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Interés del traba jo y objetivos

La sequia es un fendmeno hidroldgico extremo que puede definirse como una
disminucién coyuntural significativa de los recursos hidricos durante un periodo
suficientemente prolongado que afecta a un drea extensa con consecuencias
socioecondémicas adversas. La sequia es un fenémeno "normal" y recurrente del
clima, que ocurre en todas las regiones climdticas, pero sus caracteristicas varian
de unas regiones a otras. En cualquier caso, no se trata unicamente de un fenémeno
fisico o un evento de la naturaleza, sino que tiene efectos econdmicos y
medioambientales importantes tanto en paises en via de desarrollo como en paises
desarrollados, que hacen patente la vulnerabilidad de las sociedades ante este
fenémeno de la naturaleza.

En la Tierra, existen grandes zonas afectadas por la sequia, siendo muy
comun en regiones dridas y semi-dridas donde las lluvias son escasas y errdticas,
con tasas de evapotranspiracion que exceden a las precipitaciones. Ademds el
cambio climatico global que estd afectando a nuestro planeta es el responsable de
que humerosas dreas terrestres estén sometidas a periodos de sequia cada vez
mds frecuentes y de mayor duracién, efecto que es especialmente palpable en las
regiones de clima mediterrdneo. En la actualidad Espatia se encuentra inmersa en
una situacidn de sequia. La ultima situacion similar se prolongé entre los afios 1990
y 1995, periodo en el que las lluvias entre los meses de Octubre y Mayo fueron,
excepto en 1991-92, incluso superiores a las que se han registrado en el afio 2005.
Los meteordlogos consideran que la situacion de sequia que afecta a Espafia se
suele «producir con una regularidad de diez afios» y que el fenémeno es aleatorio,
aunque guarda relacion con el fendmeno global de cambio climdtico.

A pesar de llevar muchas décadas de investigacion en agricultura, la sequia
continua siendo un reto para las ciencias agrarias. La sequia afecta a muchos
procesos hutricionales, fisioldgicos y bioquimicos en las plantas y causa una
reduccion de las cosechas que oscila entre el 10 y el 90%, dependiendo de la
severidad y el estadio de la planta en el momento de sufrir sus efectos. Desde el
punto de vista genético, la resistencia a la sequia es un proceso complejo porque el
funcionamiento de una especie vegetal o cultivar depende de la severidad, la
duracidn y el estadio de desarrollo de la planta. Para complicar el tema, la sequia
interacciona frecuentemente con otros estreses abiéticos y biéticos.

Durante las ultimas tres décadas la investigacion sobre la simbiosis
micorricico arbuscular (MA) y sus repercusiones en agricultura ha incrementado
notablemente su interés entre la comunidad cientifica, tanto desde la perspectiva
de la nutricion de las plantas como de la tolerancia a sequia, a las bajas
temperaturas, el biocontrol de patégenos de raiz o a sus implicaciones en
fitoremediacion. Ademds, el grado de respuesta de las plantas a la simbiosis MA es
particularmente significativo en regiones dridas y semi-daridas donde la produccién
vegetal estd normalmente limitada por deficiencias nutricionales e hidricas.
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Diversos estudios a nivel ecofisiolégico sobre el papel de la simbiosis MA
frente al déficit hidrico han demostrado que dicha simbiosis origina una alteracion
en las tasas de movimiento de agua dentro, hacia y fuera de las plantas
hospedadoras, con los consiguientes efectos sobre la hidratacion de los tejidos y la
fisiologia de la planta. En los primeros trabajos sobre este tema, se concluia que la
simbiosis MA probablemente afectaba las relaciones hidricas de las plantas de una
forma indirecta, a través de una mejora de la nutricion fosforada de las mismas.
Esta idea de que los efectos de las MA sobre las relaciones hidricas de las plantas
eran de naturaleza meramente nutricional prevalecié durante varios afos. Sin
embargo, otros estudios posteriores demostraron que las relaciones hidricas e
intercambio gaseoso de las plantas podia ser afectada por la simbiosis MA de
forma independiente de la nutricion fosforada, y esto supuso un paso decisivo en
los estudios de relaciones hidricas en la simbiosis MA. Asi, hoy en dia estd
totalmente aceptado que la simbiosis MA modifica las relaciones hidricas de las
plantas, de una forma totalmente independiente del incremento en la captacion de
P. Los estudios realizados a nivel ecofisiolégico en las ultimas décadas han
permitido sugerir posibles mecanismos a través de los cuales la simbiosis
micorricica incrementa la tolerancia de las plantas frente a la limitacion hidrica.
No obstante, estos mecanismos son muy complejos y las bases moleculares de los
mecanismos relacionados con la tolerancia a la sequia de las plantas hospedadoras
no se conocen aun. Lo que si estd claro es que la simbiosis MA afecta a la fisiologia
de la planta hospedadora como resultado de una interaccién molecular entre ambos
miembros de la simbiosis y que se requiere un esfuerzo encaminado a orientar las
investigaciones hacia la comprensién de la regulacién molecular de dicha simbiosis.
Es por ello que el objetivo principal de la presente Tesis Doctoral es el evaluar la
posible implicacién de un determinado grupo de genes caracterizados por ser genes
de respuesta al déficit hidrico, en la mayor tolerancia de las plantas micorrizadas
frente a la sequia. El trabajo se inicia con la determinacion de los mecanismos
fisioldgicos y bioquimicos implicados en la proteccion de leguminosas frente a la
sequia.

Objetivos especificos:

1) Determinar las bases de la proteccion de leguminosas frente al fenémeno
de senescencia nodular prematura inducida por sequia.

2) Evaluar la posible participacién de de un conjunto de genes, conocidos por
su respuesta al déficit hidrico, en el aumento de la tolerancia de plantas
micorrizadas frente al mismo. Este conjunto de genes incluye:

a) Genes que codifican proteinas LEA

b) Genes que codifican P5CS

c) Genes que codifican AQP

d) Gen fingico que codifica una proteina 14-3-3
e) Gen fungico que codifica una proteina BiP
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1. EL AGUA EN LA NATURALEZA

1.1. Introduccion

El agua, al mismo tiempo que constituye el liquido mds abundante en la
Tierra, representa el recurso natural mds importante y la base de toda forma de
vida. De este modo, desde el punto de vista de la agricultura, la falta de agua es el
factor limitante de la produccidn vegetal de mayor importancia a escala global
terrestre (Kramer y Boyer, 1997).

No es usual encontrar el agua en forma pura, aunque en el laboratorio puede
llegar a obtenerse o separarse en sus elementos constituyentes, que son el
hidrdgeno (H) y el oxigeno (O). Cada molécula de agua estd formada por un dtomo
de oxigeno y dos de hidrégeno, unidos fuertemente en la forma H-O-H. A
diferencia de los hidruros no metales, que son gases a temperatura ambiente, el
agua es liquida. La razén de ello y de la mayoria de las propiedades poco corrientes
del agua es que sus moléculas son polares y forman puentes de hidrégeno entre si,
lo que ocasiona un aumento de las femperaturas de fusion y ebullicidn. La cohesidn,
otra propiedad del agua, es la responsable de la unién entre las moléculas de agua 'y
por tanto, de que las columnas finas de agua puedan ascender por los vasos
xilemdticos sin romperse hasta la cima de un drbol. También es la responsable de
que se requiera una cantidad de energia muy elevada para provocar la evaporacién
(Azcon-Bieto y Taldn, 1993)

El agua permanece en constante movimiento. Desde los mares, rios, lagos, e
incluso desde los seres vivos, se evapora agua constantemente hacia la atmésfera,
hasta que llega un momento en que ese agua se precipita de nuevo hacia el suelo. De
este agua que cae, una parte se evapora, otfra se escurre por la superficie del
terreno hasta los rios, lagos, lagunas y océanos, y el resto se infiltra en las capas
de la tierra, y fluye también subterrdneamente hacia rios, lagos y océanos. Este
agua subterrdnea es la que utilizan los vegetales, los cuales la devuelven después
de nuevo a la atmésfera. Como observamos, al volver el agua a la atmdsfera se
completa un ciclo, que se denomina ciclo hidroldgico (Figura 1). De esta manera la
naturaleza garantiza que el agua no se pierda y pueda volver siempre a ser utilizada
por los seres vivos.
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Figura 1. Esquema del ciclo hidrolégico

La vida en la Tierra ha dependido siempre del agua. Sirve de hdbitat a una
gran parte de los organismos y ademds, desempefia un importante papel en la
fotosintesis de las plantas. El agua es un disolvente para muchas sustancias tales
como sales orgdnicas, azlcares y aniones orgdnicos y constituye un medio en el cual
tienen lugar todas las reacciones bioquimicas. En su forma liquida, permite la
difusion y el flujo masivo de solutos, y por esta razon, es esencial para el
transporte y distribucion de nutrientes y metabolitos en toda la planta. También es
importante el agua en las vacuolas de las células vegetales, ya que ejerce presion
sobre el protoplasto y la pared celular, manteniendo asi la fturgencia en hojas,
raices y otros drganos de la planta. Es el componente mayoritario en la planta
(aproximadamente un 80-90% del peso fresco en plantas herbdceas y mds de un
50% de las partes lefiosas) y afecta, directa o indirectamente, a la mayoria de
procesos fisioldgicos.

1.2. Relaciones hidricas en plantas
1.2.1. Cuantificacion del estado hidrico de la planta

Como base para comprender las relaciones planta-agua, se hace necesario
definir y determinar el estado hidrico a nhivel celular, de érgano o incluso, de planta
entera.

El estado hidrico de las plantas se puede estudiar en términos de contenido
hidrico (CH), expresado como porcentaje del peso seco:
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CH= ——— x100

donde:

P¢, peso fresco de la muestra

Ps, peso seco de la muestra, determinado después de mantenerla en estufa a 80 °C
durante 24 horas.

No obstante, debido a que el peso seco puede experimentar cambios diarios
y estacionales, las determinaciones comparativas del contenido hidrico basadas en
el peso seco no son satisfactorias. Una forma de eliminar estos problemas consiste
en expresar el contenido hidrico sobre la base del contenido hidrico a plena
turgencia, es decir, al peso turgente (P:), pasando a denominarse contenido hidrico
relativo (CHR) (Boyer, 1995)

CHR= ——— X100
P,-P

S

El P; se obtiene tras incubar los tejidos de la planta en agua destilada y
temperatura ambiente durante 2-3 horas.

La magnitud que se utiliza para expresar el contenido de energia libre del
agua es el potencial hidrico (¥). El potencial hidrico (¥) se define como la energia
libre por unidad de volumen de agua (Boyer, 1995) y se asume que el potencial
hidrico del agua es O en condiciones estdndar (temperatura ambiente y presion
atmosférica).

Dado que la energia/unidad de volumen tiene las mismas dimensiones que la
presion, el ¥ de la planta y el suelo se expresan en unidades de presion,
normalmente MPa. El ¥ disminuye por debajo del ¥ del agua pura por la existencia
de solutos disueltos, por la existencia de unas fuerzas de presion ejercidas por el
ambiente sobre el agua, por la fuerza de la gravedad y también por la unién de las
moléculas de agua a superficies debido a fuerzas matriciales. Por ello el ¥ del agua
en el sistema suelo-planta-atmdsfera se expresa como:

V=W +¥,+ ¥+ ¥y,

donde:

¥, = potencial de solutos
¥, = potencial de presién
¥, = potencial gravitacional
¥, = potencial matrico



Introduccion

No obstante, el potencial gravitacional puede tener un efecto sustancial
sobre el potencial hidrico cuando el agua es transportada a distancias verticales
superiores a 5-10 m, pero este componente puede ser omitido cuando se trata de
transporte de agua entre células o en plantas pequefias. Por otro lado, el potencial
mdtrico, representa el efecto de las superficies de paredes y componentes
celulares en la retencién de agua. Tiene valores muy bajos y dificiles de medir, por
lo que es complicado determinar el impacto de este componente sobre el potencial
hidrico del agua en el suelo o en la planta y se suele ignorar. No obstante, en
células con elevada proporcién de matriz no se puede ignorar pues su contribucién
al potencial hidrico es significativa. Por todo ello, la ecuacién mds frecuente para
expresar el potencial hidrico es (Boyer, 1995):

Y= W W,

donde:

W, estd determinado por la concentracién de sustancias osmoticamente activas en
el agua. En una célula vegetal este componente tiene siempre valores negativos.

¥, representa la presion que la pared celular ejerce sobre el interior celular y en
una célula vegetal siempre muestra valores positivos.

1.2.2. El movimiento de agua en el sistema suelo-planta-atmoésfera

El abastecimiento de agua es un factor esencial en la vida de la planta. La
pérdida de agua por las hojas en la transpiracién es un proceso inevitable pero
necesario para la vida vegetal, ya que, enfre otros, contribuye a constituir un
sistema circulatorio abierto y posibilita el intercambio de CO; para la fotosintesis.
Para compensar esta pérdida, las raices absorben agua a partir del suelo con lo cual
se establece un flujo de agua a través de la planta, desde el suelo hasta la
atmésfera (Estaln, 1991)

El suelo es un sistema complejo que consta de la matriz sélida asi como la
disolucién del suelo y del aire que ocupa el espacio poroso. El famafio y naturaleza
quimica de las particulas determinan cudnta agua se puede retener en el suelo en
contra de la accion de la gravedad y con qué fuerza se retiene. Esta capacidad de
retener el agua depende del potencial matrico (Boyer, 1995).

Cuando un suelo estd totalmente mojado después de haber drenado por
gravedad, estado descrito como capacidad de campo, su potencial hidrico es cero.
No obstante, a medida que el suelo se seca, bien por evaporacién en su superficie,
o bien porque las raices absorben agua, desciende el potencial mdtrico y el
potencial hidrico se hace mds negativo. Se denomina porcentaje de marchitez
permanente el contenido hidrico del suelo con el cual las plantas se marchitan.
Aunque existen algunas excepciones, la mayoria de las plantas son incapaces de
extraer cantidades importantes de agua cuando el potencial hidrico del suelo se
hace inferior a -1,5 MPa. Tradicionalmente se ha definido como agua disponible la
que existe entre la capacidad de campo y el porcentaje de marchitez permanente.
Hay que decir, no obstante, que en este margen el agua no estd uniformemente
disponible. En un suelo que se seca, las plantas empezardn a mostrar signos de
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déficit hidrico y reduccién del crecimiento mucho antes de que el potencial hidrico
del suelo alcance el porcentaje de marchitez permanente.

Un aspecto general sobre el movimiento del agua en las plantas es que es un
proceso totalmente “pasivo”. En general, existen dos tipos de movimiento del agua:
flujo masivo y difusidn. El flujo masivo es el movimiento de moléculas de agua y
solutos de manera conjunta y en una direccién, debido a diferencias de presién. Por
el contrario, el movimiento de agua entre o hacia las células vivas, o a través del
suelo, tiene lugar mediante difusion.

Una contribucién importante al estudio de las relaciones hidricas en las
plantas es el tratamiento del movimiento de agua desde el suelo hacia las raices, a
través de la planta y hacia el aire, como una serie de procesos estrechamente
interrelacionados (Sdnchez-Diaz y Aguirreolea, 2002b). El movimiento de agua en
el continuo suelo-planta-atmésfera (CSPA) se puede describir como:

diferencia de ¥

Flujo =

resistencia

Este concepto se puede aplicar al flujo en equilibrio estable a través de la planta
de la manera siguiente:

¥ ¥

. suelo ~ \Pral'z raiz ~ \Ptallo tallo ~ \Phoia
Flujo = = = -

ry ra rs Phoja * Maire

donde:
ry, r2 y rs constituyen las resistencias en las partes respectivas de la viay C
corresponde a la concentracion de vapor de agua.

El concepto de continuo proporciona una teoria Gtil y unificadora en la cual
el movimiento del agua a través del suelo, raices, tallos y hojas, asi como su
evaporacion hacia el aire, se pueden estudiar en términos de las fuerzas motrices y
las resistencias que actdan en cada segmento. El concepto también es Gtil para
analizar la manera en que diversos factores del ambiente afectan al movimiento del
agua. Asi por ejemplo, la sequia en el suelo provoca tanto un aumento en la
resistencia al flujo de agua hacia las raices como una disminucion del potencial
hidrico; una aireacion deficiente y una disminucion de la temperatura del suelo
aumentan la resistencia al flujo de agua en las raices, y un aumento en la
temperatura de la hoja y del aire incrementa la transpiracion al aumentar el
gradiente de concentracion de vapor de agua o fuerza motriz desde la hoja al aire.
Asimismo, el cierre de los estomas aumenta la resistencia a la difusién del vapor de
agua fuera de las hojas (Nilsen y Orcutt, 1996).

En cualquier caso, el movimiento del agua en la planta se presenta a lo largo
de gradientes de disminucion de energia libre, expresado normalmente como
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diferencias de ¥. El agua se mueve desde zonas de mayor a otras de menor
potencial hidrico. En el interior de la planta, ¥ es mds elevado en las raices,
disminuyendo progresivamente en el tallo, observdndose los valores mds bajos en
las hojas (Figura 2)

W aire (22 °C, 50% HR)
-100 MPa

¥ hoja
-1 MPa a -4 MPa
¥ tallo
-0.2 MPa
T — -
. S 0\ ¥ suelo
. .. ——  _00l1MPaa
-0.1 MPa
\ N
¥ raiz

-0.1 MPa a -0.51 MPa

Figura 2. Potencial hidrico en el sistema suelo-planta-atmésfera. El valor mas negativo de ¥ se encuentra
en la atmdsfera. En la planta existe un gradiente, siendo el potencial mas negativo en las hojas y menos
negativo en las raices, donde W se aproxima al del suelo. (Tomado de Azcén-Bieto y Talén, 2002)

El agua entra en las raices en respuesta a un gradiente de potencial hidrico
en el xilema, establecido por la transpiracién. Claramente, el agua entrard con
mayor rapidez a través de aquellas regiones de la raiz que ofrezcan menor
resistencia. El agua que entra en una raiz primaria ha de atravesar, primero, la
epidermis e hipodermis y una capa cortical parenquimdtica. Seguidamente, pasa a la
endodermis con la banda de Caspar:i y, una vez en su interior, se mueve a través de
una capa de periciclo, antes de alcanzar el tejido vascular.

Teéricamente, existen tres vias anatémicamente diferentes a través de las
cuales podria moverse el agua. En primer lugar, la ruta externa al citoplasma, que
se denomina apoplasto. En segundo lugar, existe la posibilidad de que el agua
afraviese la pared celular y el plasmalema, para entrar luego en el citoplasma. Esta
ruta, que representa la porcion viva de la célula, se denomina via del simplasto.
Finalmente, existe la posibilidad de que el agua atraviese tanto el plasmalema como
el tonoplasto, de tal manera que la vacuola pasaria a ser una parte integral de la via
de transporte (Sdnchez-Diaz y Aguirreolea, 2002b)

12
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El xilema es el tejido a través del cual el agua asciende en el tallo. En
angiospermas, el agua se mueve primordialmente a través de vasos, mientras que
en gimnospermas, el elemento conductor es la traqueida. Las células de vasos y
traqueidas pierden el citoplasma durante su maduracion y poseen paredes celulares
muy lignificadas y relativamente rigidas. Existen conexiones frecuentes entre las
hileras adyacentes de células a través de punteaduras en las paredes laterales. Los
vasos y las traqueidas se extienden hacia las raices y hojas, donde se ramifican
repetidamente.

1.2.3. Ascension de agua en la planta

La ascension del agua en la planta a través de los vasos xilemdticos se puede
explicar mediante la teoria de la tensién-cohesion.

Cuando el agua se halla confinada en tubos con didmetro estrecho y paredes
humedecibles (tales como los vasos y traqueidas xilemdticas), al aplicar una presion
negativa desde la parte superior, la tension se transmitird a través de la columna
de agua sin que se pierda el contacto con la pared del tubo (fuerzas de cohesidn),
es decir, las columnas de agua se comportan como si todas las moléculas estuviesen
conectadas, y una tension aplicada a cualquier parte de la columna se transmite a
través de la misma, moviendo el agua hacia la fuente de la tension.

La transpiracién crea un gradiente de potencial hidrico a través del
mesofilo foliar, que provoca que el agua desaparezca en los extremos de los nervios
foliares. La pérdida de agua a ese nivel crea una tensién en las columnas del xilema,
cuya magnitud depende de la intensidad transpiratoria y que es transmitida hasta
la raiz, asegurdndose asi el movimiento del agua a través de toda la planta
(Sdnchez-Diaz y Aguirreola, 2002b)

1.3. La problemadtica: Sequia en el Mediterrdneo
1.3.1. Introduccion

La cuenca del Mediterrdneo agrupa una serie de paises mds alld de los del
Sur de Europa; también se incluyen los paises del Norte de Africay los de la costa
Este del mar como Turquia, Libano, Siria, Israel o Jordania (Fotografia 1). Aunque
todos estos paises son muy diferentes en los aspectos culturales y politicos,
comparten un clima parecido con unas caracteristicas muy particulares, que les
hace coincidir en sus preocupaciones por el cambio climdtico y su impacto sobre la
agricultura, que es todavia un sector econémico muy importante en toda el drea.
Una solucién comin para todos ellos seria la mejora del uso del agua en este
sector.
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Fotografia 1. En esta imagen de satélite se puede ver la cuenca del Mediterrdneo y cémo el color verde,
muy abundante en el Norte de Europa (son las dreas con mds vegetacion), se vuelven poco a poco mas
marrones a medida que bajamos hacia el Sur y sobre todo en el Norte de Africa. Esto significa que la
vegetacion es mds densa en las zonas mas verdes y nos da una idea de cémo el agua estd distribuida en el
espacio. Indice de diferencia de vegetacién normalizada (NDVI) G. Begni, MEDIAS-France

1.3.2. Aridez y sequia

Una region drida es aquella en la que las precipitaciones son escasas o nulas
y la humedad atmosférica es muy baja. Sin embargo, una regién puede tener un
volumen total de precipitacién anual que en otra seria suficiente para sostener un
tapiz vegetal continuo y, no obstante ser drida; en el segundo caso, el agua
precipitada, aunque escasa, es aprovechada integramente, al menos durante el
periodo vegetativo. Intervienen factores ajenos a la precipitacién que limitan
considerablemente el aprovechamiento del agua. Entre estos factores destaca la
temperatura, que condiciona directamente la intensidad de la evaporacién. Por
tanto, la nocién de aridez hay que hacerla combinando los datos de precipitacion
con los de temperatura (Sdnchez-Diaz y Aguirreolea, 2002a).

Desde el punto de vista tanto meteoroldgico como ambiental, podemos
definir la sequia como la falta o insuficiencia de precipitacién durante un periodo
largo, que provoca un desequilibrio hidroldgico considerable y, por tanto,
restriccion en el suministro de agua. Se presenta cuando la evaporacion y la
transpiracién exceden la precipitacién durante un tiempo considerable (Fotografia
2).
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Fotografia 2. Vista aérea del desierto de Tabernas en Almeria (izquierda). Imagen de un cultivo afectado
por sequia (derecha)

1.3.3. La sequia en Espafia: pasado y presente

Espafia padece con cierta regularidad e intensidad, seglin las regiones,
periodos de sequia. El cardcter mds o menos habitual de este fenémeno se debe a
que la Peninsula Ibérica pertenece al dominio climdtico mediterrdneo y a que se
encuentra proxima al dmbito de subsidencia subtropical del anticiclon de las
Azores. Ademds, factores de naturaleza geogrdfica e hidrogrdfica explican la
mayor frecuencia de este fenémeno en los archipiélagos de Baleares y Canarias, asi
como en el centro, sur y sureste peninsular. En cualquier caso, la sequia en nuestra
peninsula no es un fendmeno reciente como algunos podrian creer. Diversas
cronicas medievales que han llegado hasta nosotros nos hablan de periodos de baja
pluviometria. Durante el califato de Abderramdn III, el territorio de Al-Andalus
sufrié los rigores de la escasez de agua tal y como nos lo relata Ibn Hayydn en el
Mugtabas V . Asi mismo, Espafia sufrié una terrible sequia entre 1567 y 1568.
Aunque hubo una cierta recuperacion a finales del siglo XVI, los rendimientos de
las cosechas a principios del siglo XVII fueron empeorando y asi podemos
constatar dos grandes crisis agrarias: 1604-1605 y 1615-1617. Los inviernos de
1603-04 y 1604-05 fueron bastante secos en gran parte de la geografia peninsular
(Barriendos, 1997).

La Espaiia del siglo XX también sufrié con mayor insistencia si cabe los
rigores de este fenémeno. Una terrible sequia se produjo en 1930, lo cual
acrecenté la tension social y politica que se venia arrastrando desde hacia varios
afios. Dos episodios secos relativamente préximos en el tiempo y situados en los
afos 1980-83 y 1990-94, pueden ilustrar algunos aspectos. La primera de ellas
afectd a gran parte de la peninsula ibérica, advirtiendo sus consecuencias directas
en la actividad agraria -descenso de cosechas-, el aumento desorbitado de las
perforaciones acuiferas, con claros sintomas de sobreexplotacién y salinizacion de
las aguas en las cuencas del centro y sur de Espafia y con caracteres muy intensos
en las del Jdcar, Segura, Guadiana y Sur (Font, 1988).
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El inicio de la década de los noventa coincide con un periodo de sequia, que
sin duda sensibiliza a la opinién publica, credndose un debate desde el propio
gobierno al enviar al Consejo Nacional del Agua, en abril de 1993, el anteproyecto
de Plan Hidrolégico Nacional.

