004 (Tenllado et
al., 1997; Fraile et al., 2011). Este virus afecta a todas las especies del género Capsicum,
incluyendo aislados que son capaces de evadir la resistencia mediada por los genes L'-L*
(rev Gilardi et al, 1999; Genda et al., 2007; Antignus et al., 2008). En Espafia se han
descrito aislados pertenecientes a los patotipos P, y Pi 3. La cepa espafiola (PMMoV-S)
es un patotipo P;, y fue aislada de cultivos de pimiento de la provincia de Almeria
(Garcia-Luque et al., 1990) y la cepa italiana es un patotipo Py, 3, y fue aislada en Sicilia
(Italia) (Wetter et al., 1984).

En trabajos previos de nuestro laboratorio se identificé un gen que codifica una
Glutaredoxina (Grx) cloroplastidica de Capsicum chinense L’L* PI 159236, cuya
expresion se inducia durante las infecciones compatibles e incompatibles de las cepas I y
S de PMMoV, respectivamente (Gilardi, 2000). También se habia establecido que la
expresion constitutiva de la proteina completa fusionada al gen delator GFP en plantas de
Nicotiana benthamiana se localizaba en el cloroplasto, mientras que una delecion en su
region N de 63 aa se localizaba en el nucleo (Montes-Casado et al., 2010).

Las Grxs tienen actividad thiol-disulfuro oxidoreductasa y pueden reducir los
grupos disulfuro intramoleculares de las proteinas o los grupos disulfuro formados entre
una molécula de glutation (GSH) y una Cis de una proteina (Vlamis-Gardikas y
Holmgren, 2002). La Grx fue descubierta en 1976 como un sistema donador de hidrégeno
para la enzima ribonucleotido reductasa de Escherichia coli (Holmgren, 1976). Son
proteinas de bajo peso molecular que estan ampliamente distribuidas en todos los
organismos. En Arabidopsis se han descrito mas de 30 Grxs, codificadas por familias
multigénicas, a diferencia de lo que ocurre en E. coli y Saccharomyces cerevisiae (Lillig

et al., 2008), que presentan un menor numero de Grxs.
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Las Grxs estan involucradas en la proteccion de las proteinas frente a la oxidacion
irreversible de sus grupos thiol (Lemaire, 2004), uno de los mecanismos moleculares
sensibles al estado redox de la célula y que pueden ser modificados por la produccion de
ROS generados durante procesos celulares tales como la fotosintesis, la respiracion o la
invasion por patogenos (Foyer and Noctor 2003; Lemaire, 2004).

En los ultimos afos se ha producido un notable avance en el conocimiento de las
Grxs de plantas y se postula que deben desempefiar importantes funciones no solo en el
mantenimiento del potencial redox celular, sino también en la regulacion de la
funcionalidad de proteinas especificas y en la expresion de ciertos genes (Vlamis-
Gardikas et al., 2002; Ndamukong et al., 2007; Zaffagnini et al., 2008).

Consideramos que el estudio de esta Grx de C. chinense (Cch Grx) nos permitira
desvelar su posible funcién en la activacion de los mecanismos de resistencia vegetal
frente a PMMoV-I y nos aportara nuevos conocimientos sobre la respuesta de la planta en
las interacciones planta-virus.

En el presente trabajo nos proponemos los siguientes objetivos:

1. Caracterizacion molecular, celular y bioquimica de la proteina Cch Grx.

2. Analisis del efecto de la expresion constitutiva de Cch Grx, en plantas de N.
bentamiana, sobre la acumulacion viral de PMMoV-I a lo largo del ciclo de infeccion.

3. Estudio de la respuesta de defensa de las plantas frente a PMMoV-I
mediada por la sobre-expresion de Cch Grx.

4. Andlisis de la contribucion de Cch Grx en el mantenimiento del estado
redox de los nucledtidos piridinicos en la célula.

5. Andlisis de la funcién de Cch Grx en la tolerancia de las plantas frente al
estrés abidtico.

6. Estudio en levaduras de la funcion de Cch Grx en el mecanismo de

ensamblaje de los grupos Fe-S.

Para ello disponemos de plantas transgénicas de N. benthamiana que expresan de
forma constitutiva la proteina nativa Ch Grx, (Nb:Grx) y la proteina nativa fusionada al
gen delator de la proteina verde fluorescente (GFP), (Nb:Grx-GFP), asi como plantas que
expresan una forma truncada de la proteina, con una delecion de 63 aminoacidos en el
extremo N de la proteina, también fusionada a la GFP (Nb.AGrx-GFP). N. benthamiana

es un huésped susceptible al virus PMMoV-I y por ello se ha utilizado para obtener las
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plantas transgénicas con el fin de analizar el efecto de la sobreexpresion de la proteina
Cch Grx de C. chinense en el proceso de la infeccion viral y en la respuesta de la planta
frente a la misma.

Hemos expresado también la proteina Cch Grx madura en E. coli y en S.
cerevisiae para deteminar su actividad tiol oxidreductasa y su funcion en la formacion y
ensamblaje de los grupos Fe-S, respectivamente.

El andlisis computacional de la secuencia aminoacidica reveld que la Grx de C.
chinense, contiene un sitio activo CSYS perteneciendo por tanto a la clase monotiol del
grupo I de las Grxs (Couturier ef al., 2009a), que han sido descritas en plantas, insectos y
hongos pero no en procariotas. Y en este trabajo hemos podido establecer que pertenece
al subgrupo C5/S12 al tener el motivo WCSYC/S como sitio activo, que es Unico para las
Grxs de plantas. La proteina ha sido denominada Cch GrxS12

El arbol filogenético muestra a la Cch GrxS12 en el mismo grupo que la de
tomate, y todas las demdas de plantas agrupadas, mientras que la S. cerevisae esta
localizada en una rama diferente.

El analisis estructural de la Cch GrxS12 efectuado con el servidor I-TASSER
sobre la proteina GrxS12 de alamo (Couturier ef al., 2009b) muestra que tiene el patron
caracteristico de la familia de proteinas Trx con un centro de cuatro laminas § rodeado de
5 a-hélices. Ambas comparten el sitio activo WCSYS y otros residuos importantes como
PTVP”, ¥GG® y la presencia de un segundo residuo de Cys que se ha descrito esta
involucrado en la union al GSH por parte de la proteina de alamo (Couturier et al.,
2009b), lo que indicaria que ambas proteinas comparten las mismas propiedades
bioquimicas y fisioldgicas.

Para caracterizar la funcion tiol-oxidoreductase de la proteina Cch GrxS12 la
proteina madura se expresd en E. coli fusionada a una cola de His en el extremo N que
facilitaba su purificacion mediante una columna de afinidad. La proteina Cch His-Grx
soluble purificada tenia un Mr de 12.9 kDa y mostré actividad GSH-disulfuro
oxidoreductasa, siendo activa en el ensayo clasico de actividad Grx usando HED
(Holmgren and Aslund 1995), a diferencia de otras Grx de tipo monotiol pertenecientes a
la clase 11, tal como AtGRXcp de A4. thaliana (Cheng et al., 2006) y de forma similar a la
Grx de tipo monotiol de la clase I, como la proteina PtrGrxS12 de Populus (Couturier et
al., 2009b) si bien su actividad especifica, 0.12 U/nM, fue 10 veces inferior a la de esta

proteina.
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Andlisis iniciales en nuestro laboratorio —mediante expresion transitoria en hojas
de N. benthamiana- mostraron que la proteina completa fusionada en su region C-
terminal a la proteina delatora GFP se localizaba en el cloroplasto, mientras que la
proteina Cch A2M-Grx-GFP, en la que se habian eliminado los primeros 63 aa que
codifican el péptido sefial para su localizacion en el cloroplasto, se localizaba en el nucleo
(Montes-Casado et al., 2010), no habiéndose descartado que esta localizacién fuera
debida a la presencia de GFP libre en los experimentos de expresion transitoria. Para
analizar esta posibilidad, hemos obtenido protoplastos de plantas de N. benthamiana que
expresan constitutivamente estas proteinas y hemos corroborado mediante su observacion
al microscopio confocal que la proteina completa se localiza en el cloroplasto, y que la
proteina truncada se localiza en el nucleo y en el citoplasma como la proteina libre GFP.
Mediante analisis de immunotransferencia con el inmunosuero anti Grx, obtenido
previamente en el laboratorio, ha quedado descartado que sea la proteina libre GFP la que
se esta detectando en los andlisis realizados. Los datos son concordantes con la prediccion
del programa chloroP que revelaba que los primeros 63 aa eran necesarios para que la
proteina se localizara en el cloroplasto.

Las Grxs monotiol participan en diversas funciones celulares como reguladoras
del estado redox de las proteinas y en la proteccion frente al estrés oxidativo celular
(Cheng et al. 2006; Herrero y de la Torre-Ruiz, 2007). La sobre-expresion de un gen en
plantas es la mejor forma de analizar la funcion del gen redundante (Ito y Meyerowitz,
2000; Nakazawa et al., 2001). En este sentido, utilizamos las plantas de N. benthamiana
transgénicas obtenidas en el laboratorio y descritas anteriormente para estudiar el efecto
de Cch GrxS12 sobre la infeccion de PMMoV-I.

Cuando las plantas transgénicas fueron infectadas, incluyendo como control
plantas de N. benthamiana transformadas con GFP, no se observaron diferencias en los
primeros estadios de la infeccion, sin embargo, en los Ultimos estadios si se observo una
mayor recuperacion de las plantas que expresaban las tres formas de la Grx respecto a las
plantas control. El analisis de la acumulacion de la proteina de cubierta viral alos 7, 14y
28 dpi revelo que al principio las tasas de acumulacion eran semejantes, si bien a 14 y 28
dpi se detectdé una menor acumulacion en las plantas que expresan las tres formas de la
Grx. El analisis de la acumulacion del RNA viral corrobord que a los 7 dpi se acumulaba
de igual forma en los cuatro tipos de plantas, pero a 28 dpi se observaba una notable caida

en las tres lineas que expresaban las tres construcciones de la Grx, con respecto a las
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plantas control, especialmente en las plantas Nb:GrxGFP, quizas debido a una mayor
acumulacién de la proteina. A los 28 dpi es el momento en que la recuperacion es clara
(Pérez-Bueno, 2003). Estos resultados son concordantes con los anteriores del laboratorio
en que se establecio que en los estadios tardios de la infeccidon existia un menor nimero
de células infectadas en las plantas que expresaban las tres construcciones de la Grx que
en las control (Montes-Casado et al., 2010)

Estos resultados revelaban que al principio de la infeccion parecia no estar
afectado ni el movimiento viral como ya habia sido puesto de manifiesto para la infeccion
de PMMoV-S-YFP (Montes-Casado et al., 2010), ni la replicacion, que pudimos
corroborar mediante la infeccion de protoplastos de las cuatro lineas de plantas
analizadas, y el posterior analisis del contenido y la cinética de acumulacion de la CP
viral, por cuanto que éste es un indicador de la replicacion viral (Hull, 2002).

Si bien, las Grxs monotiol han sido descritas como capaces de conferir resistencia
a diferentes estreses abidticos, (Sundaram et al., 2009; Sundaram and Rathinasabapathi,
2010), en este trabajo y en el anterior del laboratorio (Montes-Casado et al., 2010) es la
primera vez que se describe una Grx de plantas que confiere resistencia frente a la
infeccion viral. Adicionalmente, revelan que la proteina hibrida Cch GrxS12-GFP
mantiene su actividad como ha sido descrito con anterioridad para otras Grxs hibridas
(Rouhier et al., 2006). Por otro lado, es interesante puntualizar que no se requiere una
localizacion cloroplastidica para que tenga el efecto antiviral, por cuanto que la proteina
de delecion, localizada en el ntcleo y en el citoplasma también tiene el efecto protector.

De forma similar, la sobreexpresion de otro miembro de la familia de las
tioredoxinas, NtTRXh3, en plantas de tabaco reduce la patogenicidad de los virus del
mosaico del tabaco y del pepino e iba acompanada de la induccion del gen PR-1a (Sun et
al., 2010).

Para profundizar en los mecanismos de resistencia mediados por la sobreexpresion
de la Cch GrxS12 hemos analizado las tasas de expresion/acumulacion de los mRNAs de
las proteinas PR-1, PR-2a and PR-5 que son marcadores de la sefializacion mediada por
acido salicilico (SA) (Ryals et al, 1996) y de PR-2b, un marcador de la respuesta
mediada por etileno (ET) (van Loon et al., 2006), en las cuatro lineas de plantas
transgénicas a los 7, 21 y 28 dpi. En los estadios iniciales (7 dpi) no se detecté mRNAs de
las proteinas PRs reguladas por el SA en las plantas control inoculadas con tampoén, pero

si el mRNA de la PR 2b, indicando que los genes dependientes de ET se activan por el
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dafio mecanico. En los ultimos estadios analizados (21 y 28 dpi), la expresion de los
genes de las PRs-regulados por SA se incrementd en las plantas control, mientras que
practicamente no se detecta la expresion del gen de la PR regulada por etileno. La tasa de
acumulacion de los genes de las PRs regulados por SA fue particularmente alta en las
plantas Nb:Grx:GFP. Si bien la expresion de genes de PRs mediados por SA ha sido
descrito en plantas de tabaco en floracion y senescentes (Lotan et al., 1989, Obregén et
al., 2001), el incremento observado en las plantas que expresan la Cch GrxS12, respecto a
los controles, parece estar asociado a su expresion, porque no se observd este incremento
en las plantas control que expresan GFP libre.

En las hojas inoculadas con PMMoV-I, a los 7 dpi se induce la expresion de los
genes de las PRs regulados por SA, pero a este tiempo post-inoculacién no se observan
diferencias entre las plantas transgénicas estudiadas. En las hojas superiores no
inoculadas, no se observd expresion, o fue muy débil, ni de los genes que codifican las
PRs 4cidas ni de las bésicas, tal y como era de esperar al tratarse de una interaccion
compatible donde no existe resistencia frente al virus y éste alcanza tasas de acumulacion
elevadas en estas hojas. En estadios tardios de la infeccion (21 y 28 dpi), se observo un
incremento en la acumulacion de los mRNAs de los genes PRs regulados por SA,
mientras que la acumulacion de los regulados por ET fue insignificante. La acumulacion
de los mRNAs de los genes de las PRs regulados por SA habia sido ya descrito por Tena
(2012) en este mismo sistema huésped-virus, quien también describio la activacion de un
mecanismo de defensa antiviral en las hojas recuperadas de las plantas de N. benthamiana
infectadas con PMMoV-I a los 28 dpi. Pero es interesante resaltar que nuestros resultados
mostraron que la sobre-expresion de la proteina Cch GrxS12 y de las proteinas derivadas
de ella, en las plantas de N. benthamiana, provoca una fuerte induccion de estos genes en
las plantas control y una induccion mas temprana en las plantas inoculadas con PMMoV-
I. Lo que sugiere que la expresion constitutiva de estas proteinas favorece el
establecimiento mas temprano del mecanismos de defensa de la planta frente a PMMoV-I1
descrito anteriormente (Tena, 2012).

Nuestros resultados estdn en concordancia con los descritos para la proteina
GRX480 de A. thaliana, que cuando se expresa ectopicamente en plantas de Arabidopsis
permite la expresion del gen PR-1, regulado por SA, mientras que inhibe la expresion de

los genes regulados por acido jasmonico (JA) (Nadmukong et al., 2007).
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Ademas del incremento en la expresion de los genes de las PRs reguladas por SA,
la expresion constitutiva de Cch GrxS12 en plantas de N. benthamiana también
incremento6 la expresion del gen que codifica 9-LOX, que estd implicada en una
respuesta de defensa independiente de la ruta de sefalizacion de JA (Vellosillo et al.,
2007). Aunque a 7 dpi se observd una débil acumulacion de su mRNA en las hojas
inoculadas con tampon de las plantas transgénicas que expresan Cch GrxS12 vy las
proteinas derivadas, este incremento fue mds patente en las hojas inoculadas con
PMMoV-I cuando se comparaban con las hojas inoculadas de las plantas que expresan
GFP. Pero este incremento fue mucho mayor en las hojas recuperadas de las plantas
infectadas a 28 dpi, coincidiendo con la mayor reduccion de la acumulacion viral. En
trabajos anteriores se ha descrito que la expresion del gen 9-LOX se reduce en
interacciones huésped-patdégeno compatibles (Hwang and Hwang, 2010), mientras que su
expresion y actividad incrementa en la respuesta de defensa HR (Rancé et al., 1998;
Montillet et al., 2002; Gobel et al., 2002; Gullner et al., 2010; Hwang and Hwang, 2010).

En su conjunto, estos resultados sugieren que Cch GrxS12 y las proteinas
derivadas de ella activan mas de un mecanismo de defensa de la planta en estadios tardios
del desarrollo de las plantas y durante la infeccion de PMMoV-I1.

Para determinar si la expresion constitutiva de Cch GrxS12 alteraba las enzimas
relacionadas con el glutation, hemos analizado la acumulacion de los mRNAs de las
proteinas glutation reductasa (GR) y glutation-S- transferasa (GST).

La enzima GR es una enzima clave en los ciclos Grx-GSH y ascorbato-GSH y
tiene una funcion importante en el mantenimiento de los mecanismos antioxidantes de la
célula y del estado redox celular mediante la utilizacion del poder reductor del GSH
(Ansel et al, 2006; Lillig et al., 2008). Los resultados obtenidos en el analisis
comparativo de la acumulacion de su mRNA en las diferentes plantas transgénicas
ensayadas, indican que la expresion constitutiva de la proteina Cch GrxS12 y de las
proteinas de fusion Cch GrxS12-GFP y Cch A2M-GrxS12-GFP  en plantas de N.
benthamiana no afecta a la expresion del gen gr a los tiempos analizados, 7, 21 y 28 dpi.
Los resultados son variables en las plantas infectadas con PMMoV-I, y parecen indicar
que la expresion del gen gr en las plantas infectadas con PMMoV-I no depende de la
expresion constitutiva de Cch GrxS12 sino mas bien del tiempo post-inoculacion
analizado. Estos datos concuerdan con los descritos previamente por Hakmaoui et al.,

(2012), que encuentran que la actividad GR disminuye en plantas de N. benthamiana
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infectadas con el virus PMMoV-I en fases tempranas de la infeccion, 7-21 dpi, mientras
que se detecta un incremento a los 28 dpi (Hakmaoui et al., 2012).

Por otro lado, hemos analizado la expresion del gen que codifica la proteina
Glutation-S-transferasa (GST), que es un buen marcador de la respuesta de la planta
frente al dafio celular producido por el estrés oxidativo (Fodor ef al, 1997; Sun et al.,
2010). También en este caso, la expresion constitutiva de Cch GrxS12 no cambia el
patron de acumulacion del mRNA GST ni en las plantas control ni en las infectadas con
PMMoV-I en fases tempranas de la infeccion hasta los 21dpi, indicando que su expresion
no altera la respuesta de la planta frente al estrés oxidativo ocasionado por la infeccion
viral en este periodo de tiempo (Hakmaoui et al., 2012). Sin embargo, si que se observan
cambios en las plantas infectadas con PMMoV-I a los 28 dpi., apreciandose una
disminucién en los niveles de acumulacion del mRNA GST principalmente en las hojas
infectadas y en las recuperadas de las plantas transgénicas Nb:Grx y Nb:Grx-GFP
infectadas con PMMoV-I, que llegan a alcanzar niveles similares a los de las plantas
control, mientras que se encontraron niveles altos del mRNA GST en las plantas
transgénicas Nb:GFP infectadas con PMMoV-I. Teniendo en cuenta que a este tiempo
post-inoculacion las plantas de N. benthamiana infectadas con PMMoV-I presentan un
mecanismo de recuperacion de los sintomas de la infeccion y que éste esta asociado a una
disminucién en la acumulacién de los niveles de H,O, (Hakmaoui et al, 2012), los
resultados observados podrian ser atribuidos a un mejor control de las especies reactivas
de oxigeno (ROS) en las plantas transgénicas que expresan Cch GrxS12, lo que limitaria
el estrés oxidativo producido por el virus a este tiempo post-inoculacion en dichas
plantas.

Para analizar si la expresion constitutiva de Cch GrxS12 provoca algun cambio en
la homeostasis redox de las plantas, analizamos la acumulacion de las formas reducidas
(NADH y NADPH) y oxidadas (NAD" y NADP") de los nucleétidos piridinicos (PN)
NAD y NADP en las plantas transgénicas analizadas, tanto en las plantas inoculadas con
tampon de inoculacion como en las inoculadas con PMMoV-1.

El analisis mostr6 que la expresion constitutiva de Cch GrxS12 y de las
construcciones derivadas de la misma en N. benthamiana no afecta a los niveles de
acumulacion de estos nucleotidos ni a su estado de oxidacion en las plantas control,
indicando que su acumulacion es bastante estable, tal y como se ha descrito para

cloroplastos de hojas de cebada (Wigge et al., 1993). Los cambios observados parecen
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depender mas del estado de desarrollo de la planta que de la expresion de la Cch GrxS12
localizada en el nucleo y el citoplasma o en los cloroplastos, tal y como se ha descrito
previamente (Yamamoto, 1963; Bonzon et al., 1983; Queval and Noctor, 2007).

De los ensayos en plantas infectadas se deduce que la infeccion con PMMoV-I
incrementa significativamente las tasas de acumulacion de las formas reducidas NADH y
NADPH. De forma similar, se ha descrito un incremento en la acumulacion de NADH y
NADPH en plantas de Arabidopsis infectadas con la bacteria Pst-AvrRpmi (Pétriacq et
al., 2012). En este sentido, se ha descrito que el incremento en PNs en los mutantes
CMSII de N. sylvestris favorece una mayor tolerancia al estrés oxidativo inducido por
ozono y por TMV (Dutilleul et al., 2005). Ademads, en las plantas Nb:Grx-GFP, que
acumulan una mayor cantidad de la proteina de fusion Cch GrxS12-GFP, a 28 dpi, se
observan valores significativamente mas altos que los observados en las otras plantas, y
que va acompaifiado de una mayor resistencia frente a PMMoV-1.

De los cuatro PN, los niveles de NADH incrementaron entre 4 y 8 veces los
valores de las plantas control, lo que indica que NADH es un buen indicador de la
infeccion de PMMoV-I. El incremento en el contenido de NADH en las hojas infectadas
y recuperadas de las plantas infectadas con PMMoV-I, produce un desequilibrio en la
relacion NADH/NAD" que podria inducir la produccién de ROS (Millar et al., 2001) o la
regulacion de los mecanismos antioxidantes de la célula (Dutilleul ef al., 2003). Aunque
no conocemos la funcion de NADH en estas plantas transgénicas, si que en trabajos
previos se ha establecido una correlacion entre el incremento en el contenido de NADH
y/o NADH y NADPH vy la resistencia frente a bacterias virulentas (Jambunathan and
Mahalingan, 2006; Pétriacq et al., 2012).

Ademas, los elevados niveles de NADH y de NADPH en las plantas infectadas
con PMMoV-I podria desencadenar la expresion de genes de defensa. En plantas de
Arabidopsis se ha descrito una correlacion entre la acumulacion de PNs y la induccion
tanto de la expresion de genes de defensa de la planta como la resistencia frente a
bacterias (Ge et al., 2007; Zhang and Mou, 2009; Pétriacq et al., 2012). Sin embargo, el
patrén de acumulacion de los mRNAs de las proteinas relacionados con la patogénesis
(PR) parece indicar que no existe una correlacion entre los niveles de PNs y la induccion
de la expresion de los genes que codifican las PRs en las plantas que expresan la proteina
Cch GrxS12 y las proteinas derivadas, tal y como se deduce del incremento en la

acumulacion de los mRNAs de las PRs en las plantas control a 21 y 28 dpi sin que se
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observen cambios significativos ni en la acumulacion ni en el grado de oxidacion de los
diferentes PNs analizados con respecto a los observados en las plantas que expresan la
GFP libre. Esto indicaria que la expresion de los genes de las PRs mediada por la
expresion de Cch GrxS12 es independiente de los niveles de PNs al menos en las plantas
control.

Ha sido descrito que algunas proteinas Grx favorecen la tolerancia frente al estrés
oxidativo (Cheng et al., 2006; Cheng, 2008). Para determinar si la expresion constitutiva
de Cch GrxS12 en N. benthamina incrementa la tolerancia a este tipo de estrés,
cultivamos las plantas in vitro sobre un medio que contiene H,O, o el herbicida paraquat.
Los resultados obtenidos indicaron que la expresion constitutiva de Cch GrxS12 en
plantas de N. benthamiana incrementa la tolerancia frente al estrés oxidativo incluyendo
el estrés fotooxidativo provocado por paraquat. Teniendo en cuenta que Cch GrxS12 es
una proteina cloroplastidica, estos resultados sugieren que esta proteina podria tener una
funcion importante en la proteccion frente al estrés fotooxidativo, tal y como ha sido
descrito para la GRXS13 citosolica de A. thaliana (Laporte et al., 2012). Este efecto fue
independiente de la localizacion subcelular de la proteina, bien en los cloroplastos o en el
citoplasma y el nucleo. Por lo tanto la sobre-expresion de la proteina Cch GrxS12
confiere tolerancia a las plantas tanto frente al estrés bidtico como abiotico.

Algunas proteinas que contienen grupos Fe-S son abundantes en los cloroplastos,
las mitocondrias y en el medio celular (Balk y Lobreaux, 2005). La implicacién de las
Grx en el ensamblaje de los grupos Fe-S fue primero estudiada en levaduras, en las que se
demostré que la delecion del gen que codifica Grx5 causaba una deficiencia en la sintesis
de proteinas que contienen grupos Fe-S y que conduce a la acumulacién de hierro que
incrementa la sensibilidad de las células al estrés oxidativo (Rodriguez-Manzaneque et
al., 1999, 2002). La expresion de la proteina Ch GrxS12 en el mutante Agrx5 de levaduras
permitid determinar que esta proteina no era capaz de rescatar las funciones de la proteina
nativa Grx5 de levaduras, ni en la actividad de las enzimas con grupos Fe-S ni en la
supresion de la acumulacion de hierro en el mutante Agrx5. Por lo tanto los estudios de
transformacion de Cch GrxS12 en el mutante Agrx5 parecen indicar que esta proteina no
participa en la biogénesis y ensamblaje de los grupos Fe-S ni tampoco en la regulacion de

la homeostasis del hierro en cloroplastos.

Conclusiones
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El andlisis de la secuencia nucleotidica y aminoacidica de Cch Grx reveld que es
una Grx de tipo monotiol perteneciente al grupo I, subgrupo C5/S12, con un sitio
activo WCSYS y una conformacion estructural caracteristica de la familia de las

Tioredoxinas. La proteina fue denominada Cch GrxS12

Las observaciones al microscopio confocal de protoplastos de plantas de N.
benthamiana transgénicas confirmaron que la proteina Cch GrxS12 fusionada a la
GFP se localiza en los cloroplastos, mientras que la proteina truncada Cch
A2MGrxS12, con una delecion de 63 aa en el extremo N, fusionada a la GFP, se

localiza en el citoplasma y en el nucleo.

La proteina Cch GrxS12 purificada posee actividad tiol oxidoreductasa in vitro ya
que reduce el enlace disulfuro formado entre el glutation y el sustrato en el ensayo

HED.

En estadios tempranos de la infeccion, la expresion de la proteina Cch GrxS12 en
plantas de N. benthamiana no inhibe la acumulacion viral, lo que indica que no
afecta a la replicacion de PMMoV-I, tal y como se confirm6 en el andlisis de la
cinética de acumulacion de la CP del virus en protoplastos, ni al movimiento

célula a célula viral.

La expresion constitutiva de las diferentes formas de la proteina Cch GrxS12 en
plantas de N. benthamiana resulta en una disminucion de la acumulacion viral en
estadios tardios de la infeccion. La expresion de las proteinas de fusion con la
GFP también produce un descenso en la acumulacion de PMMoV-I, indicando

que ambas formas de la proteina fusionadas a la GFP conservan esta actividad.

A tiempos tardios del desarrollo de las plantas tramsgénicas, la expresion de Cch
GrxS12 incrementa la acumulacion de los mRNAs de las proteinas PRs reguladas
por SA pero no las mediadas por etileno, tanto en las plantas control como en las

infectadas con PMMoV-1.