Segln los dltimos datos ofrecidos por el Instituto Nacional de Meteorologia
el aio hidrometeorélogico 2004-2005 se ha caracterizado por un acusado déficit
de precipitaciones, incluso el mes de enero de 2005 ha sido uno de los meses mds
secos de los Ultimos 50 afios, junto con los de los afios 1983 y 1993.

La sequia en Espafia es, por tanto, una situacién caracteristica de un pais
con un clima como el nuestro y lo que hay que hacer entre todos es aprender a
convivir con la sequia, anticipdndonos a sus consecuencias previsibles y gestionando
la misma.

1.3.4. Déficit hidrico y crecimiento vegetal

El déficit hidrico es el factor mds importante que causa la reduccién en el
crecimiento de la planta. Los déficit hidricos tienen efectos quimicos e hidrdulicos
que afectan a gran variedad de procesos fisioldgicos y bioquimicos en las plantas
(Sdnchez-Diaz y Aguirreolea, 2002a). Asi, la perdida de agua en un tejido vegetal
tiene los siguientes efectos que pueden influir en el metabolismo de la planta:

e Reduccién del potencial hidrico o la actividad de agua celular

e Disminucion de la presién turgente

e Concentracién de moléculas, a medida que disminuye el volumen celular con
la reduccion de la turgencia

e Alteracion de relaciones espaciales en el plasmalema, tonoplasto y
membranas de orgdnulos, debido a cambios de volumen

e Cambio de la estructura o configuracién de las macromoléculas como
consecuencia de la eliminacion del agua de hidratacién o modificacion de la
estructura de esa agua.

En cualquier caso, el efecto mds importante de, incluso, un estrés hidrico
suave es la reduccién del crecimiento, siendo especialmente sensible la expansion
celular. La divisién celular, aunque resulta afectada por el estrés hidrico,
normalmente es menos sensible que la expansion celular. Ademds de una inhibicién
del crecimiento, los déficit hidricos modifican el desarrollo y la morfologia vegetal
como cambios en la relacién raiz/parte aérea. Otro efecto sobre el desarrollo
vegetativo es la terminacion precoz del crecimiento en extensién de especies
perennes, con la formacion de yemas en reposo. Los déficit hidricos también
provocan la abscisién de hojas y frutos, especialmente tras la desaparicién del
estrés. Ademds, afectan al desarrollo reproductor, necesitdndose, en algunas
especies, un periodo de sequia para estimular la iniciacion floral o provocar la
emergencia de yemas florales ya diferenciadas.

La disminucion en la tasa respiratoria se acompafia siempre de una
disminucién en la absorcién de CO; y, por tanto, de la fotosintesis. Los déficit
hidricos también afectan a la fotosintesis a través de sus consecuencias en los
procesos enzimdticos, transporte electrénico y contenido en clorofila. La
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transpiracién también se reduce como consecuencia de la inhibicion del crecimiento
de la parte aérea. Por el contrario, suele aumentar la capacidad absorbente de las
raices por unidad de superficie. Otros cambios que tienen lugar son: incremento de
las reacciones degradativas en relacién con las sintéticas, disminucién de la
sintesis de proteinas, aumento de la concentracién de aminodcidos libres,
especialmente prolina, glicina betaina, di y poliaminas y azlcares. Los tejidos
sometidos a estrés hidrico presentan una disminucion en los grupos -SH, y un
aumento en la actividad peroxidasa y en la formacion de peréxido de hidrdgeno, lo
que sugiere que los tejidos sometidos a estrés hidrico poseen un mayor estado de
oxidacion (Kramer y Boyer, 1997).

Por otra parte, la sequia puede inducir la transcripcién de ARN mensajeros
que codifican un gran nimero de proteinas y que no son sintetizadas en
condiciones 6ptimas. Muchas de estas proteinas son también inducidas por el dcido
abscisico (Sdnchez-Diaz y Aguirreolea, 2002a).
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2. SISTEMAS IMPLICADOS EN LA TOLERANCIA A LA SEQUIA EN
PLANTAS

2.1. Introduccion

El déficit hidrico conlleva una serie de cambios morfoldgicos, fisioldgicos,
bioquimicos y moleculares que afectan negativamente al desarrollo y productividad
de las plantas (Wang et a/, 2001). Aunque las distintas especies de plantas varian
en su sensibilidad y respuesta a la disminucion del potencial hidrico celular, se sabe
que todas las plantas han adquirido la capacidad de percibir, sefializar y responder
a la falta de agua (Bohnert et al, 1995). Muchas de las condiciones ambientales
adversas ejercen su efecto negativo, al menos en parte, generando a su vez un
estrés oxidativo, que puede causar la desnaturalizacion de proteinas estructurales
y funcionales (Smirnoff, 1998). A continuacion se resumen los sistemas con los que
cuenta la planta para reaccionar y defenderse frente al déficit hidrico en sus

tejidos.

La complejidad de la adaptacién al estrés: principales dianas en la ingenieria de tolerancia al estrés

Clase de diana

Ejemplos

Posible modelo(s) de accion

Osmoprotectores

Secuestradores
oxigeno reactivo

Proteinas del estrés

Proteinas choque térmico

Transportadores ion/protén

Fluidez de membrana

Estatus hidrico

Componentes sefializacién

Control de transcripcién

Reguladores del crecimiento

Aminoécidos (prolina, ectoina)

Compuestos dimetil-sulfonio (glicina-betaina, DMSP)
Polioles (manitol, D-ononitol, sorbitol)

Aziicares (sacarosa, trealosa, fructano)

Enziméticos (catalasa, Fe/Mn SOD,
ascorbato peroxidasa, enzimas ciclo
glutation; glutation-S-transferasa;
glutation peroxidasa; no enziméticos
(ascorbato, flavonas, carotenoides...)

Proteinas LEA

Varias proteinas de choque de frio, calor, salino en
muchos compartimentos celulares

Transportadores de alta afinidad por K*; canales de baja

afinidad por K*; ATPasas de membrana plasmatica, vacuolar
pre-vacuolar y organular, y transportadores de iones (H*-ATPasa,
antiporter Na*/K*

Acidos grasos desaturados

Aquaporinas o canales de agua (facilitadores de solutos: urea,
glicerol, CO,, y otros incluyendo iones); concentracién CO,

Homélogos de histidin-kinasas (AtRR1/2), MAP kinasas (HOG);
Protein-kinasas dep de Ca?*, inositol kinasas...

Factores de transcripcién: EREBP/AP2 (DREB, CBF); dedo
de zinc TF (Alfin 1); Myb (AtMyb2, CpMyb10)

Rutas biosintéticas alteradas o niveles conjugados de dcido
abscisico, citokininas y/o brasinosteroides

Ajuste osmoético; proteccion
proteina/membrana; secuestro
reactivos (OH")

Detoxificacion de especies reactivas
del oxigeno

Desconocido, estabilizacién proteinas,
chaperonas, secuestro de iones,
estabilizacion de proteina/membrana

Modulacién translacional

Captacién y transporte de K*/Na*;
establecimiento de gradiente de protones;
eliminacion y secuestro de iones (t6xicos) del
citoplasma y orgénulos

Cantidades de dienoico y fluidez incrementada;
tolerancia al frio

Regulacién diferencial de la cantidad de AQP
en tonoplasto y plasmalema; mejora de estomas

Sefiales de transduccién mediadas por sensores
Ca?/fosforilacién

Induccidén/activacién de la transcripcion

Cambios en la homeostasis hormonal

Tabla 1. Principales dianas y posibles modelos de accién de la tolerancia al estrés en plantas. AP2, APETELA 2;
AQP, aquaporina; AtMyb, factor de transcripcion de mieloblastosis de Arabidopsis thaliana; AtRR1, reguladores de
la respuesta a dos componentes de Arabidopsis thaliana; CBF, factor de unién-C/DRE; CpMyb, factor de
transcripcion de mieloblastosis de C. plantagineum; DMSP, dimetilsulfoniopropionato; DREB, proteina de unién
(DRE) responsable de la deshidratacion; TF, factor de transcripcion. (Cushman y Bohnert, 2000).
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Las plantas responden al estrés hidrico a nivel morfoldgico, anatémico y celular
con modificaciones que conducen, bien a evitar el estrés, o a incrementar la tolerancia
al mismo. Las adaptaciones morfoldgicas y anatémicas pueden ser vitales en
determinadas especies vegetales, pero no son utilizadas de forma generalizada por
todas las plantas. Por el contrario, las respuestas celulares al estrés hidrico si
parecen conservadas en todas las plantas. El déficit hidrico celular puede originar una
concentracién de solutos, cambios en el volumen celular y en la forma de la membrana
plasmdtica, perdidas del gradiente de potencial hidrico, del turgor o de la integridad
de la membrana, y desnaturalizacion de proteinas, (Bohnert et al., 1995). Por tanto, la
capacidad de la totalidad de la planta para responder o sobrevivir al déficit hidrico
celular, depende de mecanismos globales en sus tejidos que integren la respuesta
celular al estrés (Bray, 1997).

2.2. Ajuste osmotico y solutos compatibles

Cuando disminuye el potencial osmético de los tejidos en respuesta al
desarrollo de un déficit hidrico interno, es importante distinguir el componente
resultante de una concentracién pasiva de solutos, debido a deshidratacion del
tejido, del originado por acumulacidn activa de los mismos. Es a este Ultimo caso de
osmorregulacién, al que se le denomina ajuste osmdtico (Antolin y Sdnchez-Diaz,
1992).

El ajuste osmético posibilita asi el mantenimiento, en condiciones de sequia,
de la turgencia y de los procesos dependientes de la misma, tales como expansion y
crecimiento celular, apertura estomdtica, fotosintesis, etc. Por otra parte, retrasa
el enrollamiento foliar y mantiene el crecimiento de la raiz. Ordinariamente, el
ajuste osmético se presenta en plantas sometidas a un estrés lento. Los solutos
que participan varian pero, por lo general, ademds de iones inorgdnicos

(especialmente K* y CI7) y solutos orgdnicos cargados eléctricamente que se
acumulan en la vacuola, se sintetizan y acumulan en el citoplasma moléculas
orgdnicas sin carga especifica, que reciben el nombre de solutos compatibles,
siendo los dos mds frecuentes, la prolina y la glicina-betaina. Se ha observado que,
en condiciones de sequia, también se acumulan otras sustancias, tales como
azlcares reductores, sacarosa o pinitol (Antolin y Sdnchez-Diaz, 1992).

Algunos de los genes que se inducen por déficit hidrico codifican proteinas
y enzimas implicadas en la sintesis de solutos compatibles. Los solutos compatibles
se caracterizan por su bajo peso molecular, por ser eléctricamente neutros, muy
solubles y, aunque se encuentren en altas concentraciones, no resultan téxicos
(Yancey, 1984). Estos se acumulan en distintos organismos como respuesta al
estrés osmdtico actuando como osmoprotectores, lo que supone un mecanismo de
adaptacién al estrés hidrico y salino (Berstein, 1961; Hasegawa et a/, 2000). En
plantas, estos solutos compatibles se acumulan principalmente en el citosol, en
cloroplastos y otros orgdnulos que en conjunto ocupan menos del 20% del volumen
total de la célula (Rontein et a/, 2002). En plantas que acumulan osmolitos de
forma natural, estos pueden alcanzar concentraciones de 6 a 60 mM. La
concentracién de osmolitos aumenta durante la exposicion al estrés (Rhodes y
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Hanson, 1993; Bohner et al, 1995), llegando a alcanzar 200 mM, concentracién
osméticamente significativa.

Los solutos compatibles se pueden clasificar en tres grupos: aminodcidos
(prolina), aminas cuaternarias (glicina betaina) y poli alcoholes (manitol, pinitol,
ononitol). No fodos se producen en plantas. Un aspecto importante de estos
compuestos es que sus efectos beneficiosos son generales independientemente de
la especie vegetal.

2.2.1. Prolina

La acumulacién de prolina en plantas es una respuesta al estrés osmético
bien conocida (Singh et al/, 1972; Rhodes, 1987; Maggio et a/, 2002). La prolina es
una molécula orgdnica que se acumula en distintos organismos como plantas
superiores, eubacterias, invertebrados marinos, protozoos y algas, cuando estdn
expuestos a condiciones de estrés como sequia, salinidad, altas temperaturas,
congelacidn, radiacion ultravioleta y metales pesados (Yancey et al, 1982; Delauney
y Verma, 1993; Sharadi et a/, 1995; Kuznetsov y Sheviakova, 1997; Demir, 2000).

El papel que juega este aminodcido en la osmotolerancia ha sido ampliamente
discutido (Serraj y Sinclair, 2002). En situacion de estrés, se han propuesto
diferentes funciones para la prolina, que puede actuar como mediador del ajuste
osmético (Handa et al, 1986), como estabilizador de las estructuras celulares
(Schobert y Tschesche, 1978), como eliminador de radicales libres (Smirnoff y
Cumbes, 1989; Sharadi et al, 1995; Hong et a/, 2000), como depdsito de energia
(Sharadi y Sharadi, 1991), como detoxificador de metales pesados (Sharma et al,
1998; Rai, 2002), como sefial capaz de activar respuestas especificas frente al
estrés (Khedr et al, 2003; Maggio et a/, 2003) y también ha sido descrita su
importancia en la morfogénesis, como principal constituyente de las proteinas
estructurales de la pared celular en plantas (Nanjo et a/,, 1999).

La acumulacién de prolina se debe fundamentalmente a sintesis de novo
(Boggess y Stewart, 1976; Voetberg y Sharp, 1991; Roosens et al., 1999), aunque
se haya observado también una reduccién de la tasa de su catabolismo (Rhodes et
al, 1986). En animales y plantas superiores, la sintesis de prolina se realiza a partir
de dos sustratos: ornitina y glutamato (Bryan, 1990; Delauney y Verma, 1993). En
plantas en condiciones normales la sintesis del aminodcido se produce a partir de
ornitina, mediante la accién de la enzima ornitina 8-aminotransferasa (OAT),
mientras que en situacion de estrés se utiliza principalmente glutamato como
precursor (Delauney et al, 1993). El glutamato es fosforilado por la actividad
kinasa de la enzima bifuncional Al-pirrolin-5-carboxilato sintetasa (P5CS), que
posee dos actividades enzimdticas: y-glutamil kinasa y glutamil-y-semialdehido
deshidrogenasa, para producir y-glutamil fosfato, el cual es reducido a glutamil-y-
semialdehido por la actividad reductasa de la P5CS. Este compuesto intermediario
se cicla espontdneamente para dar Al-pirrolin-5-carboxilato (P5C), el cual es
reducido por la pirrolin-5-carboxilato reductasa (P5CR) a prolina. La prolina es
metabolizada hasta glutamato en la mitocondria (Bogges y Koeppe, 1978) por la
accién de dos enzimas prolina deshidrogenasa (ProDH), que cataliza el paso de
prolina a A'-pirrolin-5-carboxilato (P5C), el cual espontdneamente da lugar a

20



Introduccion

glutamil-y-semialdehido (6SA) sobre el que actla la enzima P5C deshidrogenasa
(PBCDH), para dar finalmente glutamato (Figura 3).

-

YGK  GSADH P5CR
GLUTAMATO ~ - GSA o PSC PROLINA
P5CDH ProDH

Figura 3. Metabolismo de la prolina a partir de glutamato. GSA: glutamil-y-semialdehido; P5C: A'-
pirrolina-5-carboxilato; P5CS: A'-pirrolina-5-carboxilato sintetasa; PSCR: P5C reductasa; YGK: -
glutamil kinasa; GSADH: glutamil-y-semialdehido deshidrogenasa; PSCDH: P5C deshidrogenasa;
ProDH: prolina deshidrogenasa.

En condiciones de estrés hidrico los niveles de prolina en plantas estdn
regulados principalmente a nivel transcripcional. Existe una relacién positiva entre
la estimulacién de la biosintesis de prolina en condiciones de salinidad y un aumento
en los niveles del ARN mensajero del gen p5cs (Hu et al, 1992; Delauney y Verma,
1993; Yoshiba et al, 1995; Zhang et al, 1995; Peng et al., 1996; Strizhov et al,
1997; Satoh et al, 2002). La actividad P5CS, sujeta a inhibicion por prolina, es la
clave de la regulacién y el paso limitante en la biosintesis de este aminodcido. El
gen que codifica la enzima P5CS es inducido por deshidratacion y reprimido por
rehidratacién (Yoshiba et al, 1997).

El catabolismo de la prolina genera una elevada energia, ya que cada
molécula al oxidarse produce 30 moléculas de ATP (Atkinson, 1977). Su oxidacién
cede electrones a la cadena electrénica de transporte (Hare y Cress, 1997) y se ha
considerado fundamental en procesos que requieren un elevado coste energético,
como la germinacion del polen (Zhang et al,, 1982). En plantas, el catabolismo de la
prolina puede aportar nitrégeno amino y poder reductor a las células que se
recuperan del estrés (Peng et al., 1996; Verbruggen et al., 1996).

2.2.2. Glicina betaina

La glicina betaina (NN N-trimetilglicina) es el soluto compatible
predominante en la mayoria de los procariotas, y quizd el osmolito mds utilizado en
los reinos animal y vegetal (Rodees y Hanson, 1993; Cleland et a/, 2004). Es una
molécula bipolar, extremadamente soluble en agua y eléctricamente neutra a pH
fisioldgico. Sus caracteristicas moleculares le permiten interaccionar con dominios
hidroéfilos e hidrofobos de moléculas como enzimas o complejos proteicos.

Varias especies de plantas acumulan glicina betaina (G6B) en condiciones de
estrés hidrico y elevada salinidad (Wyn Jones y Storey, 1981; Hanson et al., 1985;
Moghaieb et al/, 2004), y asi aumentan su tolerancia al estrés. Existe una
correlacidn entre el nivel de GB y el grado de tolerancia al estrés (Saneoka et al,
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1995). Ademds del ajuste osmotico, se sabe que /n vitro, estabiliza la estructura 'y
actividad de enzimas y complejos proteicos y mantiene la integridad de las
membranas (Papageorgiu y Murata, 1995). Se asume que presenta las mismas
funciones /n vivo.

En situacién de estrés, la contribucién de GB al equilibrio osmético de la
célula es relativamente baja (Hayashi et a/, 1998; Sakamoto et a/, 2000), por lo
que el aumento de la tolerancia al estrés debe explicarse por mecanismos distintos
al ajuste osmético. En Synechococcus, este osmolito protege a ciertas enzimas
como la Rubisco, del dafio causado por estrés salino (Nomura et a/, 1998). Se ha
descrito su funcion tipo chaperona molecular en Escherichia coli (Bourot et al,
2000). Ademds, se ha sugerido que podria reducir la peroxidacion de lipidos de
membrana (Chen et a/, 2000). La glicina betaina también se acumula en plantas
expuestas a altas y bajas temperaturas, por lo que podria desempefiar un
importante papel en el mantenimiento de membranas y/o proteccién de complejos
proteicos (Zhao et al, 1992; Yang et al., 1996).

En los sistemas bioldgicos, la sintesis de GB puede utilizar colina o glicina
mediante dos rutas diferentes: deshidrogenacién de colina o N-metilacion de
glicina (Chen y Murata, 2002). En distintas plantas, microorganismos y animales, la
conversion a partir de colina, la mds frecuente, tiene lugar mediante una via con
dos enzimas (Figura 4).

Rutas de la deshidrogenacion/oxidacion de la colina

Plantas
CH,OH 0, 2H0 CHO H,0 coo-
CH, CH, CH,
HC-N-CH,  2rd(red) 2Fdie)  HsC-N-CH, NAD* NADH+H* H,C-N™CH,
CH, CMO CH, BADH CH,
Colina Betaina aldehido Glicina betaina
Rutas de la metilacion de la glicina
COO- SAM SAH COO- SAM SAH FOO" SAM SAH COO-
1 i
cH, cH, 0t CH,
H-N*H W SRR HoNEh, H,C-N*CH,
i ' SDMT !
H CH, o, CH,
Glicina Sarcosina N,N-Dimetil Glicina betaina
(N-metilglicina) glicina

Figura 4. Principales vias de sintesis de la glicina betaina. CMO: colina monooxigenasa; BADH: betaina
aldehido deshidrogenasa; Fd (red) y Fd (ox), ferredoxina en forma reducida y oxidada respectivamente;
GSMT: glicin-sarcosina metiltransferasa; SDMT: sarcosin dimetiltransferasa.

En plantas, la sintesis de 6B es inducida por estrés (Gorham, 1995) y las dos
enzimas que participan en este proceso, colina monooxigenasa (CMO) y betaina
aldehido deshidrogenasa (BADH), se encuentran localizadas en el estroma de los
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cloroplastos. El paso limitante en la acumulacion de este osmolito es su sintesis,
mds que su degradacion (Rhodes y Hanson, 1993)

2.2.3. Manitol

El manitol es un hidrato de carbono de 6 dtomos de carbono con grupos
alcohol no ciclico que se encuentra en diversos organismos, desde las bacterias
hasta las plantas. El manitol se acumula en una amplia variedad de especies de
plantas en respuesta al estrés hidrico y salino (Stoop et al, 1996; Patonnier et al,
1999; Tang et al, 2005). Ademds de Apium graveolens, otros ejemplos de plantas
acumuladoras de manitol son: Phaseolus vulgaris, Asparagus officinalis, Olea
europaea. Estd presente en mds de 100 especies de plantas superiores, donde
puede llegar a constituir una parte importante de los hidratos de carbono solubles.
El manitol se transporta via floemdtica desde las hojas hacia otras partes de la
planta (Keller y Matile, 1989; Davis y Loescher, 1990) y se localiza en la vacuola y
en el citoplasma (Keller y Matile, 1989). Las plantas acumuladoras de manitol
muestran varias ventajas. Por ejemplo, el apio, siendo una planta C;, presenta tasas
de fijacién de carbono iguales a las de las plantas C4 y son plantas que presentan un
alto grado de ftolerancia a la sal debido a la funcién del manitol como
osmorregulador y soluto compatible (Tarczynski et al, 1993). Otras posibles
funciones del manitol incluyen el almacenamiento de carbono, la eliminacion de
radicales libres y, como se ha mencionado anteriormente, la osmoproteccién
(Smirnoff y Cumbes, 1989; Tarczynski et al, 1993; Shen et al, 1997). Aunque se
ha propuesto que el manitol aumenta la tolerancia al estrés hidrico,
fundamentalmente mediante el ajuste osmodtico (Loescher et al, 1992), varios
trabajos en plantas transgénicas demuestran que la cantidad de manitol acumulada
no es importante en términos de ajuste osmético (Tarczynski et al, 1992, 1993;
Thomas et al., 1995; Karakas et al,, 1997; Shen et al., 1997).

La fructosa-6-fosfato y el NADH citoplasmdticos son utilizados por la
enzima manitol-1-fosfato deshidrogenasa para formar manitol-1-fosfato y NAD"
que a su vez originard manitol (Voegele et a/, 2005). Por otro lado, el manitol es
fosforilado para dar manitol-1-fosfato, el cual es oxidado a fructosa-6-fosfato,
que entra en la glucélisis (Figura 5).

mtlD
Glucosa 6-Pg——= Fructosa 6-P Manitol 1-P — MANITOL

NADH .\

Figura 5. Metabolismo del manitol en plantas. m#/D: gen que codifica la enzima manitol-1-fosfato
deshidrogenasa
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2.2.4. Ciclitoles: pinitol y ononitol

La acumulaciéon de los denominados ciclitoles, o hidratos de carbono con
grupos alcohol ciclicos, se relaciona con la tolerancia al estrés osmdtico en un
elevado nldmero de especies vegetales. Los ciclitoles pertenecen al grupo de los
hidratos de carbono con grupos alcohol como el manitol, y son uno de los
metabolitos que cominmente se acumulan el organismos sometidos a estrés
metabdlico (Loewus y Loewus, 1980). En plantas, la mayoria de estos compuestos se
sintetizan a partir del mio-inositol, hidrato de carbono ubicuo en plantas (Loewus y
Dickinson, 1982). El mio-inositol es un derivado de la glucosa-6-fosfato. Puede
metilarse a sequoyitol u ononitol, que son epimerizados a D-pinitol (Loewus y
Loewus, 1980). El D-pinitol es el principal azicar en la familia Pinaceae,
Leguminosae y Caryophyllaceae. Su acumulacién se ha observado en respuesta a la
sequia como en Cajanus cajan (Keller y Ludlow, 1993). La acumulacién de pinitol,
uno de los ciclitoles mds comunes, se induce por estrés en la planta haléfita
Mesembryanthemum crystallinum (Paul y Cockburn, 1989) (para revisiones ver Popp
y Smirnoff, 1995), durante su adaptacion a elevadas concentraciones de sal. El
enzima IMT1, (mio-inositol O-metil transferasa), es la clave en la regulacién de la
acumulacién de pinitol inducida por el estrés en esta planta (Vernon y Bohnert,
1992; Vernon et al, 1993). El gen Imti, que codifica el enzima IMTI
(Rammesmayer et al, 1995) se induce transcripcionalmente en respuesta al estrés,
mientras que en condiciones ambientales éptimas, no se observan ni enzima hi
transcritos en la planta (Vernon y Bohnert, 1992; Vernon et al,, 1993).