La expresion de Cch GrxS12 en plantas de N. benthamiana incrementa la
tolerancia frente al estrés oxidativo causado tanto por H,O, como por el herbicida
paraquat, lo que indica que la proteina es también capaz de proteger frente al

estrés abiotico en condiciones in vitro.
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Resumen

La proteina truncada Cch A2MGrxS12-GFP, localizada en el citoplasma y en el
nucleo es también capaz de reducir la acumulacion de PMMoV-I y proteger frente
al estrés oxidativo, indicando que la localizacion en los cloroplastos no es
requerida para el efecto de inhibicion viral ni para la proteccion frente al estrés
abiotico.

La expresion de Cch GrxS12 no altera el contenido de los nucleodtidos piridinicos
NAD y NADP en las plantas control, indicando que el incremento en la expresion
de los genes de las PRs, inducida por Cch GrxS12 en las plantas control en
estadios tardios del desarrollo de la planta, es independiente de la acumulacion de

estos nucleotidos.

La infeccion de PMMoV-I en las plantas transgénicas provoca un incremento en la
acumulacion de los niveles de NADH y NADPH. El incremento de los niveles de

NADH es un buen marcador de la infeccion de PMMoV-1.

El incremento en la resistencia frente a PMMoV-I, la elevada acumulacion de PRs
y el incremento en los niveles de NADH y NADPH en plantas de la linea Nb.: Grx-
GFP estaba asociada a una mayor acumulacion de la proteina Cch GrxS12-GFP

en estas plantas.

La expresion de Cch GrxS12 no altera la acumulaciéon del mRNA de la enzima
antioxidante GR, pero reduce la acumulaciéon del mRNA de la enzima GST a

tiempos tardios de la infeccion viral.

Cch GrxS12 no participa en el mecanismo de ensamblaje de los grupos Fe-S
porque no rescata el fenotipo de supresion de acumulacion de hierro o la actividad

de enzimas que contienen grupos Fe-S en el mutante de levaduras Agrx5.
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Abstract

Diseases caused by plant viruses are one of the major problems for agriculture production
all over the world. In pepper crops (Capsicum spp), Pepper mild mottle virus (PMMoV) is one of
the most destructive virus. This virus belongs to the Tobamovirus genus. In Capsicum spp,
resistance against tobamovirus is governed by an allelic serie of genes: the L genes and Hk gene.
Based upon the pathogen aggressiveness against L-gene mediated resistance, Tobamoviruses has
been classified as pathotypes Py, Py, P12 Pi23 and Pis34. PMMoV is the most pathogenic
tobamovirus towards the L resistance gene. The Italian strain of PMMoV (PMMoV-I) was used
in this work. It belongs to the pathotype P,3 which is able to infect systemically the L'- L*
Capsicum plants, and it is localized in the L* plants.

In our laboratory, it has been previously isolated a Glutaredoxin (Grx) from C. chinense
plants whose mRNA is induced in both the compatible and the incompatible interactions after the
infection with PMMoV-I and PMMoV-S, respectively.

Grx are small thiol disulfide oxidoreductases that catalyze the reduction of disulfide
bonds either in the target proteins or in the substrates in the presence of glutathione (GSH). Grxs
are well conserved in all organisms and their function in Escherichia coli, yeast and mammal are
well characterized. Since very little information was available for the function of these Grx
proteins in plants and also against plant pathogens, the main aim of this work was to carry out
the molecular and biochemical characterization of the C. chinense Grx (Cch Grx) protein and to
analyze its function in PMMoV-I infection and/or plant response.

To address these objectives the previous work from our group constructed Nicotiana
benthamiana Domin transgenic plants constitutively expressing the native choroplastic Grx
protein Cch Grx (Grx Exp), Cch Grx fused to GFP (Grx:GFP) and a derivative with a deletion of
63 aa at its N terminus fused to GFP (Cch A2M:Grx:GFP) that does not located to the
chloroplasts but to the nuclei. N. benthamiana Domin plants are susceptible to all of the
tobamoviruses and it is appropriate to study the role of Cch Grx in a plant-virus compatible
interaction. The Italian strain of Pepper mild mottle virus (PMMoV-I) was chosen to carry out
this study, because preliminary experiments from our laboratory had shown that at latest stages
of the infection their constitutive expression in this host lead to a reduced viral accumulation that

it was due to a reduced number of infected cells, but not to a reduced cell-to-cell movement. By
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transient expression in N. benthamiana plants it was also established that the protein was located
to the chloroplast, and that the 63 aa N- deleted protein was located to the nuclei.

Cch Grx protein sequence analysis shows that it belongs to Group I monothiol Grx and it
is positioned in the S12 subgroup with a WCSYS active site, them we referred to it as Cch
GrxS12. The BLAST analysis shows that the protein belongs to single domain Grxs and further
the phylogenetic tree shows that the protein is showing maximum identity with the Grxs reported
from plants and much divergence with the Grx reported from yeast. CSYS active site Grxs and
Grx-like proteins were found to be conserved among the plants and yeast but not reported from
prokaryotes. The 3-D structural predictions for the protein show that it belongs to the Trx-fold
family proteins which are characterized by having centrally located -strands surrounded by a-
helices. The structure predicted in this work for Cch GrxS12 was found to be identical to the
structure reported for PtrGrxS12 from Populus. The comparison of the two Grxs structures
revealed that most of the regions including the GSH binding regions were conserved between
these two proteins.

To characterize the oxidoreductase activity of the Cch GrxS12 protein, it was expressed
and purified from E. coli and the in vitro activity of the protein was measured by HED assay, in
which the oxidization of NADPH was measured. The protein was found to be positive in the
HED assay and thus possesses the oxidoreductase activity.

To confirm the subcellular localization of Cch GrxS12, protoplasts were obtained from
the N. benthamiana transgenic lines and the GFP-fused proteins were observed by confocal
microscopy, confirming that Cch GrxS12 fused to GFP was targeted to the chloroplast whereas
the 63aa truncated Grx fused to GFP was located in both the cytoplasm and the nucleus, as free
GFP.

The Cch GrxS12 accumulation level was analyzed in the different Cch GrxS12-
expressing transgenic lines by means of Western blot using Cch GrxS12 specific immunoserum
available from our laboratory. The analysis showed that Cch GrxS12 accumulation was ten times
higher in the N .benthamiana line expressing native Cch GrxS12 fused to GFP than in the other
plant lines.

The effect of the constitutive expression in N. benthamiana plants of Cch GrxS12

targeted to either the chloroplast or to the nucleus and cytoplasm on PMMoV-I viral infection
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was analyzed during early (7 dpi) up to late (28 dpi) stages. At 21 dpi the plants start to recover
from the PMMoV-I infection.

The inhibitory role of Cch GrxS12 against PMMoV-I accumulation was studied by
analyzing the viral CP and RNA accumulation. Expression of Cch GrxS12 in N. benthamiana
plants was found to inhibit the viral accumulation at the later stages of infection but none effect
was found at the early stage of infection. The data show that Cch GrxS12 is not inhibiting the
viral replication, as it was confirmed by the analysis of viral PMMoV-I infection in plant
protoplasts from the different transgenic lines. It was found that viral CP accumulation was
uniform at the different time points analyzed and it was also found that the percentage of infected
protoplasts was the same among the GFP-expressing plant line and Cch GrxS12-expressing ones.

To study the underlying resistance mechanism mediated by Cch GrxS12 against
PMMoV-I, the accumulation level of SA-regulated acidic PR protein mRNAs (PR-1, PR-2a and
PR-5) and ethylene (ET)-regulated basic PR protein mRNA (PR-2b) were analyzed in the GFP
expressing and Cch GrxS12 over expressing lines during early and late stage of infection. At
early stages of infection, the accumulation level of SA-regulated PR mRNAs got increased in the
PMMoV-I inoculated leaves when compared to the mock inoculated control leaves while the ET-
regulated basic PR mRNA accumulation was found to be the same between the mock-inoculated
control plants and PMMoV-I inoculated ones. This shows that SA-regulated PR protein genes
were induced by PMMoV-I infection whereas the ET-mediated PR protein gene was induced by
mechanical injury. Further in the inoculated and in the systemic leaves, no difference in PR
mRNAs accumulation exists between Cch GrxS12 over expressing lines and GFP expressing
line. At late stage of PMMoV-I infection (21 and 28 dpi), the accumulation level of SA-regulated
PR mRNAs was found to be higher than the ethylene-regulated PR mRNA. In addition, in the
mock-inoculated control plants, over-expression of Cch GrxS12 leads to the accumulation of a
high level of SA-regulated PR mRNAs and it was found to be higher than that of the ET-
regulated PR one. Further, in the PMMoV-I infected plants, the over-expression of Cch GrxS12
enhanced the accumulation level of SA-regulated PR mRNAs when compared to the GFP
expressing line. Cch GrxS12 was found to have little effect in ET-regulated PR mRNA. At 28
dpi, analysis of the recovered plant leaves shows a high level of PR mRNA accumulation in all

of the infected plants, being higher in the Grx expressing plant lines.
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To analyze whether Cch GrxS12 was able to induce one or more defence pathway, the
mRNA expression level of 9-LOX, which is independent of JA and SA pathways, was analyzed.
At 7 dpi, in the PMMoV-I inoculated plants an increase in 9-LOX mRNA accumulation was
found in the Cch GrxS12 expressing lines while at 28 dpi the increase was found in the
recovered leaves which shows that Cch GrxS12 over-expression could be able to activate more
than one plant defence response pathway during the plant development and also during PMMoV-
I infection.

Analysis of the antioxidant enzyme machinery of the cell system such as GR and GST
were also found to get vary along the PMMoV-I infection. GR mRNA accumulation got
decreased in the PMMoV-I infected plants and the expression of Cch GrxS12 was not found to
alter the expression of GR mRNA. The accumulation level of GST mRNA was found to get
increased during the PMMoV-I infection at 7 and 21 dpi but at 28 dpi, the accumulation level got
reduced in the Cch GrxS12 expressing lines what suggests that Cch GrxS12 could be able to
reduce the oxidative stress conditions caused by the PMMoV-I infection at that time.

To analyze the role of Cch GrxS12 in maintaining the redox status of the cell, and also to
have better insight in the Grx-mediated PR mRNA accumulation, the oxidized and reduced
forms of the pyridine nucleotides (PN) [NAD", NADH, NADP" and NADPH] were analyzed at
the late stage of plant growth (21 and 28 dpi) in the control and Cch GrxS12 over-expressing
lines. Overall the level of NAD', NADH, NADP" contents got increased at 28 dpi when
compared with 21 dpi whereas the level of NADPH was found to be lowered.

Analysis of the PNs in the mock-inoculated control plants shows that expression of Cch
GrxS12 does not seemingly alter the redox status of these metabolites as their level were found
to be the same between the control and Cch GrxS12-over expressing lines. On the other hand,
infection with PMMoV-I altered the PNs levels, where the accumulation level of the reduced
form of the PNs such as NADH and NADPH got increased when compared with the mock-
inoculated control plants. The accumulation level of NADH and NADPH was particularly higher
in the Nb:Grx-GFP line where the Grx accumulation was also found to be higher. Among the
reduced PNs, the level of NADH content was found to be 4-8 times higher in the PMMoV-I
infected plants and thus revealed that NADH content is a good marker for PMMoV-I infection.
Comparative analysis of the PNs between the mock-inoculated controls, PMMoV-I infected and

recovered plant samples shows that alteration in the PNs level is not influencing the PR mRNAs
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accumulation and thus suggesting that Cch GrxS12-mediated PR mRNAs accumulation is
independent of PN alteration.

Cch GrxS12 gene contribution against abiotic stress tolerance was studied by the in vitro
root growth of the different transgenic lines in H,O,- and paraquat-containing media. The Cch
GrxS12 over-expressing lines were found to have better growth than the GFP expressing line in
the media containing either H>O; or paraquat and this confirms that Cch GrxS12 increases the
abiotic stress tolerance of the plants. Further, the Cch A2M-Grx-GFP transgenic line was also
found to have better growth than GFP control line, thus suggesting that Cch GrxS12 contribution
against abiotic stress tolerance was independent of chloroplast or cytoplasm/nuclei localization.

Besides pathogen resistance and oxidoreductase functions, novel function of Cch GrxS12
protein in Fe-S cluster assembly was also studied by transforming into the yeast 4grx5 mutants
in which the function of Grx in Fe-S cluster assembly is well documented (Rodriguez-
Manzaneque et al., 2002). Fe-S cluster containing proteins are playing important roles in plants
chloroplast and mitochondria. Many plant Grxs and the Grxs reported from other organisms are
able to perform this Fe-S cluster assembly function. In order to study the involvement of Cch
GrxS12 in the Fe-S cluster assembly or Fe-S biogenesis mechanism Cch GrxS12 was expressed
into the yeast Agrx5 mutant. For transforming into yeast Agrx5 mutant the sequence coding for
the mature Cch GrxS12 protein was cloned into the yeast integrated plasmid and yeast strains
expressing the Cch GrxS12 protein were selected. The selected yeast strains containing the Cch
GrxS12 were analyzed for their ability to restore the activity of Fe-S containing enzymes and the
suppression of free Fe accumulation in Agrx5 mutant. The Cch GrxS12 protein transformed in
Agrx5 yeast strain could not be able to suppress the iron accumulation or to restore the activity of
Fe-S cluster containing enzymes. Thus suggesting that Cch GrxS12 is not able to participate
either in the biogenesis of Fe-S cluster assembly or in the regulation of iron homeostasis in the

chloroplasts.
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1.1. General characteristics of Pepper mild mottle virus

Spain is the second largest country from the European Union in terms of agricultural
production with about 24 million hectares of utilized agricultural land as it is shown in the
census of 2009, so that plant health is a big concern for Spain. Among the diseases that occurred
in plants, those caused by viruses affect the morphology and physiology of the plants and thus
cause enormous economic losses worldwide (rev. Hull, 2002). In the case of pepper crops, a
special interest is focused towards the so-called pepper strains of the tobamovirus. These strains
are destructive for pepper crops mainly in the fruits, where they induce reduction in size,
malformation, blistering and necrosis (Fig.1.1). One of these pepper strains, Pepper mild mottle
virus (PMMoV) (Wetter et al., 1984), was found to be one of the most prevalent tobamoviruses
in pepper crops in the province of Almeria, SE Spain, in epidemic outbreaks between 1984 and
2004 (Tenllado et al., 1997; Fraile et al., 2011). This virus affects all the species of the
Capsicum genus, having isolates that are able to evade the L'-L*-gene-mediated resistance (rev
Gilardi et al., 1999; Genda et al., 2007; Antignus et al., 2008). Disease symptoms are very mild
and hardly discernibles in the vegetative stage of the crop and are essentially visualised during
fruit formation (Gilardi ez al., 1999). The virus can cause 100% economic loss by spreading to
the entire field due to the easiness of mechanical transmission from plant to plant or from

contaminated cell debris or during cultivation.

Fig.1.1. Symptoms caused by PMMoV Fig.1.2. Electron microscope view of
in C. annuum fruits. negatively stained PMMoV particles.
Bar represents 0.1 pm.
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The virus is transmitted through infected seeds and they can survive in the soil for
months (Ikegashira et al, 2004; Tena et al., 2012). Earlier, fumigation of soil with methyl
bromide was done to prevent the disease but the product was banned by the Montreal Protocol
in developed countries since 2005. Consequently, an alternative strategy is required for disease
control (Goldbach et al., 2003). The strategy should take into account the prevention of the
devastating effects of diseases caused by pathogens. There is also a need to have a deep
knowledge of the plant-virus infection cycle and the plant genes involved in control of virus
spread in order to find new approaches for the control of plant viral diseases.

Resistance against tobamovirus in Capsicum spp. is manifested through the induction of
necrotic local lesions (NLL) and virus confinement to the primary infection sites as the result of
the activation of a hypersensitive reaction (HR). This resistance is governed by a serie of four
genes known as L'-L*, located at the locus L (Boukema ef al., 1980). Tobamoviruses infecting
pepper plants are classified into five subgroups as pathotypes Py, P;, P12 Pi23 and Pi234 on the
basis of their increased pathogenicity against the L gene-mediated resistance. Viruses belonging
to the Py pathotype induce HR in the four L'-L* resistance genotypes. Viruses that belong to the
P, one evade the L' mediated resistance and induce the HR in L>- L* plants. Viruses from the
Pi, pathotype infect L' and L* plants systemically, but are localized in L* and L* plants and
viruses from the P , 3 pathotype infect the L'- L* plants systemically, eliciting the HR only in the
L* plants (Boukema,1982). Viruses from the P34 pathotype infect systemically the four L
plants.

PMMoV is the most pathogenic tobamovirus towards the L gene-mediated resistance.
Viral isolates belonging to the pathotypes Pi», P123 and Pjs34 have been described. The
Spanish strain (PMMoV-S) corresponds to a P, pathotype and it was isolated from pepper
plants infected in Spain (Garcia-Luque et al., 1990). The Italian strain (PMMoV-I) corresponds
to a Py, 3 pathotype and it was isolated from pepper plants infected in Sicily (Italy) (Wetter et
al., 1984). Recently a new PMMoV isolate was described in Japan (PMMoV-L4BV P ,34 ) that
was able to overcome L' to L* gene mediated resistance (Genda et al., 2007). PMMoV has been
identified as the major RNA viruses found in human faeces (Zhang et al., 2006) and the virions
recovered from feces were able to infect the plants (Zhang et al., 2006; Colson et al., 2010).
This
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finding has led to the proposal that PMMoV can be used as an effective indicator of fecal
pollution in surface waters (Rosario et al., 2009; Hamza et al., 2011).

PMMoV belongs to the Tobamovirus genus. Virus particles are rigid helical rods of
about 300 nm in length and 18 nm in diameter. Each particle consists of about 2130 copies of
17-18 kDa coat protein (CP) subunits which are arranged as a helix surrounding the viral RNA
(Fig. 1.2). The genome of PMMoV-S consists of a plus single-stranded RNA molecule of 6357
nt (Alonso et al., 1991) with a CAP (‘'mGpppG) structure at the 5 'end of the RNA bound to a
leader sequence fragment of 69 nt called “Q fragment”. It has been shown that this structure acts
as a translation activator for both prokaryotes and eukaryotes (Gallie and Walbot, 1992). At the
3'-end, the genome has 199 nt non-coding sequence (3’UTR) which adopts a structure of
truncated tRNA (Avila-Rincén et al., 1989). Both ends increase the translation of viral RNA
(Gallie and Walbot, 1992; Gallie, 1996). The viral RNA contains four open reading frames
(ORFs) which encode four different proteins (Fig. 1.3). The first ORF (nt 70-3423) encodes a
1117 aa protein called 126K protein. The suppression of the amber stop codon (UAG) in the
126K protein enables the read-through of nt 4908, so that an 1612 aa protein is translated that
has been designated as 183K protein. The third ORF (nt 4909-5682) encodes a protein of 257
aa, named as 30K protein. Finally, the fourth ORF (nt 5685-6158) encodes the 156 aa viral CP
(Alonso et al., 1991).

The 126 and 183K proteins are translated from the viral genomic RNA (gRNA), while
the 30K and CP are translated from 3'-coterminal subgenomic RNAs (sgRNAs), that are
synthesized by using the negative strand as template, where are located the subgenomic
promoters (rev. in Hull, 2002). The 126K protein has two domains, the methyltransferase
domain (aa 1 to 494), necessary for the formation of the CAP structure in the gRNAs and
sgRNAs (Dunigan and Zaitlin, 1990), and the helicase domain in the C- terminus of the protein
(aa 833 to 1086) necessary to unwind double-stranded RNAs formed during viral replication
and it has been implicated in the recognition of the 3’-end of RNA to initiate the synthesis of
minus strand RNA (Goregaoker and Culver, 2003; Tena et al., 2012). An inter-domain region
without any known specific function in virus replication is located between those two domains

(Koonin and Dolja, 1993).
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Fig.1.3. Genome organization of tobamoviruses. The boxes show the coding region of the
genome. A CAP structure is found at the 5'-end and the 3 end possesses the non-coding region
with a truncated tRNA structure. The genomic RNA is the template for the 126 and 183 kDa
replicase proteins. The two other ORFs coding for the 30kDa protein and the CP are translated
from subgenomic RNAs.

The other functions of the 126K protein are the ability to elicit the resistance mediated
by the Hk gene in pepper plants, assigned to the methyltransferase domain (Matsumoto et al.,
2009) and its capability to trigger the HR in tobacco plants containing the N resistance gene
after tobamovirus infection, assigned to the helicase domain (Padgett et al., 1997; Erickson et
al., 1999), as well as the thermoactivation of PMMoV-S at higher temperatures (Tena et al.,
2012).

The 183K protein contains the RNA-dependent RNA polymerase (RdRp) motif, at the
carboxy end of the protein, in addition to the methyltransferase and helicase domains, common
to the 126K protein. Its involvement in several viral processes, such as the interaction between
126 and 183K proteins, needed for viral replication, has been well established (Goregaoker et
al.,2001).

Both, 126 and 183K proteins, are required for viral replication (Ishikawa et al., 1986;
Lewandowski and Dawson, 2000). The 126K protein is also needed for short distance viral
movement (Hirashima and Watanabe, 2001). Furthermore, the 126K of both TMV and ToMV
have been identified as suppressors of gene silencing (Kubota et al., 2003; Ding et al., 2004,
Wang et al., 2010).

The 30K protein or viral movement protein (MP) is necessary for the cell-to-cell

movement of tobamoviruses (Deom et al., 1987; Meshi et al., 1987) through plasmodesmata,
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increasing their size exclusion limit (Wolf et al., 1989). The movement of viral RNA through
plasmodesmata takes place by interaction with the MP through a nucleic acid binding domain
which helps for its unfolding (Wolf et al., 1989; Oparka et al., 1997).

The CP protein is the only structural protein of tobamoviruses. It is required for the viral
long distance movement (Holt and Beachy, 1991; Simon-Buela and Garcia-Arenal 1999; Tena
et al., 2012), since a funtional CP for encapsidation is required for long distance movement of
the virus (Nelson and van Bel, 1998). Tobamovirus CP is also involved in the development of
symptoms in certain plant species (Culver, 2002) and it has been identified as the inducer of the
resistance conferred by the N’ gene in N. sylvestris (Culver and Dawson, 1989) and L'-L* genes
in Capsicum spp. (Berzal-Herranz et al., 1995; Gilardi ef al., 1998; Dardick et al., 1999; Gilardi
et al., 2004; Genda et al., 2007).

1.2. Viral infection cycle

PMMoV infection cycle has not been studied specifically but it is assumed to be the
same as that of other members of Tobamovirus. Tobamoviruses get its entry into the plant cells
through the mechanical damage of cuticle, into partially damage cells, and several processes
have to occur before virus cause a successful infection in the host plant: RNA uncoating, viral
replication and translation, viral cell-to cell and long-distance movement. In these processes,
viral and plant factors are involved and the success of progress depends upon the interaction

between plant and virus factors (Hull, 2002).

1.2.1. Uncoating of TMV

To initiate TMV infection, RNA must be uncoated. Shortly after the entry of virus inside
the cell, the process of particle disassembly starts and it is a bidirectional process (Wu and
Shaw, 1996). The 5’-3” uncoating is a co-translational mechanism. When translation is initiated,
the ribosomes start to proceed along TMV RNA and translate the 5° ORF and thus produce
126/183K replicase proteins by displacing the coat protein subunits. The process continues until
the ribosomes reach the stop codon of the 126/183-K ORFs. Wilson (1985), suggested that the
replicase protein released during the process might be helpful for the disassembly of the

particles in 3°-5’ direction associated to viral replication (Hull, 2002).
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Fig.1.4. Infection life cycle of positive strand RNA virus infection. (rev Roossinck, 2005).

1.2.2. Replication of viral RNA

Once the viral RNA is uncoated, it is ready for viral replication and translation. The
mechanism of TMV replication is the same as like other single-stranded RNA virus of positive
polarity. The replication of the positive strand RNA begins with the recruitment of the RNA to
the cytoplasmic side of membranes to form a replication complex in which the negative-strand
RNA is synthesised from the positive viral RNA template. In TMV-infected plants, two kinds of
RNA structures have been observed: the replicative form (RF) that is a base-pared structure with
full-length double stranded RNA chain, and the replicative intermediate (RI) that is only
partially double-stranded RNA and contains single-stranded nascent (+) RNA (Hull, 2002). Mas
and Beachy (1999) showed that TMV RNA, the viral replicase and the MP protein co-localized
at the endoplasmic reticulum (ER) and that were associated with ER-related vesicles. During
the replication process, the 30K and viral CP subgenomic RNAs are also produced (rev. in Hull,
2002). The replication process is thought to involve multiple types of host factors, many of
which have not yet been identified (Buck, 1996; Ahlquist et al., 2003; Ishibashi et al., 2010;
Pallas and Garcia, 2011).
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1.2.3. Translation

TMV translation is performed by the host translational machinery from both genomic
and subgenomic viral RNAs (Hull, 2002). The studies showed that circularization of viral RNAs
increased the efficiency of translation (Thivierge ef al., 2005). The M’GpppG CAP structure and
untranslated leader Q sequence are also helpful for the efficient translation. The tRNA-like
structure located at the 3’ end of the genome is helpful for the translation. The tRNA region is
preceded by several pseudoknots (PKs) of hairpin and loops and it was shown that this domain
interacts with the host initiation translation factor (eIF1A). This interaction is important for
replication because mutations in this region reduced the synthesis of RNA and viral
accumulation. The exact mechanism of action is still unclear, although eIF1A has been
suggested to stimulate replication in association with other host factors (Zeenko et al., 2002). It
was further proved that eI[F1A was also found to be abundant in the infected cell replicative
bodies, along with ribosomes, a fact supporting the hypothesis that it is a necessary factor for
translation and efficient replication of TMV (Thivierge et al., 2005). However, previous analysis
upon the translational activity of PMMoV and TMYV ruled out its role in translation since both
viruses translated with the same efficiency their encoded 126K proteins (Avila-Rincon et al.,

1989).

1.2.4. Viral movement

Following the initial round of replication in the cells, the virus has to move through the
plasmodesmata to nearby cells, a process termed either short distance movement or cell-to-cell
movement, until it reaches the vasculature. From the vascular system, viruses spread to the rest
of the plant, in a process known as long distance movement. This virus movement is thought to
be a passive process along with the flux of photosynthate (Lartey ef al., 1998); in contrast, cell-
to-cell movement is an active function, requiring a specific interaction between the virus and

plasmodesmata (PD).

1.2.4.1. Cell-to-cell movement
Cell-to cell movement of tobamoviruses takes place through PD and requires the viral
MP. Much experimental work has been done in the interaction between the virus factors and

plasmodesmata for cell-cell movement. The interaction is mediated by the MP of TMV which
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acts by increasing the exclusion limit (SEL) of plasmodesmata to facilitate virus movement (rev.
in Lucas and Gilbertson, 1994; Carrington ef al., 1996). The increase in PD SEL during TMV
spread is transient, returning to a restricted size after passage of the infection front (Oparka et
al., 1997). The MP itself also can move between cells when ectopically expressed (rev. in Niehl
and Heinlein, 2011). MP binds cooperatively to viral RNA giving an unfolded protein-RNA
complex that translocates through the PD enlarged channels (Citovsky et al., 1990; 1992). MP
protein also interacts with several plant proteins (Harries ef al.,, 2010). The first one described
was pectin methylesterase (PME) from the cell wall, and a function in increasing the
permeability of PD was postulated (Dorokhov et al., 1999; Chen et al., 2000). Interaction with
proteins located at plasmodesmata, such as calreticulin is necessary for efficient viral
dissemination through plasmodesmata (Chen et al., 2005), and a receptor of the plant host, an
ankirin repeat-containing protein (ANKs), that promotes reduction of callose deposits in PD and
an increase in PD SEL (Ueki et al., 2010) have also been described. The MP also interacts with
cytoskeletal elements such as F-actin (McLean et al., 1995) and microtubules (rev. in Niehl et
al., 2013) as well as with ER (Heinlein et al., 1998; Mas and Beachy, 1999; Asurmendi et al.,
2004). The mechanism by which MP modifies PD to enable intercellular traffic is not known
yet, but recent findings suggested that the SEL increase was due to the microfilament severing
activity of MP (Su et al,, 2010).

In addition to the MP, the 126K is also involved in TMV cell-to-cell movement
(Hirashima and Watanabe 2001; 2003). Although the mechanism remains unknown, recent
findings suggested that replicase and MP associate to viral RNA, cytoskeleton elements and host
factors to promote TMV viral complex intracellular and intercellular movement (Pefia and

Heinlein 2012; Liu and Nelson 2013).

1.2.4.2. Long distance movement

The virus moves long distance through phloem in a passive process, following the flow
of photosynthate from source to sink tissues (Leisner and Turgeon, 1993; Roberts et al., 1997;
Nelson and van Bel, 1998). By means of antisense approach, the role of PME was found to
support not only the cell-cell movement but also the long distance movement of TMV (Chen,
2003). On the virus side, many experiments have been done in support for the crucial role of

viral CP and MP in long distance movement. The CP of TMYV is essential for rapid systemic
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movement of virus (Dawson ef al., 1988). Although the role of MP in the systemic movement of
virus has not been directly shown, it has been suggested that the MP can work along with CP for
long-distance movement of TMV (Lucas and Gilbertson, 1994). However, the results obtained
by Gera et al., (1995) and Sareila et al., (2004) suggested that a functional MP is not required
for tobamovirus movement within the phloem. In addition, unloading from the phloem does not

seem to require either a MP or a functional CP (Sareila et al., 2004).

1.3. Plant-virus interaction

Viruses use various strategies to utilize cellular resources for their infection. The
interaction between virus and plant determines the outcome of the defence mechanism. Based
on their interaction with the host factors, the plant-virus interactions are classified as compatible
and incompatible ones. In compatible host-virus interactions, the infection spreads all over the
plant and results usually in the onset of disease symptoms. In this case the plant is susceptible to
the viral infection. By contrast, incompatible interactions result in cessation of virus replication
and/or movement at or near the sites of inoculation (Maule et al, 2002), and the plants are
immune or resistant to the infection.

When plants encounter a pathogen attack, they quickly activate the defence mechanisms
to arrest the pathogen attack. The mechanisms developed by the plant to prevent pathogen attack
were termed as innate and induced resistance. Innate defence is due to the absence of essential
host susceptibility factors (passive resistance) or to the existence of pre-existing physical and
chemical barriers that the virus is not able to overcome or to the induction of basal defense
mechanisms, at present unknown in plant-virus interactions. One kind of response is an induced
basal defence mechanism, where a non-specific defence response is induced by pathogen
associated molecular patterns (PAMPs), resulting in PAMP-triggered immunity (PTI). Some
viruses can evolve to acquire virulence factors (effectors) that contribute to pathogen virulence,
so that viruses succed to produce viral infection, resulting in effector-triggered susceptibility
(ETS) (Jones and Dangl, 2006). However, in some cases these virulence factors can be
specifically recognized by plant host resistance genes. They behave as avirulence factors (Avr)
and a specific defence response is induced, called effector-triggered immunity (ETI). This
response is a fast and amplified PTI response, resulting in disease resistance (Jones and Dangl,

2006; Chrisholm et al., 2006). The interaction triggers an HR which involves programmed cell
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death, which show similarity with the process of apoptosis described in animal cells (rev.
Greenberg and Yao, 2004), production of reactive oxygen species (ROS) (rev. Torres, 2010),
accumulation of defense phytohormones, salicylic (SA), jasmonic (JA), abscisic acid (ABA) and
ethylene (ET), (rev. en Robert-Seilaniantz et al., 2011), synthesis of antimicrobial compounds
and accumulation of metabolites (Dangl and Jones, 2001).

Associated to the HR a defence mechanism is induced that was further structured as local
acquired resistance (LAR) and systemic acquired resistance (SAR). Ross showed that when
tobacco plants were infected with TMV, the plants developed resistance against a further TMV
infection. The resistance developed at the infected leaves was termed LAR, whereas that
developed at the distal parts of the plants was termed SAR (Ross, 1961). Both LAR and SAR
induced by one pathogen are effective against a large variety of microbes and viruses
(Hammerschmidt, 2009).

Several studies have proven that when the plant is infected by a virus many changes
occurred at the gene expression level both during the compatible and incompatible interaction
(Whitham et al., 2003; Marathe et al., 2004; Postnikova and Nemchinov, 2012). Microarray-
based studies of compatible virus-plant interactions have shown that virus infection triggers
important changes in plant gene expression, including genes associated with the host defense
response to the pathogen. Stress and defence-related genes, such as pathogenesis-related (PR)
genes, genes involved in mantaining the redox homeostasis, transcription factors, etc., typical
for the incompatible interaction response, were up-regulated (rev. Whitham ef al., 2006).
However, in compatible interactions that defense response is weaker and delayed (rev. Desender

et al., 2007, Elvira et al., 2008).

1.4. Identification of a Glutaredoxin in C. chinense

Previous work from our group established that during the incompatible interaction
between PMMoV-S and C. chinense PI 159236 plants, harbouring the L’L’ gene, the HR is
induced and it activates the synthesis of ROS at early stages of plant-virus interaction (Gilardi,
2000). By using the “mRNA Differential Display PCR” technique (Liang and Pardee, 1992) and
RACE-PCR (Chenchik et al., 1998), a cDNA band was isolated whose expression was induced
during C.chinense compatible (PMMoV-I) and incompatible (PMMoV-S) interactions. The

nucleotide sequence analysis reavealed that it corresponded to a mono-thiol glutaredoxin (Grx)
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from the chloroplast. Grx may contribute to plant defence against oxidative stress caused by
viral infection and also it may contribute to maintain the redox poise of the plant required for
proper activation of host defence mechanisms (Gilardi, 2000; Gilardi et al., 2000)

Redox status of the cell plays an important role in the regulation of plant growth,
development and signaling pathways (Mahalingam et al., 2003; rev. Torres, 2010). In order to
maintain the proper redox status of cell, plants use many redox systems. One of the major
system is the Glutathione (GSH)/Grx system, that consists of Grx, GSH, Glutathione Reductase
(GR) and NADPH. Grxs reduces the mixed disulfides formed between the protein and GSH by
means of N-terminal Cys residue of the CXXC or CXXS active site motif through monothiol
mechanism. GSSG and reduced Grx are produced in that reaction. GSSG is again reduced to
GSH through GR by the consumption of electrons from NADPH. Monothiol mechanism is
performed only by Grxs whereas the dithiol mechanism is also done by Trxs (Juang and

Thomas, 1996; Nulton-Persson et al., 2003).

NADPH GSSG Protsin (S-S or S-SG)
GR
NADP* + H*}i GSH x GRKEQ“ x Protein (SH)
Fig.1.5. Redox cycle of Glutaredoxin system. Oxidized glutathione (GSSG); reduced
Glutathione (GSH), Reduced Grx (GRX ,.4), Oxidized Grx (GRX ).

Grxs comprises a family of low molecular weight proteins possessing oxidoreductase
activity. The discovery of Grx dates back to 1976, in which Holmgren identified an unknown
protein that could be able to substitute the function of thioredoxin (Trx) in E.coli. He named it
as Grx, because this protein was found to be dependent on GSG for its redox reactions
(Holmgren, 1976). Grxs belong to Trx fold family proteins. Structure of this family proteins is
characterized by having four B-strands surrounded by at least three a-helices from bacteriophage
T4 Grx to five helices in human Grx2 (Holmgren, 1995). They have a Cys-based active site.
Grxs have been reported from different organisms ranging from viruses (Jhonson et al., 1991),
prokaryotes (Holmgren, 1976), plants (Minakuchi et al., 1994), yeasts and human (Padilla et al.,

1995) in different isoforms. The other major proteins included in this family are Trx, glutathione
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S-transferase, DsbA (a protein involved in the disulfide formation in vivo), glutathione
peroxidase and protein disulfide isomerase (PDI). (rev. Martin, 1995). These structure-
conserved active site proteins have been reported from prokaryotes to eukaryotes. Many other
proteins also share the characteristics of these family proteins but they are described as a general

name of Trx-like structure (Rev.Lemaire, 2004).

1.4.1. Classification of Grxs

Initial classification of Grxs was based on their Cys residues active site as classical
dithiol and monothiol Grxs (Rodriguez-Manzaneque et al., 1999). Genome availability of
Populus trichocarpa, Arabidopsis thaliana and Oryza sativa have given better insight of Grxs in
plants and the number of Grxs reported from these plants were found to be 36, 31 and 48
respectively. As Grxs numbers reported from the plants got increased, the Grxs were further
classified into six classes.

Class I Grxs comprises Grxs with CxxC/S active site whereas class Il Grxs consists of
CGFS active site and both classes have been reported from cyanobacteria to land plants. During
evolution, higher plants have undergone gene duplication and gene fusion, so class I Grxs are
further subdivided into five subclasses (GrxCl1, C2, C3, C4 and C5/S12) and class II into four
subclasses (GrxS14, S15, S16 and S17). The naming was based on the presence of Cys or Ser at
the fourth position of the active site motif (CxxC or CxxS) of Grx (Couturier ef al., 2009a). The
other four classes of Grxs are restricted to specific organisms. Class III Grxs are the most
abundant Grxs and specific to land plants with a peculiar active site of CCxC or CCxS. 21 Grxs
out of the 31 reported in Arabidopsis belong to class III Grx (Rouhier et al., 2008).

Class IV, V and VI Grxs possess extra domains in addition to the Grx domain. Class IV
Grxs are restricted to terrestrial plants whereas members of Class V are present in bacteria and
class VI are restricted to cyanobacteria. The functions of these specific Grxs are at present
unknown (Couturier et al., 2009a).

Grxs are expressed under both biotic and abiotic stress conditions. GRX480 from
Arabidopsis was induced after the infection of plants with Pseudomonas syringae and also with
SA treatment (Ndamukong ef al, 2007). AtGrx17 expression was induced at elevated
temperature (Cheng et al., 2011).

1.4.2. Main functions of Grxs
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The primary function of Grx is to donate electrons and to reduce a broad range of
proteins involved in metabolic and signaling pathways. In addition to the reduction of
ribonucleotide reductase in E.coli (Aslund et al., 1994), Grxs have also been shown to reduce
peroxiredoxin II in poplar (Rouhier ef al, 2002), dehydroascorbate reductase in
Chlamydomonas (Zaffagnini et al., 2008) GR (Collinson et al., 2002) and glutathione-S-
transferase (Collinson and Grant 2003). CC type Grx reported from Arabidopsis regenerated the
peroxiredoxin (Finkemeier et al., 2005). They also participate in the regulation of several
transcription factors related to oxidative stress signaling in mammals (rev. Rouhier et al., 2002).
In Arabidopsis, GRX480 protein regulates the redox state of TGA protein and it is helpful in the
formation of TGA/NPRI1 complex which in turn leads to the activation of SAR mechanism
(Ndamukong et al., 2007).

In addition, Grxs are able to reduce the intra- and inter-disulfide bonds formed in or
between proteins and also the mixed disulfides between a protein and GSH through
deglutahionylation. Grxs can reduce the disulfides via dithiol or monothiol mechanism (Vlamis-
Gardikas and Holmgren, 2002). In dithiol mechanism, a transient state between Grx and protein
disulfides is achieved by the nucelophilic attack of N-terminal Cys of the Grxs. Next, the
electron is donated by the second Cys of the active site and the protein gets reduced and Grxs
get oxidized. Grxs with dithiol active site can perform the reduction of both protein disuphides
and GSH-thiol disulfides (Vlamis-Gardikas and Holmgren, 2002).

Under oxidative stress conditions, the increased generation of ROS causes damage to
macromolecules. One mechanism to protect proteins from such damage is protein
glutathionylation, in which a reversible disulfide is formed between the glutathione and free
accessible protein Cys. This reversible posttranslational modification not only protects specific
Cys from irreversible oxidation but also modulates protein activities and thus constitutes a
regulatory mechanism (rev. Zaffagnini et al., 2012). Recently, it has been described that the
activity of several enzymes, such as isocitrate lyase from Chlamydomonas reinhardtii
(Bedhomme et al., 2009) as well as methionine sulfoxide reductases B and glyceraldehyde-3-
phosphate dehydrogenase from A. thaliana (Tarrago et al., 2009; Bedhomme et al., 2012) are
regulated by this mechanism.

In addition to their oxidoreductase activity, an increasing number of experiments suggest

that Grxs are actively involved in the assembly of Fe-S cluster proteins or act as a scaffold
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protein for the assembly of Fe-S cluster proteins. These proteins are found in all kingdoms of
life and they take part in many biological processes in the cells like photosynthesis, respiration,
sulfur and nitrogen assimilation and chlorophyll catabolism (Jhonson and Smith, 2005). The role
of Grxs in Fe-S cluster biosynthesis was well studied in S. cerevisiae (Rodriguez-Manzaneque et
al., 2002; Miihlenhoff et al., 2003; Achebach et al., 2004). Disruption of Grx5 in S. cerevisiae
showed that the cells became impaired in Fe-S cluster biogenesis in mitochondria. The Grx5
mutants showed higher level of free iron accumulation in the cells and displayed deficiency in
Fe-S cluster assembly for at least two Fe—S proteins (aconitase and succinate dehydrogenase)
leading to impaired respiratory growth and increased sensitivity to oxidative stress (Rodriguez-
Manzaneque et al., 1999; 2002). Many Grx5 homologous from various organisms have been
tested for their function in Grx5 defective yeast cells. Substitution studies with human Grx5 and
chicken Grx5 and Grxs from E. coli and Synechocystis spp showed that they all could be able to
perform the function of Grx5 in yeast (Molina-Navarro et al., 2006). Plants Grxs were also
transformed into yeast Grx5 mutants in order to study their function in Fe-S cluster biosynthesis.
(Cheng et al., 2006; Cheng 2008) showed that either AtGRXcp or AtGRX4 from A. thaliana
restored the functions of yeast Grx5 when transformed into yeast Agrx5 mutants. Both of them

suppressed the iron accumulation and protected the yeast cells against oxidative damage.

1.4.3. Grx localization

Many Grxs reported from yeast, bacteria and mammals have been found to be localized
in different compartments. The number of Grxs reported from yeast, mammals and E.coli were
7, 4 and 4 respectively. In yeast Grx1 and Grx2 are characterized to be in cytosol, whereas Grx3
and Grx4 are predominantly located at the nucleus, Grx5 targets to mitochondria, and Grx6 and
Grx7 are found in the cis-Golgi (Mesecke et al., 2008).

In plants, putative localization of the Grxs were also shown to be present in different
compartments: cytosol, chloroplast, mitochondria and nucleus (rev. Lemaire, 2004; Rouhier et
al., 2004) and it is thought that these Grx proteins have specific functions in each compartment
(Cheng et al., 2006; Li et al., 2009). As plant Grxs are encoded by multigene families, the sub-
cellular localization study provided information about their possible functions. Most of the
knowledge about plant Grxs is available from Arabidopsis and poplar. AtGRXcp (4tGRXS14),
AtGRX4 (AtGRXS15) and AtGRXC5 were experimentally proven to be localized to
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chloroplasts (Cheng et al., 2006; Cheng, 2008; Couturier et al, 2011). AtGrxS13 and
AtGrxC10, were found to be diffused into the cell, having cytosolic localization (Couturier et
al., 2011). The CC-type Grxs, such as (GRXC7/ROXY1 and GRXC8/ROXY2) from
Arabidopsis were found to be nucleo-cytoplasmic (Li ef al., 2009) and Arabidopsis GRXC9 was
found to be localized in the nucleus (Ndamukong et al., 2007). The confocal microscopy
visualization of poplar Grxs showed that GrxS14 and GrxS16 were present in the chloroplast
whereas GrxS15 was located in the mitochondria (Bandyopadhyay et al., 2008). Grxs from
Ricinus communis and poplar plants were shown to be very abundant in the phloem sap, which
might indicate that Grx proteins are also secreted (Szederkenyi et al., 1997; Rouhier et al.,

2001).

1.4.4. Grx functions in plants

The most documented functions of Grxs are their involvement in the oxidative stress response in
bacteria, yeast, and mammals (rev. Meyer et al., 2009). In spite of the high number of grx genes
in plant genomes, the biological functions and physiological roles of most of them are at present
unknown. In Arabidopsis, only 8 out of 31 Grxs have been functionally characterized by genetic
methods (Laporte et al., 2012). Several studies suggest that plant Grxs are also involved in
protecting cells against oxidative damage. The Arabidopsis AtGRXcp and AtGRX4 have been
shown to play a critical role in protecting seedlings against external oxidants (Cheng et al.,
2006, Cheng, 2008). Furthermore, the loss of AtGRXcp function leads to protein oxidation in
chloroplasts which demonstrated that Grxs are involved in maintaining the redox state of
chloroplasts (Cheng et al., 2006). The Arabidopsis GRXS13 has been shown to be critical to
limit basal and photo-oxidative stress-induced ROS production, thus protecting against
oxidative cellular damage (Laporte et al., 2012). Recently, new emerging functions are being
described for plant Grxs (Rouhier et al., 2008). Grx plant proteins have been reported to be
involved in plant protection against different abiotic stresses (Sundaram et al., 2009; Sundaram
and Rathinasabapathi, 2010), as well as in plant development (Xing et al., 2005). Molecular
genetic evidence suggests that ROXY1, encoding a CC-type Grx, is required for petal
development in Arabidopsis (Xing et al., 2005; Li et al., 2009). Furthermore, it has been shown
that along with ROXY1, another CC type Grx, ROXY2, plays an important role in anther
initiation and differentiation (Xing and Zachgo, 2008).
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Plant Grx proteins can also be involved in redox regulation of protein activity by
reducing disulfide bridges or by reversible glutathionylation of the target proteins (Lemaire,
2004; rev. Zaffagnini et al., 2012). It has been described that the activity of some transcription
factors, such as PERIANTHIA (PAN) (Li et al., 2009), or TGA factors (Ndamukong et al.,
2007) are regulated by their interaction with either Grxs ROXY1 or GRX480, respectively.
Likewise, it has been shown that Methionine sulfoxide reductase B and glyceraldehyde-3-
phosphate dehydrogenase from A. thaliana are regulated by the
glutathionylation/deglutathionylation mechanism (Tarrago et al., 2009; Bedhomme et al., 2012).
Finally, the involvement of plant Grx proteins in Fe-S cluster biosynthesis has also been
described (rev. Rouhier et al., 2009). Rouhier et al., (2007) showed that poplar PtGrxC1 was
able to dimerize in vitro by incorporating a relatively stable Fe-S cluster. Recent studies, by
using yeast Agrx5 mutant cells, suggest that some Arabidopsis and poplar Grxs have an
important role in Fe-S cluster biogenesis (Cheng et al., 2006; Cheng, 2008; Bandyopadhyay et
al., 2008).

Many heterologous expression studies have been carried out to study the function of
plant Grxs. Yeast Agrx5 mutants were used to assess the function of different plant Grxs.
Expression of either Arabidopsis AtGRXcp or AtGRX4 into this yeast mutant showed that these
Grxs were able to suppress the iron accumulation and protected the yeast cells against oxidants
(Cheng et al., 2006; Cheng, 2008). Likewise, complementation studies with poplar Grxs
(GrxS14, S15, S16 and S17) in yeast Agrx5 mutants showed that only GrxS14 and S16 were
able to restore the function of Grx5 in yeast Fe-S cluster biosynthesis (Bandyopadhyay et al.,
2008). Heterologous expression in plants also revealed the roles of Grx plant proteins.
Expression of Pteris vittata Grx, PvGRXS, in Arabidopsis plants conferred much tolerance to
temperature than the control plants (Sundaram and Rathinasabapathi, 2010). Likewise the
ectopic expression of Arabidopsis Grx, AtGRX17, in tomato plants increased thermotolerance
(Wu et al., 2012). Over-expression of tomato Grx, SIGRX1, in Arabidopsis increases the plants
resistance against oxidative, salt and drought stresses (Guo et al., 2010). Furthermore the
expression of rice Grxs, OsROXY1 and OsROXY?2, in Arabidopsis complemented the function
of roxyl mutant phenotype and it was found that over-expression of these two Grxs led to

hypersensitivity to the infection caused by Botrytis cinerea (Wang et al., 2009).
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1.5. Pathogenesis of PMMoV-S and PMMoV-I in N. benthamiana plants

N. benthamiana plants belong to the Solanaceae family and are susceptible to both
PMMoV-S and PMMoV-I viruses. This host plant was used in this work to study the effect of
Cch Grx in PMMoV-I plant-virus interaction. The first steps of the infection are similar for the
two viruses, but at later stages of infection, PMMoV-I infected plants show signs of symptom
recovery. In 2003, Pérez Bueno observed that when N. benthamiana plants were inoculated with
PMMoV-I virus at the 3-5 leaves stage, the plants start to show recovery from infection from 21
dpi onwards, developing a longer elongation in the stem, and with symptomless leaves in the
recovered part of the plant, in contrast to those infected with PMMoV-S that do not recovered.

Thermoluminiscence analysis pointed to a higher lipid peroxidation in the PMMoV-S-
infected plants than in the PMMoV-I-infected ones (Rahoutei et al., 1999). In addition, the
fluorescence image analysis and the non-photochemical quenching measures of the dissipated
energy in other forms from the photo assimilates revealed characteristic patterns either in the
asymptotic (Pérez Bueno et al., 2006), or symptomatic leaves (Pineda et al., 2011), that
correlate to the viral accumulation pattern as revealed by tissue print analysis or after U.V.
illumination of GFP-labelled TMV (TMV-1056) (Pineda ef al., 2011, unpublished data from the
lab).

Furthermore, robotized thermal analysis and fluorescence image analysis of plants
infected with either PMMoV-S or PMMoV-I revealed an increase of temperature at 7 dpi
associated to the main veins. This increase has been associated to stomatal closure, being prior
to the detection of viral accumulation and to the observed changes in the fluorescence emitted
by chlorophyll. It has been proposed that the increase of temperature is a systemic defence
mechanism regulated by the loss of water (Chaerle et al., 2006).

The infection by the S and I strains of PMMOoV is associated to a diminished efficiency
of the photosynthetic activity in the Photosystem II, as well as to a reduced accumulation of the
24K and 16K proteins from the Oxygen Evolving Complex (OEC) in the thylakoid membranes
of the plants (Rahoutei et al., 1999). Furthermore, Pérez-Bueno et al., (2004) showed, by means
of protein 2-D gel analysis and immunodetection, a selective reduced accumulation of distinct
isoforms of the 24K protein in the PMMoV-S-infected plants. The three proteins from the OEC
are encoded by multigene families (Pérez-Bueno et al., 2011). A reduced accumulation of their

mRNAs is observed along the viral infection, except for the recovery phase of the PMMoV-I

34



Introduction

infection (Pérez-Bueno, 2003). The reduced accumulation is less significant when total protein
extracts were analyzed, thus indicating that the three proteins are regulated both at the
transcriptional and post-transcriptional levels (Hakmaoui et al., 2012). It has been proposed that
the accumulation of either the 33K protein or 24K protein in the chloroplast maintain the redox
poise of the cell (Peltier et al., 2000; Abbink et al., 2002).

The proteomic analysis of the chloroplast from PMMoV-S-infected plants corroborated
the existence of isoforms of the 16K protein and revealed the diminished accumulation of
proteins from the photosynthetic electron transport and Benson-Calvin cycle (Pineda et al.,
2010).

Further studies (Tena, 2012) showed, by constructing chimera viruses containing
different genomic regions from PMMoV-I in the context of PMMoV-S that the recovery
phenotype was due to regions in the 126K protein from PMMoV-I being at present unknown
whether it is due to either the methyltransferase domain or the entire 126K protein. In these
studies Tena (2012) has determined that the recovery phenotype was not associated to a
diminished viral accumulation as in the case of PMMoV-I and therefore, the data ruled out that
plant recovery was due to post-transcriptional gene silencing (PTGS) resistance mechanism,
although specific viral siRNAs were detected.

Furthermore, it has been shown that there are not much differences in the different
hormones, enzymes and metabolites assayed in the plants infected with either viral strain at the
earlier stage of infection, i.e. at 7 and 14 dpi, at variance what it has been determined from 21
dpi onwards, up to 28 dpi, the last time point analyzed, where there are significant differences
(Hakmaoui et al., 2012; Tena, 2012). Tena (2012) has determined that ET accumulates as a host
response against viral infection up to 14 and 28 dpi, in the plants infected with PMMoV-S and
PMMoV-I, respectively, at variance to the described in TMV-infected tobacco plants, in which
no ET was detected and that could be due to the stage of the infection (ref. in Goodman et al.,
1986).

The recovery phenotype is associated to defence mechanisms such as the accumulation
of nitric oxide, ROS, SA, increase in respiration, reduction in abscisic acid content,
accumulation of pathogen-related proteins (PRs), increase in superoxide dismutase maintenance
of the content of three peroxiredoxins and the glutathione pool. It is at present unknown,

whether these defence mechanisms are due to their activation by either the PMMoV-I
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methyltransferase domain or the 126K protein or because that protein is not able to suppress
plant basal defence mechanisms as the helicase domain of TMV does in 4. thaliana plants
(Wang et al., 2009; Hakmaoui et al., 2012; Tena, 2012).

In addition, Tena (2012) has determined that the recovered part of the plants infected
with PMMoV-I, are less susceptible to further reinoculation with either homologous or
heterologous viruses, thus indicating that in this part of the plants defence mechanisms are
activated as it could be also inferred from the higher accumulation of PR proteins in these part
of the plant, an indicator of resistance mechanisms in susceptible interactions (Elvira et al.,

2008).

1.6. PR proteins

PRs proteins are low molecular weight proteins produced by plants under pathological or
related situations. PRs get accumulate in plants after pathogen attack by virus, viroids, bacteria,
fungi, nematodes, insects and herbivores as well as after wounding and certain abiotic stress
conditions (rev. van Loon et al., 2006).

PR proteins were first observed in tobacco plants infected with TMV (van Loon and van
Kammen, 1970). On the basis of amino acid sequence data and biochemical functions, PR
proteins have been classified into 17 families (PR-1 through 17) (Rev. van Loon et al., 2006).
Within each PR family, several isoforms exist as acidic and basic forms. Usually PR genes are
expressed at basal level at normal conditions but upon pathogen attack the expression level get
increased. Many PR protein mRNAs expressions were also altered under abiotic stress
conditions such as cold and light (Hon ef al., 1995; Zeier et al., 2004) and at different
developmental steps such as leaf senescence (Morris ef al., 2000; Obregon et al., 2001) and
flowering (Lotan et al, 1989). Over expression of PR genes in transgenic plants stated that
plants showed better disease resistance when co-ordinately expressing a set of PR genes than
when the individual genes were expressed (Zhu et al., 1994).

Distinct sets of PR proteins are induced by different pathogens. It is currently accepted
that in Arabidopsis, biotrophic and hemi-biotrophic pathogens mainly induce the SA-dependent
defence signalling pathway that regulates the expression of acidic PR proteins such as PR-1,
PR-2, and PR-5, often used as markers to monitor SAR induction (Ryals et al., 1996), whereas

the ET- or JA-dependent signaling pathways are mainly induced by necrotrophic pathogens,

36



Introduction

which regulate the expression of basic PR proteins such as PR-2, PR-4, and PDF1.2
(Glazebrook, 2005; van Loon ef al., 2006). Cross-talk among these signaling pathways provides
the plant a regulatory way for fine tuning the defense response against pathogens (Pieterse et al.,
2012). The PRs analyzed in this work correspond to markers of the SA-dependent pathway
(acidic PR-1, PR-2 and PR-5) and ET-dependent pathway (basic PR-2) (rev. van Loon et al.,
2006).