En M. crystallinum, los enzimas IMT1 y ononitol epimerasa (OEP1) conducen
a la sintesis de ononitol y pinitol (Figura 6), que son utilizados como
osmoprotectores por la planta.

L ... IMT1 .. . OEP1 -
Glucosa 6-P — mio inositol 1-P —— mio inositol — D-ononitol — D-pinitol

Figura 6. Metabolismo del pinitol en Mesembryanthemum crystallinum; IMT1: enzima mio-inositol O-
metil transferasa; OEP1: enzima ononitol epimerasa

Los ciclitoles alcanzan concentraciones elevadas en especies de plantas
tolerantes a la sal y a la sequia. Sus propiedades quimicas y su naturaleza inerte los
convierte en moléculas ideales para actuar como solutos compatibles en tejidos
sometidos a estrés osmaotico (Vernon et al, 1993; McManus et al., 2000).
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2.3. Acumulacion de proteinas LEA

Las proteinas LEA (del inglés, Late Embryogenesis Abundant) se
caracterizaron por primera vez en algodén y trigo (Cuming 1999) y son producidas
en abundancia durante el desarrollo de las semillas, ocupando mds del 4% de la
proteina celular (Roberts et al 1993). Su expresién estd ligada a la tolerancia a la
desecacion en semillas, polen y plantas anhidrobidticas, aunque muchas proteinas
LEA son inducidas por frio o estrés osmético, por dcido abscisico exdgeno o incluso
son expresadas constitutivamente como es el caso de la dhnX de Arabidopsis
thaliana (Welin et al. 1994). Las investigaciones indican un posible papel de las
proteinas LEA en la tolerancia a la deshidratacién, probablemente a través del
mantenimiento de la estructura de proteinas o membranas, secuestro de iones,
captacion de agua y funcidn como chaperonas moleculares (Close, 1997; Brownie et
al, 2002).

Los genes de las proteinas LEA se han identificado en muchas especies
vegetales, y finalmente se han definido seis grupos diferentes de proteinas LEA
basdndose en su patrén de expresion y secuencia; las principales categorias son
Grupo 1, Grupo 2 y Grupo 3 (Bray, 1993; Cuming, 1999: Wise, 2003). El Grupo 1 de
proteinas LEA, del cual la proteina Em de trigo es la secuencia tipo, estd a su vez
dividido en dos superfamilias por Wise (2003) y solo se encuentra en plantas. No
tienen estructura en solucién (McCubbin et a/. 1985), pero contienen un motivo
conservado de 20 aminodcidos, principalmente en una sola copia (Cuming 1999). El
Grupo 2 de proteinas LEA, que segln Wise (2003) engloba tres superfamilias, son
también conocidas como ‘“dehidrinas” (Close, 1996), y estdn presentes
principalmente en plantas, incluyendo algas. El Grupo 2 de proteinas se caracteriza
por tener mds de tres secuencias conocidas como dominio K (rico en lisina y cuya
secuencia es EKKGIMDKIKEKLPG), dominio Y (DEYGNP) y el segmento S
(fragmento de poli-serina). El dominio Y tiene una secuencia aminoacidica
importante relacionada con una porcion del sitio de unién a las chaperonas de
plantas y bacterias (Martin et al, 1993) y por otro lado, en RAB17 de maiz y
TAS14 de tabaco, se ha demostrado que los residuos de Ser del segmento S
pueden fosforilarse, lo cual estd relacionado con la union a péptidos sefial de
localizacion nuclear y por tanto, con el transporte nuclear (Goday et al, 1994;
Godoy et al. 1994). Estas proteinas del Grupo 2 también presentan una estructura
poco definida aunque algunas muestran un contenido de o-hélices (Ceccardi et al.
1994; Close, 1996; Lisse et al. 1996). El Grupo 3 de proteinas LEA comprende dos
superfamilias (Wise 2003) que se caracterizan por tener una secuencia consenso
definida como ®PE/QXPLE/QLPXE/D/Q (donde & representa un residuo
hidrofébico) (Dure, 2001). Este grupo presenta un interés especial debido al
descubrimiento de homdlogos en otros organismos como los nematodos
Caenorhabd/tis elegants, Steinernema feltiaey en los procariotas Bacillus subtilis
y Haemophilus influenzae (Solomon et a/. 2000; Dure 2001; Browne et a/. 2002).

Basdndose en el patron de expresidn, andlisis de localizacion de la proteina,
distribucion de residuos de aminodcidos a lo largo de polipéptido y andlisis de
plantas transgénicas, se ha propuesto que las proteinas LEA puedan tener una
funcion protectora en la supervivencia de la planta bajo condiciones de estrés
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osmotico. Las proteinas LEA interactian con otras y estabilizan asi los
constituyentes subcelulares como membranas o dcidos nucleicos (Imai et al., 1996;
Xu et al, 1996; Arenas-Mena et al, 1999). En muchos estudios aparece la
implicacién de estas proteinas en respuestas a la deshidratacion en plantas frente
a un rango de estimulos ambientales. Algunas evidencias apuntan a su actuacién
como chaperonas o a la actividad como detergentes que es iniciada por
interacciones hidrofdbicas y que conducen a fuerzas de hidratacion. Las multiples
dianas de las proteinas LEA (eucromating, citosol, citoesqueleto...) sugieren que las
consecuencias directas de dichas proteinas son bioquimicamente diversas (Close,
1996).

La correlacién entre expresion de los genes que codifican proteinas LEA o
bien la acumulacion de proteinas LEA y la tolerancia al estrés en gran nimero de
plantas confirma la idea de que las proteinas LEA tienen una funcién en la
tolerancia al estrés. Por ejemplo, en muchas semillas deshidratadas de trigo, la
acumulacién de altos niveles de proteinas LEA del Grupo 3, se relaciond con
tolerancia a la deshidratacion de los tejidos (Ried y Walker-Simmons, 1993).
Muchos estudios realizados con variedades de arroz (Oriza sativa L.) mostraron
que los niveles de proteinas LEA del Grupo 2 y del Grupo 3 en raices eran
significativamente mds elevados en variedades resistentes a la sal comparado con
variedades sensibles (Moons et al, 1995). En un trabajo de Hong et a/, (1992) se
vio que la expresion del gen HVA1 es rdpidamente inducida en semillas jovenes por
ABA y por varias condiciones de estrés como deshidratacién, sal y temperatura
extrema. En relacién con el mismo gen, se ha comprobado posteriormente que la
acumulacion de la proteina HVA1 de cebada en los tejidos vegetativos de plantas
transgénicas de arroz, confiere un aumento de tolerancia al déficit hidrico y
estrés salino y que esta folerancia al estrés se corresponde con el nivel de
acumulacion de la proteina HVAl (Xu et al, 1996; Babu et al, 2004). Estos
resultados no solo demuestran un papel para la proteina LEA de cebada en la
proteccion frente al estrés, sino que también sugieren un gran potencial no
aprovechado adn de los genes que codifican LEA para la ingenieria genética de la
tolerancia al estrés.

2.4. Regulacion de la acumulacion de aquaporinas

Otro mecanismo de proteccion frente al estrés hidrico consiste en regular
el movimiento del agua, tanto a nivel intracelular como a través de los tejidos y
organos de la planta. Las membranas de la planta juegan un papel critico en la
homeostasis celular y en la sefalizacién, nutricion y respuesta a los estreses.
Durante los afios 90, se han investigado las bases moleculares y celulares del
transporte de membrana pero el progreso ha sido particularmente importante en el
campo de las relaciones hidricas y los mecanismos de transporte de agua a través
de las membranas celulares. Asi, se ha llegado a una caracterizacién molecular y
funcional de una nueva clase de proteinas de membrana, que forman la superfamilia
de Proteinas Intrinsecas de Membrana (MIP, del inglés Membrane Intrinsic
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Proteins). Estas constituyen canales de agua que facilitan el flujo de agua siguiendo
un gradiente de potencial hidrico (Maurel, 1997; Maurel y Chrispeels, 2001).

Solutos neutros de
pequefio tamario

OHZOJ é““ St
WW&%M sswﬁﬁsﬁf&w

———

Figura 7. Imagen tridimensional de una aquaporina (izquierda). Esquema de la localizacién, estructura y
funcién de las aquaporinas (derecha).

Las aquaporinas muestran una estructura tipicamente conservada con seis
dominios transmembrana unidos por tres extra- y dos bucles intracelulares, un
extremo N-terminal y otro C-terminal en la cara del citosol (Fujiyoshi et a/, 2002)
(Figura 8)

bucle A T233C

N-terminal C-terminal
CITOSOL

Figura 8. Representacion esquemadtica de la estructura de un mondmero de aquaporina, con sus seis
dominios transmembrana (1-6) y cinco bucles que los conectan (A-E). Se muestran los motivos NPA

altamente conservados.

Los motivos aminoacidicos conservados, como los dos Asn-Pro-Ala también
definen una caracteristica de la secuencia de la aquaporina. Normalmente las
aquaporinas constituyen tetrdmeros donde cada mondmero forma un poro
independiente.

En plantas, las aquaporinas se presentan como diversas isoformas. Por
ejemplo, el genoma de Arabidopsis thaliana codifica 35 aquaporinas homdlogas, y se
predice una diversidad similar en ofras especies vegetales (Chaumont et al., 2001;
Johanson et al., 2001; Quigley et al, 2001). La familia de las aquaporinas puede
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subdividirse en cuatro clases homdlogas, con distinta localizacién. Las aquaporinas
mds abundantes de la membrana plasmdtica y vacuola pertenecen a las clases
proteina intrinseca de membrana plasmdtica (PIP del inglés, plasma intrinsic
protein,) y proteina intrinseca del tonoplasto (TIP del inglés, tonoplast intrinsic
protein), respectivamente. La clase PIP es a su vez dividida en dos grupos
homdlogos, PIP1 y PIP2, que en Arabidopsis thaliana cuenta con cinco y ocho
miembros, respectivamente. Otra aquaporina que se expresa en la membrana
peribacteroidal de los nddulos de las raices fijadoras de nitrdégeno recibe el
nombre de nodulina 26 de soja. Esta aquaporina y sus homdlogos cercanos forman
el grupo de proteinas intrinsecas como la nodulina 26 (NIPs, Nodulin-26-like
intrinsic protein). Las NIPs también estdn presentes en especies de plantas no
leguminosas donde hasta el momento se desconoce su localizacién. La cuarta clase
de aquaporinas de plantas engloba a las proteinas intrinsecas pequefias bdsicas
(SIPs del inglés, small basic intrinsic protein). Su funcidon y localizacion son
actualmente desconocidas (Luu y Maurel, 2005).

Se ha estudiado la funcién y regulacién de PIPs. Estas aquaporinas parecen
desempefiar una funcién especifica e importante en el control del transporte
transcelular del agua. Son expresadas abundantemente en raices donde intervienen
en la captacion de agua del suelo (Javot y Maurel, 2002). Las TIPs median en el
intercambio de agua entre el compartimento del citosol y el vacuolar y pueden
jugar un papel fundamental en la osmorregulacién celular (Maurel et al, 1997;
Tyerman ef al, 1999). La nodulina-26 transporta pequefias moléculas sin carga
como el glicerol o la urea y se ha sugerido que tenga un papel en el transporte de
amonio (Dean et al, 1999; Niemietz y Tyerman 2000). Asi, esta aquaporina puede
intervenir en funciones de intercambio entre las células de la raiz infectada y el
endosimbionte, y posiblemente contribuya a la osmorregulacion del espacio
peribacteroidal. Recientemente, se han hecho estudios que muestran la
contribucion de PIPs a la difusién de CO; por los tejidos (Terashima y Ono, 2002;
Uehlein et a/. 2003; Hanba et a/., 2004).

Se ha sugerido que cuando las aquaporinas de vacuola y membrana
plasmdtica actian conjuntamente, son responsables de la osmorregulacion del
citosol, necesaria para mantener los procesos metabdlicos (Kjelbom et a/ 1999).
Sin embargo, los estudios de inhibicion llevados a cabo /7 vivo y en mutantes
antisentido han indicado que las aquaporinas son también importantes para el flujo
de agua en plantas (Kjelbom et al 1999). La elevada expresién de genes que
codifican aquaporinas en tejidos implicados en transporte hidrico sugiere un papel
en el transporte de agua transcelular (Barrieu et a/. 1998)

En los dltimos afios, se han propuesto varias hipétesis sobre los mecanismos
de regulaciéon de las aquaporinas de plantas a nivel celular, tisular, subcelular y
molecular.  Probablemente, las aquaporinas interactian con otras proteinas
"acompaiantes” para llevar a cabo una modificacién post-translacional, actuaciones
subcelulares o incluso degradacion pero ain no han sido identificadas estas
proteinas. Mientras que estd comenzando a emerger el papel funcional de
glicosilacion 'y fosforilacién, las aquaporinas de plantas, probablemente
experimenten otros tipos de maduraciones post-translacionales como
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ubiquitinacién y/o modificacion controlada de proteinas, e incluso nitrosilacién
(Shey et al, 1999; Hess et al,, 2001; Leitch et a/, 2001).

Actualmente se sabe que el estrés hidrico actlda sobre la funcion de la
aquaporina a nivel de transcripcion, relocalizacion de proteinas y entrada mediante
fosforilacion reversible o mediante efectos directos sobre los gradientes
osmoéticos o hidrostdticos (Luu y Maurel, 2005) (Figura 9). Por ello, conocer cémo
las plantas integran estos mecanismos en el tiempo y espacio y ajustan el
transporte hidrico y las propiedades del transporte de solutos de sus membranas,
constituye actualmente un verdadero desafio.

Drought, Snffnﬂ}r \
: o
/ \ Degradation
Translation / \
Transcription 6\‘
Hugleus |- h' t
vm T

“-790 |

Hetaro-tetramer fomation

gy g/

Figura 9. Control de la transcripcién y abundancia de proteinas. Se sabe que la sequia y salinidad, como
otros estimulos ambientales, actian sobre la transcripcion de genes de aquaporinas y posiblemente
interfieran con la translaciéon y degradacién de éstas, determinando asi la abundancia de proteinas. La
formacién de PIP-heterotetrameros se demostrd en oocitos de Xenopus leavis (Fetter et al., 2004) pero
todavia es una hipétesis en células vegetales. Este mecanismo puede favorecer la transferencia de
homoélogos PIP1 a la membrana plasmatica (PM) (Adaptado de Luu y Maurel, 2005)

2.5. Induccion de proteinas antioxidantes

Uno de los cambios bioquimicos que tienen lugar cuando las plantas estdn
sometidas a estreses ambientales es la produccion de especies reactivas del
oxigeno (ERO) (Dat et al, 2000). El peréxido de hidrégeno (H.O;) y el radical
superéxido (O;) se forman en la cadena de fransporte de electrones de
cloroplastos y mitocondrias, y mediante muchas oxidasas dependientes de flavinas,
incluyendo la glicolato oxidasa de peroxisomas (Del Rio et al,, 1992). El perdxido de
hidrdgeno y el superéxido también son generados por mecanismos no enzimdticos
como la oxidacién catalizada por Fe del NAD(P)H, glutation reducido (GSH) y
ascorbato (ASC). Ambas especies no son reactivas en condiciones fisioldgicas
dptimas. Sin embargo, metales como el Fe* o el Cu* mediante la reaccién de
Fenton, catalizan la conversién en una de las moléculas mds reactivas conocidas en
la naturaleza, el radical hidroxilo (OH"), que origina dafio celular por peroxidacion
de membranas, desnaturalizacion de proteinas y dafio en el ADN. El peréxido de
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hidrégeno puede inactivar varios enzimas del Ciclo de Calvin (Asada y Takahashi,
1987. Noctor y Foyer, 1998). Otra especie altamente reactiva es el oxigeno
singlete ("A,0.), que es formado principalmente en reacciones fotodindmicas en el
cloroplasto (Asada y Takahshi 1987; Elstner, 1987).

Para evitar la produccién de estas moléculas reactivas, las plantas han
desarrollado un sistema de secuestro efectivo que implica moléculas antioxidantes
como carotenoides, ascorbato, glutation y tocoferol, ademds de enzimas
antioxidantes como superdxido dismutasa (SOD; EC 1.15.1.1), catalasa (CAT; EC
1.11.1.6.), ascorbato peroxidasa (APX; EC 1.11.1.11) y glutation reductasa (GR; EC
1.8.5.1).

Seglin Smirnoff (1993), el "pull” de enzimas antioxidantes puede dividirse
en dos categorias: sistemas que reaccionan con formas activas del oxigeno y las
mantienen a bajo nivel (SOD, CAT o APX), y sistemas que regeneran antioxidantes
oxidados (glutation GSH, GR, mono- y dehidroascorbato reductasas) (Figura 10)

Sistemas protectores y
reparadores de las
plantas

Sistemas que reaccionan Sistemas que regeneran
con formas activas del O, antioxidantes oxidados

GSH
GR

SOD
CAT

APX MDHAR

DHAR

i ! i !

1. DETOXIFICACION DE RADICALES CICLO DEL
0, YH,0, ASCORBATO
-GLUTATION

2. PREVENIR FORMACION DE
RADICALES OH

Figura 10. Clasificacién de los sistemas protectores y reparadores en plantas frente al dafio oxidativo
seglin Smirnoff (1993)

El primer grupo de enzimas estd implicado en la detoxificacion de radicales
O; y Hz0;, previniendo la formaciéon de radicales OH". La GR y el GSH, son
componentes importantes del ciclo ascorbato-glutation, responsable de Ia
eliminacion del H,O, en diferentes compartimentos celulares (Dalton, 1995;
Jiménez et al., 1997).

Las especies reactivas del oxigeno estdn implicadas en el dafio molecular
observado en plantas expuestas a gran variedad de condiciones adversas
incluyendo sequia, salinidad, alta radiacién, luz ultravioleta, baja temperatura,
contaminantes del aire (especialmente ozono), tratamiento con herbicida y ataque
por patégenos (Scandalios et al, 1997; Noctor y Foyer 1998).
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La sequia es uno de los problemas que afectan al crecimiento vy
productividad de la planta provocando estrés osmadtico y toxicidad de iones dando
lugar a un estrés oxidativo. Se estima que el 10-20% de los electrones que pasan
por el fotosistema I reducen el O, a H.O, (Asada 1999) y que el 2% del O,
consumido por la mitocondria es usado para generar H,O, (Scandalios et al, 1997).
Por ello, las plantas y otros organismos aerdbicos dependen de una defensa
antioxidante para evitar su propia destruccidn.

Superoxido dismutasa (EC 1.15.1.1))

La familia SOD estd compuesta por metaloproteinas que catalizan la
dismutacién de radicales O, en O, y H,O,. Se conocen tres clases de SODs en
plantas dependiendo del cofactor usado como sitio activo (Mn, Fe o Cu-Zn). Asi,
encontramos MnSODs y FeSODs estructuralmente relacionadas pero de
localizacion distinta. La MnSOD se encuentra en la mitocondria mientras que la
FeSOD se localiza en el cloroplasto. La CuZnSOD no estd relacionada
estructuralmente con las anteriores y la podemos encontrar en el citosol y
cloroplasto. Las tres isoformas muestran propiedades moleculares distintas
incluyendo una sensibilidad diferencial a los inhibidores. La SOD tiene un
importante papel en la proteccién frente al estrés oxidativo (Santos et a/, 2000;
Moran et al., 2003).

Catalasa (EC 1.11.1.6.)

La catalasa de plantas esta constituida por homoproteinas tetraméricas que
existen en mlltiples isoformas codificadas por genes nucleares. Estdn localizadas
mayoritariamente en peroxisomas y glioxisomas aunque una isoforma especifica, la
Cat3, estd presente en mitocondria de maiz (Scandalios et a/, 1997). La ausencia
de CAT en el cloroplasto descarta que tenga un papel en la proteccion de los
enzimas regulados por tiol del Ciclo de Calvin. Su funcidn es la de convertir el H,0,
en agua y oxigeno molecular en los peroxisomas.

Ciclo del ascorbato-glutation

El ciclo del ascorbato-glutation es una de las principales defensas
antioxidantes en plantas y su funcion reconocida es su intervencion en la
eliminacién de H;O, en el cloroplasto (Figura 11). Sin embargo, todos los
componentes de esta ruta estdn también presentes en la mitocondria y
peroxisomas de hojas (Jiménez et al, 1997) y en el citosol de nddulos de
leguminosas (Dalton et a/. 1986, 1992; Dalton, 1995).
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Figura 11. Ciclo del ascorbato-glutation (SOD, superdxido dismutasa; CAT, catalasa; APX, ascorbato
peroxidasa; MDHAR, monodehidroascorbato reductasa; DHAR, dehidroascorbato reductasa; GR,
glutation reductasa; MDHA, monodehidroascorbato; GSSG, glutation oxidado; GSH, glutation reducido)

El ciclo implica la accién concertada de cuatro enzimas: ascorbato
peroxidasa (APX), dehidroascorbato reductasa (DHAR), monodehidroascorbato
reductasa (MDHAR) y glutation reductasa (GR), y requiere un continuo aporte de
ascorbato, tioles y nucleétidos de piridina reducidos (Dalton et a/, 1986, 1992).

La primera reaccion de la ruta es catalizada por la ascorbato peroxidasa
(EC 1.11.1.11)). La APX es la peroxidasa mds importante en la detoxificacion del
H.O, en cloroplastos (Noctor y Foyer 1998). Este enzima cataliza la reduccion del
H,O, a agua usando el poder reductor del ascorbato, y el MDHA y DHA
resultantes, son reducidos de nuevo a ascorbato mediante la MDHAR y DHAR mds
GR, respectivamente (Iturbe-Ormaetxe et al/, 2001).

Las preoxidadas estdn asociadas con procesos bioquimicos y fisioldgicos
como el crecimiento, formacion de las células, desarrollo del fruto, biosintesis de
etileno y como no, en la respuesta a varios estreses (Matamoros et a/, 2003)

La glutation reductasa es el enzima que regenera el GSH oxidado en su
forma reducida en el Ciclo del ASC-GSH. Kranner (2002) relacioné la cantidad de
GSH reducido con diferentes grados de tolerancia a la desecacion en liquenes. Se
ha propuesto que la GR tiene una importante funcién en la proteccién de las plantas
frente a diversas formas de estrés (Aono et a/, 1995). La mejora en la actividad
GR se ha asociado con incrementos en el contenido de ASC (Foyer et al., 1995),
mejor proteccién del "pull” de ascorbato y glutation en el estrés frente al paraquat
(Foyer et al, 1991, 1995), disminucién de la sensibilidad a la fotoinhibicion (Foyer
et al, 1995) y dafio foliar mitigado durante la exposicién al paraquat (Aono et al,
1993).
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Antioxidantes y senescencia nodular

La fijacidn de nitrogeno en las leguminosas es particularmente sensible a las
perturbaciones ambientales, incluyendo defoliacion, estrés hidrico o salino,
oscuridad continuada y exceso de nitratos (Vance et al, 1979; Witty et al, 1986;
Layzell et al, 1990; Lorenzo et al., 1994; Gorgocena et al., 1995, 1997; Matamoros
et al, 1999). En la mayoria de los tipos de estrés, la disminucion inicial de la
actividad nitrogenasa estd asociada con una disminucién en la concentracion de O..
La prolongacién del estrés induce senescencia nodular prematura, que comparte
algunas caracteristicas con la senescencia natural (envejecimiento del nédulo),
tales como la pérdida de la fijacién de N,, incremento en las actividades liticas y
la formacion de pigmentos verdes a partir de la leghemoglobina (Lb) (Pfeiffer et
al, 1983; Sarath et al, 1986). Esta senescencia inducida por estrés se ha
relacionado con la produccién de oxidantes y la reduccion de defensas
antioxidantes (Escuredo et a/, 1996; Gorgocena et al, 1997; Jebara et al,, 2005).

Los nddulos tienen elevados niveles de respiracion debido a la gran demanda
de energia de la fijacion de N, que origina un gran flujo de O, en el nédulo y con
ello, un alto riesgo de formacién de especies reactivas del oxigeno (Dalton, 1995).
Entre las principales fuentes de formacion de ERO encontramos:

* La leghemoglobina, que probablemente sea la mds importante. Es una
hemoproteina como la mioglobina localizada en el citosol de células
infectadas por rizobios. Facilita el transporte de O, a los bacteroides
(células donde se lleva a cabo la fijacién de N;) con un flujo bajo pero
constante, de forma que el O, prevenga la inactivacion de la nitrogenasa
(Appleby, 1984).

e Proteinas ldbiles del O,. Son proteinas capaces de reaccionar con O, para
generar ERO. Destaca la dinitrogenasa (MoFe) y especialmente la
dinitrogenasa reductasa (Fe) y el cofactor FeMo de la nitrogenasa, que son
irreversiblemente dafiadas por el O,.

e Actividades enzimdticas naturales del nddulo. La xantin-oxidasa (EC
1.1.3.22) y la uricasa (EC 1.7.3.3.) son los primeros enzimas de la ruta de
degradacién de las purinas y producen O; y H.O,, respectivamente. La
lipooxigenasa (EC 1.13.11.12.) es otro enzima que genera ERO. Cataliza la
oxidacion de dcidos grasos poliinsaturados mediante el O, y produce
hidroperéxidos y radicales O, (Lynch y Thompson 1984)

e Fe catalitico. Los nddulos son extremadamente ricos en Fe como un
constituyente esencial de la nitrogenasa, ferritina y Lb (Ragland y Theil
1993). El Fe libre y la mayoria de las formas queladas del Fe (incluyendo el
Fe en hemo) catalizan la descomposicién del H,O, en OH" y promueven la
peroxidacidn lipidica.

Durante la senescencia natural de los nédulos, algunos antioxidantes (6SH,
hGSH, catalasa) y no otros (APX, ASC, a-tocoferol), disminuyen (Dalton et al,
1986, Swaraj et al, 1995, Evans et al, 1999. Matamoros et al, 1999). En la
mayoria de los casos, asociado a la inhibicion de la nitrogenasa y la degradacion de
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la Lb, se ha visto una disminucion en las principales actividades implicadas en la
eliminacion de H,O,, tales como APX, catalasa, tioles y contenido de ASC.

2.6. Proteinas 14-3-3

Las proteinas 14-3-3 fueron originariamente identificadas y nombradas
como parte de una familia de proteinas dcidas solubles de cerebro bovino (Moore y
Pérez, 1967). En un principio fueron designadas numéricamente en base al
fraccionamiento por columna y movilidad electroforética pero actualmente son
conocidas con letras griegas (Figura 12).

Omicron
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i
Nu Omega
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Figura 12. Filogenia y nomenclatura de las proteinas 14-3-3.

Son proteinas de aproximadamente 30 kDa y actualmente se sabe que estdn
presentes en todos los eucariotas. Se ha demostrado tanto /n vivo como in vitro, la
formacion de homo- y heterodimeros mediante las regiones N-terminal de
distintas isoformas de 14-3-3 (Jones et al, 1995; Wu et a/. 1997), sin embargo, no
hay un acuerdo en cuanto a la conservacién de la secuencia entre todos los isotipos
de 14-3-3, incluso entre isoformas de animales y plantas. Cada secuencia de la
proteina 14-3-3 puede ser dividida en tres regiones: un extremo amino variable, la
region central conservada y un extremo carboxilo variable (Figura 13).
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Figura 13. Estructura fundamental de las 14-3-3 que muestra las distintas regiones de la proteina. Los
porcentajes indican el grado de conservacidon de la secuencia de aminodcidos entre todas las isoformas
(Adaptado de Chung et al., 1999).

Las proteinas 14-3-3 son dimeros en los que cada monémero consiste en algo
mds de nueve o-hélices alineadas de forma antiparalela, creando un surco lo
suficientemente grande para albergar una porcién de péptido de la proteina diana
(Figura 14). Estos datos apoyan la idea de que un solo dimero de 14-3-3 puede
unirse simultdneamente a dos dianas o bien a dos dreas de la misma diana (Ferl,
1996; Yaffe et al, 1997), lo que conduce a un posible modelo de accion donde las
14-3-3 tienen un papel importante en la construccién de proteinas diana (Tzivion et
al, 2001) y en la modificacién de la estructura de proteinas diana individuales
(Yaffe, 2002)

Ranura de union
al péptido

Regiones
C-terminal

* Interfase dimero
N-terminal

Figura 14. Estructura cristalina de un dimero de 14-3-3. La estructura central del dimero estd compuesta
por hélices antiparalelas. Cada monémero del dimero crea un surco que forma la interfase donde se une a
la diana. (Adaptado de Ferl, 2004).

Desde el descubrimiento de estas proteinas, se ha investigado de una forma
intensa su importancia y funcion. Las proteinas 14-3-3 estdn implicadas en division
celular, apoptosis, rutas de sefalizacion, generalmente funcionando como
adaptadores, chaperonas, activadores y represores (Palmgren et al, 1998). Se
unen a proteinas diana que incluyen proteinas implicadas en el metabolismo,
fransduccion de sefiales, funcién de la cromatina, transporte de iones y trdfico de
vesiculas. También es bien sabido que la nitrato reductasa (NR) y la H'-ATPasa de
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la membrana plasmadtica son inhibidas y activadas por la 14-3-3, respectivamente.
Estas proteinas no estdn por si mismas implicadas en la sefializacién, pero su
interaccion con las 14-3-3 representa el paso final en la cascada de sefializacién
dirigida a su regulacion. La nitrato reductasa, por ejemplo, es inactivada por la 14-
3-3 sequida de una fosforilacion por la protein kinasa en respuesta a la luz (Huber
et al, 2002; Comparot et al, 2003) (Figura 15). Las CDPKs (protein-kinasas
dependientes de calcio) constituyen una dnica familia de kinasas de plantas que son
definidas por el dominio C-terminal regulado como la calmodulina. Se ha visto que
estdn implicadas mediante interaccion con las 14-3-3 en sefializacién del estrés. De
hecho, el calcio es un importante segundo mensajero en miltiples rutas de sefiales
de transduccion en plantas y que aumentan momentdneamente la concentracion en
el citosol en respuesta a distintos estreses abidticos, incluyendo sequia, frio o
estrés salino (Knight et a/, 1991, 1997). Por otro lado, también se ha demostrado
que el sitio de union de la 14-3-3 a la H'-ATPasa de las células del estoma es
fosforilado en respuesta a la luz azul como un paso final en la ruta de sefalizacién
al incrementarse la apertura estomdtica (Kinoshita y Shimazaki, 1999).

14-3-3

++

‘\1‘ KO

17

Activa Activa Activa

Figura 15. Regulacién metabdlica de la NR (nitrato reductasa) y SFS (sacarosa fosfato sintasa). Ambas
estin reguladas en dos pasos que implican la fosforilacién del enzima diana seguido de la unién de la 14-
3-3. El primer paso es la fosforilacién del enzima por una kinasa dependiente de Ca™ (CDPK) . Este paso
solo no inactiva la diana y puede ser revertido por la actividad de la fosfatasa. En el segundo paso, la
unién de Mg*" a la 14-3-3 origina un cambio estructural que permite la unién a la protefna fosforilada y la
inactivacion del proceso. (Adaptado de Chung et al., 1999)

En plantas, la H'-ATPasa de la membrana tiene un papel esencial en el
mantenimiento del turgor. Por hidrélisis del ATP, la H-ATPasa exporta protones
para crear un gradiente electroquimico a través de la membrana plasmadtica, lo cual
luego es usado por las células como fuerza conductora para el transporte de iones
y metabolitos. La actividad de la bomba de protones de la membrana plasmdtica no
es constante y aumenta bajo estrés osmético (Curti et al, 1993).

A las 14-3-3 se le ha asignado un papel en las respuestas de defensa frente
a patdgenos (Brandt et al/, 1992; Roberts y De Bruxelles, 2002), pero también hay
evidencias de una activacién de la H-ATPasa de membrana plasmdtica mediada por
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14-3-3 en respuesta a estreses abidticos como el estrés osmadtico y las bajas
temperaturas (Chelysheva et al, 1999 Kerkeb et al/, 2002). Hay estudios que
correlacionan un incremento en la cantidad de complejos H'-ATPasa -14-3-3, en la
actividad de la bomba de protones de la H-ATPasa y en la cantidad de sitios de
unién de la fusicocina con una disminucion en el turgor de células de remolacha
azucarera cultivadas en suspension y sometidas a estrés por frio (Chelysheva et
al, 1999) o estrés osmético (Babakov et a/,, 2000) (Figura 16).

Baja actividad Alta actividad  Alta actividad
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H+ H+*4 H* H*, H*
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Figura 16. Regulacién de la H-ATPasa de membrana plasmatica por las protefnas 14-3-3 y la fusicocina
(FC). La uni6n de la proteina 14-3-3 al dominio C-terminal de la H*-ATPasa es dependiente de Mg™. El
complejo 14-3-3- H'-ATPasa también origina un sitio de unién a la FC y por tanto la unién de ésta
estabiliza el complejo, desplazando el dominio C-terminal y activando completamente a la H-ATPasa.
(Adaptado de Chung et al., 1999).

Desde el punto de vista de los hongos, la informacion existente sobre
proteinas 14-3-3 es bastante menor. Aunque la mayoria de los datos mostrados
proceden de estudios en humanos, mamiferos y plantas, la estructura y funcion de
las proteinas 14-3-3 de levaduras parece estar también muy conservada. En una
revisién de Van Hemert et a/, 2001 se discuten las diversas funciones encontradas
en las 14-3-3 de levaduras. Se ha propuesto que, al igual que las proteinas 14-3-3
de eucariotas superiores, las proteinas Bmh son reguladoras en una variedad de
rutas de sefializacién celular en Saccharomyces cerevisiae (Van Hemert et al,
2001). El hongo S. cerevisiae tiene dos genes, bmhl y bmhZ2, que codifican
proteinas 14-3-3 (Van Heusden et al, 1992, 1995; Gelperin et al, 1995; Van
Hemert et al, 2001). Una mutacion bmhl bmhZ2 es letal en la mayoria de las razas
de laboratorio, y dicha mutacién se puede complementar al final por cuatro
isoformas de Arabidopsis (Van Heusden et al, 1996). Como en los eucariotas
superiores, las proteinas 14-3-3 de 5. cerevisiae estdn implicadas en muchos
procesos celulares, y se han identificado muchas proteinas de unién (Van Hemert
et al, 2001).
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2.7. Proteinas BiP

El lumen del reticulo endoplasmdtico (RE) es un ambiente especializado que
promueve la sintesis de un “set” de proteinas secretoras destinadas al
compartimento vacuolar o la matriz extracelular (Vitale et al, 1993). Entre la
familia de proteinas del RE identificadas en plantas, la proteina de unién al lumen
BiP, (del inglés Binding Protein) es una de las mds caracterizadas (Denecke 1996).
BiP es una chaperona ubicua y forma parte de la familia de proteinas hsp70
reguladas por estrés (Munro y Pelham, 1986).

A diferencia de otros miembros de esta familia, BiP es sintetizada con una
secuencia sefial N-terminal para la translocacién en el RE, y una secuencia C-
terminal que determina su localizacion fuera del RE (Munro y Pelham, 1986, 1987).

Las funciones de la proteina BiP son varias, pero se ha comprobado que
puede prevenir la secrecion de proteinas que todavia no han adquirido su
conformacion madura (Bole et al, 1986; Gething et al, 1986), promover la
construccion y ensamblaje de proteinas (Gething et a/, 1986) o disolver agregados
de proteinas que se han originado bajo condiciones normales o condiciones de
estrés en el RE (Munro y Pelham, 1986). En estudios in vitro usando péptidos
sintéticos se ha demostrado que BiP tiene una gran afinidad por polipéptidos con un
alto grado de hidrofobicidad (Blond-Elguindi et a/, 1993).

En algunas plantas como tabaco, maiz y soja, BiP estd codificada por una
familia multigénica (Denecke et al, 1991; Fontes et al, 1991; Kalinski et al., 1995),
situacion que solo parece ocurrir en plantas. Sin embargo, encontramos
excepciones en espinaca (Anderson et al, 1994) y Arabidopsis (Koizumi, 1996)
donde no se ha demostrado la existencia de una familia multigénica de BiP.

Se han llevado a cabo diversos estudios en los que la expresion de BiP de
plantas responde a una variedad de estreses bidticos y abiéticos como la sequia o
la infeccion por hongos, ataque de insectos, estrés nutricional, tfemperatura y
elicitores de la respuesta de patogénesis de la planta (Anderson et al, 1994;
Denecke et al, 1995; Kalinsky et al., 1995; Fontes et al, 1996; Figueiredo et al,
1997; Fontes et al, 1999) (Fotografia 3). BiP estd presente en condiciones
normales de crecimiento, pero la transcripcién de su gen se puede ver inducida por
una variedad de estreses que conducen a la acumulacién de proteinas andmalas en
el RE. De hecho, la sobre-expresién de BiP en células cultivadas de mamiferos
(Morris et al., 1997) y protoplastos de tabaco (Leborgne-Castel et al., 1999) inhibe
la expresién de genes que son inducidos por la respuesta a las proteinas
desnaturalizadas (UPR, del inglés, unfolded protein response) e incrementa la
tolerancia al estrés, sugiriendo que BiP directamente mejora el estrés en el RE.

n"
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Fotografia 3. Niveles altos de BiP confieren tolerancia al estrés hidrico en plantas transgénicas 35S-
BiPS7 de tabaco (generacién T, resistente a la kanamicina) que fueron sometidas al mismo estrés que las
plantas control mostradas en la parte inferior. (Alvim et al., 2001).

Por tanto, si nos basamos en la funcion de BiP como chaperona molecular y
en la regulacion de su expresion en respuesta a estreses, BiP puede actuar en
ambos mecanismos. El papel protector de BiP frente al estrés hidrico se puede
asociar con la proteccion de la estructura proteica y la integridad de la membrana,
asi como el mantenimiento de la elevada actividad secretora mediada por
respuestas celulares originadas por el estrés hidrico (Ingram y Bartels, 1996).
Ademds, BiP puede facilitar la formacién y maduracion de un grupo seleccionado de
proteinas secretoras inducidas por estrés hidrico, que probablemente estdn
implicadas en el mecanismo de respuesta osmotica (Alvim et a/, 2001)

Desde el punto de vista de los hongos, la poca informacién existente se
centra en levaduras. En Saccharomyces cerevisiae, BiP es codificado por el gen
KARZ. La expresion del gen KARZ es inducida por estrés, choque térmico y
tratamiento con tunicamicina, todos los cuales originan acumulacion de proteinas
mal ensambladas en el lumen del RE (Normintong et a/, 1989). La proteina BiP
KAR2 de S. cerevisiae es esencial para el ensamblaje de proteinas en el RE (Simons
et al, 1995), para la translocacion de precursores sintetizados de novo a través de
la membrana del RE (Corsi y Schekman, 1997; McClellan et a/, 1998) y para el
transporte de regreso desde la membrana de polipéptidos aberrantes destinados a
la degradacion por el proteasoma (Plemper et al, 1997; Brodsky et al, 1999).
Mutaciones en el gen KARZ originan una disminucion del crecimiento a
temperaturas elevadas y defectos en la translocacion de proteinas al lumen del RE
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3. LAS "MICORRIZAS"
3.1. Generalidades

El término "micorriza" (del griego "mikos", hongo, y "rriza", raiz) fue
utilizado por vez primera por Frank a finales de siglo pasado (Frank, 1885) para
hacer referencia a determinadas asociaciones existentes entre ciertos hongos del
suelo y raices de plantas. No obstante, fue en los afios 50 cuando se comenzd a
poner de manifiesto la importancia real y el significado de estas asociaciones, asi
como su presencia en la prdctica totalidad de los sistemas suelo-planta (Bonfante-
Fasolo, 1984; Barea y Jeffries, 1995). En la inmensa mayoria de los hdbitats
naturales (Barea y Azcén-Aguilar, 1983), incluso en las condiciones mas adversas
(Mosse et al, 1981; Hayman, 1982a), estdn micorrizadas aproximadamente un 97%
de las plantas superiores (Harley y Smith, 1983). Es decir, sus raices establecen
asociaciones simbiéticas mutualisticas con hongos especificos del suelo en las que
ambos organismos se encuentran integrados de tal manera que dan lugar a una
nueva entidad. Segun esto, en la mayoria de los casos, el érgano de captacion de
nutrientes de la planta es la "micorriza", y no la "raiz" propiamente dicha (Harley y
Smith, 1983).

Hoy se sabe que las micorrizas son tan antiguas como las propias plantas y
que su origen se remonta al Ordivicio (hace 460 millones de afos), como se deduce
de la observacién del primer registro fdsil que se conoce (fdsil Rhynie, datado en
370 millones de afios) y la datacion molecular (Redecker et al., 2000).

Fotografia 4. Imagen que muestra el fésil Rhynie, de 370 millones de afos (izquierda) e imagen
mostrando las micorrizas arbusculares en la actualidad (derecha).

Atendiendo a las caracteristicas morfoldgicas de la simbiosis, asi como a los
taxones a los que pertenecen las plantas y los hongos implicados, se pueden
distinguir siete tipos de asociaciones micorrizica (Harley y Smith, 1983; Morton et
al., 1995). No obstante, las micorrizas arbusculares (MA), encuadradas dentro de
las endomicorrizas o micorrizas endotroficas, llamadas asi por colonizar
intracelularmente la raiz, son las mas ampliamente distribuidas en la naturaleza.
Aproximadamente el 90% de las especies vegetales tferrestres las forman
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(Kendrick y Berch, 1985; Trappe, 1986), las mayoria de ellas son de alto interés
econdmico. El hecho de que la practica totalidad de las especies vegetales formen
MA, contrasta con que sdlo unas 150 especies de hongos las originan (Morton,
1988; Morton et al, 1995), todos ellos pertenecientes al grupo de los
Glomeromicetos (Schiifler et al, 2001a). En estas asociaciones, la colonizacién de
la raiz por las hifas del hongo es tanto inter- como intracelular, y se caracteriza
porque en las células mas internas del cértex, las hifas del hongo, mediante
divisiones dicotémicas sucesivas, dan lugar a unas formaciones carateristicas
denominadas arbusculos, donde se produce el intercambio de nutrientes entre el
hongo y la planta.

3.2. Las Micorrizas Arbusculares: Introduccion

Las micorrizas arbusculares son el grupo mds importante dentro de las
simbiosis micorricicas, tanto a nivel cuantitativo, como cualitativo, ya que entre las
plantas que las forman se encuentran la prdctica totalidad de las especies de
interés agrondémico e industrial (Hayman, 1982b; Linderman, 1988). Solo algunas
familias, entre ellas las Chenopodiaceae, Cruciferae, Fumariaceae, Urticaceae y
Poligonaceae, poseen especies que habitualmente no forman este tipo de simbiosis
(Trappe, 1986).

En la actualidad, se ha acumulado una gran informacién acerca de esta
simbiosis, especialmente en lo que se refiere a sus efectos sobre el crecimiento de
la planta hospedadora. Los procesos fisioldgicos y bioquimicos responsables de
tales efectos son, en cambio, mucho menos conocidos. Hoy en dia se sabe que las
MA mejoran el enraizamiento y establecimiento de las plantas, facilitan el ciclado
de nutrientes, protegen a las plantas frente a estreses bidticos y abidticos y
mejoran la calidad del suelo, favoreciendo la diversidad y beneficiando la sucesién
vegetal (Sdnchez-Diaz y Honrubia, 1994; Ruiz-Lozano et a/, 1995a; Azcén-Aguilar
y Barea, 1996). Por lo tanto, se considera que las MA desempeiian un papel crucial
en la supervivencia y desarrollo de las plantas, sobre todo en suelos sometidos a
condiciones de estrés (sequia, salinidad, cambios bruscos de temperatura,
deficiencia de nutrientes), como los que caracterizan a los ecosistemas
mediterrdneos (Salamanca, 1991; Requena, 2001), asi como en suelos degradados
por procesos erosivos, incendios forestales, laboreo excesivo y contaminacién.

3.3. Taxonomia de las micorrizas arbusculares

Los hongos implicados en la formacién de las micorrizas arbusculares se
consideraban hasta hace poco incluidos en el orden Glomales de los Zigomicetos,
(Morton y Benny, 1990; Redecker et a/, 2000). Hoy dia, en base al andlisis de la
subunidad pequefia del ARNr 18S se ha podido determinar su origen monofilético y
se han agrupado en un nuevo phylum, denominado Glomeromycota. Este phylum se
encontraria mds proximo de los ascomicetos y basidiomicetos, con los que
compartiria un ancestro comin, que de los zigomicetos (Schiler et a/, 2001a).
Incluye una sola clase, los Glomeromycetes y cuatro odrdenes: Glomerales,
Diversisporales, Paraglomerales y Archaesporales como se refleja en la Figura 17B.
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Un aspecto destacable de esta nueva clasificacion es que el género Glomus se ha
escindido en, al menos, tres grupos distintos: Glomus A, By C. Los primeros de
estos grupos estdn englobados en el orden Glomerales, mientras que &lomus C
pertenece a los Diversisporales. Este hecho da idea de que bajo la aparente
uniformidad de morfotipos de hongos micorricicos se esconde una gran diversidad
genética, y posiblemente, funcional aln por describir.
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Figura 17. (A) Filogenia propuesta para los hongos MA basada en las secuencias de la subunidad

pequeiia (SSU) del ARNr. Tomado de Schiifler ef al. (2001a). (B) Estructura taxonémica propuesta del
phylum Glomeromycota en base a las secuencias de la SSU del ARNTr.

La identificacién de los hongos formadores de micorrizas arbusculares se
ha basado hasta hace pocos afos, en las caracteristicas morfoldgicas y en el
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desarrollo ontogénico de sus esporas multinucleadas (Gerdemann y Trappe, 1970;
Morton, 1988; Morton y Benny, 1990; Walker, 1992). Sin embargo, cada vez hay
mds evidencias de que la identificacion basada en criterios morfoldgicos tiene un
uso limitado, ya que la baja diversidad morfoldgica de las esporas de los hongos
micorricicos no refleja la gran plasticidad fisioldgica y la diversidad genética de
sus poblaciones. El progreso que estdn experimentando en la actualidad las
técnicas de biologia molecular estd posibilitando la utilizacién de criterios mds
constantes y fiables para caracterizar los hongos micorricicos, facilitando asi el
subsiguiente andlisis de la diversidad genética de las poblaciones (Helgason et al,
1998; Schiifler et al, 2001a, Clapp et al, 2002). Debido a que el cardcter de
simbiontes obligados de estos hongos limita la cantidad de material flngico
disponible para ser analizado, la aplicacion de técnicas basadas en la reaccién en
cadena de la polimerasa (en inglés, PCR) al estudios de los hongos micorricicos ha
supuesto un avance importnte en la caracterizacion genética de dichos
microorganismos (Simon, 1996; Sanders et al., 1996. Clapp et al., 2002).

Técnicas como el andlisis de los genes ribosomicos o metodologias
innovadoras como PCR-SSCP (del inglés Polimerase Chain Reaction-Single Strand
Conformational Polimorfism) o PCR-TGGE (del inglés Polimerase Chain Reaction-
Temperature Gradient Gel Electrophoresis), estdn poniendo de manifiesto que las
comunidades de hongos micorricicos son mucho mds diversas de lo que se pensaba
(Chelius y Triplett, 1999; Daniell et a/, 2001; Fitter, 2001; Clapp et al., 2002;
Prosser, 2002). El estudio de la diversidad de las poblaciones de hongos
micorricicos es fundamental para saber cémo estos hongos afectan a la diversidad
de las plantas y a su productividad (van der Heijden y Sanders, 2002), asi como su
contribucion a la diversidad de funciones que llevan a cabo (Clapp et a/, 2002). Es
obvio que los nuevos avances que se estdn produciendo en el andlisis de la
diversidad genética de los hongos formadores de micorrizas arbusculares estdn
introduciendo un elevado grado de incertidumbre sobre el concepto de especie, e
incluso de individuo, en estos hongos (Clapp et al., 2002)

3.4. Formacion de las micorrizas arbusculares

En el proceso de formacion de la micorriza, durante el cual la planta acepta
la colonizacion del hongo sin ejercer reacciones de defensa generalizadas (Dumas-
Gaudot et al, 2000), ocurren una serie de interacciones hongo-planta que van a dar
lugar en dltimo extremo a una integracién morfoldgica y funcional de ambos
simbiontes (Gianinazzi-Pearson et al., 1996). Hoy se sabe que el establecimiento de
la simbiosis es el resultado de un continuo didlogo molecular entre la planta y el
hongo, ejercido por el intercambio de sefiales de reconocimiento (Vierheilig y
Piché, 2002).

La identificacién y clonacion de los genes de la planta implicados, asi como el
conocimiento de los sistemas de sefiales que intervienen en la formacién y
funcionamiento de la simbiosis, son objeto de gran interés en la actualidad
(Harrison et al, 2000; Franken y Requena, 2001; Gollote et a/., 2002)
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Se acepta que existen en el suelo tres formas de propdgulos con diferente
capacidad de supervivencia y potencial infectivo para establecer la simbiosis. Estas
formas son las esporas, que constituyen las formas de resistencia de estos hongos,
los fragmentos de raices micorrizadas de plantas preexistentes y finalmente, las
redes de hifas que sobreviven en el suelo. Las esporas de los hongos micorricicos
contienen numerosos nicleos y una gran cantidad de lipidos de reserva (Bécard y
Pfeffer, 1993) (Fotografia 5) Se ha comprobado que las micorrizas, pueden
mantener su capacidad infectiva después de permanecer en el suelo seco durante
periodos de tiempo de hasta seis meses (Tommerup y Abbot, 1981).

Fotografia 5. (A) Espora de Glomus mosseae. Cortesia de Bundrett (B) Esporas de Glomus intraradices.
Cortesia de P. Tiwari y A. Adholeya.