SA brings about the expression of PR proteins through the activation of transcription
factors. Transduction of the SA signal to activate PR gene expression and SAR requires the
function of NON-EXPRESSER OF PATHOGENESIS-RELATED GENES 1 (NPR1) (rev.
Pieterse and van Loon, 2004). Analysis of the loss-of-function of NPR1 revealed that it plays a
central role in SAR mediated signalling (Bonas and Lahayae, 2002). NPR1 is devoid of DNA
binding site and it activates the PR gene expression indirectly by interacting with sequence
specific TGA transcription factors. According to the current model, NPR1 protein is located in
the cytosol as an oligomer (Mou et al., 2003). Changes in the redox state of the cell leads to the
reduction of critical Cys residues in NPR1 giving the monomeric form (Tada et al., 2008) and
thus further facilitating its translocation to the nucleus from cytoplasm. NPR1 and TGA factors
interact in the nucleus and activate defense gene expression, although this mechanism is still not

well understood (Fu and Dong, 2013).

1.7. 9-Lipoxygenase (9-LOX)

Lipoxygenases (Linoleate: Oxygen reductase; EC 1.13.11.12) (LOX) are enzymes that
catalyze the regio and stereo specific insertion of molecular oxygen into polyunsaturated fatty
acids containing a (1Z, 4Z)-pentadiene system (i.e. linoleic and o-linolenic acid) to produce
unsaturated fatty acid hydroperoxides (oxylipins). Oxygen insertion takes place either at C-9 (9-
LOX) or at C-13 (13-LOX) of the carbon backbone of a-linolenic acid to form (9S)-
hydroperoxyoctadecatrienoic acid (9-HPOT) and (13S)-hydroperoxyoctadecatrienoic acid (13-
HPOT) (Siedow, 1991). LOX initiates the synthesis of either acyclic or cyclic compounds called
oxylipins (rev. Porta and Rocha-Sosa 2002). The oxylipins produced through LOX pathways act
as signals for plant defence and development (rev. Lopez et al., 2008). 9-LOX pathway induces
plant defence response through a JA-independent signaling pathway (Vellosillo et al., 2007).
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Several studies have revealed that 9-LOX pathway plays an important role in the
development of HR and disease resistance (Montillet ez al., 2005; Lopez et al., 2011; Vicente et
al., 2012). 9-LOX activity and expression increases with the induction of HR in tobacco (Rancé
et al., 1998, Montillet et al., 2002), potato (Gobel et al., 2002), cotton, (Sayegh-Alhamdia et al.,
2008) and pepper plants (Hwang and Hwang, 2010). Moreover, experiments in Arabidopsis
showed that 9-HPOT produced by 9-LOX pathway was necessary for developing resistance
against Pseudomonas syringae pv. tomato (Pst) (Vicente et al., 2012).However, in compatible
interactions, 9-LOX expression was delayed and reached much lower levels (Hwang and
Hwang, 2010), except for plant-pathogen interactions leading to systemic necrosis (Garcia-
Marcos et al., 2009; 2013). In this sense, it is important to note that 9-LOX derived oxylipins
were found to be sufficient for the initiation of programmed cell death (PCD) and HR in tobacco
plants infected with Ralstonia solanacearum (Cacas et al., 2005).

Apart from taking part in plant defence, 9-LOX are also involved in plant developmental
processes. The 9-LOX derived products have been found to play an important role in
Arabidposis and maize root development, (Vellosillo et al., 2007; Gao et al., 2008), in potato
tuber development (Kolomiets ef al., 2001) and in almond seeds development (Santino et al.,

2005).

1.8. Enzymes related to Grxs

1.8.1. Glutathione Reductase (GR)

GR is a member of flavoprotein oxidoreductase family found in both prokaryotes and
eukaryotes. GR catalyzes the conversion of oxidized GSSG to the reduced form (GSH) using
NAD(P)H as an electron donor (Meister and Anderson 1983). GR plays an important role in
maintaining the antioxidant machinery of cells (Ansel et al., 2006) and maintains the cellular
redox state by utilizing the reducing power of GSH (Lillig ef al., 2008). In the Grx system, GR
plays an important role by transferring the reducing equivalents from NADPH to oxidized
glutathione (GSSG) and thus maintaining the reduced glutathione level for the reduction of Grx.

GR plays an important role in response to both biotic and abiotic stresses in plants. GR
activity was found to decrease in tomato plants when infected with Botrytis cinerea (Kuzniak
and Sklodowska, 2005) and in apricot seeds when infected with Prunus necrotic ringspot

rvirus (PNRSV) (Amari et al, 2007). However, GR level was found to increase in Hibiscus
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cannabinus plants when infected with Mesta yellow vein mosaic disease (Sarkar et al., 2011).
GR activity was also found to vary at different abiotic stresses. An increase in GR activity was
found in C. annuum plants in the presence of Cd (Ledn ef al., 2002) and in chickpea seedlings
roots following salt stress (Eyidogan and Oz, 2007).

Furthermore, the function of plant GR proteins was analyzed by heterologous expression
either in yeast GR-deficient mutants (Chen et al., 2007) or in plants (Kornyeyev et al., 2003;
Chen et al., 2007). The results indicated that GR has a critical role in protecting cells against
oxidative stress and showed that GR over expression enhanced resistance against abiotic stress

(Kornyeyev et al., 2003) and pathogens (Chen et al., 2007).

1.8.2. Glutathione-S-transferases (GST)

GSTs are multifunctional dimeric proteins that catalyze the conjugation of reduced GSH
to electrophilic centers found over a wide variety of hydrophobic compounds through the
sulfthydryl group (Douglas, 1987; Cummins et al., 2011). GST function was first reported as to
degrade the herbicide chloro-S-triazine atrazine to a nontoxic form by conjugating GSH to the
herbicide (Shimabukuro, 1971), thereby protecting the crop from this herbicide injury. The
conjugation of GSH usually results in the detoxification of toxic compounds (Ketterer et al.,
1988; Mannervik and Danielson, 1988) playing a key role in cellular detoxification (rev. Marrs,

1996; Dixon and Edwards 2010).

The general mechanism of GST catalyzation is as follows:
GSH+RX — GSR+HX

In plants, the number of genes encoding GSTs is relatively high with more than 50
members in Arabidopsis. This GST superfamily is subdivided into classes reflecting sequence,
structural and functional diversification (Dixon and Edwards 2010). GST gene expression was
induced under either biotic or abiotic stress conditions (rev. Moons, 2005; Sappl et al., 2009;
Jain et al., 2010). In addition to herbicide application, plant GSTs are induced by H,0O,, auxin
and SA (Boot et al, 1993; Levine et al., 1994; Chen et al., 1999; Sappl et al., 2009) by
wounding and temperature (Boot et al, 1993; Vollenweider et al., 2000) as well as by
pathogens (Mauch and Dudler, 1993; Wagner et al., 2002; Lieberherr et al., 2003). The

antioxidant activity of GSTs could limit symptom development during compatible pathogen
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interactions, or restrict necrotic lesion development in non-compatible interactions (Alvares et
al., 1998). It has been suggested that GSTs may be induced in response to general cellular
injury and oxidative stress caused by those different stresses (Marrs, 1996), thus protecting
plants against oxidative damage (Dalton et al., 2009). Thus, GST expression is used as a marker

of plant response against oxidative damage.

1.9. Pyridine Nucleotides (PNs)

Redox reactions are fundamental metabolic processes by which cellular catabolic and
anabolic processes proceed in order to convert and distribute the energy for plant growth and
development (Noctor, 2006). Cellular redox state is a hypothetical state that comprises of both
oxidized/reduced states of distinct redox-active metabolites. The three major redox determinants
of the cells are ascorbate (ASC), GSH and the PNs (Queval et al., 2007). Among them, PNs
have a key role in the redox state of the cell as they are involved in maintaining the redox state
of both ascorbate and GSH along with other systems. PNs include nicotinamide adenine
dinucleotide (NAD) and its phosphorylated form, NADP. They are present in the cell as
oxidized (NAD', NADP"), and reduced forms (NADH and NADPH) and they are ubiquitous
biomolecules found in both prokaryotic and eukaryotic living organisms. These biomolecules
act as coenzymes in biochemical reactions as they transfer hydrogen atoms and electrons from
one compound to another through redox reactions (Noctor, 2006).

The structure of B-Nicotinamide adenine dinucleotide (NAD), known as Nicotinamide
adenine dinucleotide, consists of two nucleotides joined together by means of their phosphate
group. The two nucleotides found in the structure are adenosine monophosphate (adenine plus
ribose-phosphate) and nicotinamide ribotide (nicotinamide plus ribose-phosphate) (Fig.1.6).
Nicotinamide is the active part of the structure which takes part in oxidation and reduction
processes. The oxidized form NAD" has one hydrogen atom less than the reduced form
(NADH), and has a positive charge on the nitrogen atom which allows it to accept a second
electron upon reduction. NADP is the phosphorylated derivative form of NAD. NADP structure
is identical to that of NAD but have an additional phosphate group at the ribose residue.

PNs are involved in many metabolic processes and are found in all of the plant
compartments. They are transported within other compartments through different metabolite

shuttles (Day and Wiskich, 1981; Journet et al., 1981; Heineke et al., 1991; Reumann et al.,
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1994). The level of PNs were measured and their roles have been studied in mitochondria
(Igamberdiev and Gardestrom, 2003), chloroplast (Takahama et al., 1981) and peroxisomes
(Reumann et al., 1994) where the active functions of respiration, photosynthesis and
photorespiration take place. These biomolecules are involved in cellular energy metabolism,

including glycolysis, TCA cycle and oxidative phosphorylation (Hunt et al., 2004).
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Fig.1.6.(a). Structure of NAD. NAD structure consists of Adenosine monophosphate (adenine plus
ribose-phosphate) and nicotinamide ribotide. (b) Structure of NAD moiety in oxidized and reduced
conditions.

PN levels get changed at different stage of plant growth (Yamamoto, 1963; Bonzon et
al., 1983; Queval and Noctor, 2007; Hunt and Gray, 2009) and they also play an important role
in cellular development. Experiments with Arabidopsis cell culture showed that PNs are
involved in maintaining the redox homeostasis of the cells during the growth cycle (Pellney et
al., 2009).

PNs play an important role in the activation of redox dependent transcription of genes.

Induction of NAD contents in the leaves cause increased accumulation of GLIPI, RPM1-
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interacting protein 4, chitinases, several genes involved in glucosinolate metabolism and WRKY

transcription factors (Pétriacq et al., 2012).

Recently, PN pools have been found to correlate with cellular processes that are involved
in stress responses both in animals and plants (Berger ef al., 2004; Hunt et al., 2004) as well as
in plant response against pathogens (Pétriacq et al, 2013). Thereby, an increase in NAD
accumulation, as it is produced in the CMSII mitochondrial mutant of N. sylvestris, improved
plant ozone tolerance and resistance to virus infection, thus suggesting that NAD may be
involved in plant defence responses (Dutilleul ef al., 2003, 2005; Djebbar et al., 2012). Several
lines of evidence corroborated that an increase in NAD accumulation in Arabidopsis plants,
either by exogenous application of PNs or by over expression of nadC gene from E. coli,
modulates plant responses through gene expression and mainly influences the induction of
various pathogen-related genes and also stimulates plant resistance against Pseudomonas

syringae (Zhang and Mou, 2009; Pétriacq et al., 2012).

42



2.0BJECTIVES



Objectives

The most documented functions for Grxs are their involvement in the oxidative stress
response (Holmgren 2000; Cheng et al., 2006), but recently, new emerging functions are being
described for plant Grxs (Rouhier et al., 2008). Grx plant proteins have been reported to be
involved in plant protection against different abiotic stresses (Sundaram et al., 2009), in protein
activity regulation (Lemaire, 2004; Ndamukong et al., 2007; Li et al., 2009) as well as in plant
development (Xing et al., 2005: Xing et al., 2008). The main aim of this work was to
functionally characterize the C. chinense Grx (Cch Grx) protein and to study its relationship

with the infection caused by the plant virus PMMoV-1.

In this study we took the following tasks to functionally characterize the protein:

1. Molecular, cellular and enzymatic characterization of C. chinense Grx protein.

2. Analysis of the effect of Cch Grx constitutive expression over PMMoV-I viral
accumulation.

3. Study of the underlying resistance mechanism/s mediated by Cch Grx against
PMMoV-I viral infection.

4. Analysis of Cch Grx contribution in maintaining the redox state of pyridine
nucleotides in the cell.

5. Analysis of the role of Cch Grx in tolerance against abiotic stress.

6. Elucidating Cch Grx involvement in Fe-S cluster assembly mechanism.

Work approach:

To address these objectives we expressed Cch Grx protein in different biological systems,
bacteria, yeasts and plants. For the study of Cch Grx expression in plants, we used N.
benthamiana Domin transgenic plants, previously obtained in our group, that constitutively
express the native Cch Grx choroplastic protein of C. chinense (Grx Exp), Cch Grx fused to GFP
(Grx:GFP) and a protein with a deletion of 63 aa at its amino terminus fused to GFP
(A2M:Grx:GFP) that does not located to the chloroplasts but to the nuclei. This plant host is
susceptible to all the tobamoviruses and it will be appropriate to study the role of Grx in a plant-
virus compatible interaction. The Italian strain of Pepper mild mottle virus (PMMoV-I) was

chosen to carry out this study, because preliminary experiments from our lab had shown a
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reduction in the accumulation levels of virus at late times of infection (Montes-Casado et al.,

2010).

The constructs of Cch Grx used for N. bentamiana transformation are shown below:

pBin19 GFP

Grx Exp

Grx:GFP

A2MGrx:GFP

Constructs
[
oo Gre s
— m
ATGATG ATG
358
ATIGIATGATG
358 G GFP
—4 = I
[
358 G GFP
_4 L2 I

terminator.

Fig. 2.1. Constructs used for transformation of N. benthamiana plants were cloned in the
vector pBIN 19. pBIN 19:GFP, native Cch Grx (Grx:Exp), Cch Grx fused to GFP (Grx:GFP)
and a N-deleted 63 aa Cch Grx fused to GFP (A2M:Grx:GFP) constructs were used. 35S:
Cauliflower mosaic virus promoter; GFP: Green fluorescent protein; NOS: Nopaline synthase
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Materials and Methods

3.1. Virus
The tobamovirus used was the Italian strain of Pepper Mild Mottle Virus (PMMoV-I)
described by Wetter et al., (1984) and was a kind gift from Dr. M. Conti (Italy).

3.2. Plants

Nicotiana benthamiana Domin wild type plants and the transgenic N. benthamiana plants
constitutively expressing GFP (Nb:GFP line 11), native Cch Grx (Nb:Grx line 3), a Cch
Grx:GFP fusion protein (Nb:Grx-GFP line 16) and a 63 aa truncated Cch Grx fused to GFP
(Nb: A2MGrx-GFP line 40) were used in this work. These transgenic lines were selected from
previous experiments in our laboratory and analyzed for their constitutive expression of the

corresponding Grx.

3.3. Bacterial strains

Escherichia coli strains DHSa (supE44 AlacU169, (8fi80lacZAM15) hsdR17 recAl end
Al gyr A96 thi-1 rel Al DE(argF-lac) 169) (Hanahan, 1983), and M15(pREP4) derived from E.
coli K12 and have the phenotype Nal®, Str™ Rif°, Thi,, Lac™ Ara”, Gal®, Mtl, F', RecA", Uvr',

Lon" (QIAexpressionist™)

3.4. Yeast strains

Saccharomyces Description Reference

cerevisiae strain

W303-1B MAT alpha his3 ura3 leu2 ade2 trpl Rodriguez-Manzaneque
et al., 2002

MML100 MATa his3 ura3 leu2 ade2 trpl Agrx5::GEN R Rodriguez-Manzaneque
et al., 2002

MML240 MATa his3 ura3 leu2 ade2 trpl [pMM54(GRXS5- | Molina et al., 2004
3HA)|::LEU2+ Agrx5::GEN R

TI11 MATa his3 ura3 leu2 ade2 trpl [pMM1025(Cch | This work
Grx-3HA)|::LEU2+ Agrx5::GEN R

45




Materials and Methods

3.5. Immunosera
Anti PMMoV-CP: The immunosera against the PMMoV coat protein (CP) was obtained in our
laboratory (Alonso et al., 1989). For the detection of PMMoV CP by Western blot and by

immunofluorescence dilutions 1/1000 and 1/100 were used, respectively.

Anti-Grx: Immunosera against the C. chinense glutaredoxin was obtained in our laboratory by
using E. coli-expressed 6xHistidine tagged Cch Grx protein (His-Grx). The purified protein was
used for rabbit immunization. The Cch Grx specific inmunoserum was used at 1/1000 dilution
for detection of Grx protein expression by Western blot analysis.

GFP specific polyclonal antibodies: GFP (FL): sc-8334 from Santa Cruz Biotechnology, INC

(Heidelberg, Germany) was used at 1/250 dilution for GFP detection by Western blot analysis.
HA epitope specific monoclonal antibody: 12CAS5 anti-HA mAb (Roche Diagnostics,

Mannheim, Germany) was used at 1:2500 dilution.

Anti-Digoxigenin alkaline phosphatase (AP) conjugated Fab fragments (Roche Diagnostics

GmbH, Mannheim, Germany) was used at 1:10,000 dilution.

Secondary antibodies:

Horseradish Peroxidase-Linked Goat anti-rabbit IgGs (Santa Cruz Biotechnology)
Anti-Mouse IgG, Horseradish Peroxidase-linked species-specific whole antibody (GE
Healthcare).

Alexa 488 labelled Goat anti-rabbit IgG antibodies (Molecular Probes)

AP-labelled Goat anti-rabbit IgG antibodies (Sigma)

3.6. Cultivation of plants on soil
N. benthamiana plants were grown in growth chambers at 25°C, with 65% relative

humidity and a photoperiod of 16 hrs light with a light intensity of 6,500 lux.

3.7. Cultivation of plants in selection media

R1 and R2 seeds from the N. benthamiana transgenic lines were surface sterilized in 10%
bleach for 15 minutes and washed 3-4 times with sterile water. Subsequently, they were cultured
in solid Murashige and Skoog media (MS) with 3% sucrose (Murashige and Skoog, 1962)

containing 50 pg/ml of kanamycin as selection medium. The plants were grown in growth
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chambers at 25°C under sterile condition with a photoperiod of 16 hrs light and a light intensity
of 10,000 lux.
After grown for 14 days in in vitro conditions, the plants were transplanted to pots containing

soil, and they were grown as above described.

3.8. Analysis of C. chinense Grx expression in N. benthamiana transgenic plants

In order to determine the accumulation level of Cch Grx in N. benthamiana transgenic
plants harbouring each construction, systemic leaves from 6 week-old plants were sampled and
total proteins were extracted by using 2x Laemmli buffer (100 mM Tris-HCI, pH 6.8; 4% SDS;
200 mM DTT; 0.6 mM PMSF; 20% glycerol and 0.05% bromophenol blue) (Laemmli, 1970) in
the proportion of 5 pl of buffer/1 mg of fresh tissue. Samples were heated at 95°C for 5 min
followed by sonication for 5 min in a water sonicator (JP Selecta, Barcelona Spain) and then
centrifuged at 20,000 g for 5 min. Protein content of Cch Grx, Cch Grx-GFP and Cch A2MGrx-
GFP was assayed by Western blot analysis. Proteins from 5 pl of total extracts (1 or 0.1 mg of
fresh tissue, depending on the transgenic line) were separated by electrophoresis on SDS
polyacrylamide gels (SDS-PAGE) according to Laemmli (1970), by using 17.5% and 5 %
polyacrylamide as resolving and stacking gels, respectively. Western blot analysis was
performed as described in Ruiz del Pino et al., (2003) by using Cch Grx specific immunoserum
diluted at 1/1000. The immunoreactions were visualized with the ECL chemiluminescence kit
(GE Healthcare Amersham) following manufacturer’s instructions. The enzymatic reaction
produces a luminescent compound that is detected by visible light sensitive films (Hyperfilm,

Pharmacia).

3.9. Plant virus inoculation and purification

In order to purify the virus, PMMoV-I was propagated in N. benthamiana Domin plants.
The first pair of developed leaves from 6 week-old plants were mechanically inoculated with
purified PMMoV-I virion preparation at the concentration of 50 pg/ml in inoculation buffer
(0.02 M sodium phosphate buffer, pH 7), by using carborundum as abrasive. Ten days after
inoculation, virus was purified by the method described by Garcia-Luque et al., (1990). The viral
concentration was calculated by spectrophotometric methods using a &0, 0.1 = 3 (Wetter et al.,

1984).
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3.10. Purification and analysis of viral RNA

The viral RNA was purified by following the method described in Garcia-Luque ef al.,
(1990). The purified viral RNA was quantified in a spectrophotometer NanoDrop™ 1000
(Nanodrop Technologies) and analyzed by 0.8% agarose gel electrophoresis as described in 2.16
paragraph. The RNA was kept at -80°C.

For either viral or plant RNA analysis, buffers were sterilized and equipment was treated

with 10% SDS solution before electrophoresis in order to avoid ribonuclease contamination.

3.11. Cultivation of E. coli

Bacterial strain of E. coli DH50 was used for cloning and purification of plasmids and the
strain M15 (pRep4) was used to express the C. chinense Grx protein. Bacteria were cultivated at
37°C in Luria-Bertani (LB) media (Sambrook et al., 1989). Media were supplemented with the
required antibiotics for selection of transformants, 50 ug/ml ampicillin for selection of E. coli
DH50 clones, and 100 pg/ml ampicillin plus 25 pg/ml kanamycin for selection of
M15(Rep4):Cch Grx clones. Bacterial clones were stored at -80°C in the same medium in the
presence of 20% glycerol (v/v). Growth in solid medium was carried out in LB medium with

1.5% agar, supplemented with the corresponding antibiotics for the selection of transformants.

3.12. Preparation of E. coli electro-competent cells and transformation

The bacterial transformation was carried out by electroporation. To prepare electro-
competent cells, a single bacterial colony was grown in 10 ml of LB medium for 12 hours. 2.5
ml of this culture was used to inoculate 500 ml of LB medium without NaCl and the culture was
grown until the bacterial density reached 0.4-0.5 OD at 600 nm. The bacteria were collected by
centrifugation for 15 min at 2600 g at 4°C, and the pellet was resuspended in 450 ml of ice-cold
sterile 10% glycerol. The centrifugation was repeated 3 times and the pellet was resuspended in
in 250, 10 and 2 ml of ice-cold sterile 10% glycerol. Finally, the bacterial suspension was
distributed onto aliquots of 50 pl, frozen in liquid nitrogen and stored at -80°C.

For bacteria transformation, DNA ligation reaction mix was dialyzed against sterile
distilled water with Nitrocellulose filters 0.025 pm (Millipore Corporation, Bedford, MA) and

mixed with a bacterial aliquot. Transformation was performed by electroporation in a Gene-
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pulser unit (Bio-Rad Laboratories) set at 2.2 KV, 25 puF and 200 Q in 0.2 cm cuvettes (Bio-Rad

Laboratories).

3.13. Manipulation of DNA
3.13.1. Plasmid Purification
For the purification of plasmid DNA, bacteria were grown in 500 ml of LB medium
supplemented with the required selection antibiotics and the plasmids were purified using the
"Qiagen Plasmid Midi Kit" (Qiagen), following the protocol described by the manufacturer.
DNA concentration was determined spectrophotometrically using a &xe0 0.1% = 21 (Billeter

et al., 1966).

3.13.2. Enzymatic treatment of plasmid DNA
The manipulation of DNA with restriction enzymes was carried out by following the

instructions provided by the suppliers and according to established protocols (Sambrook et al.,

1989).

3.13.3. PCR DNA amplification

DNA fragment amplification was performed by polymerase chain reaction (PCR)
essentially as described in Tenllado et al., (1994), using plasmid DNA (0.5 pg) as template. The
reaction mixture contained, in a final volume of 50 pl, 1x enzyme buffer, 0.2 mM each dNTPs
(Promega), specific primers for the fragment amplification at a final concentration of 0.5 uM and
0.01 U of High-Fidelity DNA Polymerase (Finnzymes). The annealing temperature was
calculated based on the AT-GC percentage of the primers (n° AT bases x2 + n° GC bases x4).

3.13.4. Electrophoretic analysis of DNA

DNA samples were analyzed by 0.8% agarose gel electrophoresis containing ethidium
bromide (0.5 pg/ml). Samples were diluted with 0.2 volumes of loading buffer (30% glycerol,
0.25% bromophenol blue and 0.25% Xylene cyanol) before loading onto the well. The buffer
used for electrophoresis was TAE buffer (40 mM Tris-acetate, | mM EDTA, pH 7.8) and the
voltage applied was 5 V/cm. The bands were visualized by UV illumination. EcoRI/HindlIl
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digested- A phage DNA and the SaulllA-digested pUC18 plasmid were used as DNA size

markers.

3.13.5. Recovery of DNA from agarose gels

In order to purify either DNA fragments or digested plasmids, an electrophoresis in low-
melting-temperature agarose (Seakem GTG agarose, BMA) was performed. Once the DNA
fragments were separated, DNA bands were visualized under UV, cut and eluted from the
agarose gel by freezing and thawing in the presence of phenol. For this purpose, the agarose
containing the DNA band of interest was grinded with a volume of 0.1 M Tris pH 8-saturated
phenol. The homogenate was frozen at -80°C for 3 min and then centrifuged at 20,000 g for 15
min. The aqueous phase was collected and subjected to two consecutive extractions with
phenol:chloroform:isoamyl alcohol (25:24:1). Subsequently, the DNA was precipitated by
adding 0.1 volumes of 3 M Sodium acetate pH 5.2 and two volumes of 100% ethanol. The DNA

was collected by centrifugation and resuspended in sterile deionised water.

3.13.6. Ligation and cloning of DNA fragments into plasmid vectors

Digested DNA fragments were ligated to the plasmid vector, digested with the same
restriction enzymes, with 5 U of T4 DNA ligase (5 U/ul) (Promega) following the
manufacturer’s instructions. The recombinant plasmid was introduced in to E. coli DH5a

competent cells by electroporation as described in the 2.12 paragraph.

3.13.7. Nucleotide sequence determination and analysis

The sequence of the recombinant plasmids were obtained by automated DNA sequencing
at Secugen S.L. (Madrid, Spain). DNA sequence analysis was performed by BLASTN 2.2.27
program (Altschul et al., 1997).

3.14. Cch Grx protein expression in E. coli

In order to in vitro express the Cch Grx protein, we used E.coli M15(pREP4):Grx clones
containing the sequence coding the Grx mature protein cloned in the sites Pvull and Sall of the
plasmid pQE-1 (Qiagen), obtained previously in our laboratory. The protein obtained is an N-
terminal 6xHis-tagged Grx protein (His-Grx).
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3.14.1. Purification of Cch Grx protein under denaturing condition

Three bacterial colonies of E.coli M15 (pREP4): Cch Grx (no.10, 18 and 26) transformed
with the pQE-1-Cch Grx plasmid were selected to analyze the expression level of the His-Grx by
a minipreparation assay under denaturing condition. The buffers and reagents used were as
described (The QIAexpressionist).

To start-up the initial culture, a single colony was inoculated in 5 ml of LB media
containing ampicillin (100 pg/ml) and kanamycin (25 ug/ml) and grown overnight at 37°C.
Around 500 pl of this culture were inoculated onto two 10 ml LB media supplemented with
antibiotics and grown at 37°C until it reaches an ODggy between 0.5 to 0.7. In one tube the
protein expression was induced by adding Isopropyl B-D-1-thiogalactopyranoside (IPTG) at a
final concentration of 1mM, while in the other tube no IPTG was added and taken as non-
induced control. After 4-5 hours of growth, 1 ml of culture from both induced and non-induced
cultures were centrifuged and the bacteria were lysed with 400 pl of buffer B (100 mM
NaH,PO,4, 8 M Urea, 10 mM Tris-Cl pH 8). The lysate obtained was centrifuged at 15,000 x g
for 20 min to get the supernatant. The His-Grx expressed protein was affinity purified from the
lysate supernatant by using 25 pl of activated HIS-Select Nickel affinity Gel resin (Sigma) as
described in (The QIAexpressionist). The resin was activated according to the manufacture’s
instruction.

Purified proteins and bacterial extracts were analyzed by SDS-PAGE analysis. 10 pl of
purified protein solution was diluted with 2.5 ul of 5x Laemmli sample buffer and the bacteria
pellet from 1 ml of culture was diluted with 100 ul Laemmli buffer. Both samples were heated to
95°C for 5 min and then, 10 pul of each sample were loaded onto SDS-PAGE gels (Laemmli,
1970) containing 17.5% and 5% polyacrylamide as resolving and stacking gels respectively. Gels

were stained with Coomassie brilliant blue-R250.