En condiciones favorables las esporas germinan y desarrollan el llamado
tubo de germinacion, que puede proliferar y formar un micelio que se extiende de
forma radial y errdtica hasta alcanzar la rizosfera de una planta hospedadora
susceptible de ser colonizada (Giovannetti, 2000; Giovannetti et al, 2002). Las
condiciones fisicas del suelo, en especial humedad y temperatura, parecen ser los
factores fundamentales que desencadenan la germinacion de las esporas (Siqueira
et al, 1985). Las esporas de los hongos micorricicos tienen almacenada toda la
informacion genética y capacidad bioquimica y fisiolégica para germinar, aunque
determinadas condiciones fisico-quimicas, asi como la presencia de exudados
radicales y/o microorganismos del suelo pueden potenciar la germinacién. Si las
hifas “"exploradoras” del hongo no encuentran las raices de una planta hospedadora
a las que colonizar, su citoplasma se retrae y la espora entra de nuevo en estado de
quiescencia (Bago et al,, 1999) a la espera de encontrar una raiz que colonizar con
éxito o bien degenere definitivamente. Una vez que una hifa “infectiva” alcanza la
superficie de la raiz, se adhiere a ella y forma una estructura denominada
"apresorio” a partir del cual se produce la penetracion al interior de la raiz. Los
mecanismos exactos por los cuales el hongo penetra son aln desconocidos. Se ha
sugerido que la produccion localizada de enzimas pectinoliticos y celuloliticos del
hongo que degradan la pared celular de la planta lo justo para desorganizarla y no
destruirla, junto al desarrollo de una presion fisica, podrian ser los mecanismos
responsables de la entrada de las hifas en la raiz (6arcia-Garrido et al., 2000). En
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general, se acepta que los sitios mds habituales de penetracién coinciden con los
lugares mds activos de la raiz, posiblemente porque la exudacién radical es mds
abundante en estas zonas. El hongo micorricico no penetra por heridas ni coloniza
raices muertas.

Una vez que la hifa colonizadora penetra en la raiz se ramifica
intercelularmente constituyendo un micelio intrarradical y colonizando el cértex de
la raiz de forma rdpida, sin invadir endodermos ni meristemos. Simultdneamente
tiene lugar una colonizacién intracelular, formdndose las estructuras mds
caracteristicas de la simbiosis, los “"arbusculos”, mediante ramificacién dicotdmica
repetida de hifas intracelulares. En cada célula sélo puede formarse un arbdsculo,
que recibe este nombre porque su estructura recuerda a la de un pequefio drbol
con tronco y ramificaciones (Fotografia 6).

Fotografia 6. (A) Imagen de la estructura de un arbisculo de Glomus mosseae en Allium porrum. (B)
Imagen de un arbisculo —A- de Glomus spp en Asarum canadense.

Las hifas del hongo no penetran el plasmalema de la célula hospedadora sino
que se produce una invaginacién de éste que rodea las ramas del arbdsculo. La
interfase entre los dos simbiontes queda en esencia constituida por el plasmalema
de la célula hospedadora o membrana peri-arbuscular, una matriz interfacial, la
pared celular del hongo y su membrana plasmdtica (Bonfante-Fasolo et al,, 1986;
Balestrini et al, 1996; Gianinazzi-Pearson et a/, 1996; Bonfante, 2001) la barrera
que suponen las paredes entre ambos simbiontes queda por lo tanto reducida a un
minimo (Gianinazzi-Pearson et al, 1991). El arblsculo representa una extensa
superficie de contacto entre ambos simbiontes. Se asume que el papel fundamental
de esta interfase es el de facilitar el intercambio bidireccional de nutrientes
entre el hongo y la planta (Smith et a/, 1994). En la célula vegetal colonizada tiene
lugar un aumento del contenido citoplasmdtico, el nicleo aumenta de volumen, migra
al centro de la célula y aumenta la actividad transcripcional (Smith y Gianinazzi-
Pearson, 1988). La vida media del arblsculo es de 7 a 14 dias y una vez que
degeneraq, la célula vegetal recupera la situacién previa a la colonizacion, e incluso
puede ser colonizada de nuevo. El colapso arbuscular podria estar inducido por el
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reconocimiento por parte de la planta del arbisculo como una estructura extrafia
(Garcia-Garrido y Ocampo, 2002).

Algunas especies de hongos pueden formar también unas estructuras
globosas llamadas vesiculas con un alto contenido en lipidos y que parecen
constituir un érgano de reserva de nutrientes (Barea et al, 1991) (Fotografia 7).
Las vesiculas no son efimeras como los arbusculos, sino que desde que aparecen van
madurando y parece ser que, en algunas ocasiones, pueden llegar a convertirse en
esporas del hongo. La transformacion de estas vesiculas en esporas podria estar
ligada a situaciones de estrés para la micorriza, o a la muerte inminente de la
planta.

vesiculas 20 pm

E.:};‘_" "\ Glomus intraradices

Fotografia 7. Vesiculas de Glomus intraradices a lo largo de la raiz colonizada tefiida con tripan blue.
INVAM.

El desarrollo del hongo en el interior de la raiz va acompaifiado de una
proliferacion de hifas en el suelo que la rodea formando lo que se denomina el
micelio externo o extrarradical. Este micelio funciona como un sistema radical
complementario, fundamental para la adquisicién de nutrientes y agua por la planta
(Barea, 2000). Se estima que por cada cm de raiz micorrizada se puede producir
hasta 1 m de hifas. Su funcién es explorar microhdbitats del suelo inaccesibles
para las raices. Sobre las hifas extrarradicales se pueden formar esporas de
resistencia, con lo cual se cierra el ciclo de vida del hongo. Las hifas
extrarradicales del hongo pueden ademds formar nuevos puntos de entrada sobre
la superficie de la raiz y contribuir asi a la generalizacién de la colonizacion
micorricica.
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Figura 18. Ciclo de vida de Glomus intraradices.

3.5. Morfologia de la simbiosis MA

La formacidn de los arbusculos supone una alteracién profunda de la célula
vegetal, lo que se manifiesta principalmente por la deformacion y proliferacién del
plasmalema (Alexander et al/, 1988) para acomodar al arbusculo, el cual nunca
penetra al citoplasma. Se produce igualmente una reordenacién del citoesqueleto
(Genre y Bonfante 1998; Matsubara et al, 1999), lo que conlleva un cambio en la
posicién del nidcleo, que pasa a una posicién central, y una fragmentacion de la
vauola (Bonfante y Perotto, 1995). Se observa, asimismo una menor
heterocromaticidad del nicleo de la célula, lo que indica una mayor actividad
transcripcional y un aumento del metabolismo (Balestrini et al, 1994).

No sdlo la célula vegetal se altera, el propio hongo experimenta cambios en
su estructura que se manifiestan en una progresiva reduccién del grosor de la
pared celular a medida que se producen las ramificaciones mds finas, pasando de
unos 500 nm de grosor en las hifas intercelulares, a los 50 nm en los dpices de los
arbusculos (Bonfante -Fasolo et al, 1992). La observacién de que en la membrana
periarbuscular se localizan transportadores de fosfato especificos de la simbiosis
(Rausch et al, 2001) y una H'-ATPasa (Gianinazzi-Pearson et al, 2000), indica que

47



Introduccion

es a nivel de los arbusculos donde se produce el intercambio de nutrientes entre la
plantay el hongo.

Se ha podido observar que durante el desarrollo del micelio externo, las
hifas exploradoras que lo constituyen y que son las responsables del avance del
micelio y de la extension de la colonia flngica, forman a intervalos regulares
estructuras muy ramificadas. Estas estructuras son conocidas hoy dia como BAS
(del inglés Branched Absorbing Structures, Estructuras ramificadas de
absorcion), cuya hipotética funcién seria la absorcién de nutrientes del suelo (Bago
1998, 2000) (Fotografia 8).

Fotografia 8. BAS dispuestos a lo largo de las hifas del micelio del hongo MA.

Cabe destacar que, en contraste con el micelio intrarradical, que se
encuentra protegido por los tejidos de la raiz de la planta, el micelio extrarradical,
al desarrollarse directamente en el suelo, se encuentra mucho mds expuesto a las
condiciones ambientales, y a la accidn de otros microorganismos del suelo. Con ellos
va a desarrollar una serie de interacciones de gran importancia para el desarrollo
de las plantas, el equilibrio de las poblaciones microbianas y la formacion de
agregados estables en el suelo y el mantenimiento de su estructura (Jeffries y
Barea, 2001).

3.6. Fisiologia de las micorrizas arbusculares

El cardcter mutualista de la simbiosis supone que ambos simbiontes resultan
beneficiados de esta asociacidn, lo que generalmente se traduce en una mejor
nutricién de ambos. A continuacién se resumen los aspectos fundamentales del
funcionamiento de la simbiosis, referidos principalmente al intercambio de
nutrientes entre ambos simbiontes, y su papel en la absorcion y movilizacion de
micronutrientes.
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Metabolismo del carbono en los hongos micorricicos

La primera evidencia experimental sobre la fransferencia de compuestos
carbonados de la planta al hongo fue proporcionada por Ho y Trappe (1973),
quienes usando *CO, demostraron que, tras unas semanas, se detectaba C marcado
en el micelio del hongo. Actualmente se sabe que el micelio intrarradical es capaz
de captar fructosa y glucosa (Shachar-Hill et al, 1995; Pfeffer et al, 1999), que
son rdpidamente transformadas en trehalosa y glucégeno, con el fin de disminuir la
osmolaridad. Parte de estos carbohidratos son transformados en el micelio
intrarradical en compuestos lipidicos, que posteriormente serdn transportados al
micelio extrarradical (Bago et al/, 2002), donde mediante gluconeogénesis se
transformardn en carbohidratos. El micelio extrarradical depende para su
desarrollo de este aporte de productos carbonados dada su incapacidad para
absorber hexosas del medio (Bago et al/, 2000). En los hongos micorricicos se
produce una compartimentacion del metabolismo, de forma que las capacidades de
sintesis lipidica sélo residen en el micelio intrarradical, mientras que las
capacidades gluconeogénicas se localizan Unicamente en el micelio extrarradical.
Esta marcada compartimentacién del metabolismo del hongo, asociada a la
diferenciacion que experimenta el micelio al establecer la simbiosis, podria estar
en la base de la incapacidad del hongo para crecer independientemente de la
planta.

Nutricion mineral de las micorrizas

Fue a mediados del siglo pasado cuando empezé a cobrar interés el estudio
de las causas del mejor crecimiento de las plantas micorrizadas. El primer trabajo
sobre el tema sefialaba como el manzano micorrizado presentaba un mayor
contenido en Fe y Cu que el no micorrizado cuando crecia en suelos deficientes en
estos micronutrientes (Mosse, 1957). Posteriormente se puso de manifiesto que los
hongos formadores de micorrizas arbusculares mejoran también la absorcién de
fosfato por la planta (Gerdermann, 1964; Daft y Nicolson, 1966; Baylis, 1967) y
que son capaces de transferir N a la planta mediante absorcion de NH," (Johansen
et al, 1992; Frey y Schiiepp, 1993), o NO; (George et al, 1992; Tobar et al,
1994a; Bago et al,, 1996) del suelo circundante, y su posterior transferencia.

(a) Nutricion fosforada

La absorcién del fosfato es un mecanismo altamente eficiente, lo que se
pone de manifiesto por la rdpida incorporacion de fésforo por las hifas del micelio
extrarradical, requiriéndose tan sdlo tres horas para alcanzar los niveles maximos
de acumulacién de polifosfato (Ezawa et a/, 2004) (Figura 19). Esta capacidad de
incorporacion es fruto de la existencia de transportadores de alta afinidad de
fosfato en el micelio extrarradical (Harrison y Van Buuren, 1995).
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Figura 19. Transporte del P en plantas micorrizadas. (a) La raiz de la planta crea una zona de
agotamiento de P causada por la captacién de P y la baja tasa de difusion de P en el suelo. El micelio
extrarradical del hongo MA crece hacia la zona de agotamiento, alcanzando un nuevo pool de P soluble.
(b) La interfase implica la captacién de P en la simbiosis MA. Las interfase suelo-planta, suelo-hongoMA
y hongo MA-planta se puestran en rojo, verde y azul respectivamente. La translocacién transmembrana
del P estd mediada por transportadores de P que residen el la membrana de las células de la
correspondiente interfase. (Adaptado de Karandashov y Bucher, 2005).

Con el fin de evitar la acumulacién de iones fosfato, que dificultarian el
funcionamiento normal del hongo mediante un incremento de la presion osmética,
estos se polimerizan formando cadenas de polifosfatos de unas 17 unidades
aproximadamente, que se acumulan sobre todo en las vacuolas (Rasmussen et al,
2000). El fosfato es transportado como polifosfato al micelio intrarradical y una
vez alli, es hidrolizado, liberdndose el fosfato mediante la actividad de ciertas
fosfatasas alcalinas presentes en la vacuola (Gianinazzi-Pearson y Gianinazzi,
1978).

Aln no se conoce el mecanismo de extrusion del fosfato del micelio
intrarradical a la matriz interfacial de la interfase simbiética que se desarrolla en
las células corticales colonizadas por los arbisculos, sin embargo, diversos estudios
(Rausch et al, 2001; Harrison et al., 2002) indican que la transferencia de fosfato
ocurre preferentemente a nivel de dichas células.

(b) Nutricion nitrogenada

Ademds de transferir nitrégeno a la planta como NH." o NO3", hay indicios
de cierta capacidad de transporte de N orgdnico (Hodge et a/, 2001),
especialmente aminodcidos (Hawkins et a/, 2000).

Los hongos micorricicos prefieren como fuente de N el amonio frente al
nitrato (Johansen et al, 1992). La incorporacién de amonio se lleva a cabo
mediante transportadores especificos. El amonio absorbido seria rdpidamente
incorporado a glutamato, para dar glutamina, mediante distintas vias, aunque
parece mds probable el ciclo de la Glutamina sintasa/Glutamato sintasa , ya que
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estas actividades se han detectado en hongos micorricicos (Johansen et al., 1996;
Breuninger et al., 2004).

La asimilacion del nitrato parece estar facilitada por la enzima nitrato
reductasa, cuya actividad se ha detectado en esporas (Ho y Trappe, 1975) y en
extractos de raices micorrizadas (Subramanian y Charest, 1998). Igualmente se
ha demostrado que los hongos MA poseen el gen que codifica la nitrato reductasa
(Kaldorf et al,, 1994) y que dicha actividad se localiza en los arbusculos (Kaldorf et
al., 1998). Esta actividad nitrato reductasa permitiria la reduccion del nitrato y su
posterior incorporacion a la glutamina en forma de amonio.

La transferencia del N a la planta ocurre en un proceso asociado al ciclo de
la urea y al transporte de polifosfato, propuesto por primera vez por Bago et al.
(2001) y recientemente confirmado por Govindarajulu et a/. (2005).

3.7. Significado de las micorrizas en el sistema suelo-planta

Las micorrizas llevan a cabo diversas actividades relevantes desde el punto
de vista de la sostenibilidad, ya que pueden representar una reduccién en el aporte
de fertilizantes y fitofdrmacos, y contribuir asi a la conservacion o
establecimiento de sistemas sostenibles ya sean agricolas, forestales o
paisajisticos (Jeffries y Barea, 2001). Las micorrizas realizan las siguientes
acciones en los sistemas suelo-planta:

0 Incrementan el aporte de nutrientes a las plantas

El efecto beneficioso mds y mejor estudiado que ejercen las micorrizas
sobre las plantas es, sin duda, el que conduce a una mejora del crecimiento asi
como de su estado nutricional.

Mediante la utilizacion de isétopos y sistemas compartimentados, en los que
la hifas se desarrollan en compartimentos a los que las raices no tienen acceso, se
ha confirmado que el micelio externo de los hongos micorricicos puede absorber P,
Zn, NOs” y NH4" de microhdbitats distantes hasta 25 cm de la superficie de la raiz
y transferirselos a las plantas con las que se asocian (Pearson y Jackobsen, 1993;
Birker y Robson, 1994; Tobar et a/, 1994a; Smith et a/, 2000). Los efectos
directos de la simbiosis sobre la nutricion mineral de las plantas se manifiestan
principalmente para aquellos nutrientes que son poco méviles y que estdn presentes
en bajas concentraciones en la solucion del suelo. El ejemplo caracteristico es el P.
Debido a la mayor absorcion y al uso mds eficiente de nutrientes en plantas
micorrizadas, estas presentan generalmente una mayor biomasa que sus
respectivas plantas control. Ademds, y debido a esa mayor eficiencia en la
absorcion de nutrientes, la relacion parte aérea/raiz es mayor en plantas
micorrizadas.
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0 Protegen a la planta frente a estreses abidticos

La simbiosis micorricica contribuye a incrementar la resistencia/tolerancia
de las plantas a la sequia, salinidad, estados de deficiencia de nutrientes, exceso
de metales pesados, degradacion del suelo, etc.

o Incrementan la actividad fotosintética de la planta

La colonizacién micorricica estimula normalmente la actividad fotosintética
de las plantas. Asi lo avalan numerosos trabajos de investigacién (Wright et al,
1998; Valentine et a/, 2001).

0 Mejoran el enraizamiento de las plantas

Esta actividad estd basada en la produccién de hormonas, vitaminas u otras
sustancias fitoactivas por parte de los hongos.

0 Mejoran la estructura del suelo

Las hifas de los hongos micorricicos estdn implicadas en la formacién de
agregados estables del suelo, un aspecto clave de la calidad del mismo. El micelio
extrarradical y las propias raices actian como nexo de unién de las particulas
orgdnicas e inorgdnicas del suelo, mientras que los polisacdridos, de origen
fundamentalmente bacteriano, actlan como aglomerantes de las estructuras
formadas (Tisdall et a/, 1997; Miller y Jastrow, 2000).

o Favorecen la diversidad de las comunidades de plantas y la sucesion vegetal

Cada planta muestra un nivel de compatibilidad mayor con determinados
ecotipos de hongos micorricicos, por lo que la conservacién de la diversidad de
estos hongos, beneficia la diversidad y sucesidn de las plantas.

o Control integrado de patdgenos

En los dltimos tiempos despierta un elevado interés el papel que las
micorrizas ejercen confiriendo una mayor tolerancia/resistencia a las plantas
frente al ataque de patdégenos que causan enfermedades a los cultivos. Tales
efectos son dificiles de generalizar y dependen en gran medida de la especie
vegetal implicada, del hongo MA, el patdgeno y su nivel de virulencia y de las
condiciones medioambientales (Hooker et al., 1994; Azcén-Aguilar y Barea, 1996).
En general se ha descrito que las micorrizas reducen los sinfomas cuando se trata
de enfermedades que afectan al sistema radical (Cordier et al, 1996; Slezack et
al., 2000). Una condicion imprescindible para que se manifieste esta proteccion es
que la simbiosis esté establecida antes de que se produzca el ataque del patdgeno
(Azcon-Aguilar y Barea, 1996).
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4. SIMBIOSIS MICORRICICO ARBUSCULAR Y TOLERANCIA A
ESTRES HIDRICO

Probablemente los efectos de las micorrizas arbusculares no sean tan
determinantes sobre las relaciones hidricas de las plantas como lo son sobre la
adquisicién de P y el crecimiento de la planta hospedadora. Sin embargo, si esos
efectos se mantienen, pueden tener un efecto significativo sobre el funcionamiento
de la planta (Augé 2001) en condiciones de déficit hidrico.

La tolerancia a la sequia de las plantas micorrizadas puede ser consecuencia de
la captacion de agua por el micelio externo (efecto directo) y/o de la mejora del
estatus nutricional de la planta hospedadora (efecto indirecto), especialmente
fosforo (P) y nitrégeno (N) (Fitter 1988, Subramanian y Charest 1999). Ademds, las
plantas micorrizadas se recuperan del estrés hidrico mds rdpidamente y tienen mayor
capacidad para extraer agua del suelo incluso con un bajo potencial hidrico
(Subramanian et al. 1997). Otros estudios sugieren que el uso del agua en la planta
hospedadora estd regulado por cambios en las fitohormonas (Duan et a/. 1996) o en la
morfologia de la raiz (Kothari et a/ 1990). La tolerancia a la sequia en la planta
micorrizada es un fendmeno complejo que engloba factores de la planta (bioquimicos,
nutricionales y morfoldgicos) y factores del suelo (estructural, nutricional y
bioldgico). En cualquier caso, en la actualidad se acepta que la mejora de la tolerancia
de las plantas micorrizadas frente al déficit hidrico se debe a la combinacion de
efectos fisicos, nutricionales, fisioldgicos y celulares (Ruiz-Lozano, 2003)

Los estudios realizados en los dltimos afios han permitido sugerir posibles
mecanismos a través de los cuales la simbiosis MA incrementa la folerancia de las
plantas frente al déficit hidrico. Entre estos mecanismos destacan los que vamos a
tratar a continuacién.

Fotografia 9. Plantas de tomate no MA (izquierda) y MA (derecha)
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4.1. Absorcion y transferencia de agua a través de las hifas del hongo

El micelio extrarradical (MER) se despliega por la rizosfera y transporta agua
que dificilmente estd disponible para las raices. Las hifas del hongo MA, con un
didmetro de 2-5 pm, pueden penetrar en poros del suelo que resultan inaccesibles
incluso para las raices mds finas (10-20 pym de didmetro). Los estudios pioneros de
Allen (1982) sugiriendo la posible intervencion del micelio extrarradical en la
captacion y translocacién de agua directamente a las raices, fueron confirmados con
posterioridad en experimentos en los que se cultivaron plantas en sistemas
compartimentalizados y aplicando agua en un compartimento donde sélo las hifas
fdngicas tenian acceso (Ruiz-Lozano y Azcén, 1995). Kothari et al (1990) mostré
grandes diferencias en la captacién de agua entre raices de maiz MA (1,3 ml agua cm™
raiz s* x 107) y no MA (0,61 ml agua cm™ raiz s x 107). Hardie y Leyton (1981)
observaron que la conductividad hidrdulica en raices de trébol fue de 2 a 3 veces
mayor en plantas MA que en plantas no MA, lo que sugiere que el hongo MA transporta
una cantidad de agua considerable.

En un trabajo de Marulanda et a/. (2003) se demostré que existian diferencias
entre los distintos hongos MA en la capacidad de captar y transferir agua a la planta
hospedadora. Los mds efectivos fueron especies como &Glomus intraradices , Glomus
coronatum o Glomus claroideum, mientras que especies como &lomus constrictum o
Glomus geosporum resultaron mucho menos efectivas. La mayor capacidad de los
primeros para captar y transferir agua a la planta hospedadora se relacioné con la
mayor produccién de micelio extrarradical de estos hongos, lo que permitié una mejor
exploracion y explotacién de los recursos hidricos disponibles.

En este contexto, es interesante destacar que estudios mds recientes han
demostrado la induccion de la expresién de genes que codifican proteinas MIP o
aquaporinas en la simbiosis MA (Roussel et al, 1997, Krajinski et a/, 2000). No
obstante, estos Ultimos estudios se han realizado en condiciones de adecuada
disponibilidad hidrica para la planta, y la conexidn de estas aquaporinas inducidas por
la simbiosis MA con la capacidad de los hongos para captar y transferir agua a la
planta hospedadora en condiciones de sequia no ha sido alin analizada. Dado que se ha
propuesto que las aquaporinas intervienen en la osmorregulacién celular (Kjelbom et a/.
1999), habria que estudiar si dicha sobre expresion tiene algln efecto incrementando
la permeabilidad al agua en la simbiosis MA o si, como es de esperar, juega algln papel
en las relaciones hidricas de las plantas micorrizadas en condiciones de sequia.

4.2. Mejora del ajuste osmético

A medida que un suelo se seca y el potencial hidrico del mismo va tomando
valores cada vez mds negativos, las plantas han de disminuir su potencial hidrico a
fin de mantener el gradiente de potencial necesario para la absorcion de agua. El
mecanismo mds importante para conseguir este efecto es la disminucion del
potencial osmético mediante la acumulacion activa de iones inorgdnicos o de solutos
orgdnicos, fendmeno conocido como osmorregulacion (Morgan 1984; Sdnchez-Diaz
y Aguirreolea, 1993; Hoekstra et a/, 2001). El ajuste osmdtico posibilita asi el
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mantenimiento, en condiciones de sequia, de la turgencia y de los procesos
dependientes de la misma, tales como expansién y crecimiento celular, apertura
estomdtica, fotosintesis, etc.

Por lo general, los solutos que participan en el ajuste osmético son iones
inorgdnicos (especialmente K' y CI") y solutos orgdnicos sin carga que se acumulan en el
citoplasma, entre los que destacan la prolina y la betaina, aunque se pueden acumular
también azlcares reductores, sacarosa, pinitol o manitol (Antolin y Sdnchez-Diaz,
1992).