3.14.2. Expression and purification of His-Grx soluble protein under native conditions
E.coli M15 (pREP4): Cch Grx colony no 10 was used for protein expression and
purification of native soluble His-Grx protein.
A single colony was inoculated in 20 ml of LB media containing ampicillin (100 pg/ml)

and kanamycin (25 pg/ml) and grown overnight at 37°C. The entire culture was used to inoculate
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2 1 of LB media and allowed to grow until it reaches an ODgg of 0.5. A sample of 1ml culture
was centrifuged and stored at -20°C as control before His-Grx induction. Grx expression was
induced by adding 1mM IPTG and the cells were grown for additional 4-5 hours at 37°C with
agitation. Then 1 ml sample was centrifuged and stored at -20°C for further analysis. The
remaining cells were harvested and stored overnight at -80°C.

Purification of the protein was performed under non-denaturing (native) conditions using
HIS-Select® Nickel Affinity Gel purification resin (Sigma-Aldrich). All the buffers and reagents
used were as described (The QIAexpressionist). All purification steps were carried out at 4°C.
The bacterial pellet was thawed for 15 min on ice and resuspended in 40 ml of cold lysis buffer
(50 mM NaH,PO4, 300 mM NaCl pH 8) and the bacterial cells were broken by French press
(Spectronic Instruments) at 1000 psi for three times. About 100 pl of broken cells were taken and
stored at -20°C for further analysis. Then, the lysate was centrifuged at 10000 g for 30 min. and
the supernatant was used to purify the soluble His-Grx protein. To 30 ml of the supernatant
lysate, 5 ml of the activated HIS-Select® Nickel Affinity resin were added and mixed at 200 rpm
on a rotary shaker at 4°C for 60 min. The lysate-resin mixture was loaded into a column and
once the resin settled down, it was washed with washing buffer (50 mM NaH,;PO4, 300 mM
NaCl 15 mM imidazole, pH 8). The bound protein was eluted off from the column with 10 ml of
native elution buffer (50 mM NaH,PO4, 300 mM NaCl 250 mM imidazole, pH 8) and collected
in several different fractions of 1 ml each. The purified protein was dialyzed using the dialysis
buffer (Tris-HCI 30 mM pH 7.9) at 4°C for 24 hours with two buffer changes. Samples were
collected from each purification step for SDS-PAGE analysis and the purity of purified His-Grx
was checked by SDS-PAGE analysis.

His-Grx protein concentration was determined spectrophotometrically using an extinction

coefficient &g, 0.19 = 0.698 calculated according to Gill and von Hipple (1989).

3.14.3. Determination of Grx activity by p-Hydroxyethylene Disulfide Assay (HED assay)
The B-hydroxyethyl disulfide (HED) assay was performed essentially as described by
Holmgren and Aslund (1995). In this assay, Grx activity was measured by following
nicotinamide adenine dinucleotide phosphate (NADPH) oxidation as a decrease in absorbance at
340 nm in a coupled enzyme reaction with 1 mM reduced glutathione (GSH) and glutathione

reductase. In a final volume of Iml, 1 mM GSH, 0.7 mM B-hydroxy ethyl disulfide (HED), 0.25
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mM NADPH and 6.4 pg/mL glutathione reductase were mixed in 0.1 M Tris-Cl pH 7.4. The
reaction mixture was incubated at room temperature for 2 min to allow HED substrate and the
GSH to form mixed disulfides and then, the decrease in OD at 340 nm was recorded in a
SpectroMax micro-plate reader for 1 min at room temperature. His-Grx protein was added to the
same cuvette and the decrease in absorbance at 340 nm was recorded as above. Measured
activities in all assays were corrected by subtracting the absorbance before adding the His-Grx
protein. One unit of activity is defined as the consumption of 1 pumol of NADPH per minute
calculated from the expression (AAsz4o xV) / (minx6.2), where V is the cuvette volume in ml and
6.2 is the mM extinction coefficient for NADPH. The K, value for glutathione was determined
using varying concentrations of GSH (0.5-5.0 mM). Two independent experiments were
performed at each substrate concentration, and the apparent K,, and K., values were calculated

by non-linear regression using the program SigmaPlot 12.0.

3.15. Analysis of PMMoV-I viral coat protein (CP) accumulation in N. benthamiana
transgenic plants

To study viral CP accumulation in N. benthamiana transgenic plants, the plants were
inoculated with PMMoV-I at a viral concentration of either 5 or 50 pg/ml by using the same
conditions as described in paragraph 3.9. Control plants were inoculated with inoculation buffer.
Five to ten plants were used in each experiment and the experiment was repeated three times.

Samples were taken at 7 dpi from the inoculated leaves, and also from the systemic leaves
of both mock-inoculated and PMMoV-I-infected plants at 7, 14 and 28 dpi.

Total proteins were extracted from the sample leaves as described above (3.8). Total
protein extracts were analyzed electrophoretically on SDS polyacrylamide gels (SDS-PAGE)
according to Laemmli (1970) by using 17.5% and 5 % polyacrylamide as resolving and stacking
gels respectively. For 7 dpi, 5 ul sample of total protein extracts corresponding to 0.4 mg of
fresh tissue were loaded. For the rest of analyzed time points total protein extracts corresponding
to 0.2 mg of fresh tissue were loaded onto the gels. A standard curve of virus (0.25, 0.5 and 1 pg)
was loaded onto each gel. The proteins were stained with Coomassie Blue R250 (Sambrook et
al., 1989) and PMMoV-I coat protein was quantified by using a densitometer and the Quantity
One software (Bio-Rad, Hercules, CA, USA), as described in Tena et al., (2012).
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3.16. PMMoV-I infection of N. benthamiana protoplasts

N. benthamiana protoplasts were prepared from 6-8 week old plants. The leaves selected
for these assays were about 4-5 cm long in size. The leaves were surface sterilized by immersing
them in 10% bleach solution for 15 min and followed by 3 times wash with sterilized water.
Protoplasts were obtained as described in Ruiz del Pino et al.,, (2003), except that protoplasts
were washed 2 times with ice-cold solution of 12% mannitol containing 6 mM CaCl,.
Protoplasts were counted in a haemocytometer and resuspended in ice-cold electroporation
buffer (12% mannitol, 6 mM CaCl,, 80 mM KCI pH 7.2) at a concentration of 1.3 x10°
protoplasts/ ml.

Protoplasts were transfected with PMMoV-I RNA by electroporation using a Gene-pulser
apparatus (Bio-Rad laboratories). For electroporation, 4x10° protoplasts in a final volume of 300
ul were taken in 0.2 cm electroporation cuvettes (Bio-Rad laboratories) and kept on ice. 20 pg of
PMMoV-I RNA were added to the cuvette, mixed with protoplasts and immediately used for
electroporation. The conditions set for electroporation were: 125 pF and 0.12 kV. The infected
protoplasts were kept on ice for 15 min in order to get recovered from the shock. Then, the
protoplasts were incubated in CPW-13% Mannitol pH 5.6 in a growth chamber at 25°C with a 16
h photoperiod. Samples were taken at 16, 24 and 48 hpi, collected by centrifugation at 134 g and
resuspended in 5x Laemmli buffer (Laemmli, 1970) and kept at -80°C until they were analyzed.

To analyze the protoplast infection, 10* protoplasts were loaded onto the gel and analyzed
by Western blot for the accumulation of PMMoV-I CP as described in paragraph 3.8. except that

a PMMoV CP-specific immunoserum at 1/1000 dilution was used.

3.16.1. Protoplast immunofluorescence assay

At 24 hpi, control and PMMoV-I infected protoplasts were collected by centrifugation at
134 g and analysed for infection as described in Ruiz del Pino et al., (2003), with some
modifications. Briefly, 10° protoplasts were fixed in 4% paraformaldehyde in 9% mannitol (pH
7.2) for 30°, after washing, they were resuspended in 1 ml of PBS (3.2 mM Na,HPO,, 0.5 mM
KH,PO,, 1.3 mM KCI, 135 mM NaCl, pH 7.2)-9% mannitol and 10* protoplasts were fixed over
the poly-L-Lysine (0.01%) (Sigma)-coated glass slides by cytospin centrifuge (Shandon), and
kept at -20°C. Before the assay, protoplasts were rehydrated with PBS for four times. Primary
immunoserum was anti-PMMoV-S-CP diluted 1/100 in incubation buffer [PBST (PBS +0.05%
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Tween 20), containing 2% BSA and 1% (v/v) of goat serum] and secondary antibody was goat
anti-rabbit IgG antibodies conjugated to Alexa 488 (Molecular Probes) diluted 1/100 times in
incubation buffer. Samples were mounted with Vectashield (Vector laboratories, Inc.
Burlingame, CA, USA) after washing with PBST for 3 times. The percentage of infection was
counted under a Leica AF6000 LX multidimensional microscope and observed under a Leica
TCS SPS5 confocal laser microscope. For antibody detection imaging, excitation at 488 nm and
collection at 519 nm was used. For chlorophyll autofluorescence imaging, excitation at 633 nm
and collection at 670 nm was used. At least 200 cells were analysed for specific fluorescence to

calculate infection percentages.

3.16.2. Immuno-staining of protoplasts with AP-labelled antibodies

Goat anti-rabbit IgG antibodies conjugated with alkaline phosphatase (AP) were used as
secondary antibodies to analyze the protoplast infection rate in the GFP expressing lines of
Nb:GFP, Nb:Grx-GFP and Nb:4A2MGrx-GFP. The samples were prepared as mentioned above
up to primary antibody incubation except that TBS (10mM Tris-HCI, 160 mM NaCl, pH 7.2)
was used. For secondary antibody treatment, the samples were incubated with AP-conjugated
anti-rabbit IgG antibodies (Sigma) [diluted 1/100 times in TBST (TBS+0.05% Tween 20), 2%
BSA and 1% (v/v) of goat serum] for 1 hr at room temperature under dark. Slides were washed
with TBS for 10 times and then incubated with AP buffer (100 mM Tris-CIH, pH 9.5, 100 mM
NaCl, 5 mM MgCl) twice, 5 min each. The colour was developed by incubating with the
alkaline phosphatase substrate SIGMA FAST BCIP/NBT (5-Bromo-4-chloro-3-indolyl
phosphate/Nitro blue tetrazolium) (Sigma) (prepared according to manufacturer’s instructions)
for 30 min at room temperature under dark. The reaction was stopped by adding TBS containing
20 mM EDTA and washed with water and mounted with glycerol/PBS (v/v). The purple colour
developed in the infected protoplasts was examined under a Zeiss microscope in order to

calculate the percentage of infection as above.

3.17. Subcellular localization of Cch Grx protein
For the subcellular localization of Cch Grx, the protoplasts obtained from Nb:GFP,
Nb:Grx-GFP and Nb:A2MGrx-GFP lines were visualized with confocal microscope. 10°

protoplasts from each line were fixed with 4% paraformaldehyde in 9% mannitol (pH 7.2) as
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described in 2.26, and stained with 4', 6-Diamidino-2-phenylindol dihydrochloride (DAPI), in
order to label the nuclei. DAPI staining was performed as follows: around 10* protoplasts were
incubated with 100 pl of 2 nug/ml DAPI solution in PBS-9% mannitol for 5 minutes. Afterwards,
900 pl of PBS-9% mannitol was added and kept for another 15 minutes. The protoplasts were
collected and washed with PBS-9% mannitol twice and finally suspended in 100 pul of PBS-9%
mannitol. Around 20 pl of these samples were loaded over poly-L-Lysine (0.01%) (Sigma)-
coated glass slides and kept until the protoplast settled. The samples were mounted with
Vectashield (Vector laboratories, Inc. Burlingame, CA, USA) and cover slips were sealed with
nail polish. For GFP confocal microscopy imaging, the protoplasts were excited at 488 nm (the
peak of GFP) and emission was recorded at 520 nm. The auto fluorescence of chlorophyll was
detected as described in 3.16.1. Nuclei labelled with DAPI were imaging with excitation at 365
nm and emission at 460 nm. Samples were examined by Leica TCS SP2 confocal laser-scanning

microscope at x40 oil immersion objective lens.

3.18. Extraction of total RNA from N. benthamiana plant leaves

For RNA extraction, about 2 g of plant leaf tissue were taken at 7, 21 and 28 dpi, from
control mock- and PMMoV-I-inoculated plants. At 7 dpi, samples were taken from both the
inoculated and systemic leaves; at 21 dpi, samples were taken from systemic leaves and at 28
dpi, samples were taken from symptomatic (infected) and asymptomatic (recovered) systemic
leaves. Total leaf RNA was extracted according to the method based on Chomcynski and Sacchi
(1987) by using TRI reagent (Sigma-Aldrich Co.) and following the manufacturer’s instructions
with the following modifications: an additional centrifugation at 12000 g for 10’ at 4°C after
plant tissue homogenization and an additional final RNA precipitation step in 0.3 M Sodium
acetate pH 5.2 and 2.5 volumes of 100% cold ethanol were performed.

RNA concentration was determined by spectrophotometric methods using the
NanoDrop™ 1000 spectrophotometer (Nanodrop Technologies). 260/230 ratios and 260/280

ratios were taken into consideration. RNA samples were conserved at - 80°C until their analysis.
3.19. Synthesis of Digoxigenin-labelled RNA probes

The probes used in this work were: PMMoV RNA of negative polarity; glutathione

Reductase (GR), an enzyme involved in the glutaredoxin-GSH cycle; glutathione S-transferase
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(GST), an enzyme catalyzing the conjugation of glutathione (GSH) to a wide range of phytotoxic
substrates, pathogenesis related proteins (acidic PR-1, PR-2a, PR-5), (basic PR-2b) which are
involved in the defence mechanism against pathogens through salicylic acid, and ethylene
pathways and 9-LOX, involved in the synthesis of oxylipins which took part in defence against
pathogens.

PMMoV probe:

For viral RNA detection, the clone pT-CPS containing a cDNA fragment of 694 bp
corresponding to PMMoV-S CP and 3’ non-coding region of the virus (Gilardi ef al., 1998) was
used. The plasmid was linearized by digestion with HindlIll and transcribed by T7 RNA
polymerase. Because viral RNAs are 3" co-terminal, this probe detects PMMoV genomic RNA
and CP subgenomic RNA.

Pathogenesis Related proteins (PR probes):

The probes used for the detection of mRNA coding for acidic PR-1, PR-2 and PR-5
proteins of N. tabacum were obtained from Dr. Carmen Castresana (CNB, CSIC. Madrid).
Plasmids were linearized with Hindlll and transcribed by using either T3 or T7 RNA
polymerase.

The probe used to detect the mRNA coding for the basic PR-2b protein was specific for
basic B-1, 3-glucanase gn2 from N. plumbaginifolia and was a kind gift from Dr. C. Castresana
(CNB, CSIC. Madrid). The plasmid was linearized with EcoR1 restriction enzyme and
transcribed with T3 RNA polymerase.
9-LOX Probe:

The cDNA cloned from N. tabacum 9-LOX (kindly provided by Dr.C.Castresana, CNB,
CSIC) was used to detect the 9-LOX expression. The plasmid was linearized with HindlIl
restriction enzyme and transcribed with T7 RNA polymerase.

GR probe:

The tobacco Glutathione reductase (GR) clone pGRT4 was a kind gift from Dr
Mullineaux (Creissen and Mullineaux, 1995). It contains the 2 kb tobacco GR cDNA cloned into
the pBluescriptll plasmid. The plasmid was linearized with EcoR1 enzyme and transcribed with
the T7 RNA polymerase.

GST probe:
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GST riboprobe was prepared from pCNT 103 pBK (kindly provided by Dr. C.
Castresana, CNB, CSIC). The plasmid was linearized with HindIII restriction enzyme and then
transcribed with T3 RNA polymerase.

To prepare non-isotopic probes, the linearized vectors were used as templates for in vitro
synthesis of RNA transcripts. The MAXIscript kit (Ambion) was used for in vitro transcription
following manufacturer’s instructions. Nucleotides ATP, GTP and CTP were used at 1 mM final
concentration in the reaction mixture. The labelled nucleotide Digoxigenin-11-UTP (Roche
Diagnostics GmbH, Mannheim, Germany) at 0.35 mM and unmodified UTP at 0.65mM were
added to the reaction mixture. In all hybridization experiments the probes were denatured by
heating at 95°C for 10 min and cooled on ice for 3 min before being added to the membrane for

hybridization.

3.20. Detection of RNA sequences by Northern blot analysis

For Northern blot analysis, 10 ug of sample RNAs were denatured at 65°C for 4 min in
3-morfolino-propanosulfonico (MOPS)-Acetate-EDTA buffer (2 mM MOPS, 1.5 mM sodium
acetate, 1.6 mM EDTA pH 7.0) containing 10.2% formamide, 0.9% formaldehyde, and 0.06
mg/ml ethidium bromide. Then, the samples were electrophoresed onto 1.5% agarose-
formaldehyde gels containing MOPS buffer (50 mM MOPS, 0.4 mM EDTA pH 7) and 6%
formaldehyde, using the same buffer as electrophoresis buffer and applying a current of 5 V/cm.
RNAs were visualized under UV light illumination and then transferred onto nylon membranes
(Hybond-N, Pharmacia) by capillarity, in 10x SSC buffer (1.5 M NaCl, 0.15 M sodium citrate
pH 7) overnight as described in Sambrook et al., (1989). The RNA was fixed to the membrane
by irradiation with UV light (120 mJ) in a UV Stratalinker apparatus (Cultek). The membranes
with transferred RNA were stored in cold condition for later use.

For hybridization with Digoxigenin-labelled RNA probes, described in paragraph 3.19,
the DIG Luminescent Detection Kit (Roche Diagnostics GmbH, Mannheim, Germany) was used.
The membranes were incubated with standard buffer (50% formamide, 5xSSC, 0.1% sodium-
lauroylsarcosine, 0.02% SDS and 2% blocking reagent (Roche Diagnostics GmbH, Mannheim,
Germany) for 2 hrs at 65°C. Then, they were hybridized overnight at 68°C with the standard
buffer containing the corresponding probe. Once the hybridization was finished, the membranes

were first washed in a buffer containing 2xSSC, 0.1% SDS for two times, 15 min each at room
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temperature (RT) and again washed two times with 0.1xSSC, 0.1% SDS for 15 min at 65°C.
Probe detection was performed using the DIG Luminescent Detection Kit (Roche Diagnostics
GmbH, Mannheim, Germany) according to manufacturer’s protocol. In brief, the membranes
were incubated with blocking solution [Maleic buffer (0.1M Maleic acid, 0.15M NaCl pH 7.5)
containing 1% blocking reagent] for 30 min followed by incubation with anti-Digoxigenin AP-
conjugated antibody at 1:10,000 for 30 min. Then, the membranes were washed for two times in
washing buffer (Maleic buffer containing 0.3% (v/v) Tween 20) and equilibrated with detection
buffer (0.1 M Tris-HCI pH 9.5, 0.1 M NaCl). The membranes were incubated with
chemiluminescent substrate CSPD (Disodium 3-(4-methoxyspiro {1, 2-dioxetane-3, 2’- (5’-
chloro) tricyclo(3.3.1.1*") decan}-4-yl) phrnyl phosphate) (Roche Diagnostics GmbH,
Mannheim, Germany) and then exposed to X-ray sensitive films (Hyperfilm, Pharmacia) for

developing.

3.21. Extraction of pyridine nucleotides from leaf samples

To analyze the pyridine nucleotide (PN) content in mock- and PMMoV-I-infected plants,
samples from plant leaves at 21 and 28 dpi were taken. About 30 mg of fresh leaf samples from 5
different plants were taken in two separate eppendorfs and grinded into powder form by agitating
with ball bearing (0.6 mm diameter; Sigma) at 10000 rpm for 1 min. The PNs were extracted by
selective hydrolysis of NADH and NADPH in acid medium and NAD" and NADP" in alkaline
medium according to Hajirezaei et al, (2002) except that the final pH of the neutralized
supernatants was between 8.0 to 8.5. 100 pl aliquots were taken and frozen at -80°C for later
analysis.

PNs in the neutralized extracts were determined based on Gibon ef al. (2004) with some

modifications.

3.21.1. Determination of NAD" and NADH content in the plant extracts

For the determination of NAD" and NADH, 25 pl of the extracts mentioned above were
diluted up to 100 pl with water and standard solutions in the range of 0-25 picomoles were
freshly prepared. Triplicate aliquots of 100 ul of the extracts as well as the standards were added
to 50 pl of detection mix which contained 0.3 M Tricine/KOH pH 9.0, 12 mM Na,-EDTA, 0.3
mM phenazine ethosulfate (PES) (Sigma), 1.8 mM thiazolyl blue tetrazolium bromide (MTT)
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(Sigma), 1.5 M ethanol, and 18 U/ml alcohol dehydrogenase (Roche). Along with the extracts
mentioned above, a blank measurement was also performed. The absorbance was read at 550
nm in a microplate reader (Model 680, Biorad) for 40 min at 30°C. The concentration of NAD"
and NADH in the extracts was determined from the standard curves generated in each assay after

subtracting the blank value.

3.21.2. Determination of NADP" and NADPH content in the extracts
For the determination of NADP" and NADPH, 25 pl of the extracts mentioned above

were diluted up to 100 ul with water and standard solutions in the range of 0-25 picomoles were
freshly prepared. The assay was performed as above described, except that the detection mix
contained 0.3 M Tricine/KOH pH 9.0, 12 mM Na,-EDTA, 0.3 mM phenazine methosulfate
(PMS) (Sigma), 1.8 mM MTT, 9 mM glucose-6-phosphate, and 9 U/ml glucose-6-phosphate
dehydrogenase. The absorbance was read as above. The concentration of NADPH and NADP" in
the extracts was determined by comparing the sample values to standard curves generated in
each assay.

Statistic analysis was performed by SAS 9.1 programme (SAS 9.1 Inc.) using 1-way analysis
of variance (ANOVA).

3.22. Oxidative stress tolerance test

To investigate the effect of constitutive expression of Cch Grx protein on oxidative stress
tolerance, N. bentahamiana transgenic plants were grown over one-half MS media in the
presence and absence of 3 mM H,O; and 1 uM paraquat. The seedlings were grown horizontally
for the first 3 days and then grown in vertical position for another one week. The conditions set
for the growth of seedlings were 25°C and 16 hrs of photoperiod. Root length was measured after
10 days. The experiments were performed with three replicas each containing 30 seedlings and
repeated for 3 times.

Statistical analysis was performed by one-way ANOVA by using SPSS software
programme (SPSS Inc, 1999).
3.23. Protein sequence analysis and structure prediction

Theoretical isoelectric point (pI) and Mr for the mature Cch Grx protein was calculated

by ExPASY server (http://www. expasy.org/ tools/). Homologues of Cch Grx protein, with
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CSYS active site were selected through BLASTp programme at NCBI server
(http://blast.ncbi.nlm.nih.gov /Blast.cgi). To find the chloroplast targeting region in the protein
sequence, ChloroP 1.1 programme was used (Emanuelsson et al., 1999). Structure of Cch Grx
was predicted by I-TASSER server, which uses the PDB template models of poplar GrxS12
(3fzaA), human GLRX3 (3zywA), human thioredoxin reductase (3h8qA), Zebrafish apo Grx2
(3uiwA) and yeast mutant Grx1p C30S (2jadA).

3.24. Multiple Sequence alignment and phylogenetic analysis

Proteins selected through BLASTp were subjected to multiple sequence alignment using
ClustalW Program (www.ebi.ac.uk/Tools). The aligned sequences were further subjected to
Phylogenetic analysis using MEGA 5.1 software (Tamura et al, 2011), which uses the

Maximum-likelihood method for the constructing of phylogenetic tree.

3.25. Heterologous expression of Cch Grx in S. cerevisiae
3.25.1. Cloning of Cch Grx protein cDNA in S. cerevisiae

To express Cch Grx mature protein in yeast cells, the yeast integrative plasmid pMM221
(Molina et al., 2004) (a gift from Dr. E. Herrero, Universitat de Lleida, Lérida, Spain), was used
to clone Cch Grx coding sequence. This plasmid contains the mitochondrial targeting sequence
of yeast GRX35 at the 5° end of the multiple cloning site and 3HA/Hise tags at its 3> end. The full
length cDNA of Cch Grx was already cloned in our laboratory in pGEM-T Easy vector (pGEM-
Grx). To remove the N-terminal signal peptide of the Cch Grx protein, a truncated form of the
protein was amplified by PCR by using pGEM-Grx plasmid as template. The forward primer (5'-
ATAAGAATGCGGCCGCeTCGGGTTCATTCG GGTCC-3") contained the Nofl site sequence
(underlined). In order to prevent the codon breakage while expressing in yeast, an additional
nucleotide (lower case) was added, what introduced an extra alanine at the end of the
mitochondrial targeting sequence of GRXS in the fusion Cch Grx protein. The reverse primer

(5'-GAAGATCTGCTTTCTGTTTTTCCAGGATTA-3") contained the Bg/Il site sequence

(underlined). The PCR reaction was performed as described in paragraph 2.15, with 5 cycles at
an annealing temperature of 60°C, followed by 25 cycles at 68°C. The amplified fragment of 364
nt was digested with the restriction enzymes Notl and Bgl/ll, purified by elution from agarose

gels as described (paragraph 2.17) and cloned into pMM?221 plasmid previously digested with
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the same enzymes. The resulting plasmid (pMM1025), LEU+ and Ampicillin resistant (4mp R),
was transformed into E. coli DH5a bacteria by electroporation (paragraph 2.12). Transformed
clones were selected on LB media supplemented with 50 pg/ml ampicillin. The cloned

nucleotide sequence was corroborated by nucleotide sequencing.

3.25.2. Growth conditions for S. cerevisiae

The yeast strains employed in this work are described in 2.4. paragraph. YPD medium
(1% yeast extract, 2% peptone, 2% dextrose) was used for the growth of yeast cells by
incubation at 30°C. YPGly and YPGal media are similar to YPD except that they contain 3%
glycerol and 2% galactose instead of dextrose. Synthetic SD medium contains 0.67% yeast

nitrogen base, 2% glucose, and the auxotrophic requirements Kaiser et al., (1994).

3.25.3. Expression of Cch Grx protein in yeast strains

The plasmid pMM1025, containing the Cch grx sequence coding for the mature protein,
was linearized with Clal and transformed onto the wild type mat alpha strain W303-1B and the
integrated plasmid was selected by growing in Leu auxotrophic medium. Then crossing over was
carried with the opposite mating partner having Agrx5 background, strain MML 100, having
Geneticin resistance marker (GEN R). The resulted diploid strain was selected over Leu
auxotrophic and Geneticin containing media in order to have Cch grx sequence transformed in
Agrx5 strain. In order to produce the haploid cells, sporulation was induced in the crossed over
diploid cells. The spores were micro manipulated to obtain the tetrads and again grown over the
Leu auxotrophic and Geneticin media in which the yeast haploid strain containing Cch grx gene
in the 4grx5 background could be selected. DNA transformation, selection over media, crosses
between the yeast strains, sporulation, and tetrad analyses were carried out as described by
Kaiser et al., (1994).

In order to select the yeast strains expressing the HA-tagged- Cch Grx mature protein the
different transformed yeast colonies (T1, T7, T9, T11, T12, T14) were grown exponentially on
YPD medium supplemented with Geneticin and Ampicillin at 30°C and were assayed for Cch
Grx expression. Cells were harvested around the ODg of 0.7 and the pellets were resuspended
in 15 pl of 5M urea and boiled for 2 min. The cells were broken by adding an equal volume of

glass beads (0.6 mm diameter, Sigma), mixed with 50 ul of 2% SDS in 0.125M Tris-HCI buffer,
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pH 6.8, and vortex for 1 min. The resulting lysates were boiled for 2 min and the supernatants
were collected. The proteins in the sample were quantified by Micro DC protein assay (BioRad).
The proteins were immunodetected by Western blot analysis in which the HA-tagged proteins
were detected by using 12CA5 anti-HA monoclonal antibody (Roche Diagnostics, Mannheim,
Germany) at 1:2500 dilution and it was further detected with the secondary antibody Anti-Mouse
IgG, Horseradish Peroxidase-linked species-specific whole antibody (GE Healthcare). The
signals were detected by ECL (GE Healthcare Amersham). Yeast strain MML240 expressing the

Grx5-3HA protein under its promoter was taken as positive control.