Los estudios realizados hasta la fecha en relacion con la acumulacién de
sustancias osmorreguladoras en la simbiosis MA son escasos, si bien se ha observado
un incremento en la acumulacién de prolina en las plantas micorrizadas en condiciones
de sequia respecto a los controles sin micorrizar (Ruiz-Lozano et a/, 1995; Ruiz-
Lozano y Azcén, 1997 Goicoechea et al, 1998). Estos estudios también han
demostrado que el incremento en la acumulacién de prolina es bastante variable
dependiendo del hongo MA implicado. Asi por ejemplo, mientras las plantas
colonizadas con &. deserticola acumularon 120 nmol de prolina por gramo de peso
fresco, las plantas colonizadas por &. /intraradices acumularon solo 41 nmol (Ruiz-
Lozano et al., 1995)

El estrés hidrico modifica el metabolismo de la planta y puede afectar al
contenido de azlcares, proteinas solubles y aminodcidos. Se ha observado que los
azicares solubles de plantas MA se incrementan bajo condiciones de déficit
hidrico (Porcel y Ruiz-Lozano 2004). La proporcién y el alcance del incremento de
azlcares dependen de las condiciones ambientales. La acumulacién de azicares es
extensamente considerada como una respuesta adaptativa a la sequia (Munns
1988). La MA parece incrementar el almidén (Augé et al, 1987b, Schellenbaum et
al, 1998) o azlcares (Porcel et al, 2003) bajo condiciones de sequia. La
acumulacién de azldcares solubles puede colaborar en el ajuste osmético y
contribuir a la tolerancia de la planta hospedadora (Porcel et a/, 2003) de manera
que los azlcares totales en plantas de soja MA sometidas a estrés son un 20%
mds que en raices ho MA, lo que contribuye a mantener el turgor mediante el
ajuste osmético. Igualmente, las proteinas solubles en plantas sometidas a estrés
tienen un papel vital y contrarrestan la entrada de N reducido por procesos
vegetativos o reproductivos (Hanson y Hitz, 1982). La inhibicion de la sintesis de
proteinas en plantas es una respuesta temprana al estrés hidrico (Hsiao, 1973).
Pelah et al. (1997) mostraron que la tolerancia a la sequia de especies resistentes,
Populus popularis, comparada con una menos tolerante, P. tomentosa, era
positivamente correlacionada con la acumulacién de un set de proteinas inducidas
por el déficit hidrico. Durante la simbiosis MA, se han detectado nuevas proteinas
llamadas micorricinas de origen fungico y/o vegetal (Hilbert et a/, 1991). Estas
micorricinas (16-78 KDa) se han detectado en soja (Pacovsky, 1989), cebolla
(Dumas et al, 1990), tomate (Simoneau et al, 1994), trébol rojo (Arines et al,
1993) y raices transformadas de zanahoria (Toussaint et a/, 2004), aunque
actualmente sus funciones no estdn del todo establecidas. Tras la sequia, se
detectd un incremento de la concentracién de proteinas en parte aérea de plantas
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MA (Ruiz-Lozano y Azcon, 1996; Subramanian y Charest, 1999), y también en
condiciones de estrés por frio (Charest et al, 1993; Paradis et al., 1995).

4.3. Cambios en las propiedades del suelo y en la capacidad de retencion de
agua

Los hongos pueden ser los organismos del suelo mds efectivos en la
estabilizacién de estructuras del suelo (McCalla, 1946; Swaby, 1949; Foster,
1994), y a menudo, los hongos MA ocupan la porcién mds grande de la biomasa
microbiana del suelo (Hayman, 1978). Las hifas fungicas de la MA crecen por la
matriz del suelo y crean un esqueleto que alberga particulas del suelo. El hongo de
la micorriza es un agregador efectivo y su funcionamiento se considera un factor
biolégico en la mejora de la estructura y arquitectura del suelo. Las hifas
externas alteran las propiedades fisicas y quimicas del suelo (Smith y Read, 1997).
Estos asociados de hifas producen con frecuencia exudados que originan particulas
del suelo que se adhieren y forman agregados (Oades, 1993. Reichenbach y
Schonbeck, 1995). El entramado fisico del MER es uno de los principales
mecanismos de agregacion. La estructura del suelo dirige el movimiento de agua y
gases en el suelo, que afecta al patron de humedad reducido del suelo.
Subramanian et al. (1997) mostraron que el suelo con MA retenia una mayor
humedad durante 3 semanas sometido a ciclos de sequia. Reichenbach y Schonbeck
(1995) observaron que el crecimiento intensivo de las hifas en la zona de la raiz de
ciertas plantas MA, mejora el volumen de los poros del sustrato, el cual incrementa
la capacidad de retener agua en el suelo. Asi, la colonizacién MA, mediante la
mejora de las condiciones fisicas y quimicas del suelo favorece la folerancia a la
sequia en las plantas. Ademds de las condiciones fisicas del suelo, la colonizacion
micorricica incrementa la disponibilidad de nutrientes. La colonizacion MA
incrementa el contenido de materia orgdnica del suelo en un corto periodo de
tiempo (Quintero-Ramos et al, 1993). Cheshire et al, (1984) encontré que los
efectos de agregacion de la materia orgdnica estaban asociados con su contenido
en polisacdridos. La disponibilidad de N y P en suelo aumentd sustancialmente en
presencia del hongo MA independientemente de las deficiencias de nutrientes o de
la intensidad de la sequia (Subramanian y Santhanakrishnan, 2003). La micorriza
también afecta a la rizosfera alterando otras comunidades microbianas. Ya que las
plantas MA son nutfricionalmente ricas, estas plantas pueden modificar la calidad y
cantidad de los exudados radicales, originando un nuevo equilibrio microbiano en el
suelo de la rizosfera. Los efectos fisicos y quimicos del hongo llegan al suelo para
crear una nueva dimension, tanto espacial como biolégica (Linderman, 1992). El
MER exuda materia orgdnica usada como sustrato para otros microorganismos del
suelo. Secilia y Bagyaraj (1987) detectaron mayor poblacién de bacterias en suelo
inoculado con micorriza que en el no micorrizado acompafiado de una alteracion de
las relaciones hidricas de la planta en condiciones de sequia.

Augé et al., (2001) investigaron si la simbiosis MA influia sobre las
propiedades de retencién de la humedad del suelo y vieron que 7 meses de
micorrizacién por &. intraradices alteraba las caracteristicas de la curva relativa
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de humedad del suelo en comparacién con suelo “no micorricico” con una densidad
radical similar. Dentro del rango de -1 a -5 MPaq, el suelo “"micorricico” tuvo que
secarse mds que el suelo “"no micorricico” para conseguir el mismo potencial matrico
del suelo. El estudio reveld que el suelo "micorricico” fuvo mds agregados estables
y una densidad de hifas extrarradicales mayor que el suelo “no micorricico”, lo que
se correlaciond con unas propiedades de retencion de la humedad del suelo
"micorricico” mejoradas. Augé et al. (2001; 2004) propusieron que los efectos
observados en el intercambio gaseoso de las plantas micorrizadas podrian deberse
a una influencia de la simbiosis MA sobre el suelo. Las acciones fisicas, quimicas y
biolégicas de las hifas MA y de sus exudados afectan a la estructura del suelo, lo
cual afecta, a su vez, a las propiedades de retencién de agua del mismo. Por lo
tanto, propusieron que la simbiosis MA podia tener un efecto sobre la capacidad de
retencion de agua de los suelos en los que crecen plantas micorrizadas. Los
resultados obtenidos en sus estudios demuestran que la simbiosis MA incrementa
la formacion de agregados estables de suelo y la densidad de hifas flngicas en el
mismo, lo cual se traduce en un incremento significativo de la capacidad de retener
agua de los suelos donde crecen plantas micorrizadas frente a suelos desprovistos
de micorrizas.

4.4. Mejora del intercambio gaseoso y de las relaciones hidricas de la planta
hospedadora

Un gran nimero de estudios ha demostrado que durante la desecacién del
suelo, las plantas micorrizadas a menudo mantienen intercambios gaseosos mds
elevados que las plantas no micorrizadas de similar porte y estatus nutricional
(Augé et al, 1987a; Bethlenfalvay et al, 1988; Augé et al, 1992; Sdanchez Diaz y
Honrubia 1994; Ruiz-Lozano et al, 1995a, 1995b; Goicoechea et al, 1997). Las
plantas micorrizadas y no micorrizadas frecuentemente muestran distintos puntos
criticos en los umbrales de conducta de los estomas durante periodos de sequia.
Por ejemplo, el potencial hidrico de la hoja en el momento de iniciarse el cierre
estomdtico fue 0.2 MPa mds bajo en plantas de trigo colonizadas por Glomus
fasciculatum que en plantas no micorrizadas de tamafio similar (Allen y Boosalis,
1983). De forma similar, el potencial hidrico de la hoja en el momento del cierre de
los estomas fue 0.7 MPa mds bajo en plantas de rosa colonizadas por &. deserticola
o &. intraradices que en plantas no micorrizadas de tamafo similar (Augé et al,
1986). Duan et al. (1996) encontraron que las plantas micorrizadas mantienen mds
elevada la conductancia estomdtica, rango de transpiracién y agua en la parte aérea
que las plantas no micorrizadas. El estatus hidrico foliar mds alto se asocié con
unas concentraciones mds bajas de dcido abscisico (ABA) en la savia del xilema y
unos flujos de ABA mds bajos en las hojas de plantas micorrizadas bajo
condiciones hidricas limitantes. El mecanismo por el cual la simbiosis MA consigue
este efecto no estad claro, pero Duan et al. (1996) han sugerido que el hongo MA
probablemente incrementa la capacidad del sistema radical del captar agua del
suelo seco, originando una conductancia estomdtica mds alta y un contenido hidrico
mayor en parte aérea. Por otra parte, las evidencias proceden de otros estudios
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donde se ha visto que las micorrizas arbusculares pueden influir directamente en la
transpiracién de las hojas, incluso después de que éstas hayan sido separadas de la
planta (Green et al., 1998)

La explicacién mds obvia para los cambios en el balance hidrico de la planta'y
la resistencia a la sequia inducidos por la MA suelen ir asociados con el tamafio de
la planta y la fenologia de esta, mediada por el incremento en la adquisicién de Py a
veces, de otros nutrientes. El tamafio de la planta puede afectar a sus relaciones
hidricas, y la simbiosis MA a menudo afecta al tfamafio de la planta, de modo que
plantas mds grandes con sistema radical mds desarrollado pueden tener acceso a
reservas de agua mds lejanas (Fitter 1985; Koide 1993).

La hidratacion de la planta, tipicamente se cuantifica midiendo el potencial
hidrico de la hoja (¥). El ¥ de la hoja es uno de los indicadores mds fiables del
estatus hidrico de la planta y su medida proporciona un dato para el estudio de las
respuestas de la planta a la sequia (Boyer 1995). Bajo condiciones de riego éptimo,
la micorrizacién tiene un pequefio papel en la alteracién del ¥ de la hoja de muchas
especies vegetales (Brylay Duniway 1997; Davies et a/ 1993; Ebel et al 1994). Sin
embargo, en condiciones de estrés hidrico, la simbiosis MA modifica el .
Subramanian et al. (1995) mostraron que las plantas MA de maiz tuvieron un valor
de ¥ mds elevado (menos negativo) a lo largo de 3 semanas de sequia. Tras este
tratamiento de sequia, las plantas no MA tuvieron un ¥ de -2,5 MPa, mientras que
las plantas MA mantuvieron un ¥ de -1,7 MPaq, indicando su capacidad de resistir
las condiciones de déficit hidrico.

La colonizacién micorricica también puede influir en el comportamiento de
los estomas de la hoja de plantas hospedadoras disminuyendo la resistencia
estomdtica bajo condiciones de sequia y recuperacion (Fitter 1988; Ruiz-Lozano et
al, 1995; Duan et al, 1996). Algunos autores han propuesto que los valores mds
bajos de resistencia estomdtica en plantas MA que en las plantas ho MA se debian
a efectos nutricionales del P (Fitter 1988, Koide 1985; Goicoechea et al, 1997).
Otros sugieren que la mejora estomdtica estd influenciada por cambios hormonales
en plantas MA (Allen 1982, Danneberg et al, 1992; Duan et al, 1996) también
sugirié que el hongo MA incrementa la capacidad del sistema radical de tomar agua
de suelos mds secos lo que conlleva una menor resistencia estomdtica bajo
condiciones de sequia.

De igual modo se ha observado que las plantas micorrizadas incrementan la
tasa fotosintética y presentan una mayor eficiencia en el uso de agua (cantidad de
CO, fijado en la fotosintesis por mol de agua transpirado) (Ruiz-Lozano et al, 1995,
1996a; Ruiz-Lozano y Azcén, 1995), efectos, probablemente mediados por cambios en

el balance hormonal de las plantas (Duan et a/, 1996; Goicoechea et al., 1997).

4.5. Estimulacion de actividades asimilativas esenciales para la planta

Entre estas actividades destaca la nitrato reductasa (NR), que es el primer
enzima implicado en el proceso de asimilacion del nitrato, el cual es, a su vez, la
principal fuente de nitrdgeno para la mayoria de las plantas superiores (Azcon et al,
2001). La reaccion catalizada por dicho enzima representa, probablemente, el paso
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limitante en el proceso de asimilacion (Campbell, 1988). Sin embargo, la NR es un
enzima que resulta fuertemente afectada por la sequia, disminuyendo drdsticamente
su actividad (Sdnchez-Diaz y Aguirreolea, 1993). Los estudios realizados hasta la
fecha, han demostrado que los hongos MA poseen la informacion genética que codifica
para la NR (Kaldorf et al, 1994) y que la actividad NR se localiza en arbusculos de
células colonizadas (Kaldorf et a/, 1998). Ademds, también se ha demostrado que la
simbiosis MA permite mantener niveles de actividad NR mds elevados en las plantas
micorrizadas y sometidas a estrés hidrico que en las controles sin micorrizar,
contribuyendo de esta forma a incrementar la tolerancia de las plantas frente a los
efectos negativos de la limitacién hidrica (Tobar et a/, 1994; Ruiz-Lozano y Azcén,
1996).

Las actividades de muchos de los enzimas tienden a ser mds altas en plantas de
maiz MA que en las no MA. Esto también ocurre con la glutamina sintetasa (6S) y la
glutamato sintasa (6OGAT), que en raices MA muestran un incremento del 45-75% en
comparacién con las raices ho MA bajo condiciones de sequia. Esto sugiere dos
posibilidades: bien que el hongo MA induzca un incremento de dichas actividades
enzimdticas en raices, o bien que las estructuras flngicas tengan estas actividades
enzimdticas. Johansen et al. (1996) informo de la presencia de un sistema funcional
GS-GOGAT en el micelio extrarradical. Toussaint et a/. (2004) han identificado dos
mondmeros GS diferentes en el micelio extrarradical de raices de zanahoria.
Govidarajulu et a/ (2005) también mostraron que el micelio extrarradical asimila la
mayoria del °N en aminodcidos (arginina, dcido aspdrtico, asparagina y glutamina) para
ser luego transferidos a las raices hospedadoras.

Todo ello sugiere que la cantidad de N que es activamente asimilado en el
micelio extrarradical tiene un gran impacto en el metabolismo nitrogenado de la planta
hospedadora y parece ser un mecanismo potencial relacionado con la tolerancia al
estrés hidrico.

4.6. Proteccion frente al dafio oxidativo generado por la limitacion hidrica

La sequia causa un estrés oxidativo en plantas y muchas de las reacciones
degenerativas asociadas con estreses abidticos estdn mediadas por especies
reducidas del oxigeno tales como radicales superdxido o perdxido de hidrégeno
(Smirnoff, 1993).

Hasta la fecha, la informacion existente sobre actividades enzimdticas
antioxidantes en la simbiosis MA es escasa y se ha centrado en el papel de las
superéxido dismutasas (SODs), mientras que no hay estudios sobre otros enzimas
implicados en la eliminacion de especies reactivas del oxigeno como catalasas,
peroxidadas o glutation reductasas. Asi, los estudios pioneros demostraron que el
hongo MA Glomus mosseae posee actividad CuZn-SOD y que las raices de trébol
micorrizadas presentan isoformas nuevas de CuZn-SOD y de Mn-SOD respecto a los
controles sin micorrizar (Palma et al, 1993). Con posterioridad, estudios llevados a
cabo por Ruiz-Lozano et al., (1996), demostraron que plantas de lechuga micorrizadas
y sometidas a estrés hidrico presentaban niveles de actividad SOD superiores a los
correspondientes contfroles sin micorrizar. Estos resultados se complementan con
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otros mds recientes en los que se consiguid clonar varios cDNAs que codifican SODs.
Uno de los genes clonados (Mn-sod II) resulté estar sobre expresado
especificamente en las raices de las plantas micorrizadas a consecuencia de la
limitacion hidrica (Ruiz-Lozano et a/, 2001a). Tanto el incremento en la actividad SOD
(Ruiz-Lozano et al, 1996b) como el incremento en la expresién del gen Mn-sodIT
(Ruiz-Lozano et al, 2001a) estaban relacionados con la mejora en la tolerancia a la
sequia, por la simbiosis MA.

Estudios, como los realizados en plantas de soja sometidas a estrés hidrico,
han mostrado una considerable disminucién del dafio oxidativo a lipidos y proteinas en
nddulos respecto a los correspondientes controles sin micorrizar (Ruiz-Lozano et al,
2001b). Dicha disminucion del dafio oxidativo a biomoléculas parece ser el mecanismo
mds importante a través del cual la simbiosis MA protegié a las plantas frente al
fendmeno de senescencia nodular prematura inducida por la limitacion hidrica.
Ademds, la simbiosis MA puede incrementar considerablemente la actividad GR tanto
en raices como en nédulos de plantas de soja sometidas a estrés hidrico (Porcel et al,
2003). La GR es un componente importante del ciclo del ascorbato-glutation ya que es
el enzima que regenera el glutation oxidado en su forma reducida (Noctor y Foyer,
1998).

Todos estos resultados sugieren que la proteccién de la micorriza frente al
estrés oxidativo causado por sequia puede ser uno de los mecanismos mds importantes
por los cuales la simbiosis MA incrementa la folerancia de las plantas hospedadoras a
la sequia. Estas observaciones concuerdan con la propuesta de Bartels (2001) que
indica que, tanto la prevencién del estrés oxidativo como la eliminacion de especies
reactivas del oxigeno, son las tdcticas mds efectivas usadas por las plantas para
conseguir la tolerancia frente a muchos estreses abiodticos, incluyendo la sequia.

4.7. Cambios nutricionales en las plantas hospedadoras

Una de las funciones mejor conocida de la simbiosis MA es la adquisicién de
nutrientes con baja movilidad en el suelo. Se ha visto que la simbiosis MA es
importante para la nutricion del P en la planta. La porcion disponible de P total del
suelo, normalmente menor del 1%, estd controlada principalmente por reacciones
quimicas y procesos bioldgicos. Ademds, el nivel de difusion de iones PO, en suelo
es extremadamente bajo (108-10" cm? s™) y varia con la humedad y el contenido
de P del suelo. Se ha demostrado que la asociacion MA mejora la captacion de P del
suelo en sequia (Nelsen y Safir, 1982; Sylvia et a/,, 1993; Ruiz-Lozano et a/, 1995q)
y en condiciones éptimas (George et al, 1995; Hetrick et al, 1996; McArthur y
Knowles, 1993). La mejora en la captacién de P por las plantas MA parece ser
debida principalmente al micelio extrarradical (MER), que absorbe P de la solucién
del suelo y lo transfiere a las raices. Estos procesos son mucho mds rdpidos que la
difusién de P en el suelo solamente (Jakobsen ef a/, 1992). Ya que el MER
contribuye mds del 70% en el estatus de P de la planta hospedadora (George et al,
1994), la hifa MA tiene la capacidad de satisfacer casi completamente la demanda
de P de las plantas suministrdndolo de la parte del suelo que estd inexplorada por
las raices. Como resultado de un incremento en la captacion de P en la raiz, las
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plantas MA producen con frecuencia cosechas mayores que las plantas no MA
(Smith y Read 1997). La correlacion entre el nivel de P en la planta y el ¥ de la
hoja sugiere que la nutricion del P mejorada por la simbiosis MA es una hipétesis
convincente para la tolerancia a la sequia de plantas (Subramanian et al,, 1997). Por
el contrario, Augé et al, (1994) y Davies et al., (1993) afirmaron que la tolerancia a
la sequia en plantas era independiente de la captacion de P estimulada por el hongo
MA.

El nitrégeno es considerado el nutriente esencial mds limitante requerido
para el crecimiento de la planta en ecosistemas fropicales. Como la forma de
asimilar el N en cualquier cultivo es NOj3", altamente ldbil en suelo, el papel de la
micorriza se ha considerado insignificante. Sin embargo, el estrés hidrico impide la
movilidad de los iones NO3 en suelo debido a su bajo nivel de concentracion y
difusién (Azcon et al. 1996). Bajo condiciones optimas, el hongo MA tiene un papel
crucial en el transporte de N del suelo a la raiz, contribuyendo asi al crecimiento y
nutricién de la planta. Los estudios de radioisotopos han revelado que el micelio
extrarradical puede obtener N (NO; o NH;") del suelo (Frey y Shiiepp, 1993;
Johansen et al, 1994, 1996), o en sistemas de raiz de zanahoria in vitro (Villegas
et al, 1996; Toussaint et a/, 2004: Govindarajulu et al, 2005). De esta forma, las
plantas MA tienen acceso a formas del N que no estdn disponibles para las plantas
no MA (Azcén-Aguilar et al, 1993; Tobar et al, 1994ay b; Azcén et al, 2003).

El potasio, cation soluble responsable del movimiento de los estomas
(Premachandra et al., 1993), puede tener una funcion en la tolerancia a la sequia en
plantas. Los efectos de la micorriza sobre la nutricién del K ain no han sido
estudiados profundamente. Smith et a/ (1981) observaron elevadas
concentraciones de K en las raices MA de trébol cuando crecian en suelos
deficientes de P. Cuando a las plantas no MA se les suministré P suficiente, el nivel
de K de plantas MA y no MA fue similar, sugiriendo que el incremento en el K era
debido a un efecto indirecto del P. Ruiz-Lozano et al. (1995) observaron que la
proteccién de las plantas MA de lechuga frente al estrés hidrico se debia en parte
al incremento en la captacién del K.

El nivel de micronutrientes de suelos tropicales es normalmente bajo y los
suelos cultivables a menudo son deficientes en estos nutrientes. Se ha visto que la
colonizacién de la raiz por un hongo MA mejora la productividad de estos suelos
aumentando la captacién de micronutrientes de difusién lenta como el Cu o el Zn
(Sylvia et al, 1993). Un gran nimero de estudios han mostrado que la captacion de
Zn via micorriza es importante para la mejora de la deficiencia de Zn (Evans y
Miller 1988, Sylvia et al, 1993). Bajo condiciones de estrés hidrico, la
disponibilidad de nutrientes para la planta estd muy restringida debido a la
movilidad nula de los iones minerales. Consecuentemente, el crecimiento de plantas
no MA estd limitado por la disponibilidad de nutrientes, y el crecimiento reducido
de la raiz frenaria la accesibilidad de agua. Bajo estas condiciones, la contribucién
de la micorriza a la captacion de nutrientes y/o agua seria de gran importancia.
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1. MATERIAL BIOLOGICO Y CONDICIONES DE CRECIMIENTO
1.1. Material vegetal
1.1.1. Plantas utilizadas

Las plantas utilizadas en este trabajo fueron soja (&lycine max L. cv Williams),
lechuga (Lactuca sativa L. cv Romana), maiz (Zea mays L. cv Prisma) y tabaco (Nicotiana
tabacum L. cv Samsun), ésta Ultima con dos lineas de plantas, una mutante antisentido
para el gen NtAQP!y la correspondiente linea parental de fenotipo salvaje.

1.1.2. Cultivo de plantas
1.1.2.1. Substrato: composicion y esterilizacion

El substrato en todos los experimentos estaba compuesto por una mezcla de
suelo:arena en proporcion 1:1 (v/v).

El suelo utilizado procedia de la Estacion Experimental del Zaidin (CSIC-
Granada). Presentaba las siguientes caracteristicas: pH de 8.1 (agua); 1.81% materia
orgdnica, concentraciones de nutrientes (mg kg') N, 2.5; P, 6.2 (extraible con NaHCO3);
K, 132.0. La textura del suelo estaba formada por 35.8% arena, 43.6% limo y 20.5%
arcilla.

La arena de cuarzo (< 2 mm) previamente era lavada y esterilizada en autoclave
20 minutos a 120° C. El suelo era tamizado (2 mm) y esterilizado por tindalizacién en un
autoclave a vapor fluente (100°C durante 1 h, 3 dias consecutivos). De esta forma, queda
libre de propdgulos de micorrizas y otros organismos que puedan interferir en el
experimento.

1.1.2.2. Esterilizacion, germinacion y siembra de las semillas

Las semillas de soja fueron esterilizadas en superficie con una solucion de H,O,
al 15% durante 8 minutos. Luego se lavaron varias veces con agua estéril para eliminar
cualquier resto que pudiera interferir en la germinacién. Posteriormente las semillas de
soja germinaron en vermiculita estéril a 25° C durante aproximadamente 3 dias,
momento en el que se transplantaron a macetas que contenian 600 g de una mezcla de
suelo:arena estéril.

Las semillas de lechuga se colocaron directamente en macetas para su
germinacion en la maceta definitiva.

Las semillas de tabaco fueron esterilizadas en superficie con etanol al 70%
durante 2 minutos y con hipoclorito de sodio al 25% durante 10 minutos.
Posteriormente, se lavaron varias veces con agua estéril para eliminar posibles restos.
Tras la esterilizacién, las semillas de tabaco de fenotipo salvaje se colocaron en medio
MS 1/2 (Murashige y Skoog, 1962), mientras que las semillas de tabaco mutantes se
colocaron en el mismo medio adicionado con kanamicina (100 pg/ml) para la seleccién de
plantas mutantes antisentido (Siefritz et a/, 2002). Después de 10 dias de incubacién a
25° C, las semillas se transfirieron a macetas con 500 g de una mezcla de suelo:arena
estéril.
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1.1.2.3. Solucion nutritiva para las plantas

Las plantas de soja recibieron durante todo su crecimiento un aporte semanal de
10 ml de solucidn nutritiva Hewitt sin N ni P (Hewitt, 1952). Los tratamientos recibieron
a las 3 semanas de la siembra, la misma solucién nutritiva adicionada con 0.18 mM
HHPO4 y 2 mM NH4NO; (plantas NI), 0.35 mM H,HPO, (plantas Br), 3 mM NHiNO;
(plantas Gm y Gi), con el objetivo de tratar de conseguir plantas con tfamafio y contenido
en nutrientes similares en todos los tratamientos.

Las plantas de tabaco no recibieron ningln tipo de solucién nutritiva.