3.25.4. Sensitivity to oxidants

Wild type strain (W303-1B), Grx5 defective strain (MML100), Grx5 revertant strain
(MML240) and Cch Grx expressing strain (T11) were assayed for sensitivity to oxidants. S.
cerevisiae cells, grown exponentially for at least 10 generations at 30°C, were taken for the
oxidant sensitivity tests. The grown cultures were spotted at 1:10 serial dilutions over YPD
plates containing either 0.3mM tert-butyl hydroperoxide (t-BOOH) (Sigma Aldrich) or 1.25mM
diamide (Sigma Aldrich) and recording growth after 2 days of incubation at 30°C.

3.25.5. Determination of iron accumulation in the yeast cells

The aforementioned yeast strains were grown exponentially on the YPD media and
harvested at the ODgoo of 0.8. After acid digestion, whole cell and mitochondrial iron were
determined under reducing conditions with bathophenanthroline sulfonate (BPS) as chelator as

described by Fish (1988).

3.25.6. Determination of aconitase and malate dehydrogenase (MDH) activities

Yeast strains mentioned above were grown exponentially in YPGal media and harvested
at the ODgqo of 0.8. The samples were digested by treating them with 100 pl of Tris 100 mM pH
8.0 with protease inhibitors (2 mM phenylmethylsulfonyl fluoride, 0.2 mM tolylsulfonyl
phenylalanyl chloromethyl ketone [TPCK], and 2 uM pepstatin, final concentrations) along with
glass beads. The supernatant was collected and the concentration of proteins was estimated by

the Micro DC Protein Assay method (BIO-RAD) according to the manufacturer’s instructions.
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To measure the aconitase activity, 4 pl of protein extract were added to 500 ul of Tris
HCI 50 mM pH 7.5 plus NaCl 1.7 mg/ml. OD was measured at 240 nm without adding the
substrate cis-aconitate (time 0 OD) and then OD was measured again after adding the substrate
(4 pl from an stock solution at 7 mg/ml). Specific activity (units/mg) was calculated from the

formula.

(OD(After aconitate) — OD(Before aconitate)) x125

4.28
Protein concentration (mg/ml)

Specific activity =

Where 125 in the formula represent the dilution of the sample and 4.28 is extinction coefficient

of cis-aconitate (mM.cm™)

For the determination of MDH activity, 10 ul of protein extract were added to 970 pl of
potassium phosphate buffer 0.1 M pH 7.4 containing 100ug of NADH. OD at 340 nm was
measured (time 0), and the reaction started by adding the substrate oxalacetate (20 pl from the
stock solution of 3.2 mg/ml). OD was then recorded after 1 min. Specific activity (units/mg) was

calculated from the formula:

(OD(1min) — OD(0min))x 100
6.22
Protein concentration (mg/ml)

Specific activity =

Where 100 in the formula represent dilution of the sample and 6.22 is extinction

coefficient of NADH (mM)

Relative ratio for aconitase to malate dehydrogenase was determined for all the four

strains.
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Result

4.1. Molecular characterization of C. chinense Grx protein

The deduced amino acid (aa) sequence analysis of Cch Grx protein revealed that it
encoded a 177 aa long protein, with a predicted 63 aa long N terminus chloroplastic targeting
sequence. The sequence of Cch Grx without the plastid targeting sequence was analyzed. The
mature protein contains 113 aa with a predicted Mr of 12.3 kDa and a theoretical pl value of
7.17.

Sequence analysis of Cch Grx protein showed that it belongs to the group of monothiol
glutaredoxins with a CSYS active site, and thus it belongs to Class I group and positioned in the
S12 subgroup according to the classification made by Couturier et al, (2009a), therefore we
name it as Cch GrxS12. (Fig.4.1 and 4.2).

To perform multiple sequence alignment, all Grx protein sequences retrieved by BLAST
search were deleted for their targeting regions (Fig.4.1). On performing multiple sequence
alignment, it was found that apart from CSYS active site, other conserved regions, ~'ELD>”,
“TVPN”’, and ¥GCT™ are present in most of the selected proteins. A Try residue was present at
the N-terminus of the active site (WCSYS) in all of the plant Grxs analyzed, whereas in the Grx6

from fungi S. cerevisiae, Thr was placed at that position.

Cch GrxS12 protein reported in this work showed high identity (97%) with GrxC5
(XP_004242377.1) from Solanum lycopersicum, 85% with GrxC5 (XP_002267052.1) from Vitis
vinifera, 81% with GrxS12 (ACJ60637.1) from (Populus tremula x Populus tremuloides), 80%
with GrxC5 (XP_003542446.1) from Glycine max, 84% with GrxC5 (XP_004140671.1) from
Cucumis sativus, 79% with GrxC5 (XP_004290010.1) from Fragaria vesca subsp. vesca, 69%
with GrxS12 (NP_179617.1) from A. thaliana and 78% with GrxS12 (NP_001148595.1) from
(Zea mays). Lower identity (38%) was found with Grx6 (NP_010274.1) from S. cerevisiae.

A phylogenetic tree was constructed with the selected sequences. Cch GrxS12 was found
to exhibit very close relationship with the GrxC5 reported from S. lycopersicum and V. vinifera.
But Cch GrxS12 exhibits higher distance with the proteins reported from fungi S. cerevisiae

(Fig.4.2), revealing the conservation in the biological system.
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Fig.4.1. Multiple amino acid sequence alignment of the predicted mature form of CSYS active
site Grxs. The conserved CSYS active site motif is indicated by a red arrow. Asterisks:
conserved amino acids. Accession numbers are as follows: CchGrxS12 (this work), SlyGrxC5
(XP_004242377.1), VviGrxC5 (XP_002267052.1), PtrGrxS12 (ACJ60637.1), CsaGrxC5
(XP_004140671.1), GmaGrxC5 (XP_003542446.1), FveGrxC5 (XP_004290010.1), Ath
GrxS12 (NP_179617.1), ZmaGrxS12 (NP_001148595.1), SceGrx6 (NP_010274.1). Where
Cch is Capsicum chinense, Sly is Solanum lycopersicum, Vvi is Vitis vinifera, Ptr is Populus
tremula X Populus tremuloides, Csa is Cucumis sativus, Gma is Glycine max, Fve is Fragaria
vesca subsp. vesca , Ath is Arabidopsis thaliana, Zma is Zea mays, and Sce is Saccharomyces
cerevisiae. The targeting sequences have been removed.
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Fig.4.2. Phylogenetic analysis of Cch GrxS12 and Grx proteins, containing CSYS active
site, from different organisms.

In the predicted 3-D protein structure, four - strands are surrounded by five a-helix and
coiled regions. The active site (CSYS) is located in the second a-helix. The secondary structure
of the protein follows the pattern of a2 (residues 7-18), B-1(residues 22-26), a3 (residues 31-42),
B-2 (residues 48-51), a4 (residues 60-70), B-3 (residues 79-80), B-4 (residues 83-85), as
(residues 88-96), and a4 (residues 100-106) (Fig.4.3). Among the four strands, 1, B2 and 34 are
running in the parallel direction whereas 3 runs in antiparallel direction.

Computer analysis revealed good similarity with the 3-D structure of poplar glutaredoxin
S12 complexed with B-mercaptoethanol (Fig.4.4). Structural studies with poplar GrxS12
complexed with glutathione showed that among the conserved regions, WCSY, TVP and GCT
are playing important roles for GSH binding (Couturier ef al., 2009b).
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Fig.4.3.0verall fold of Cch GrxS12 protein. The backbone is represented with the secondary
structural elements labelled as follows: a-helices are al—a5, labelled in blue; B-strands are B1—

B4, labelled in purple. The N- and C-terminals are indicated with N and C, respectively. The
active site of the protein is labelled in green colour.

Fig.4.4. Superposition of Cch GrxS12 structure with GrxS12 from Populus. The red colour
indicates the structure of Cch GrxS12 whereas the blue colour indicates GrxS12 from Populus.

68



Result

4.2. Enzymatic characterization of Cch GrxS12 protein

To analyze the GSH-disulfide-oxidoreductase activity of the Cch GrxS12 protein, the
mature protein was expressed in vitro in E. coli. The recombinant protein was 124 aa long and
contained 114 amino acids from Cch GrxS12 protein sequence, from aa 63 to aa 177, with 8 His
residues at the N terminus of the recombinant protein, fused to the Alanine 63 residue from the
Cch GrxS12. The predicted molecular mass and pl of His-Grx protein were 13.8 kDa and 8.24,
respectively.

For selection of the E. coli M15(pREP4):Grx clone that expressed high level and high
quality Cch GrxS12 mature protein, three positive clones (no. 10, 18 and 26) were selected and
analyzed by a minipreparation assay under denaturing condition. Protein expression study was
carried out under inducing (with IPTG) and non-inducing (without IPTG) conditions and purified
with HIS-Select Nickel affinity Gel resin (Sigma).

Purified proteins were analyzed by SDS-PAGE electrophoresis and were stained with
Coomassie brilliant blue (Fig.4.5). The results showed that the recombinant protein His-Grx was
only induced in the IPTG-treated bacterial culture. After analyzing the protein expression
profiles of His-Grx from the three colonies (Fig.4.5), colony no. 10 was selected for further
protein expression and purification and to study the enzyme kinetic assays, because His-Grx
showed up as a single protein band while in the other two colonies, His-Grx protein showed up

as double band.
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Fig.4.5 Purification of Cch GrxS12 from E. coli colonies under denaturing condition. The
proteins were expressed and purified under induced (induce) and non-induced (No induce)
conditions. M. Mr. Markers 1. Crude extracts 2.Purified protein.
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Fig.4.6. His-Grx soluble native protein purification using Nickel affinity gel column (Sigma)
under native condition. M. Mr. Markers; 1 Expression under non-induced condition; 2. Total
protein extract from induced bacterial cells; 3. Soluble total protein fraction; 4. HIS-Select
Nickel affinity Gel resin (Sigma) no retained protein fraction; 5. 1*' column wash; 6. 2™ column
wash; 7. 1* His-Grx eluted fraction; 2™ His-Grx eluted fraction.
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Native Cch His-Grx protein was purified from the soluble fraction of the total protein
extracts from bacterial cells.

In figure 4.6, the SDS-PAGE protein analysis from the different purification steps of
native His-Grx protein is shown. A high amount of the expressed His-Grx protein was in the
form of soluble protein (Fig.4.6, lane 3) and most of it was retained by the HIS-Select Nickel
resin (lane 4). The unbound bacterial proteins were removed by several washing steps (Fig.4.6,
lanes 5 and 6). Most of the His-Grx purified protein was eluted from the resin with 250 mM
Imidazole in the first 4 ml of elution buffer (lane 7) while in the next 4 ml elution fraction (lane
8), very little amount of protein was eluted. Both His-Grx protein preparations were free from
visible protein contaminants (lanes 7 and 8).

The proteins collected from the two eluted fractions were pooled together and dialysed.
The dialyzed protein was used for the enzymatic assay of the protein.

The calculated apparent Mr of the recombinant protein was 12.9 kDa well in accordance
to the predicted one.

The yield of native Cch His-Grx purified protein was between 0.13 and 0.2 mg/100 ml of

bacterial culture depending on the purification experiments.
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Fig.4.7.A. Linear dependence of HED activity on Cch GrxS12 concentration expressed as
AAsq/min. The data are represented as mean £ S.D. B.Variations of the apparent turnover
number during HED assay catalyzed by 84 nM of Cch GrxS12 in varying concentrations of]
GSH ranging from 0.5 to SmM. The data are represented as mean + S.D. The best fit was
obtained using the Michaelis-Menten equation using non-linear regression equation.
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The activity of Cch GrxS12 purified protein was determined by Grx HED assay as
described under Materials and Methods. To determine the correlation between Cch His-Grx
concentration and Grx activity, the concentration of Grx in the assay was varied from 10 nM to
125 nM. maintaining the GSH concentration at 1 mM. In this assay, it was displayed a linear
relationship with increasing protein concentration (Fig. 4.7A). The specific activity was
calculated as 0.12 U/nM. To determine the kinetic correlation between Cch His-Grx Grx activity
and GSH concentration, the concentration of GSH was varied from 0.5 mM to 5 mM by
maintaining the concentration of His-Grx protein at 84 nM in the presence of 0.7mM HED. The
apparent K,, and apparent turnover (K., (Sec)) values for GSH were calculated by nonlinear
regression using the Michaelis-Menten equation. Turnover number represents the moles of
NADPH oxidized per second in the presence of 1 mol of Cch GrxS12. The apparent K,, (4.9 +
1.9 mM) and apparent turnover K., (14.63 + 4.8) values were obtained. The catalytic efficiency
value (Kool K (M Sec™)) was found to be 3.05x10°. These experiments revealed that Cch

GrxS12 monothiol glutaredoxin possessed GSH-disulfide oxidoreductase activity.

4.3. Cch GrxS12 derivatives constitutively expressed in plants are targeted to different
subcellular compartments

Previous analysis in our working lab revealed that Cch GrxS12-GFP, and Cch
A2MGrxS12-GFP proteins localized to the chloroplast and to the nuclei, respectively. To further
expand these data, protoplasts from N. benthamiana transgenic plant lines that constitutively
expressed these two constructs as well as those expressing free GFP were assayed under confocal
microscope. The results (Fig.4.8) showed that while free GFP was located to the cytoplasm and
the nucleus, the fluorescent signal due to the GrxS12-GFP fused protein was detected in the
chloroplast confirming the chloroplast targeting of the protein. To experimentally verify the
nuclear localization of A2MGrxS12-GFP protein, DAPI staining was performed. Thus it was
possible to visualize the protein in both the nucleus, as detected in the merged image of both
DAPI and GFP signals, and dispersed in the cytoplasm, thus confirming previous data and

expanding them to the cytoplasm localization. That localization was similar to that of free GFP.
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A.Nb: GFP

B.Nb: Grx-GFP

C.Nb: AZMGrx-GFP

GFpP DAPI Chorophyll Merged

Fig.4.8. Subcellular localization study of Cch GrxS12 in N. benthamiana plant protoplasts from
transgenic plants indicated on the left. A. Nb:GFP, plants expressing free GFP. B. Nb.Grx-
GFP: plants expressing Cch GrxS12 fused to GFP. C. Nb:42MGrx-GFP: The N-terminal 63 aa
truncated Cch Grx fused to GFP. Merged images of GFP, DAPI and Chlorophyll are shown on
the right. The nuclei were visualized by DAPI staining, Scale bar = 20 um.

To rule out the possibility that the co-localization of Cch A2MGrxS12-GFP protein with
DAPI was due to the existence of free GFP in the transgenic plants, total protein plant leaf
extracts from transgenic plants Nb:Grx-GFP and Nb:A2MGrx-GFP were analyzed by Western
blot analysis. Nb:GFP total protein plant leaf extracts were used as control of free GFP
expression. Detection of both Cch GrxS12-GFP fused proteins and GFP free protein was carried
out in the same membranes. The results obtained by using the Grx specific immunoserum
indicated that Cch GrxS12-GFP and A2MGrxS12-GFP fused proteins were expressed in Nb.: Grx-
GFP (Fig.4.9A) and Nb:A2MGrx-GFP plants (Fig.4.9B), respectively. By using the GFP
specific immunoserum, both GFP fused proteins were also detected and no free GFP was present
in either Nb:Grx-GFP or NbA2MGrx-GFP plants (Fig.4.9 A and B). Therefore, these results
confirm that the 63 N-terminal aa peptide of the Cch GrxS12 is the chloroplast signal peptide and
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that the deletion of these 63 aa in construct Cch A2MGrxS12-GFP fused protein brings about a

protein that is targeted to the same sites as free GFP.
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Fig.4.9.Western blot analysis of Cch GrxS12-GFP and Cch A2MGrxS12-GFP fused proteins
and free GFP protein in transgenic N. benthamiana lines of Nb:GFP; Nb:Grx-GFP;
Nb:A2MGrx-GFP. A. Analysis of Nb:Grx-GFP protein extracts; B. Analysis of Nb:A2MGrx-
GFP protein extracts. 1. Nb:GFP 2. Nb:Grx-GFP 3. Nb:A2MGrx-GFP. The different
immunosera (IS) are indicated at the bottom of the figure.

4.4. Expression analysis of Cch GrxS12 protein and its derivatives in N. benthamiana
transgenic plants

N. benthamiana plants constitutively expressing GFP (Nb.GFP, line 11), native Cch
GrxS12 (Nb:Grx, line 3), a GrxS12:GFP fusion protein (Nb:Grx-GFP, line 16) and a 63 aa
truncated GrxS12 fused to GFP (Nb:A2MGrx-GFP line 40) were used to analyze the effect of
Grx expression on PMMoV-I infection. In order to analyze the expression level of the Cch
GrxS12 constructs in these plants, total leaf proteins were extracted from upper leaves prior to
viral inoculation (six weeks old plants) and analyzed by Western blot assay by using Cch

GrxS12 specific immunoserum.
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Fig.4.10. Western blot analysis of Cch GrxS12 constructs accumulation in the upper leaves of
N.benthamiana transgenic plants indicated on the top of the figure. Grx specific immunoserum was
used for detection. 1: samples from 1-4 plants; 2: samples from 5-8 plants; and 3: samples taken
from 9-11 plants. Protein extracts in B were 1/10 diluted. Lower panels show Coomassie Blue
staining of total proteins as loading control. The Grx constructs position is shown at the right of the
figure.
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The accumulation of the correspondant protein in either Nb:Grx plants (Fig. 4.10A) or
Nb:A2MGrx-GFP plants (Fig.4.10C) was very similar, although some differences were observed
among plants. Nb:Grx-GFP plants (Fig.4.10B) presented about 10x Grx-GFP protein
accumulation than the observed for the above mentioned plants. Plants with similar accumulation

levels within each line were selected for PMMoV-I inoculation.

4.5. PMMoV-I infection studies in N. benthamiana transgenic plants
4.5.1. Symptoms in PMMoV-I- infected plants

The first two expanded leaves from the selected N. benthamiana transgenic plants were
inoculated with PMMoV-I at a concentration of 50 pg/ml and symptoms were recorded at
different days post-inoculation (dpi). From the 4™ day onwards the viral symptoms were visible
in the upper non-inoculated plant leaves. The symptoms were first noticed in the apical two

leaves. (Fig.4.11B)

Control Infected

Fig.4.11.Representative images of PMMoV-I induced symptoms in N. benthamiana transgenic
plants. A. Symptoms displayed at 14 dpi in N. benthamiana control and PMMoV-I-infected
plants. B. Symptoms induced by PMMoV-1 in N .benthamiana apical leaves of infected plants at
14 dpi. C. Symptoms displayed by N.benthamiana infected with PMMoV-I at 28 dpi.
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The typical symptoms induced by PMMoV-I in the N. benthamiana infected plants were
those of stunting due to the reduction in the number of leaves, a shorter intra nodal distance and
reduced leaf size (Fig.4.11A). The leaves were curled at 14 dpi, (Fig.4.11B). These symptoms
were found in the PMMoV-I-infected plants from 6 to 22 dpi. Later on, the plants started to
recover from the viral infection. PMMoV-I infected plants began to elongate, new leaves looked
asymptomatic and flowers began to appear (Fig.4.11C). The recovery of plants took place from
21 to 31 days, the latest day observed. Although the apical leaves of the plants got recovered, the
infected plants are shorter than the control plants. On visualizing the different transgenic lines
under the PMMoV-I infected condition, the Grx expressing lines were found to have better

growth when compared with GFP expressing line.

4.5.2. Analysis of viral coat protein accumulation in plants

To analyze the PMMoV-I viral accumulation in the N. benthamiana transgenic plants
indicated above, plant leaves were inoculated with PMMoV-I at 5 pg/ml. Samples were collected
from inoculated leaves at 7 dpi, and from systemic leaves at 7, 14 and 28 dpi in both infected and
mock inoculated control ones. For virus quantification, the accumulation of PMMoV-I CP was
analyzed by SDS-PAGE from the different samples and was quantified by using a PMMoV-I
standard curve as described under Materials and Methods section.

The results showed that PMMoV-I CP increased during the earlier periods of infection
and reached a maximum at 14 dpi to be diminished at the later stage of infection (28 dpi1). This
pattern of viral accumulation depicts the same for all the transgenic lines. At 7 dpi, the viral
accumulation in the inoculated leaves was almost similar for all of the plants while in the
systemic leaves viral accumulation was lower for transgenic plants expressing the native Cch
Grx (Nb:Grx) than for GFP plants. However, the transgenic plants transformed with GFP-fused
Grx constructs showed higher level of viral accumulation than the control plants. At 14 dpi the
level of viral accumulation was lower in all of the transgenic plants expressing the Grx
constructs than in the GFP-expressing plants. The largest differences were found in Nb:Grx-GFP
plants where the PMMoV-I CP only reached a 56% of the observed in GFP plants, while a
decrease of 18 and 20% was observed in both Nb:Grx and Nb:A2MGrx-GFP plants, respectively
(Fig. 4.12).
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Fig.4.12. Analysis of viral CP accumulation in N. benthamiana transgenic plants inoculated
with 5 pg/ml of PMMoV-I at the dpi showed in the figure. IL-Inoculated leaves, SL-Systemic
leaves. Results are the media from three experiments and are expressed as pg of virus per mg
of fresh tissue. Standard deviations are shown.

At 28 dpi, the samples were taken from the recovered leaves of the PMMoV-I infected
plants. PMMoV-I accumulation in Nb:Grx, Nb:Grx-GFP and Nb:A2MGrx-GFP infected plants
was reduced up to 60%, 37% and 32%, respectively, when compared with the GFP-expressing
line (Nb:GFP) (Fig. 4.12).

4.5.3. Analysis of viral RNA accumulation

To analyze viral RNA accumulation, 20 plants from each transgenic line, expressing the
Grx constructs, and control transgenic plants were inoculated with 50 pg/ml of PMMoV-I. The
accumulation of viral RNA was analyzed by Northern blot assay at early (7dpi) and late (28 dpi)
stages of the infection, as described under Materials and Methods, by using the viral RNA-
specific probe.

At 7 dpi, no differences in genomic viral RNA accumulation was observed, in either
inoculated or systemic leaves from the four transgenic plant lines analysed (Fig.4.13A). Thus the

results further expand previous data in our working lab, and those showed in the above paragraph
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(Fig.4.12), indicating that over-expression of Cch GrxS12 does not have any inhibitory effect

over viral infection at early periods of infection.
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Fig.4.13. Northern blot analysis of viral RNA accumulation at 7 dpi (A) and 28 dpi (B). A.10 pg
of total RNA extracted at 7 dpi from control mock and PMMoV-I infected plants of 1. Nb:GFP,
2. Nb:Grx ,3. Nb:Grx-GFP and 4. Nb:A2MGrx-GFP plants were assayed by Northern blot
analysis and hybridized to digoxigenin-labelled specific riboprobe for viral RNA of plus
polarity. IL-Inoculated leaves; SL-Systemic leaves. B. total RNA (10 pg) extracted at 28 dpi
from PMMoV-I-infected and mock inoculated plants were assayed as above. The transgenic
plants analyzed are indicated on the top of the figure. (C): control mock inoculated plants; (I):
infected leaves; (R): recovered leaves. gRNA: viral genomic RNA. +: 50 ng of RNA extracted
from PMMoV-I virus was used as positive control. The lower panels of both A and B show the
ribosomic RNA (rRNA) stained with ethidium bromide and used as loading control.

To analyse viral RNA accumulation at late period of infection, samples were taken from
symptomatic (infected), and asymptomatic leaves (recovered) from PMMoV-I- infected plants as
well as from mock inoculated control plants. The level of viral RNA accumulation was higher in
Nb:GFP infected leaves than in the infected leaves of Cch GrxS12-expressing constructs (native
GrxS12, GrxS12-GFP and A2MGrxS12-GFP) plants (relative accumulation: 1 vs 0.65, 0.05,
0.11), thus indicating an inhibitory effect of the constitutive expression of Grx on PMMoV-I

accumulation at that time of infection. However, the low accumulation of PMMoV-I gRNA in
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the recovered leaves, was not altered in the Cch Grx expressing lines (relative accumulation:

0.05, 0.06, 0.05 vs 0.07) (Fig 12B).

4.5.4. Analysis of PMMoV-I viral accumulation in protoplasts of N. benthamiana transgenic
plants

In order to analyse the effect of the constitutive expression of Cch GrxS12 and its
derivatives on viral replication at the cellular level, plant protoplasts from the transgenic N.
benthamiana plants used in this study were prepared and infected with PMMoV-I RNA by
following the protocol described under Material and Methods. The protoplasts obtained from the

different plant lines showed the same size and aspect as it is shown in Figure 4.14.

A

N.b. GFP L11 N.b. Grx L3 N.b. Gri:GFP L16 N.b. A2M Grx:GFP L40

Fig.4.14.Protoplasts isolated from different transgenic lines used in this study and observed
with a Leica DM2500 microscope. Protoplasts were obtained from the transgenic lines
indicated at the bottom of the figure. Scale bars = 50 um.

To determine the percentage of infected protoplast, detection of PMMoV-I CP was performed by
either immunofluorescence or alkaline phosphatase staining, as described under Materials and
Methods. There was no difference in the percentage of infected protoplasts in the different lines,
which was about 30-34%. Figure 4.15 displays immunofluorescent staining of control and

PMMoV-I-infected Nb:Grx protoplast.
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Fig.4.15.Immunofluorescence detection of PMMoV-I viral infection in protoplasts of Nb:Grx.
From left to right: autofluorescence of chlorophyll (red), fluorescence of Alexa 488 (green)
and merged. Scale bar =20um
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Fig.4.16.Detection of PMMoV-I CP by Western blot analysis in plant protoplast from
transgenic lines indicated on the top of the figure. As positive control purified PMMoV-I (5
and 2.5 ng) was used. As negative control (C-) uninfected protoplasts were used. Lower
panels show Coomassie Blue-stained Rubisco protein as a loading control.

The viral accumulation was analyzed by detecting the viral CP accumulation at 24 h after
infection. As shown in figure 4.16 and taking into account the amount of total protein loaded

onto the gel, accumulation level of viral CP was similar for all of the transgenic plants.
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4.5.5. Kinetics of PMMoV-I viral CP accumulation in protoplasts of N .benthamiana

In order to study the effect of Cch GrxS12 expression in the transgenic lines on the
kinetics of PMMoV-I viral replication, the infected protoplasts were grown along with the non-
infected ones at 25°C for 10, 16, 24 and 48 hpi. The viral CP accumulation in the infected

protoplasts was analysed by Western blot as indicative of viral replication.
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Fig.4.17. Accumulation kinetics of PMMoV-I viral CP as indicative of virus replication in
protoplasts of the transgenic lines shown on top of the figure. Total protein extracts from
protoplasts harvested at the post inoculation shown on the top of the figure were assayed by
Western blot using PMMoV CP antiserum as before. As positive control purified PMMoV-I (5
ng) was loaded and for negative control (C-) uninfected protoplasts were used. Lower panels
show Coomassie Blue-stained Rubisco protein as loading control.

As far as the kinetics of viral replication is concerned, the level of viral CP accumulation
started to increase gradually from 16 hpi and it reached its maximum at 48 hpi, the latest point-
time analysed, being both the kinetics and accumulation levels of viral coat protein in both plant
protoplasts very similar (Fig.4.17), corroborating and further expanding the data obtained at 24
hrs. These data indicate that viral replication is not affected by the constitutive expression of Cch

GrxS12 in plants.

4.6. Transcript analysis of defence related genes
4.6.1. Transcript accumulation of PR genes

In order to reveal whether the-over expression of Cch GrxS12 and its derivatives in N.
benthamiana plants induced a defence mechanism against PMMoV-I infection, expression of SA
or ET-mediated defence transcripts, such as those from acidic PR proteins (PR-1, PR-2a and PR-
5), or basic PR (PR-2b) respectively (van Loon et al., 2006), were analyzed in mock- and
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PMMoV-I-infected plants along the infection period (7, 21 and 28 dpi). Northern blot analysis
was performed at 7, 21 and 28 dpi by using PR-specific riboprobes.