Las plantas de lechuga no inoculadas recibieron cada semana un aporte de 10 ml
de solucién nutritiva Hewitt (Hewitt, 1952), modificada para contener 4 mM N + 1 mM P.
Las plantas micorrizadas no recibieron solucién nutritiva.

La composicion de la solucién nutritiva es la siguiente:

Compuesto Concentracién (uM) Solucién madre (g/1) Para 1 litro (ml)
KNO, 3x 103 30,3 10
Ca(NO,), - 4H,0 9x 10° 101,54 20
NaH,PO, - 2H,0 300 184 2,5
MgSO, - 7TH,0 150 18,4 20
EDTA-Fe 67 2,45 10
MnSO, - 7TH,0 13 135 1
CuS0, - 5H,0 1 24 0,1
ZnSO, - 2H,0 1 422 0,1
H,BO, 30 18,6 0,1
Na,MoO, - 2H,0 0,15 0,35 0,1

Ajustar a pH 7

1.1.2.4. Condiciones de crecimiento en camara de cultivo

Todas las plantas crecieron en condiciones controladas en una cdmara de cultivo
con un 70-80% de humedad relativa, temperaturas dia/noche de 25/15° C, un
fotoperiodo de 16 horas y una intensidad luminosa de 460 umol m™? s (Li-Cor, Lincoln,
NE, USA, modelo LI-188B).

1.1.2.5. Aplicacion del déficit hidrico

El contenido de agua en el suelo se controlé con un dispositivo ThetaProbe ML2
(AT-Delta-D Device, Ltd, UK), que mide el contenido volumétrico en agua del suelo en
base a cambios en la constante dieléctrica del suelo cuando estd himedo. El contenido
volumétrico de agua en un suelo es un cociente entre el volumen de agua presente en el
suelo y el volumen total de la muestra de suelo, por lo que es un pardmetro adimensional
expresado como % vol (Roth et al, 1992). En todos los casos, la mitad de las plantas que
constituian el experimento se sometio a déficit hidrico mientras que la otra mitad
recibio un aporte hidrico éptimo. El agua se suministré diariamente para mantener
constante la humedad del suelo cercana a su capacidad de campo (17% humedad
volumétrica del suelo) durante las primeras 5 semanas del crecimiento de las plantas. En
este momento, la mitad de las plantas se llevaron a un 70% de su capacidad de campo
(generalmente durante 3 dias), lo cual correspondia al 10% de la humedad volumétrica
del suelo. Las plantas se mantuvieron en estas condiciones durante 10 dias mds. Para
controlar el nivel de estrés hidrico, el contenido de agua del suelo se midié diariamente
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con el ThetaProbe ML2 (al final de la tarde) y la cantidad de agua perdida se afiadié a
cada maceta para reponer el contenido de agua al 10% de la humedad volumétrica del
suelo (70% de la capacidad de campo).

1.2. Material fingico
1.2.1. Hongos MA utilizados

Las especies de hongos MA utilizados fueron &lomus mosseae (Nicol. y Gerd.)
Gerd. Y Trappe, aislado EEZ 6, BEG 122 y Glomus intraradices (Schenck y Smith) aislado
BEG 121. El inéculo de la micorriza de cada endofito crecio en cultivos de A/lium cepaL.
0 Zea mays . En ambos casos estaba formado por suelo, esporas, micelio y fragmentos de
raiz infectados.

1.2.2. Determinacion de la micorrizacion

Una vez obtenidas en el momento de la cosecha, las raices fueron tefiidas
siguiendo el método de Phillips y Hayman (1970). El colorante azul tripdn tifie las
estructuras que contienen quitina, principal componente de las pareces celulares de
algunos hongos, entre ellos los formadores de micorrizas arbusculares (Bartinicki-
Garcia, 1968). Se observan asi los componentes del hongo en el interior de la raiz sin que
ésta se coloree.

Procedimiento:

1. Las raices se trocean y se sumergen en una solucién de KOH 10% (p/v) y se
mantienen durante 20 min al bafio maria.

2. Se elimina el KOH lavando varias veces las raices con agua corriente.

3. Se les afiadio HCI 0,1 N durante 2 min con el fin de preparar las raices para la
entrada del colorante.

4. De nuevo se ponen a hervir al bafio Maria en una solucién de 0,05% azul tripdn en
dacido lactico (v/v) durante 15-20 min.

5. Una vez tefiidas, se elimina el exceso de colorante y se conservan en una solucién
de dcido ldctico hasta su posterior observacidn al microscopio 6ptico.

1.2.3. Estimacion de la colonizacion micorricica

El grado de colonizacion micorricica se midié usando el método de Giovanetti y
Mosse (1980). Para ello, se colocan en portaobjetos fragmentos elegidos al azar de
aproximadamente 1 cm de raiz y se cuantifican los pardmetros de la micorrizacién.
Cuando era necesaria una evaluacion mds exhaustiva del desarrollo del hongo en la raiz
de la planta se siguié el método de Trouvelot et a/. (1986) asignando a cada fragmento un
ndmero de O a 5 en funcidn del nivel de infeccién por el hongo, asi como un valor AO
hasta A3 en base a la riqueza de arbusculos del fragmento estudiado.

Con posterioridad un programa informdtico calcula la frecuencia de colonizacion,
la intensidad de la misma y la riqueza de arbusculos (Para mds informacion, visitar la web
http://www.dijon.inra.fr/mychintec/Mycocalc-prg/download.html)

67



Materiales y Métodos

0% <1% <10% <50% »>50% >95%

L

g

Al A2 A3

pocos arbisculos: A7 riqueza arblsculos: A2 gran riqueza arbidsculos: 43

Figura 1. Método de Trouvelot

1.2.4. Cultivo monoxénico de hongos MA

La construccién de una genoteca de ADNc de 6. intraradices se hizo a partir de
un cultivo de este hongo en un sistema monoxénico y en plantas de Petri divididas en dos
compartimentos segin el método descrito por St. Arnaud (1996). El medio de cultivo
monoxénico de los hongos MA se establecié en medio M con sacarosa (10 g/I) como
fuente de carbono en un compartimento y medio M sin fuente de carbono (Bago y Cano,
2005) en el otro compartimento. Su composicién es la siguiente:

1.21 mM Ca(NOs);

21.8 mM NaFe/EDTA

451 uM KT

10% solucién de macroelementos
0.1% solucién de microelementos
1% vitaminas

1% sacarosa

0.35% Phytagel

El pH se ajusté a 5.5 con NaOH y el medio se esterilizé en el autoclave a 120 °C durante
20 min.

Solucién de Macroelementos: 30 mM MgSO,, 7.9 mM KNOs, 8.7 mM KCI, 0.35 mM KH.PO,, 1.4
mM NGH2PO4, 14 mM NaSQ,.

Solucion de Microelementos: 30 mM MnCl2, 9.3 mM ZnSO4, 24.2 mM HsBOs, 5 mM CuS0O4, 10
UM Na2MoO4.
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Vitaminas (100x): 4 mM glicina, 29.6 uM hidrocloruro de tiamina, 49 uM hidrocloruro de
piridoxina, 0.4 mM dcido nicotinico, 27.7 mM mio-inositol.

1.3. Material bacteriano
1.3.1. Bacterias utilizadas

Bradyrrhizobium japonicum strain USDA 110.

Fue utilizada en los experimentos donde las plantas de soja se inocularon con una
bacteria fijadora de nitrégeno.
Escherichia coli cepa XL1-Blue.

Es una bacteria que permite transformaciones altamente eficientes y la seleccién
de clones recombinantes mediante deteccién de actividad B-galactosidasa. Fue utilizada
para la preparacion de células quimiocompetentes para transformacion con pldsmidos que
contuvieran insertos de genes de interés y para la obtencion del ADN plasmidico.

1.3.2. Medios de cultivo

A) Medio PSY liquido para Bradyrrhizobium japonicum en cultivo liquido.

KHzPO4 0,3 g/l
KzHPO4 0,3 g/l
CaCl, 2H,0 0,005 g/I
MgSO, 7H,0 014/l
Peptona 3 g/l

Extracto levadura
Solucién minerales
Solucidn vitaminas
L-arabinosa 10%
Cloranfenicol

H.O

1g/l

10 ml/1 (stock 100x)

1 ml/1 (stock 1000x)

0,1% vol. final

15 ug/ml de concentracion final
hasta 1 litro

Solucion de minerales (100x): HBO31 g/I; ZnSO, 7 H,0 0,1 g/I; CuSO4 5 H,0 0,05 g/I; MnCl; 4
H.0 0,05 g/I; NaMoO; 2 H,0 0,01 g/!; FeCls; xhidratado 0,1 g/!I
Soluciéon de vitaminas (1000x): Tiamina 0,1 g/I; Biotina 0,1 g/I; dcido pantoténico o pantotenato
sédico 0,1 g/I
Notas:

e Autoclavar por filtracion las soluciones de vitaminas y L-arabinosa y adicionar al

medio junto con el cloranfenicol después de estar autoclavado.
e Ajustar el medio a pH 7 y autoclavar 20 minutos a 120 °C

B) Medio LB (Luria-Bertani) para Escherichia colf

Triptona 10 g/I
Extracto de levadura 59/l
NaCl 10 g/I
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Agua destilada hasta 1 litro

Ajustar el pH a 7.0 con NaOH 5N
Autoclavar 20 min a 120 °C

1.3.3. Mantenimiento de las cepas

Las cepas de B. japonicumy E. coli descritas anteriormente se conservaron a -80
°C en glicerol al 15%. Para ello se cultivan en medio liquido selectivo hasta el final de la
fase de crecimiento exponencial (cultivo de 16 h). A 800 ul de estos cultivos se le
afiaden 400 pl de glicerol al 50% estéril, se mezcla bien y se almacenan a -80 °C.

1.3.4. Marcadores de seleccion

Como marcadores de seleccion de las colonias recombinantes se utilizaron
soluciones de IPTG y X-gal, conservadas a -20 °C.

IPTG (isopropil-beta-D-tiogalactopiranésido) se usa para inducir la expresion del gen
LacZ en E.coli.

La solucién de trabajo se prepara a una concentracién de 20 mg/ml, se esteriliza
por filtracion y se guarda a -20 °C. Se afiaden 40ul a la placa unos 30 min antes de
sembrar.

X-gal (5-bromo-4-cloro-3-indolil-beta-D-galactopirandsido) es un sustrato cromogénico
para la B-galactosidasa de modo que al ser hidrolizado forma precipitados azules.

El X-gal se prepara en dimetilformamida a una concentracién de 20 mg/ml. Se
debe proteger de la luz debido a su fotosensibilidad y no es necesario filtrar. Se afiaden
40ul a la placa unos 30 min antes de sembrar.

En el "screanning” se usan tanto el IPTG como el X-gal para diferenciar colonias
recombinantes (blancas) de las ho recombinantes (azules).

1.3.5. Preparacion de células quimiocompetentes

La preparacion de células competentes de E.coli se realizé segin la técnica

descrita por Hanahan (1983).

El procedimiento es el siguiente:

1. Inocular 2 ml de un precultivo de £E.co/i en 50 ml de medio LB suplementado con
10 mM de MgSOs..
Incubar a 37 °C hasta alcanzar una DO 550 de 0,5 (1-2 horas).
Transferir el cultivo a tubos de centrifuga SS-34 y enfriar en hielo 15 min.
Centrifugar los tubos a 800 g durante 12 min a 4 °C.
Retirar sobrenadante suavemente y secar bien las paredes del tubo.
Resuspender las células en 16 ml de solucion RFI y mantener durante 15 min en
hielo.
7. Centrifugar como en el paso 4 y resuspender las células en 2 ml de RFII e

incubar 15 min en hielo.
8. Hacer alicuotas de 100 pl.

ocokrwn

9. Enfriar los eppendorf rdpidamente en N; liquido y congelar a -80 °C.
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Todo el material usado (puntas, tubos de centrifuga, eppendorf...) debe estar estéril y
muy frio.

RFI: 100 mM RbCl, 50 mM MnCl;, 10 mM acetato potdsico, 10 mM CaCl,, 11,9% Glicerol. Ajustar a
pH 5.8 con dcido acético 0,2 M. Esterilizar por filtracion.

RFII: 10 mM MOPS, 1 mM RbCl, 100 mM CaCl;, 11,9% Glicerol. Ajustar a pH 6.8 con NaOH 0,5
M. Esterilizar por filtracion.

2. TECNICAS BIOQUIMICAS Y DETERMINACIONES ENZIMATICAS
2.1. Técnicas bioquimicas
2.1.1. Extraccion de proteinas totales

La extraccidn de proteinas totales se hizo segln el método descrito por Daniels et al.
(1994) con alguna modificacién.
Procedimiento:
1. La muestra congelada se homogeniza en N, liquido con un mortero y un pistilo
hasta conseguir una textura polvo.
2. Por cada gramo de muestra se afiaden 5 ml de tampon de extraccién. Se le da un
vértex y se mantiene en hielo.
Centrifugar a 20 000 g durante 20 min a 4 °C.
4. Recoger el sobrenadante y completar con tampdn de extraccion hasta llenar el
tubo de la ultracentrifuga.
5. Ultracentrifugar 2 horas a 4 °C y 100 000 g y resuspender el pellet resultante en
20-50 pul de SDS 0,1% (p/v) preparado en el tampén de extraccion.

w

Tampon de extraccion: 10 mM Tris pH 7.5; 1 mM EDTA; 12% (p/v) sacarosa; 0.2 mM PMSF
(inhibidor de proteasas); 2 pg/ml aprotinina; 1 ug/ml leupeptina.

Notas: la solucién de PMSF se prepara en etanol al 96% (p/v) y se conserva a

4°C

2.1.2. Cuantificacion de proteinas solubles

La cuantificacién de proteinas totales solubles se llevé a cabo mediante el método
de Bradford (1976) que permite determinar espectrofotométricamente el contenido de
proteinas mediante la medida del complejo que éstas forman con un colorante. Se empled
un reactivo comercial de Bio-Rad "Dye Reagent Protein Assay”, y albimina de suero
bovina (BSA) como proteina de referencia para preparar la curva patron de proteinas (O,
2,4,6,8,10,12, 14,16, 18 y 20 ug BSA ml™). Se adicionaron 200 pl de reactivo Bio-Rad
a 800 pl de un volumen compuesto por la muestra o BSA, convenientemente diluidas, y
agua destilada, y se midié la absorbancia a 595 nm, de 5 min a 1 h tras la adicién del
reactivo (periodo de estabilidad del complejo). Conocidos los valores de absorbancia, se
elaboré una recta de regresion lineal con los datos de la curva patrén de albimina y se
calculé la concentracion de proteinas interpolando los valores de absorbancia de las
muestras.
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2.1.3. Gel desnaturalizante de poliacrilamida

La separacion electroforética se realizo en un equipo de electroforesis vertical
Mini-Protean (Biorad, USA) para geles de 8 cm de ancho x 7cm de longitud x 1 mm de
espesor. Las proteinas (10ug) se solubilizaron hirviéndolas 4 min en tampon de carga. Las
proteinas solubilizadas y las proteinas patrén de peso molecular (Pre Stained SDS
Standard Broad Range de Biorad, USA) Se separaron en un gel de poliacrilamida (2 cm
de gel de concentracién y 5 cm de gel de separacion al 15% de acrilamida) a corriente
constante (20 mA/gel) durante una hora aproximadamente.

Tampon de carga (6x):120 mM Tris-HCl pH 8.6; 6% SDS; 2% B-mercaptoetanol; 50% glicerol;
1% azul de bromofenol.

Tampon de electroforesis (10x): Tris 30 g/I; Glicina 144 g/I; SDS 10 g/I. Ajustar el pH a 8.3 con
HCl.

Tampon concentrador: 0.5 M Tris-HCl pH 6.8; 0.4% SDS

Tampon separador: 1.5 M Tris-HCI pH 8.8; 0.4% SDS

Componentes Gel concentrador Gel separador
Tampén concentrador 13m e
Tampén separador ~  ====---- 2.5 mi
Acrilamida 40% 0.5 ml 3.6 mi
Bis-acrilamida 2% 0.3 ml 2ml
H,O-destilada 2.9 ml 1.9 ml
APS 10% 60 i 160 i
TEMED 20 pl 15 ul

2.1.4. Tincion de las proteinas en los geles

Una vez terminada la electroforesis, los geles se lavan varias veces con H,O-
destilada durante 15 minutos agitando a tfemperatura ambiente. Luego se tifien para la
visualizacion de las proteinas con 5 ml del reactivo GelCode® Blue Stain Reagent (Pierce,
IL, USA). Se ponen a agitar durante 1 hora a temperatura ambiente. Posteriormente se
vuelven a lavar como antes, con H,O-destilada para eliminar el exceso de colorante.

2.1.5. Western blot
2.1.5.1. Transferencia de proteinas a membrana

La transferencia se realizé siguiendo el método de Towbin et a/ (1979) en una
cubeta de transferencia Transblot (Biorad, USA). La metodologia empleada es la
siguiente:

1. Cortar una membrana Immun-Blot™ PVDF Membrane (Biorad, USA) y 2 hojas de
papel absorbente (Whatman 3MM o equivalente) del famafio del gel.

2. Humedecer la membrana en metanol absoluto durante 1-2 min.

3. Ensamblar el sistema sumergiendo todo en tampdn de transferencia siguiendo

este orden de abajo a arriba: esponja, Whatman, gel, membrana, Whatman y

esponja.

72



Materiales y Métodos

4. Colocar el sandwich en el tanque de transferencia con la membrana lo mds cerca

5.

posible del electrodo positivo.
Transferir durante 2 h a 100-110 mA en tampdn de transferencia a 4 °C.

Tampén de transferencia: Tris 3.63 g/l; Glicina 14.4 g/I; SDS 0.37 g/I; metanol 200 ml/I.
Mantener a 4°C hasta el momento de uso.

2.1.5.2. Inmunodeteccion

El procedimiento para la inmunodeteccion fue el siguiente:

1.

w

7.

Afadir a la membrana 10-15 ml de TTBS con el anticuerpo primario adicionado
(Anti PIP1 de pollo) diluido 1:750.

Agitar 1 h a femperatura ambiente o bien toda la noche a 4 °C

Tirar la solucién y lavar 3 veces 5 min con TTBS.

Afadir el anticuerpo secundario (Anti-chicken de ratén) en dilucion 1:10000.
Agitar 1 hora a temperatura ambiente.

Mezclar 7 ml de cada solucién del kit comercial SuperSignal® West Pico
Chemiluminiscent Substrate (Pierce, IL, USA)

y afiadir a la membrana. Agitar 1-5 min a temperatura ambiente.

Secar la membrana con papel absorbente e incubar poniendo la membrana
envuelta en film transparente junto a una pelicula Hyperfilm ECL (Amersham,
EE.UV.) durante 30 seg-1 h.

Revelar la pelicula normalmente.

TTBS 0.05%: 250 ml tween 20% en 500 ml de TBS 1x.
TBS 10x: Tris pH 7.5 30 g/I; NaCl 80 g/I; KCI 2 g/I.
Tampon de bloqueo: 5% leche en polvo desnatada en TTBS al 0.05%

2.2. Determinaciones enzimaticas del metabolismo oxidativo

2.2.1. Obtencion de los extractos enzimaticos

Los enzimas se extrajeron de aproximadamente 1 gr de peso fresco de hoja raiz a O-
4 °C. El procedimiento fue el siguiente:

1.

3.
4.
5.

Homogeneizar el material de partida congelado en un mortero con N; liquido y un
medio de extraccién adicionado con 50 mg PVPP (evita dafios por fenoles y
quinonas). Se usan 10 ml de medio por gramo de material de partida.

Transferir en polvo resultante a tubos estériles de centrifuga. Agitar y mantener
en hielo.

Filtrar la muestra por 4 gasas de nylon.

Centrifugar a 20 000 g, 20 min a 0-4 °C.

Alicuotar y mantener a -80 °C hasta la medida enzimdtica.

Medio extracciéon para SOD y CAT  Medio extraccion para APX Medio extraccion para GR

Tampén PK 50 mM pH 7.8 Tampén PK 50 mM pH 7.8 Tampén PK 50 mM pH 7.8
EDTA 0.1 mM EDTA 0.1 mM EDTA 0.1 mM
PVPP 1% (p/v) PVPP 1% (p/v) PVPP 1% (p/v)

Acido ascérbico 4 mM B-mercaptoetanol 10 mM
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2.2.2. Actividad superéxido dismutasa (SOD: EC 1.15.1.1))

La actividad SOD se midié seglin Beyer y Fridovich (1987) basado en la capacidad
del SOD de inhibir la reduccién del nitroblue tetrazolium (NBT) por los radicales
superéxido generados fotoquimicamente. Una unidad de SOD se define como la cantidad
de enzima requerido para inhibir la reduccidn del NBT un 50% a 25 °C.

El procedimiento es el siguiente:
La mezcla de reaccion, en un volumen de 4,1 ml contiene:

Riboflavina 1.3 uM

Metionina 13 mM

NBT 63 mM

Tampdn Na,CO3-NaHCO3; 50 mM, pH 10.2, EDTA 0,1 mM

Se utilizan tubos de vidrio de grosor y color uniforme que se colocan en una
gradilla de pldstico circular, sumergida en un bafio de vidrio aclimatado a 25 °C. Una
lampara fluorescente circular (Osram-L 40W/10C) rodea toda la pared del bafio,
cerrdndose todo el conjunto con una tapadera recubierta de papel de aluminio. La
reaccién se inicia encendiendo la ldmpara. Como blancos se utilizan soluciones idénticas
que no son iluminadas. Se mide la D.O. a 560 nm de longitud de onda.

Tampén-Rib-Met-NBT muestra
(ml) (ml)
CMC - 4 ILUMINACION
(control maxima coloracién)
Problema 4 0.1 ILUMINACION
Blanco 4 0.1

Los tiempos de iluminacion empleados son 100 segundos. En presencia de SOD se inhibe
la reaccién, calculdndose el % de inhibicion producido.
Unidades SOD/ml = (%inhibicién/50) / factor dilucién

As50/min = Asso/min (Problema) = Asso,min (blanco)

% inhibicién 1
Unidades SOD/ml= —— «x x factor de dilucién
50% volumen de muestra (ml)
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% inhibicién = 550/min 550/min < 100
Ass0/min (CMC)

2.2.3. Actividad catalasa (CAT; EC 1.11.1.6.)

Se siguié el método espectrofotométrico descrito por Aebi (1984), basado en la
medida de la disminucion de la absorbancia del H,O, a 240 nm debida a su
descomposicién por efecto de la catalasa. En una cubeta de cuarzo se afiadieron 5-100 pl
de muestra a 2.9 ml de mezcla de reaccion formada por tampén fosfato-K 50 mM, pH 7
y H.0; 10.6 mM, convenientemente protegida de la luz. La reaccién se registré durante
2 min a 25 °C en un espectrofotémetro Beckman modelo DU-7, frente a un blanco
compuesto por agua destilada. La actividad enzimdtica, expresada en umol de H,O, min™
ml™ se calculd a partir de la velocidad inicial de la reaccién y de un coeficiente de
extincién molar para el H,0; de 39,58 M cm™ (del Rio et a/, 1977).

2.2.4. Actividad ascorbato peroxidasa (APX: EC 1.11.1.11)

Se siguié el método descrito por Jiménez et al (1997), basado en la medida
espectrofotométrica a 290 nm de la oxidacién del ascorbato en presencia de H.O. La
reaccién se llevé a cabo a 25 °C en un volumen de reaccién de 1 ml formado por tampén
Hepes-NaOH 50 mM, pH 7.6, con ascorbato 0.2 mM, 100 ul de muestray H.0,0.3 mM.

La reaccidn se inicié afiadiendo H,O, y se siguié el descenso de la absorbancia con
un espectrofotémetro Beckman modelo DU-7, durante 3 min. Se registraron también
blancos de muestra, conteniendo éstos solo muestra y tampén con ascorbato. La
actividad enzimdtica, expresada en nmol de dcido ascérbico oxidado min™ ml™, se calculé
aplicando un coeficiente de extincién molar (€290) para el dcido ascérbico de 2.8 mM? cm
' (Hossainy Asada, 1984).

2.4.5. Actividad glutation reductasa (GR; EC 1.6.4.2)

Se siguid el método de Carlberg y Mannervik (1985), que estima la actividad GR a
través de la medida de la tasa de oxidacién del NADPH necesaria para transformar el
glutation oxidado (6SSG) en glutation reducido (6SH). La reaccién se llevé a cabo a 25
°C en un volumen de reaccién de 1 ml con la siguiente composicion: tampén HEPES-Na 0.1
M, pH 7.8, con EDTA 1 mM, MgCl; 3 mM y 6556 0.5 mM; extracto enzimdtico (150 ul); y
NADPH 0.2 mM, preparado en el mismo ftampon de reaccién aunque sin 6SSG. La
reaccion se siguié durante un tiempo de 2 min midiéndose la caida de la absorbancia del
NADPH a 340 nm con un espectrofotometro Beckman modelo DU-7.

Ademds de las reacciones problema, se realizaron sendas reacciones control, de
muestra y de reactivos, para corregir de este modo la oxidacion del NADPH no
atribuible a la GR. La composicién de estos blancos fue la siguiente:
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Blanco de reactivos  Blanco de muestra

Tampén sin 6SS6
Tampén con 6SSG
NADPH

Muestra

o+ o+ 4+
+ + 1+

La actividad enzimdtica, expresada en nmol de NADPH oxidado min™ ml?, se
calculd a partir de la mdxima pendiente obtenida y aplicando un coeficiente de extincién
molar para el NADPH a 340 nm (e340) de 6.22 mM™ cm™ (Jiménez et al, 1997).