PMMoV-I-inoculated leaves from N. tabacum cv Xanthi nc plants, a well documented
PR protein expressing host (Stintzi ef al. 1993 ; Van Loon et al., 2006), was taken as positive
control for the analysis.

At 7 dpi (Fig.4.18A) it was found a high level of PR mRNA accumulation in the
PMMoV-I- inoculated leaves with no detection in the mock-inoculated ones, and at the same
extent in all of the different transgenic plants assayed (Fig. 4.18A). By contrast, the basic PR-2b
gene was expressed at the same level in either mock- or PMMoV-I- inoculated leaves (Fig.
4.18A). The amount of PR-1, PR-5 and PR-2b transcripts was similar to the detected, at 5 dpi, in
PMMoV-I inoculated leaves from N. tabacum Xanthi nc that developed an HR response (Fig.
4.18A lane 6).

In the systemic leaves of PMMoV-I infected plants low level expression was found for all
analyzed PR mRNAs and no expression was detected in the mock-inoculated control plants.
Again, differences between transgenic lines were negligible (Fig. 4.18A).

At 21 dpi, samples were taken from the systemic leaves of mock- and PMMoV-I-
infected plants. On analysing the PR transcripts accumulation, it was detected (Fig. 4.18B) that at
variance with the accumulation of PR found at 7 dpi, in which no PR mRNAs were detected in
the mock-inoculated transgenic control plants, all PRs were detected in the mock-inoculated
Nb:Grx-GFP transgenic plants being the levels of PR-1 and PR-2a very high. A faint band of
PR-2a was also detected in the other analyzed transgenic plants, as well as PR-5 in the Cch Grx-
GFP and Cch A2MGrx-GFP-expressing plants. In addition, it was detected that in all of the
PMMoV-I-infected systemic leaves, the different PR mRNAs were detected to a higher extent in

the Grx-expressing plants than in the control GFP-expressing plant.
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Mock PMMoV-I| Mock PMMoV-I

Fig.4.18. Northern blot analysis of PR gene expression from mock and PMMoV-I infected
plants at 7 (A), 21(B) and 28 (C) dpi 1. Nb:GFP; 2. Nb:Grx; 3. Nb:Grx-GFP; 4. Nb: A2MGrx-
GFP. 5 and 6. mock and PMMoV-I inoculated leaves from N. tabacum Xanthi nc.
respectively. Mock: control mock inoculated plants. PMMoV-I: PMMoV-I infected plants.
The lower panel of each probe shows the ribosomic RNA stained with ethidium bromide and
used as loading control.
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At 28 dpi, the plants recovered from the PMMoV-I infection, thus it was our interest to
determine the PR mRNA expression in the recovered leaves. In the mock inoculated plants, as at
21 dpi (Fig.4.18C) PR-1, PR-2a and PR-5 mRNAs were detected in the Grx expressing plants.
Among the PR mRNA, the PR-2a accumulation was found to be higher. It was also detected in
the A2MGrx-GFP-expressing plants, although the accumulation level was much lower. The
accumulation level of PR-1 mRNA was lower than the one at 21 dpi in the Grx-GFP-expressing
line.

In the case of PMMoV-I infected leaves displaying disease symptoms the level of PR
transcripts such as PR-1, PR-2a and PR-5 were found to be higher in the transgenic lines of
Nb:Grx, and Nb:Grx-GFP than in the lines of Nb:GFP and Nb:A2MGrx-GFP where little
mRNA accumulation was found. But the opposite was observed in the case of PR-2b transcript,
in which little mRNA accumulation was found in the transgenic lines of Nb:Grx, and Nb.:Grx-
GFP.

In the recovered leaves, the accumulation of PR transcripts was found to be very high (2-
3 fold) when compared with the mock- and PMMoV-I infected leaves. Similar levels of
accumulation were detected in the different transgenic plants analyzed, except for the PR-2b

transcripts that were higher in the Grx-expressing plants than in the control ones.

4.6.2. Analysis of 9-LOX, GR and GST transcript accumulation

For the expression study, leaf samples were taken from mock and PMMoV-I-inoculated
plants at 7, 21 and 28 dpi, as in the above paragraph, and as indicated under Materials and
Methods.

At 7 dpi, the analysis revealed that the accumulation level of 9-LOX mRNA was higher
in the PMMoV-I-inoculated leaves than in the mock-inoculated ones. The amount of 9-LOX
transcript was higher in the PMMoV-I-inoculated leaves from Nb.:Grx and Nb.Grx-GFP plants
than in either Nb:GFP or Nb:A2MGrx-GFP plants (Fig.4.19A). However, in the systemic leaves,
9-LOX mRNA was detected in both mock and PMMoV-I-infected plants, although expression
was higher in the mock inoculated leaves, than in the PMMoV-I infected plants, being higher in
the Grx-expressing plants than in the non-expressing ones. At 21 dpi, the expression level was

found to be uniform both in the mock- and PMMoV-I-infected plants (Fig.4.19B).
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At 28 dpi, the accumulation level of 9-LOX mRNA in the systemic leaves from mock
inoculated plants was found to be higher in the Nb:Grx-GFP transgenic line than in control GFP
expressing line, Nb:Grx and Nb:A2MGrx-GFP lines (Fig.4.19C). In PMMoV-I-infected plants
the accumulation of 9-LOX mRNA was higher in the recovered leaves,with not much variance
between the control line and Cch Grx protein-expressing lines (Fig.4.19C). Only a slight higher
amount of signal was detected in plants expressing Cch Grx-GFP protein.

Next the level of GR mRNA was analyzed. At 7 dpi, the expression level of GR
transcript got reduced in the PMMoV-I inoculated leaves when compared with the mock
inoculated control leaves. In the systemic leaves, and at variance with 9-LOX, the expression
level was found to be uniform for the transgenic plants analyzed, both in mock- and PMMoV-I-
inoculated plants (Fig.4.19A), being the accumulation levels higher in the virus-infected leaves.

At 21 dpi, the level of GR expression was found to be uniform for both mock and
PMMoV-I-inoculated plant leaves (Fig.4.19B).

At 28 dpi, an increase in GR mRNA accumulation was observed in mock-inoculated
plants from Nb:Grx-GFP line. In the PMMoV-I-infected leaves, a reduction of GR mRNA was
detected in the plants expressing all the Cch Grx constructs, whereas the accumulation level was
found to be uniform in the systemic recovered leaves (Fig.4.19C).

Regarding the level of GST mRNA, at 7 dpi, higher level of GST mRNA accumulation
was found in the PMMoV-I-inoculated leaves than in the mock-inoculated ones. No changes
were detected in the systemic leaves of either PMMoV-I-infected or control plants (Fig.4.19A).

At 21 dpi, GST mRNA accumulation was found to be higher in the PMMoV-I-infected
systemic leaves than in the mock ones, and no differences were observed between the Cch Grx-
expressing plants and GFP expressing ones (Fig.4.19B).

At 28 dpi GST mRNA was detected in all the samples analyzed, being the accumulation
level in the GFP-infected plants higher than in the Cch Grx-expressing plants, both in infected
and recovered leaves (Fig.4.19C). In contrast, a higher accumulation of GST mRNA was
detected in the mock-inoculated control plants expressing the Cch Grx-GFP protein.

In the positive control, PMMoV-I inoculated leaves from N. tabacum Xanthi nc plants,
the expression of 9-LOX and GST genes was induced associated to the HR resistance
mechanism, while GR gene was expressed at the same level in both mock and PMMoV-I

inoculated leaves (Fig.4.19, lane 5 and 6).
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Fig.4.19. Northern blot analysis of 9-LOX, GR and GST mRNA from mock and PMMoV-I-
infected plants at 7 (A), 21 (B) and 28 (C) dpi.l. Nb:GFP; 2. Nb:Grx; 3. Nb:Grx-GFP; 4.
Nb:A2MGrx-GFP; 5 and 6. mock and PMMoV-I inoculated leaves from N. tabacum Xanthi
nc. plants respectively. Mock: control mock inoculated plants. PMMoV-1: PMMoV-I infected
plants. The lower panel of each probe shows the ribosomic RNA stained with ethidium

bromide and used as loading control.
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4.7. Analysis of PN contents in plants

In order to evaluate the influence of Cch GrxS12 expression in N. benthamiana plants over PNs
accumulation, we determine the content of NAD', NADH, NADP' and NADPH in the
transgenic lines at 21 and 28 dpi, in both PMMoV-I- and mock-inoculated plants, as described
under Materials and Methods.
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Fig.4.20. Analysis of the PN contents at 21 dpi in control and PMMoV-I-infected leaves from
transgenic N. benthamiana plants. The levels of NAD', NADP", NADH and NADPH were
expressed as nanomols per gram of fresh tissue (nmol/g FW).The significant difference
between mock inoculated control plants and PMMoV-I infected plants is indicated by
astericks in which single * is the significant difference when (p<<0.05) and double ** is the
significant difference when (p<0.001). Significant difference among the different lines in
PMMoV-I infected plants is noted by the alphabetical letter a in which the value is (p<0.05).
FW-Fresh Weight.
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At 21 dpi, the data showed (Fig.4.20) that the concentration of NAD" in mock inoculated
control plants was around 4-7 nmoles/g of fresh tissue and it was found to be uniform for all of
the four transgenic plant lines. The level of NADH accumulation in those plans was in the range
of 5-8 nmoles/g of fresh tissue and it was found to be slightly higher in Nb:Grx and Nb.:Grx-GFP
than in Nb:GFP plant leaves, but differences either in NAD" or NADH accumulation were not
significant.

In the PMMoV-I infected plants the level of NAD" was similar to their corresponding
control plants, with no differences among Cch Grx-expressing and GFP-expressing plants.

In contrast, the NADH levels increased from 4 to 5 times in the PMMoV-I infected
systemic leaves with respect to the mock-inoculated control plants and significant differences
were found (P<0.001). The values were in the range of 27-37 nmole/g fresh tissue. Among the
different PMMoV-I-infected transgenic lines, Nb:Grx-GFP showed significant differences
(about 37 nmole/g fresh tissue; p<0.05) to the rest of the transgenic infected plants.

The total content of NAD increased considerably in infected plants and most of that
increase was due to the reduced form of NADH. So, the redox state of the NAD pool shifted
considerably towards its reduced form in the PMMoV-I infected leaves. In addition, the highest
NADH/NAD ratio (5.36) was found in this Nb:Grx-GFP line, followed by Nb:Grx, Nb: GFP
and Nb:A2MGrx-GFP lines with values of 3.94, 3.12 and 3.05 respectively.

In the mock inoculated plants, the data showed no differences in either NADP" or
NADPH accumulation between GFP- and Cch GrxS12 and its derivative-expressing lines,
neither in the redox state of the NADP pool. The NADP' content was always higher than the
NADPH one, in both mock-inoculated and PMMoV-I-infected leaves. An increase in both the
NADP" and NADPH content was found in the PMMoV-I infected plants but the increase in the
level of NADPH was found to be significantly higher when compared with the mock-inoculated
control plants (p<0,05).

At 28 dpi, samples were taken from symptomatic (infected) and asymptomatic
(recovered) leaves of PMMoV-I infected plants as well as from the mock inoculated control
plants (Fig. 4.21).

In the mock inoculated systemic leaves, the levels of PNs such as NAD", NADH and
NADP" were found to be higher than the ones observed at 21 dpi (Fig.4.21) and they were
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similar in the different transgenic plant lines, irrespective of either GFP-expressing or Cch
GrxS12 expressing plants, except for the accumulation level of NADPH that was found to be
similar to the one observed at 21 dpi (Fig.4.20 and 4.21). No significant differences were
observed in the PNs content between Cch GrxS12- and GFP-expressing plants at this time

period.
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Fig.4.21. Analysis of PN contents at 28 dpi in control and PMMoV-I infected and recovered
leaves in transgenic N. benthamiana plants. The levels of NAD', NADP', NADH and NADPH
were expressed as nanomols per gram of fresh tissue (nmol/g FW). The significant difference
between mock inoculated control plants and PMMoV-I infected plants is indicated by asterisks
in which single * is the significant difference when (p<0.05) and double ** is the significant
difference when (p<0.001). Significant difference among the different lines in PMMoV-I
infected plants is noted by the alphabetical letter a in which the value is (p<0.05). FW-Fresh
Weight.
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In the PMMoV-I infected leaves, NAD" and NADP" content was similar to the one
observed in mock inoculated plants, whereas in the recovered leaves a slight increase was
observed mainly for NADP". Overall, the accumulation level of the reduced PNs (NADH and
NADPH) was found to be significantly higher in the infected and recovered leaves when
compared with the mock inoculated ones, although the levels reached in the infected leaves were
higher than the ones observed in the recovered ones. Among the reduced nucleotides, NADH
accumulation level got increased from 4 to 8 folds and from 2.7 to 6.5 folds, relative to control
plants, in both infected and recovered leaves respectively. Maximum levels of NADH
accumulation (108 nanomoles/g of tissue) were found in the infected leaves of Nb:Grx-GFP
plants (Fig. 4.21). In addition, among the different PMMoV-I-infected transgenic plant lines
(both in infected and recovered leaves), NADH and NADPH levels were found to be
significantly higher in the Grx-GFP-expressing plants than in the corresponding leaves from the
PMMoV-I-infected GFP-expressing plants (p<0.05).

As a result of the high NADH accumulation, the NAD pool was predominantly in its
reduced form in both PMMoV-I infected and recovered leaves. However, even though the level
of NADPH increased in the PMMoV-I infected plants, the NADP pool was maintained in the

oxidized form.

4.8. Tolerance to oxidative stress in N. benthamiana plants over expressing Cch GrxS12

Contribution of Cch GrxS12 to oxidative stress tolerance of transgenic N. benthamiana
plants was analysed by root growth assay as described under Materials and Methods.

The growth of primary roots of Nb.GFP plants was significantly inhibited in media
containing either 3 mM H,0O, or 1 uM paraquat. The effect of 1 uM paraquat treatment was
stronger than the one of 3 mM H,0,, but in both cases root growth was less inhibited in the
transgenic plants expressing Cch GrxS12 and its derivatives than in the GFP-expressing plants

with P<0.05 (Fig.4.22).
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Fig.4.22. A.Visual phenotype of N. benthamiana transgenic lines indicated at the top of the
figure grown under normal and oxidative stress conditions, as indicated on the left, for 12
days. B. Root growth measurement. The length of primary roots of seedlings was measured.
Error bars, S.D. (n>30). Significant difference between Nb:GFP and Cch Grx over expressing
lines (Nb:Grx; Nb:Grx-GFP; Nb:A2MGrx-GFP) are represented by asterisks (*P<0.05).

The plants grown on control media (without added H,O, or paraquat) were also analysed
for the root length (Fig.4.22B), and no significant difference were detected among the lines.
Thus, the over expression of Cch GrxS12 in plants increased their tolerance against

oxidative stress conditions caused by either H,O, or paraquat.

4.9. Heterologous expression of Cch GrxS12 in yeast Agrx5 mutant

By taking advantage of the availability of a S. cerevisiae mutant defective for the grx5
gene (Rodriguez-Manzaneque et al., 2002 ), we have used it as a model system to study the
possible function of Cch GrxS12. With this purpose, Cch grxSI12 nucleotide sequence coding
from aa positions 64-177 (mature protein) was cloned onto the yeast plasmid pMM221 which
contains the S. cerevisiae sequence coding for the mitochondrial targeting sequence from GRX5

protein plus a 3’ sequence coding a C-terminal 3HA/Hise tag under the control of the tetO;
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promoter (Fig.4.23). The Cch grx sequence was cloned between the Nofl and Bg/Il site of the
MCS region in the vector, thus obtaining the plasmid pMM1025. This plasmid was used to
obtain transformed yeast T clones containing Cch grx sequence in the Agrx5 background as
described under Materials and Methods. The resultant protein consisted of the Grx5

mitochondrial targeting sequence fused to the HA tagged Cch GrxS12 mature protein.

Targeting MCS

sequence
Targeting ATGTTTCTCCCAARATTCAA ATAAGGTCATTTT \TCCT ;CTAAGACTCTTCTTCGTTA T \TGTAT
sequence MetPheleuProlysPheAsnProlleArgSerPheSerProlleleyArgAlaLlysThrLleuleuArgTyrGlnAsnArgMetTyr
Notl Ascl Pmel _ Bgll _ Pstl 3HA > BHis Stop
> > GCC SATCTCTGCA JacCggatcaccaggee ) accatca t 1 =TAG

MCS ;CCGTTTARAC) . 3t

Fig.4.23. Cloning of Cch GrxS12 in Yeast plasmid pMM221. Schematic representation of
PMM221 cloning vector (Molina et al., 2004). Cch Grx sequence coding from amino acid 64-
177 (mature protein) was cloned onto the yeast plasmid pMM221 which contains the S.
cerevisae mitochondrial targeting sequence plus a C-terminal 3HA/Hise tag under the control
of tetO, promoter. The sequence was cloned between the Nofl and Bg/ll sites of the MCS
region in the vector.

Many yeast clones transformed with the Cch grx sequence were selected and analyzed by
Western blot assay by using HA tag specific monoclonal antibody to select clones with high Cch
Grx protein expression for further studies (Fig.4.23).

The mobility of Cch GrxS12 protein corresponded to the expected size of the mature
tagged protein (18 kDa), slightly smaller than yeast GRXS5 tagged protein (19 kDa). In four of
the clones, a lower mobility band was present in the total protein extract (Fig.4.23). This band
could correspond to the non-processed precursor from the mitochondria located Cch GrxS12.

The colony no. T11 was selected for further studies since its expression level was the highest.
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Fig.4.24. Western blot analysis of Cch GrxS12 expression in yeast. Yeast cells transformed
with Cch GrxS12 were recognised by probing with specific antibody against HA tag. C:
positive control (4grx5 yeast strain expressing Grx5-3HA); T1, T7, T9, T11, T12 and T14 are
yeast colonies transformed with Cch GrxS12.

4.9.1. Cch GrxS12 is not able to rescue the defects of 4grx5 mutant

In order to analyze whether Cch GrxS12 could be able to rescue the growth defects of
yeast Agrx5 mutant, the wild type strain (W303-1B), MML100 (4grx5 mutant), MML240
(4grx5/GRXS5) and T11 (4grx5/Cch Grx) were plated on media containing glycerol (YPG) and
also in the SD auxotrophic medium which lacks the amino acid Lys (Fig.4.25A). The strains
were allowed to grow for 3 days at 30°C. The Agrx5 mutant and Cch Grx transformed
Agrx5 mutant failed to grow over the YPG and SD media whereas the wild type strain and 240
strain (4grx5/GRX5) were able to grow over the defective media (Fig.4.25A). The data clearly
showed that Cch GrxS12 could not be able to rescue the growth defects of 4grx5 mutant.
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Fig.4.25. A. Analysis of the rescue effect of Cch GrxS12 over specific media in the Agrx5
mutant S. cerevisae. Wildtype (WT), Agrx5, Agrx5/Grx5 and Agrx5/Cch Grx cells were
grown over glucose (YPD), minimal (SD) and Glycerol (YPG) media for 3 days at 30°C. B.
Sensitivity towards oxidants was analyzed by grown over YPD medium containing t-BOOH
and diamide for 3 days at 30°C.

Earlier reports showed that Agrx5 mutants are sensitive to tert-butyl hydroperoxide (t-
BOOH) and diamide (Luikenhuis ef al., 1998). Thus, in order to investigate whether Cch GrxS12
protein could rescue the hypersensitivity of Agrx5 mutant to those external oxidants, the four
yeast strains mentioned above were grown over 0.3 mM t-BOOH and 1.5 mM diamide. The wild
type and strain 240 could be able to grow over the oxidant containing media while the Agrx5
mutant and Cch grx transformed in 4grx5 mutant were unable to grow over the media containing

either t-BOOH or diamide (Fig. 4.25B).
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These results clearly showed that Cch GrxS12 failed to rescue the growth defects of
Agrx5 mutant and also was not able to compensate the hypersensitivity of Agrx5 mutant against

the external oxidants.

4.9.2. Determination of iron accumulation in the yeast strains

Further experiments were conducted in order to determine whether Cch GrxS12 could be
able to suppress the iron accumulation in the Agrx5 yeast mutant. Therefore the accumulation of
free iron was analyzed in yeast wild type strain, yeast 4grx5 mutant, yeast Agrx5 mutant
transformed with GRXS5 and 4grx5 mutant transformed with Cch grx (4grx5/Cch grx). The yeast
strains were grown in YPD media at 30°C and the accumulation of free iron was measured by the
bathophenantroline method, as described under Materials and Methods. In the case of Agrx5
mutant, the relative ratio of free iron accumulation with respect to the wild type strain was found
to be 2.5 fold higher (Fig.4.26A). In GRX5 transformed A4grx5 mutant strain, the accumulation of
free iron dropped as in wild type cells. But in Cch grx transformed yeast Agrx5 mutant the
relative accumulation level of iron was found to remain the same as that from yeast Agrx5
mutant. Thus these experiments showed that Cch GrxS12 was not able to suppress the iron

accumulation in the 4grx5 mutant.
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Fig.4.26.Deletion of GRXS5 in yeast cell induces the accumulation of free iron and also defects
in the activities of mitochondrial Fe/S proteins. A. Relative ratio of iron accumulation in wild
type (WT), Agrx5/GRXS, Agrx5 and Agrx5/Cch Grx yeast strains. B. Relative ratio of
aconitase to malate dehydrogenase activity in Wild type (WT), 4grx5/GRXS, Agrx5 and
Agrx5/Cch Grx yeast strains. Error bars indicate the standard deviation of at least three
independent experiments.
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4.9.3. Determination of aconitase and malate dehydrogenase ratio

The ratio of aconitase to malate dehydrogenase activities was measured in all the four
yeast strains, to determine whether Cch GrxS12 can restore the functions of yeast GRXS5 in the
Agrx5 defective mutant. In all the four strains tested, the activity of malate dehydrogenase did
not show any significant variation. But a decrease in the level of aconitase activity was found in
Agrx5 strain and Cch grx transformed Agrx5 mutant. The level of aconitase got reduced by 2-2.5
fold compared to the wild type and GRXS5 expressed in Agrx5 strain (Fig.4.26B). All these
results showed that the Cch GrxS12 protein was unable to restore the function of GRXS in S.

cerevisiae Agrx5 mutant.
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Discussion

In previous work of our group, it was identified a C. chinense L’L* PI 159236
chloroplastic Grx gene whose expression was induced during both compatible and incompatible
interactions between C.chinense plants and the Italian (I) and the Spanish (S) strains of PMMoV,
respectively (Gilardi, 2000). It was also determined that the constitutive expression of the full
length protein was directed to the chloroplast and a truncated form to the nucleus.

In higher plants Grx genes are encoded by multigene families with about 30 members, in
contrast to Grx reported from E. coli and S. cerevisiae (Lillig et al., 2008). Deduced amino acid
sequence analysis showed that Cch Grx belongs to class I mono-thiol Grx with a CSYS active
site (Couturier et al., 2009a). BLAST search analysis carried out in this work have shown that
CSYS active site Grxs and Grx-like proteins with this active site have been reported from plants,
insect and fungi but not reported in prokaryotes. According to the classification proposed by
Couturier et al., (2009a), Cch Grx belongs to the C5/S12 subgroup having a WCSYC/S active
site. This unusual active site is unique to plant Grxs. GrxS12 coding genes have been described
in all studied land plants while GrxC5 coding ones were only found in Brassicaceae family
(Couturier et al., 2011). Because of gene duplication and divergence many Grx proteins were
found to possess extra domains in addition to the Grx domain. Members of class I Grxs are
generally characterized by having single domain Grxs with monothiol or dithiol active sites as
the Cch GrxS12. Analysis of the Cch GrxS12 aa sequence with different Grxs searched through
NCBI blast showed maximum identity to the Grx from S. /ycopersicum (97%), followed by that
from V. vinifera VviGrxC5 (85%), poplar PtrGrxS12 protein (81%), AthGrxS12 from A.
thaliana (69%) and GrxS12 from monocots (Zea mays) (78%) whereas it shows the lowest
identity to SceGrx6 reported from S. cerevisae (38%).

The phylogenetic tree shows that Cch GrxS12 is located in the same branch as that from
tomato, and that all of them are grouped in one major branch whereas that from S. cerevisae is
located in a different branch (Fig.4.2.)

The predicted Cch GrxS12 structure is very similar to the one described for other known
Grxs. Cch GrxS12 structure displays the characteristics of Trx fold family proteins with a core of
four B-strands surrounded by five a-helices on both sides as that for the known crystal structure
of poplar PtrGrxS12 protein (Couturier et al., 2009b), Fig. 4.3 and 4.4). The most important
characteristics shared by these two proteins are that both of them have WCSY'S sequence region

as their active site located at the N-terminus of the a2 helix (Couturier et al, 2009b) and that
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other important amino acid motifs described to be involved in GSH binding in poplar PtrGrxS12,
such as "TVP”’, ¥’ GG* as well as the presence of a second Cys residue away from the active site
(Couturier et al., 2009b), were well conserved in Cch GrxS12 protein. Conservation of GSH
binding site between the two proteins suggests that both of them share the same biochemical and
physiological function.

To characterize Cch GrxS12 protein, it was expressed in different biological systems:
bacteria, yeasts and plants. The expression of Cch GrxS12 mature protein in E. coli allowed us to
obtain a soluble recombinant Cch GrxS12 protein with a His-tag at its N-terminus and with a
calculated apparent Mr of 12.9 kDa well in accordance to the predicted one. The purified His-
Cch GrxS12 was found to have GSH-disulphide oxidoreductase activity, being active in the
classical Grx HED assay that tests deglutathionylation activity (Holmgren and Aslund 1995).
The His-tag at the N terminus of the Cch GrxS12 protein did not abolish the protein activity, as
well as it was reported for GRXI1 from Chlamidomonas reinherdtii, a CPYC-type Grx
(Zaffagnini et al., 2008). On comparing the Grx activities from other monothiol Grxs, it was
found that Cch GrxS12 (0.12 U/nM) possess less specific activity than those of yeast Grx6 (0.21
U/nM) and Grx7 (0.51 U/nM). The K,, and K., values also indicated that Cch GrxS12 was 10
times less active than PtrGrxS12 reported from Populus (Couturier et al., 2009b). This in vitro
HED assay clearly demonstrates that Cch GrxS12 may regulate many reactions inside the cell
where the thiol status of the proteins are affected by glutathione level.

The catalytic action of individual Grx is found to be varied and thus make the individual
Grx to have specific function at their compartments. Dithiol Grxs mainly confined to Class I Grx
are found to be active in the HED assay eg. C. reinhardtii Grx1 and 2 (Gao et al., 2010) and A.
thaliana GrxC5 (Couturier et al., 2011). But among the members of monothiol Grxs, different
classes of Grxs have different enzymatic activity. Monothiol Grxs from Class I are found to
participate in the deglutathionylation reaction eg. S.cerevisae Grxs such as ScGrx6 and ScGrx7
(Mesecke et al., 2010) and poplar PtrGrxS12 (Couturier ef al., 2009b), whereas monothiol class
IT Grxs with CGFS active site were not found to be active in this deglutathionylation reaction eg.
S.cerevisae Grx5 (Tamarit et al.,, 2003), E. coli Grx4 (Fernandes et al., 2005), C. reinhardtii
GRX3 (Zaffagnini et al., 2008), A. thaliana AtGRXcp (Cheng et al., 2006) and AtGrx 4 (Cheng,

2008). In general it was concluded that Class I Grxs are found to possess this thiolreductase
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activity (HED assay) irrespective of monothiol or dithiol active sites, whereas class II monothiol
Grxs are not efficient in this reaction.

With regards to the active site amino acids required for deglutathionylation activity,
mutation studies performed in other Grxs gave many clues about the sequences needed for this
activity. E. coli Grx was found to be active in the HED assay when the second Cys of the active
site (CPYC) was engineered to serine (Bushweller ez al., 1992). In the case of poplar PtrGrxS12,
abolishment of protein activity was reported when the Cys residue of the CSYS active site was
changed to Ser (Couturier et al., 2009b), therefore the N-terminal Cys residue of the active site is
required for this activity. But in E.coli Grx4, that does not have deglutathionylation activity,
mutation of the CGFS active site to CGFC, and thus mimicking dithiol Grx, was not able to
restore the activity in the HED assay (Fernandes et al., 2005). Thus, these reports show that
along with the N-terminal Cys of the active site region other regions of the protein are also
essential for the Grx to be active in the HED assay.

Previous analysis in our lab using transient expression of GFP-tagged Cch GrxS12
constructions in N. benthamiana plant leaves revealed that Cch GrxS12-GFP protein and Cch
A2M-Grx-GFP protein, where the 63 aa signal sequence for the plastid signal peptide was
truncated, localized to the chloroplast and to the nuclei respectively (Montes-Casado et al.,
2010), but at that moment it was not possible to rule out the possibility that the apparent nuclear
localization of Cch A2M-Grx S12-GFP was due to the presence of free GFP in the transfected
plant tissues. To further expand these data, and to confirm the nuclear localization of the
truncated protein, protoplasts from N. benthamiana transgenic plant lines that constitutively
expressed these two constructs as well as those expressing free GFP were assayed under confocal
microscope. The results confirmed our previous data and expanded them in the sense that the full
length Cch GrxS12-GFP was targeted to the chloroplast whereas A2M-GrxS12-GFP protein was
found throughout the cytoplasm and nuclei, with a similar pattern as free GFP. This is in
agreement with the sequence analysis by chloroP programm which shows that the first 63 aa
region codes for the chloroplast targeting region. Similar to Cch GrxS12 many Grxs reported in
other works also show a signal peptide of different length at their N-terminus as has been shown
to in AtGRXcp-first 63aa, CarGRX3-first 68aa, AtGrx4 and poplar PtrGrxS12-first 74aa, all of
them targeted to chloroplasts (Cheng et al., 2006; Cheng, 2008; Couturier et al., 2009b; Yadav et
al., 2012). Our results confirmed the nuclear localization of A2M-GrxS12-GFP protein and ruled
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out the possibility that the apparent nuclear localization observed in our previous work was due
to the presence of free GFP or to the over-expression of the protein (Montes-Casado et al.,
2010).

Localization of plant Grxs were predicted for 4. thaliana (Rouhier, 2010) and Populus
(Bandyopadhyay et al., 2008; Couturier et al., 2009b) and it was shown that among the class I
Grxs, Grxs belonging to GrxC5/S12 group are found to be localized to chloroplasts while others
are localized at different compartments. It was also shown that Class I Grxs are co-existing with
other class Grxs at their compartments (Rouhier et al., 2004). In poplar chloroplasts, Grxs S14
and S16 (class II Grxs) were found to be co-localized along with GrxS12 (Class I)
(Bandyopadhyay et al., 2008; Couturier et al., 2009b).

Monothiol Grxs have been described to participate in a diversity of cellular functions as
protein redox regulators and in cell protection against protein oxidative damage (Cheng et al.,
2006; Herrero and de la Torre-Ruiz, 2007). Over-expression of a particular gene in transgenic
plants is the best way to study the function of redundant genes (Ito and Meyerowitz, 2000;
Nakazawa et al., 2001). In this way, N. benthamiana plants constitutively expressing native Cch
GrxS12 (Nb:Grx), a Cch GrxS12:GFP fusion protein (Nb:Grx-GFP) and a 63 aa truncated Cch
GrxS12 fused to GFP (Nb:A2MGrx-GFP) were used to analyze the effect of Cch GrxS12
expression on PMMoV-I infection.

The accumulation of Cch GrxS12 and A2MGrxS12-GFP proteins in the different
transgenic plants used was very similar while Cch GrxS12-GFP protein accumulated at a higher
level. It is at present unknown if the observed differences come from a high expression of the
Cch GrxS12-GFP transgene or from a slow turnover of the GFP tagged Cch GrxS12.

When the transgenic plants were infected with PMMoV-1, no difference in viral disease
symptoms were observed at early stage of infection among the GFP and Grx constructs
expressing N. benthamiana plants. However, at later stages of infection, i.e. at 28 dpi, recovery
of the plants was more visible in the Grx expressing transgenic lines than in control Nb:GFP
transgenic line. The results obtained after PMMoV-I viral accumulation analysis in N.
benthamiana plants transformed with the three different Cch GrxS12 constructs and GFP
transformed plants (Nb:GFP) showed that at 7 dpi the viral accumulation was similar in the
inoculated leaves of all transgenic lines, thus suggesting that early events in plant virus infection

such as replication and cell-to-cell viral movement were not affected by the expression of the
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Cch GrxS12 constructs. These results were similar to the ones obtained when the transgenic
plants were infected with the PMMoV-S strain tagged with the yellow fluorescent protein
(PMMoV-S-YFP) (Montes-Casado et al., 2010). These preliminary data were further
corroborated by protoplast infection studies among the different transgenic lines.

Protoplast infection was found to be similar in all the lines expressing the three Cch
GrxS12 constructs as well as in the GFP expressing (Nb:GFP) plants (Fig.4.16.). As the kinetics
and accumulation level of the viral CP in infected protoplasts is correlated to replication and
translation kinetics (Hull 2002), we studied the kinetics of PMMoV-I CP accumulation in the
protoplasts of the transgenic plants. PMMoV-I CP accumulation kinetic was found to be similar
in the four lines assayed. Therefore the results from these studies collectively suggest that Cch
GrxS12 does not inhibit PMMoV-I viral replication at the cellular level. Thus, our data are at
variance with those previously reported by Auwerx et al., (2009) where they showed that the
replication of human immunodeficiency virus (HIV) was inhibited by the expression of Grx-1 in
the mammalian cell system.

Similarly, at 7 dpi no major difference in either viral coat protein or genomic PMMoV-I
RNA accumulation was detected in the systemic leaves, thus indicating that over expression of
Cch GrxS12 was not affecting PMMoV-I accumulation in the systemic leaves during early
stages of infection.

Lately, the coat protein accumulation level got increased in the systemic leaves and
reached its maximum at 14 dpi and again fall down at 28 dpi as plants recover from infection
(Pérez-Bueno, 2003; Molina-Galdeano 2006). A negative effect on PMMoV-I accumulation was
observed at 14 dpi, in the different Cch GrxS12 constructs-transformed plant lines. This effect
was also observed at 28 dpi in the infected and recovered leaves of PMMoV-I infected plants.

The high reduction in viral RNA accumulation at 28 dpi in Nb:Grx-GFP plants was
correlated to the high level of Cch GrxS12:GFP protein content in these plants (about 10 times
more than in either Nb:Grx or Nb:A2MGrx:GFP). Thus suggesting a possible dose-response
effect in the inhibition of viral RNA accumulation. As described in a previous work from the
laboratory (Montes-Casado et al., 2010) the reduction on PMMoV-I virus accumulation was due
to a lower number of infected cells in the systemic leaves of the Cch GrxS12 transgenic plants.

Overall, the Cch GrxS12-transformed N. benthamiana plants showed a diminished

PMMoV-I accumulation at late stages of infection. Although monothiol Grxs have been
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described conferring tolerance against different abiotic stresses (Sundaram er al, 2009,
Sundaram and Rathinasabapathi, 2010), this work and the previous work from our laboratory
(Montes-Casado et al., 2010) is the first time to describe a plant Grx conferring resistance
against plant virus infection. From the results obtained, the fusion protein Cch GrxS12:GFP was
fully active in PMMoV-I infection. The preservation of Grx enzymatic activity has been also
described in other Grx hybrid proteins (Rouhier et al., 2006). It is interesting to note that
chloroplast localization of the Cch GrxS12 protein was not required for its putative function in
viral inhibition, as the truncated Grx protein that located in the cytoplasm and the nuclei was also
active.

Similarly, the over expression of another member of Trx protein family, NtTRXh3, in N.
tabaccum plants was found to reduce multiplication and pathogenicity of Tobacco mosaic virus
and Cucumber mosaic virus which was accompanied with the activation of SAR defence related
gene PR-1a (Sun et al., 2010).

These data are in contrast with previous work (Wang et al., 2009) that showed that the
over-expression of ROXY1/2, a CC-type Grx, in Arabidopsis thaliana leads to hyper-
susceptibility of the transgenic plants to the infection by Botrytis cinerea. Furthermore, La
Camera et al., (2011) showed that another CC-type Grx, ATGRXS13, was required to facilitate
B. cinerea infection in A. thaliana. These different results could be ascribed to the type of
pathogen used in those studies, since B. cinerea is a necrotrophic pathogen while PMMoV-1 is a
biotrophic one and the type of plant defence response in each type of interaction is mediated by
two different signaling pathways, either the JA or SA pathways, respectively (Glazebrook, 2005;
van Loon et al., 2006). In this sense, it has been shown that an Arabidopsis CC-type Grx,
GRX480, is SA inducible and when ectopically expressed in transgenic Arabidopsis plants
strongly impaired the expression of the JA-dependent gene PDF1.2 (Ndamukong et al., 2007).

In order to further know the underlying resistance mechanism mediated by Cch GrxS12
over expression, the accumulation level of PR-1, PR-2a and PR-5 mRNAs which are the usual
markers of SA signaling pathway (Ryals et al., 1996) and PR-2b, a marker for Ethylene pathway
(van Loon et al., 2006), were analyzed in all the transgenic lines at 7, 21 and 28 dpi. At early
stage (7dpi) of plant growth, SA- regulated PR gene expression was not detected in the mock
inoculated control plants, but ET-regulated defence mRNA for protein PR-2b was detected in the

mock inoculated control plants. This shows that ET-regulated genes got activated at the time of
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mechanical injury caused during mock inoculation. It is worth emphasizing that at the late stage
(21 and 28 dpi) of plant growth, SA-regulated PR mRNA expression was increased in the
systemic leaves of mock inoculated Cch GrxS12 transformed N. benthamiana plant lines,
whereas ET-regulated PR expression was found to be negligible. The expression level of SA-
regulated PR protein was particularly high in the Nb:Grx:GFP line which may be due to the high
level of GrxS12-GFP protein accumulation in this line. Thus at late stage of plant growth, Cch
GrxS12 over expression mediates the accumulation of SA-regulated PR genes under non-
infection conditions. Although the increase in the accumulation of PR proteins at the time of
flowering (Lotan et al., 1989), and at senescent plants (Obregon et al., 2001) has been described
in tobacco, the increase observed in the accumulation of SA-regulated PR mRNAs in the Cch
GrxS12 transgenic plants seems to be related to the expression of Cch GrxS12 and its
derivatives, because in N. benthamiana plants expressing free GFP, PR mRNA accumulation
was not detected at that stage of development.

SA-regulated PR gene expression was induced in the PMMoV-I inoculated leaves at 7
dpi, but at this time post-inoculation no differences were observed between Cch GrxS12 N.
benthamiana transgenic plants and the GFP transgenic ones. In the systemic leaves there was no
or little expression of either the acidic or the basic PR genes as it was expected since the
interaction PMMoV-I-N. benthamiana is a compatible interaction where a resistance response
was not established and virus accumulation was high in those leaves. At late stages of infection
(i.e. at 21 and 28 dpi) an increase of SA-regulated PR mRNA accumulation was observed in the
systemic leaves of PMMoV-I infected plants whereas negligible level of ET-mediated PR gene
accumulation was detected. The accumulation of the SA-regulated PR mRNAs was already
described in the same plant-pathogen system by Tena (2012), who also described that a defence
mechanism was established in the PMMoV-I- infected N. benthamiana recovered leaves at 28
dpi. But what it was remarkable is that our results showed that the over expression of Cch
GrxS12 in N. benthamiana plants promotes a stronger induction of the expression of the SA-
regulated PR genes at late stage of plant growth under both pathogenic and non-pathogenic
conditions, which seems to indicate that the constitutive expression of either Cch GrxS12 or its
derivatives promotes priming the N. benthamiana systemic defence mechanism of the recovered

part of the plant, that it has been ruled out that is due to PTGS (Tena, 2012).
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Our results are well in accordance with those described for Arabidopsis GRX480, that,
when ectopically expressed in Arabidopsis, allowed the expression of marker genes for SA-
inducible response while inhibited the expression of the JA-regulated genes (Nadmukong ef al.,
2007).

In addition to the increase of the expression of the SA-regulated PR genes at late stage of
PMMoV-I infection, the constitutive expression of Cch GrxS12 in N. benthamiana plants, also
up regulated the expression of 9-LOX gene involved in a plant defence response through a JA-
independent signaling pathway (Vellosillo et al., 2007). Although at 7 dpi a weak accumulation
of 9-LOX RNA was detected in the mock inoculated plant leaves from Cch GrxS12 transgenic
plants, an increase with respect to the GFP expressing plants was observed. That increase was
higher in the PMMoV-I inoculated leaves from Nb:Grx and Nb.:Grx-GFP plants. But the highest
increase was observed at 28 dpi in the PMMoV-I-infected and mock-inoculated Nb:Grx-GFP
plants. It has been described that in compatible plant pathogen interaction, 9-LOX gene
expression is delayed and accumulated at low levels (Hwang and Hwang, 2010), contrary to
what happens in HR defence response where an increase in expression and activity of 9-LOX
enzyme has been reported (Rancé et al., 1998; Montillet et al., 2002; Gobel et al., 2002; Hwang
and Hwang, 2010). These results suggest that Cch GrxS12 and its derivatives, constitutively
expressed in N. benthamiana plants, activate more than one plant defence response pathway at
late stage of plant development and during PMMoV-I infection.

GR is a key enzyme in the Grx-GSH and ascorbate-GSH pathways and it plays a key role
in maintaining the antioxidant machinery of the cells, and the cellular redox state by utilizing the
reducing power of GSH (Ansel et al., 2006; Lillig ef al., 2008). The comparative analysis of the
GR mRNA accumulation between the Cch GrxS12 expressing plant lines and the control GFP
expressing plants showed little differences in the GR mRNA accumulation in both inoculated
and systemic leaves of mock inoculated plants at the three time points assayed, indicating that
the constitutive expression of Cch GrxS12 and its derivatives in N. benthamiana plants does not
affect GR gene expression at those times post inoculation, at variance to what it was reported in
Rhodobacter capsulatus, where the mutation in grx system affects the expression of GR under
oxidative stress conditions (Li et al., 2004). In PMMoV-I infected plants, GR mRNA analysis
showed that GR mRNA accumulation was reduced only in the PMMoV-I inoculated leaves at 7
dpi and in the infected plant leaves at 28 dpi. However, the levels of GR mRNA got restored in
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the recovered leaves at 28 dpi (Fig.4.19). These data are well in accordance to those previously
reported by Hakmaoui et al., (2012) about the increase in GR activity in PMMoV-I-infected M.
benthamiana plants at that time post-inoculation.

Previous reports have shown variable results in the GR activity of pathogen- infected
plants. A decrease was reported in tomato plants when infected with Botrytis cinerea (Kuzniak
and Sklodowska, 2005), in apricot seeds when infected with Prunus necrotic ringspot
virus (PNRSV) (Amari et al., 2007) or in N. benthamiana plants infected with PMMoV-I at early
steps of infection, up to 21 dpi, (Hakmaoui et al., 2012), while GR level was found to increase in
Hibiscus cannabinus plants when infected with Mesta yellow vein mosaic disease (Sarkar et al.,
2011). Thus, it seems that GR expression or activity could change depending either in the plant
pathogen system or the post-inoculation time point analyzed.

GST gene expression is a good marker of plant response against oxidative cell damage
(Fodor et al., 1997; Sun et al., 2010) and a rapid induction has been described in systemic leaves
in response to infection with an avirulent pathogen preceding the induction of PR-1 gene
expression (Lieberherr et al., 2003; Wagner et al., 2002).

Analysis of the GST mRNA accumulation in the different transgenic plant lines showed
an increase in GST expression in PMMoV-I infected plant leaves at 7 and 21 dpi irrespective of
the transgenic lines analyzed which shows that Cch GrxS12 constitutive expression did not
change the plant response against oxidative stress due to PMMoV-I infection at this period of
infection. This increase correlated well with the described up regulation of many antioxidant
genes in PMMoV-I-infected N. benthamiana plants at that period of time, which was a response
to the oxidative stress caused by PMMoV-I in the infected leaves up to 21 dpi (Hakmaoui et al.,
2012). However, at 28 dpi, expression level of GST in the infected and recovered leaves of Cch
GrxS12 and its derivatives expressing lines was reduced to values similar to the mock inoculated
control plants, whereas high levels of GST mRNA accumulation was detected in the PMMoV-I-
infected and recovered leaves from GFP expressing line. Taking into account that in PMMoV-I-
infected N. benthamiana plants a symptom recovering mechanism is induced at that time period
and that it was associated to a reduction of H,O, levels in the recovered plants (Hakmaoui et al.,
2012), it seems plausible to ascribed the low levels of GST mRNA accumulation in the Cch
GrxS12 expressing lines to an enhanced ROS-scavenging effect in those plants, thus limiting the

virus induced oxidative stress (Hakmaoui et al., 2012).
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Analysis of the NAD and NADP pools in the mock inoculated N. benthamiana transgenic
plants at 21 and 28 dpi showed that constitutive expression of Cch GrxS12 and its derivatives
does not affect the accumulation levels of those PNs. Thus showing that either their
accumulation or their oxidized state is quite stable, as reported for barley leaf chloroplats (Wigge
et al., 1993) and it seems to depend more on the plant growth stage (Yamamoto, 1963; Bonzon et
al., 1983; Queval and Noctor, 2007) than in the accumulation of the Cch GrxS12 either in the
chloroplasts or the cytoplasm and nuclei. The levels found at 28 dpi were higher than the ones
observed at 21 dpi, except for NADPH, that was between 2 and 10 times lower than the NADP"
levels found at either 21 or 28 dpi, respectively. This may be due to the metabolic stage of the
plants, as it has been described a change from anabolic towards catabolic processes at late
growth stages, which in turn is reflected by a drop of the NADPH/ NADPH+NADP' ratio, a
marker of anabolic processes (Bonzon et al., 1983).

PMMoV-I infection in the N. benthamiana transgenic plants alters the PNs towards a
reduced condition as the levels of NADH and NADPH accumulation were found to be
significantly higher in the PMMoV-I infected plants than in the mock-inoculated control plants
either at 21 or 28 dpi (Fig. 4.20 and 4.21). Similarly, increase in NADH and NADPH was
observed in Arabidopsis plants when infected with the bacteria Pst-AvrRpm1 (Pétriacq et al.,
2012). In addition, it has been reported that the increase in PNs levels in N. sylvestris CMSII
mutants was accompanied by enhanced tolerance to oxidative stresses induced by ozone and
TMYV (Dutilleul et al., 2005).

Among the PN levels, NADH level was found to increase 4-8 folds in the PMMoV-I
infected plants which shows that NADH is a good marker for PMMoV-I infection. Within the
infected transgenic lines, only Nb:Grx-GFP line showed significantly higher NADH and
NADPH accumulation at 28 dpi which was accompanied with enhanced virus resistance (Fig.
4.12 and 4.13). It is worthy to note that these transgenic plants showed high level of Cch
GrxS12-GFP accumulation. The increase in NADH content in PMMoV-I infected and recovered
plant leaves produces an imbalance in the NADH/NAD" ratio that might trigger the production
of ROS (Millar ef al., 2001) or the regulation of cellular antioxidant systems (Dutilleul et al.,
2003). Although the function of NADH in these transgenic plants remains to be elucidated, in
previous work a correlation between an increase in NADH content and resistance against

virulent bacteria have been reported in Arabidopsis gfgl-1 mutant plants (Jambunathan and
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Mahalingan, 2006) and in Arabidopsis plants expressing nadC gene from E. coli, that
accumulated high levels of NADH and NADPH (Pétriacq et al., 2012).

The precise mechanism by which these reduced nucleotides enhance the disease
resistance needs to be determined, but it may be related to the activity of many antioxidant
enzymatic reactions which required either NADH or NADPH as coenzymes (Berger et al., 2004;
Noctor, 2006), such as GR-mediated regeneration of GSH, and reduction of ascorbate and
thioredoxin by NADPH-dependent reductases (Meister and Anderson, 1983; Holmgren, 1985).

In addition, the high levels of NADH and NADPH in PMMoV-I infected and recovered
leaves might bring about changes in the expression of defence genes. In Arabidopsis plants a
correlation between PN accumulation and the induction of plant defence gene expression as well
as bacterial resistance has been reported (Ge et al., 2007; Zhang and Mou, 2009; Pétriacq et al.,
2012). Furthermore, the expression of the human NAD(P)-methabolizing ectoenzyme CD38 in
Arabidopsis, that alters the NAD(P) concentration, compromises biological induction of SAR
(Zhang and Mou, 2012). However, the pattern of PR mRNA accumulation found in Cch GrxS12
N. benthamiana transgenic plants seems to indicate that a direct correlation between the levels of
PNs and the induction of PR gene expression in the Cch GrxS12 transgenic plants does not exist,
as deduced by the observed increase in PR mRNA accumulation in the mock-inoculated plants of
Cch GrxS12 and its derivatives expressing lines either at 21 or 28 dpi without significant
changes in the accumulation levels of the different pyridine nucleotides with respect to the ones
observed in the mock-inoculated plants of the GFP expressing line. This shows that Grx-
mediated PR gene expression must be independent of PN levels under non-pathogenic condition.

It has been demonstrated that many of the plant Grx proteins are involved in the
regulation of plant tolerance against oxidative stress condition (Cheng et al., 2006; Cheng,
2008). In this work it was shown that over expression of Cch GrxS12 enhances the plants
tolerance against oxidative stress condition as revealed by the better growth of Cch GrxS12
expressing seedlings over either paraquat or HO, exogenously applied media. Treatment of
plants with Paraquat generates ROS in chloroplasts due to auto oxidation of paraquat radicals
generated by electrons from the reaction center of PSI (Taiz and Zeiger, 2010; Krieger-Liszkay
et al, 2011), thereby inducing oxidative damage. The results obtained showed, that constitutive
expression of Cch GrxS12 can protect the plants from cellular oxidative stress including

photooxidative stress. Taking into account that Cch GrxS12 is a chloroplastic protein, those
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results suggest that Cch GrxS12 has a role in protection against photooxidative stress conditions
as it was described for the cytosolic GRXS13 from A. thaliana (Laporte et al., 2012). That effect
was independent on the subcellular localization of the Cch GrxS12 protein, either the
chloroplasts or the cytoplasm and nuclei, in a similar way to the results obtained for the
protection against PMMoV-I infection. The mechanisms underlying this tolerance are not
known, but according to the results described for other Grxs, such as tomato Grx (SIGRX1)
(Guo et al., 2010), it seems plausible to consider that the over-expression of Cch GrxS12
activates the expression of genes involved in the antioxidant mechanisms either in the cytoplasm
or the chloroplast.

Many Fe-S cluster containing proteins were found to be abundant in the chloroplast and
mitochondria and also found throughout the cell (Balk and Lobreaux, 2005). Involvement of Grx
proteins in Fe-S cluster assembly was first studied in yeast Grx5 protein where the deletion of
Grx5 caused deficient in the synthesis of Fe-S cluster containing proteins and further leads to the
accumulation of iron which increases the sensitivity of yeast cells towards oxidative stress

conditions (Rodriguez-Manzaneque et al., 1999, 2002). Expression of Cch GrxS12 in yeast

Agrx5 mutant could neither restore the Fe-S cluster containing enzyme activities nor suppress
iron accumulation (Fig. 4.26). This shows that Cch GrxS12 could not be able to participate in Fe-
S cluster assembly in yeast but in plants it is still uncertain.

Among the plant Grxs, the structure of Populus GrxS12 (Couturier et al., 2009b) and
A.thaliana Grxs such as AtGrxC5 (Courtier ef al., 2011) and AtGrxS14 (previously referred as
AtGRXcp) (Li et al, 2010) are available which give further insight with the structural
determinants necessary for the Fe-S cluster assembly function. All Grx structures showed that
the presence of the Cys residue at the N terminus of the active site is indispensable for the Fe-S
cluster assembly. In the case of Populus GrxS12, with the same active site than Cch GrxS12
(WCSYY), it was shown that the presence of a Trp residue at -1 region of the CSYS active site
prevents the Fe-S cluster assembly and it was confirmed by the substitution of the Trp with Tyr
residue which then allows the Fe-S cluster assembly (Couturier et al., 2009b). However, later
studies on AtGrxCS5 structure showed that Trp at the -1 region of the active site (WCSYC) did
not inhibit the Fe-S cluster assembly, thus showing that Try is not the only important amino acid
for Fe-S cluster assembly function of Grx, but it depends on the presence in the active site of

amino acids that counterbalance the negative effect of Trp at -1 position (Couturier ef al., 2011).
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Although further structural studies would be needed, it seems that Trp at -1 position of the active

site in Cch GrxS12 has a negative effect on Fe-S cluster incorporation.

Thus yeast transformation studies show that the protein may not participate in the

biogenesis of Fe-S cluster assembly or in the regulation of iron homeostasis in the chloroplasts.
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Conclusion

. Nucleotide and amino acid sequence analysis revealed that Cch Grx is a monothiol
glutaredoxin that belongs to group I subgroup C5/S12 with a WCSYS active site and
the structural prediction showed that it belongs to the Trx-fold family proteins. It was

termed Cch GrxS12.

Confocal microscopy observation of protoplast from N. benthamiana transgenic plants
confirmed that Cch GrxS12 fused to the GFP is targeted to the chloroplast, whereas
the N-63 aa truncated Cch GrxS12-GFP fused protein was found to be localized at the

cytoplasm and nuclei.

. Purified Cch GrxS12 protein possesses in vitro thiol oxidoreductase activity as it

reduces the disulfide bond between glutathione and substrate in the HED assay.

. At early stages of infection, Cch GrxS12 expression in N. benthamiana plants did not

inhibit the viral accumulation and thus it shows that Cch Grx is not affecting the viral
replication, as confirmed by the analysis of the Kinetic of accumulation of viral CP in

protoplasts, or cell-to-cell movement.

Constitutive expression of the different forms of Cch GrxS12 in N. benthamiana plants
results in a diminished viral accumulation at later stages of infection. The expression
of the GFP-fusion proteins also produces a decrease in PMMoV-I viral accumulation
thus indicating that both forms of the protein fused to the GFP conserved their

activity.

. At late stage of plant growth, Cch GrxS12 expression enhances the mRNA

accumulation of SA-regulated PR proteins but not the ethylene-mediated PR proteins
both in mock-inoculated control and PMMoV-I infected plants.

Cch GrxS12 expression in N.benthamiana plants enhances the plants tolerance against

oxidative stress caused by H,O, and the herbicide paraquat under in vitro condition

111



10.

11.

12.

13.

Conclusion

and it shows that the protein could be able to protect the plants against the abiotic

stress.

The truncated Cch A2MGrxS12-GFP protein targeted to the cytoplasm and to the
nuclei could also be able to reduce the PMMoV-I viral accumulation and could be able
to rescue the abiotic stress, thus indicating that chloroplast localization is not required

for viral inhibition and protection against biotic or abiotic stress.

Expression of Cch GrxS12 did not alter the pyridine nucleotide contents in the mock-
inoculated control plants and thus it shows that Cch GrxS12-mediated PR gene
expression in the mock-inoculated control plants at late stage of plant growth is

independent of the pyridine nucleotide accumulation.

PMMoV-I infection accumulates high level of NADH and NADPH in all the transgenic

lines and the increase in the level of NADH is a good marker for PMMoV-I infection.

Increased PMMoV-I resistance, high PR accumulation and increased level of NADH
and NADPH in Nb:Grx-GFP line was associated with high level of Cch GrxS12-GFP

accumulation in this line.

Expression of Cch GrxS12 did not alter the antioxidant enzymes mRNA accumulation
of GR but it reduces the accumulation of GST mRNA at the late stage of viral

infection.

Cch GrxS12 is not able to participate in the Fe-S cluster assembly mechanism as it
could not be able to suppress the iron accumulation or restore the Fe-S containing

enzyme activities in the yeast Agrx5 mutants.
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