3. DETERMINACIONES ANALITICAS
3.1. Dafio oxidativo a lipidos

Se sigui6 el método descrito por Minotti y Aust (1987), basado en la
cuantificacion espectrofotométrica del complejo formado entre el dcido tiobarbitirico
(TBA) y el malondialdehido (MDA) que resulta de la degradacion de los dcidos grasos
poliinsaturados a causa de su peroxidacién. Para el ensayo, se adicionaron 200 pl de
muestra a 1 ml de mezcla de reaccion con la siguiente composicion:

Acido tricloroacético al 15% (p/v)

Acido tiobarbittrico al 0.375% (p/v)
Butilhidroxitolueno (BHT) al 0.01% (p/v)
HCl 0.25 N

Los reactivos se prepararon en H,O Milli-Q y el ensayo se llevé a cabo en tubos
escrupulosamente limpios. La mezcla de la muestra con la solucién reactiva se calenté a
100 °C durante 15 min. Una vez fria, la muestra se centrifugé a 800 g durante 5 min en
una microcentrifuga y se midié la absorbancia del sobrenadante a 535 nm. Para
determinar el contenido de MDA de las muestras en nmol MDA g™ pf, se preparé una
curva patrén de MDA a partir de una solucién madre de malondialdehido bis-
dimetilacetal 100 uM en agua ultrapura con las siguientes concentraciones 0.1, 0.25, 1, 5
y 10 uM. La concentracién en MDA de las muestras problema se calculé interpolando los
valores de absorbancia obtenidos a 535 nm en la recta de regresion lineal obtenida con
la curva patron de MDA.

3.2. Prolina y azlcares solubles totales

La prolina y los azicares totales fueron obtenidos a partir de 1 g de peso fresco
siguiendo el siguiente procedimiento descrito por Bligh y Dyer (1959):
1. Homogeneizar con vértex la muestra 1 min con 3,75 ml de metanol.
2. Repetir durante 1 min con 3,75 ml de metanol.
3. Homogeneizar con vortex durante 1 min con 7,5 ml de cloroformo.
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4. Homogeneizar con 3,75 ml de una solucion de H,O salada al 0.88% (p/v)

Centrifugar a 5000 rpm durante 10 min a 0°C en una centrifuga refrigerada.

6. Usar el extracto metandlico (superior) para la determinacion de azicares,
prolina, dcidos orgdnicos...

o

Para la determinacién de la prolina se siguié el método descrito por Bates et al,
(1973) basado en la cuantificacion a 530 nm de la prolina extraida con tolueno.

Se hace reaccionar 1 ml de muestra obtenida como se ha mencionado
anteriormente con 1 ml de reactivo de ninhidrinay 1 ml de dcido acético glacial. Durante
1 hora se lleva la mezcla a ebullicién hasta que la reaccion se detiene metiendo los tubos
en hielo picado. Se extrae la prolina con 2 ml tolueno agitando en un vortex 15-20 seg.
Medir absorbancia a 530 nm usando tolueno como blanco. Para cuantificar la prolina y
expresarla como nmol prolina g™ pf, se realizd una curva patrén a partir de una solucién
madre de prolina 1 mM con las siguientes concentraciones 0, 25, 50, 100, 200 y 300 uM
de prolina.

Reactivo de ninhidrina: Calentar 1,25 g de ninhidrina en 30 ml dcido acético glacial y 20 ml de
dcido fosférico 6M agitando hasta disolver. Tener mucha precaucién con los vapores toxicos. Se
conserva a 4°C menos de 24 h.

La determinacion de los azlcares totales se llevé a cabo segin el método
propuesto por Irigoyen et al (1992). Se hicieron reaccionar 100 pl de la muestra
obtenida como se ha mencionado anteriormente con 3 ml de reactivo de antrona. Se
hierve 10 min a 100 °C. Dejar enfriar y medir absorbancia a 620 nm en un
espectrofotémetro Shimadzu UV-1603 (Shimadzu, Tokio, Japén) usando como curva
patron glucosa a unas concentraciones 20-400 ug/ml y como blanco agua destilada.

El resultado se expresa como mg TSS - g pf

Reactivo de antrona: 200 mg antrona + 100 ml H,SO4 al 72% (v/v). Es un reactivo extempordneo.
Tener mucha precaucién con los vapores téxicos.

3.3. Perdxido de hidrégeno

Se siguié el método de Frew et al (1983), que se basa en la cuantificacion del
H.O; a través de la oxidacion de la 4-aminoantipirina catalizada por una peroxidasa. El
ensayo se llevé a cabo en un volumen de reaccién de 10 ml compuesto por 4 ml de
solucién reactiva, 50-200 ul de muestra y agua Milli-Q hasta completar un volumen de 10
ml. Asimismo, el ensayo se llevé a cabo sobre una curva patrén de H,O, con
concentraciones O, 1, 2, 3, 4, 5, 10, 15 y 20 uM para poder interpolar en ella los
resultados de la absorbancia de las muestras.

La solucién reactiva estaba compuesta por fenol 0,234 % (p/v), 4-aminoantipirina
0,10 % (p/v), peroxidasa de rdabano 20 nM, H,0, 2,5 uM y tampén fosfato-K 0,1 M, pH
6.9. Esta solucidn se incubé con las muestras (o con las distintas concentraciones de
H.O, de la curva patrén) a temperatura ambiente durante 5 min, y a continuacion se
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midio la absorbancia a 505 nm frente a un blanco formado por 4 ml de la solucién
reactivay 6 ml de agua Milli-Q.
El resultado finalmente se expresa en nmol H,0, g™ pf.

3.4. Fijacion de nitrogeno
3.4.1. Actividad reductasa del acetileno (ARA)

La actividad nitrogenasa se estimé por la técnica de reduccion del acetileno
(Hardy et al, 1973). Aunque ARA medido en botes cerrados no representa la verdadera
actividad nitrogenasa (Minchin et a/, 1983), si que puede ser apropiada en ensayos para
comparar resultados entre diferentes tratamientos (Irigoyen et al, 1992).

El procedimiento que se siguié fue el siguiente:

Las raices con los nédulos intactos se metieron en frascos de vidrio herméticamente
cerrados de 300 ml y se afiadié 15 ml de C,H,. El frasco fue incubado a temperatura
ambiente durante 15 min. Posteriormente, se tomaron muestras de 500 pl del frasco y
se cuantifico el contenido de etileno con un cromatdgrafo de gases Hewlett Packard
modelo 5890 equipado con una columna Poropak-R y un detector de llama de hidrégeno.

4. DETERMINACIONES FISIOLOGICAS
4.1. Produccion de biomasa

En el momento de la cosecha, el sistema radical se separé del suelo y se
determiné el peso fresco de los nédulos cuando se trabajé con soja. Se determiné
igualmente el peso fresco de raiz y parte aérea. El peso seco de la parte aérea se midio
después de secarlo en un horno a 70 °C durante 2 dias.

4 2. Potencial hidrico

El potencial hidrico (¥) al mediodia se determiné mediante una cdmara
sicrométrica y un microvoltimetro HR-33T (Wescor Inc, Logan, UT, USA) siguiendo el
método “dew point”. Para ello, se cortaron discos de hoja correspondientes a la tercera
hoja mds joven, se colocaron en la cdmara €52 y se dejé que alcanzaran un equilibrio de
temperaturay vapor de agua durante 15 min antes de las medidas.

4.3. Contenido relativo de agua

El contenido hidrico relativo (CHR) en parte aérea de planta se determiné en el
momento de la cosecha siguiendo el método de Barrs y Weatherley (1962). Se pesan
(peso fresco, PF) cinco discos de hoja (1 cm didmetro) de cinco hojas por planta
inmediatamente después de cosechar la planta. Posteriormente se depositan en una placa
de Petri con agua destilada durante 3 h a 25 °C y bajo una luz fluorescente de 40 W, y
se determinan los pesos turgentes (PT). Luego se secan las muestras en un horno a 60 °C
durante 24 h para obtener los pesos secos (PS). El contenido relativo de agua se calcula
como:
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PF - PS
PT - PS

CHR =

4.4. Intercambio gaseoso

La tasa de intercambio de CO,, la tasa de transpiracion , la eficiencia del uso de
agua (WUE) y la conductancia estomdtica se midieron en la tercera hoja de cada planta.

El CO, atmosférico se tomé a 5 metros del suelo. La densidad de flujo
fotosintético de fotones (PPFD) fue 1180 umol m? s™ para asegurar que no tenia lugar
limitacién en la intensidad luminosa. La luz la aporté una ldmpara halégena (General
Electric 300 PAR 56/WFL). Se usé un modelo portdtil LCA-3 de un analizador de CO;
(Analytical Development Co., Hoddesdon, UK). Las medidas se hicieron 2 h después de
iniciarse el fotoperiodo diurno.

5. TECNICAS DE BIOLOGIA MOLECULAR
5.1. Plasmido

Se utilizé el pldsmido pGEM-T Easy (Promega, USA). Es un vector de clonacién en
E. coli con colas de adenina tipicas de PCR resultantes de la actividad transferasa
terminal de la Taq polimerasa sin actividad correctora de prueba. El sitio de clonacién se
encuenra en el marco del gen LacZ, lo que permite la seleccion de los plasmidos
portadores del inserto mediante un escrutinio de colonias blancas/azules cuando se
cultivan en presencia de X-gal. La seleccidn se realiza por la tolerancia al antibiético
ampicilina que confiere este pldsmido.

5.2. Extraccion de ADN

La extraccion de ADN gendmico de diferentes plantas y hongos MA se llevd a
cabo empleando el kit Dneasy Plant Mini kit de Quiagen (USA), siguiendo las
instrucciones del fabricante.

5.3. Cuantificacion del ADN

El ADN extraido se cuantificé con la ayuda de un espectrofotémetro. Para ello se
utilizaron cubetas de cuarzo. La absorbancia de una alicuota de 5 ul de muestra diluida
en 995 ul de agua milli-Q estéril se midio a 230, 260 y 280 nm. Cada unidad de
absorbancia a 260 nm se consideré como 50 nug/ml de ADN. Para poder conocer una
posible contaminacion por carbohidratos se calculé la relacién entre las absorbancias
obtenidas a 260 y 230 nm, debiendo ser ésta superior a 2 para considerar una muestra
libre de proteinas y/o fenol, la relacion entre las absorbancias a 260 y 280 nm debia
tomar una valor superior a 1.8.

5.4. Reaccion en cadena de la polimerasa (PCR)

En tubos de 0.2 ml se preparé la siguiente mezcla de reaccion:
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X ADN molde (10-100 ng)

25l Tampdn 10x de la Taq DNA polimerasa termoestable
0.75 ul MgCl; 50 mM

5ul dNTPs 1 mM

0.5 ul cebador 5' (10 uM)

0.5 ul cebador 3' (10 uM)

0.5 ul Taq DNA polimerasa termoestable (5 U/ul)

15.25 - x ul  Agua bidestilada estéril hasta 25 pl

También se preparé un tubo de microcentrifuga sin ADN como control negativo
para poder descartar posibles artefactos o contaminaciones. Tras una agitacién rdpida
se centrifugaron y se colocaron en un termociclador (Perkin-Elmer Modelo 2400) y se
utilizé un programa especifico en funcién de los cebadores usados y de la diana de ADN
a amplificar.

5.5. Visualizacion del ADN amplificado mediante electroforesis en gel de agarosa

La separacién electroforética del ADN se realizé en geles de agarosa al 1.2% en
tampon TAE. La electroforesis se llevé a cabo en tampdn TAE (1x) a 100 V. Las muestras
se prepararon en tampdon de carga 1x. La visualizacion del ADN en los geles se hizo
mediante tincién con bromuro de etidio y fotografia del gel expuesto a la luz UV (260
nm).

Tampon TAE (50x): Tris 242 g/l, Na,EDTA - 2H,0 37,2 g/I, dcido acético glacial 57,2 ml/l y
agua destilada.
Tampon de carga (6x): sacarosa 50% (p/v), azul de bromofenol 0,3%

5.6. Purificacion de fragmentos de ADN a partir de geles de agarosa

Para ello se empled el kit QiaexII Gel Extraction kit de Qiagen (Hilden, Germany)
siguiendo las instrucciones del fabricante.

5.7. Ligacion en vectores de clonacion

La ligacion entre un fragmento de ADN y el vector de clonacién adecuado se
realizé usando una relacion molar inserto:vector de 3:1 y teniendo en cuenta que se
necesitan 50 ng de vector.

En un tubo de microcentrifuga se incubé durante toda una noche a 4 °C la siguiente
mezcla de reaccion:

x ul inserto ADN

1ul T4 ADN Ligasa

1ul  Vector pGEM-t-Easy (50 ng/ul)
x+2 ul Tampdn de ligacion (2x)
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Notas: el vector pGEM-t-easy, el tampédn y el enzima ligasa han sido suministrados por Promega.

5.8. Transformacion de células de Escherichia coli

Tiene por objeto infroducir pldsmidos con el inserto deseado en cepas de £ coli.
Para transformar las células quimiocompetentes se utilizé la metodologia descrita por
Rodriguez y Tait (1983), siguiendo el protocolo que se indica a continuacion:
1. Enfriar una alicuota de 100 pl de células competentes en hielo hasta su completa
descongelacién.
Afiadir a dicha alicuota 4 pl de plasmido (del tubo preparado en el apartado
anterior) y agitar suavemente.
Incubar en hielo 30 min.
Incubar durante 60 seg a 42 °Cy a continuacién enfriar en hielo 2 min.
Afiadir 900 pl de medio LB liquido estéril e incubar 1 h en agitacion a 37°C
Se prepararon placas de Peti con medio de cultivo LB sdlido suplementado con
ampicilina 100 ug/ml. Se extendieron en su superficie 40 ul de IPTG y X-gal a una
concentracién de 20 mg/ml. Se dejan 20-30 min para asegurarnos de su completa
absorcion.
7. Sembrar 50 ul, 100 pul y 200 pl de cultivo en placas de medio selectivo que se
incuban toda la noche a 37 °C.
8. Se hacen réplicas de las colonias blancas obtenidas, transformadas con el vector
con el inserto, para su posterior estudio.

N

oo hw

5.9. Purificacion del ADN plasmidico

La purificacion del ADN del pldsmido se llevé a cabo usando un kit QIAprep Spin
Miniprep kit (Qiagen) siguiendo las instrucciones del fabricante.

5.10. Construccion y andlisis de genoteca de ADNc

Una vez extraido el ARN del micelio de Glomus intraradices crecido en cultivo
monoxénico y sometido a déficit hidrico por la adicién de 25% PEG 6000, se procedié a
sintetizar ADNc usando el kit Smart PCR cDNA Synthesis Kit (Clontech, Palo Alto,
California) y se cloné en el bacteriéfago lambda ExCell (Amersham, Little Chalfont, UK).
Se hizo un escrutinio de la genoteca mediante hibridaciéon diferencial de colonias
idénticas. Se siembran en placa aproximadamente 10* particulas de fago A a baja
densidad (1500-2000 unidades formadoras de placa por placa de petri) en la bacteria
hospedadora £ coli (cepa NM522). Tras la incubacién durante 7-8 h a 37 °C,
aparecieron las colonias y se guardaron las placas a 4 °C durante 1 h para solidificar la
agarosa. Posteriormente se ftfransfirieron a una membrana de nylon Hybond-N+
(Amersham, Little Chalfont, UK) y se dejaron 2 min a temperatura ambiente (para el
primer filtro) o durante 4 min (para el segundo filtro). EIl ADN se desnaturalizé y se fijé
autoclavando el filtro durante 5 min a 120 °C. Cada uno de los filtros se hibridé a 65 °C
con una sonda de ADNc total radiactiva de micelio de &. /ntraradices crecido in vitro en
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presencia o ausencia de 25% PEG 6000. Tras lavar dos veces durante 5 min a
temperatura ambiente con 2x SSCy 0.1% SDS y otras dos veces durante 15 min a 65 °C
con 0.5x SSC y 0.1% SDS, las membranas se expusieron toda la noche sobre peliculas
Kodak X-RAY-OMAT a -70 °C.

Los clones detectados de manera diferencial se usaron como moldes para un
escrutinio basado en la PCR con cebadores universales M13 para verificar la pureza de
los clones y el famafio de los insertos. Los productos de PCR obtenidos se dividieron en
dos fracciones iguales, se separaron en geles de agarosa y se transfirieron a membranas
de nylon (Martin-Laurent et al., 1995). Se hizo un andlisis southern blot para confirmar
los clones expresados diferencialmente hibridando las membranas con ADNc marcado
con **P de micelio de &. intraradices crecido in vitro en presencia o ausencia de 25%
PEG 6000.

5.11. Extraccion de ARN
5.11.1. Extraccion de ARN de raices y hojas

La extraccidn de ARN se hizo tanto en raiz como en hoja partiendo de 1 g de peso
fresco congelado a -80 °C
El procedimiento fue el siguiente:
1. Homogeneizamos en un mortero con nitrdogeno liquido el material de partida.
2. Afiadir 1800 pl de tampén REB y seguir homogeneizando.
3. Dejar descongelar y afiadir rdpidamente 1800 ul de fenol:cloroformo:isoamilico
en proporcion 50:24:1
4. Traspasar el material a tubos estériles de 2 ml, agitar varias veces de forma ho
agresiva. Mantener en hielo
5. Centrifugar 10 min a 12 000 rmp a 4°C. Recoger la fase acuosa y reextraer dos
veces con 900 pl de fenol:cloroformo:isoamilico en proporcion 25:24:1
6. Recoger la fase acuosa y pasarla a un nuevo tubo. Medir el volumen afiadido y
adicionar 1/3 del volumen de la muestra de CILi 8M, poco a poco en el viortex a
baja velocidad para ir adquiriendo la concentracién final de 2 M.
7. Incubar en hielo durante toda una noche.
Centrifugar a mdxima velocidad en una microcentrifuga durante 30 min a 4°C.
9. Eliminar el sobrenadante y lavar el precipitado con 300 pl de LiCl 2M frio.
Centrifugar de nuevo durante 10 min en las mismas condiciones.
10. Recoger el precipitado en 200 ul de tampon TE y precipitar de nuevo con 2.5
volimenes de etanol 100% y 0,1 volumen de acetato sédico 3M pH 5.2.
11. Incubar toda una noche a -20 °C
12. Recoger por centrifugacién a mdaxima velocidad durante 30 miny 4 °C
13. Lavar con 300 pl de etanol 75% y volver a centrifugar 5 min.
14. Secar el tubo con mucho cuidado y resuspender el precipitado en 50-60 ul de
H,O-DEPC

®

82



Materiales y Métodos

H.O-DEPC: Afadir 1 ml de dietil-pirocarbonato por cada litro de agua destilada. Agitar durante
toda una noche. Se autoclava y se agita con el tapdn abierto dentro de una campana extractora
para eliminar gases téxicos.

Tampon REB: Tris-HCl 25 mM, EDTA 25 mM, NaCl 75 mM, SDS 1%, B-mercaptoetanol IM.
Preparar en H,O-DEPC.

Tampon TE: Tris 10 mM pH 8, EDTA 1 mM. Preparar en H,O-DEPC.

Notas: Usar guantes durante todo el proceso para evitar el contacto del ARN con RNasas que
puedan degradarlo. Todo el material utilizado ha de estar completamente estéril. Los reactivos
tienen que estar frios. Autoclavar todos los reactivos salvo el tampén REB que se autoclava antes
de afiadir B-mercaptoetanol.

5.11.2. Extraccion de ARN de nédulos

La extraccion de ARN de nédulos de soja se hizo partiendo de 0.3 g de peso
fresco de nddulos, que habian sido previamente separados de las raices en el momento
de la cosecha y almacenados a -80 °C para su posterior uso.

Se utilizé el RNeasy Plant Mini Kit (Quiagen, Hilden, Germany), siguiendo las
instrucciones del fabricante.

5.12. Cuantificacion del ARN

La cuantificaciéon del ARN se realizé espectrofotométricamente siguiendo la
metodologia descrita por Sambrook et al/ (1989). Para ello se utilizaron cubetas de
cuarzo. La absorbancia de una alicuota de 5 pul de muestra diluida en 995 ul de H,O-
DEPC fue medida a 230, 260 y 280 nm. Cada unidad de absorbancia a 260 nm fue
considerada como 40 ug/ml de ARN. Para poder conocer una posible contaminacion por
carbohidratos se calculd la relacion entre las absorbancias obtenidas a 260 y 230 nm,
debiendo ser ésta superior a 2. para considerar una muestra libre de proteinas y/o fenol
la relacion entre las absorbancias a 260 y 280 nm debia ser superior a 1,8.

5.13. Tratamiento del ARN a la DNasa

En un tubo de microcentrifuga se afiaden los siguientes componentes:

ARN 30 ug

Inhibidor de la Rnasa (40 U/ul) 1yl

Tampén 10x 6 ul

DNasa (10 U/ul) 2 ul

Agua-DEPC hasta volumen final de 60 pl
60 ul

1. Lamezcla se incuba a 37 °C durante 30 min

2. Afadir el mismo volumen de H,O-DEPC (60 pl)

3. Extraer con 2 volimenes de fenol:cloroformo:isoamilico en proporcion 25:24:1.
Centrifugar a 13.400 g y 4 °C durante 10 min.

4. Precipitar el sobrenadante con 0,1 volumen de AcNa 3M pH 5.2 y 2.5V de etanol
100%

5. Incubar 2 ha-20°C
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o

Centrifugar a 13.400 g, 4 °C durante 30 min
Lavar el precipitado con etanol 75%

Secar cuidadosamente el fubo y resuspender el precipitado en 21 pl de H,O-
DEPC. Conservar el ARN a -80 °C

® N

5.14. Northern blot
5.14.1. Electroforesis del ARN en gel de agarosa

Para determinar la calidad del ARN extraido se preparé un gel de agarosa 1,2% en
condiciones desnaturalizantes. Se tomaron 15 ug de ARN y se le afiadié 10 ul de tampén
de muestra y 1 ul de tampén de carga con bromuro de etidio. A continuacion, se
desnaturalizé el ARN incubando esta mezcla a 65 °C durante 15 min y las muestras se
introdujeron inmediatamente en hielo antes de cargar el gel. La electroforesis se
desarrollé en un tampon MOPS 1x a un voltaje constante de 80 V. Para visualizar el ARN
se expuso el gel a luz ultravioleta.

Tampon de electroforesis MOPS (10x): MOPS 200 mM, ajustar el pH a 7 con NaOH. Afiadir
posteriormente acetato sédico 50 mM y EDTA 10 mM. Preparar todos los reactivos en H,O-DEPC
y autoclavar a 120 °C durante 20 min.

Tampon de muestra (1x): 100 pl formamida desionizada, 20 pl tampdn de electroforesis MOPS
10x, 38 ul formaldehido, 42 ul H,O-DEPC. Esta solucién se conserva a -20 °C hasta 6 meses.
Tampon de carga (10x): 50% sacarosa, 0,3% azul de bromofenol, 1 ug/ml bromuro de etidio.
Esta solucidn se prepara en tampon MOPS 1x.

Gel de agarosa en condiciones desnaturalizantes: Para un volumen de 50 ml: En el microondas se
calienta 0,6 g de agarosa, 5 ml de tampon de electroforesis MOPS 10x y 42,5 ml de H,O-DEPC.
Tras la fusién se controla la temperatura y cuando ésta baja de 60°C se le adiciona 2,5 ml de
formaldehido al 37%. Todo este proceso ha de realizarse en campana extractora.

Notas: las cubetas de electroforesis han de limpiarse antes de su uso con solucion
desnaturalizante compuesta por NaOH 0,1M, EDTA 20 mM durante 15 min. Después se neutraliza
con HCI 0,1M durante 5 min y por (ltimo se lavan varias veces con agua milli-Q.

5.14.2. Transferencia del ARN a membrana

La transferencia de los ARNs se realizé a una membrana de nylon cargada
positivamente. Dicha membrana se corté del tamafio del gel junto con dos trozos de
papel absorbente tipo Whatman n® 3 y se incubaron en agitacién y temperatura
ambiente durante 15 min en SSC 2x. El gel se incubé en agitacion y temperatura
ambiente en solucion SSC 20x durante 25 min.

La transferencia se dejé toda la noche. Posteriormente la membrana se retiray
para fijar el ARN a la membrana, se somete a luz UV durante 3 miny 45 seg.

SSC 20x: NaCl 3M, citrato sédico 0,3M. Ajustar a pH 7 con NaOH 10N. Autoclavar a 120 °C
durante 20 min.
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Figura 2. Esquema representativo de la disposicién de elementos durante la transferencia del ARN a membrana.
Sobre una torre de papel absorbente se colocan 2 trozos del mismo tamano del gel de papel Whatman,
preferiblemente del n° 3. Sobre estos, se dispone la membrana previamente cortada al tamafo del gel, a
continuacion el gel con los pocillos hacia arriba y encima de todo film transparente que cubra todo el dispositivo
perfectamente para evitar pérdidas. Por dltimo se coloca un peso para asegurar la transferencia.

5.14.3. Sintesis de la sonda marcada radiactivamente mediante PCR
La mezcla de reaccién fue la siguiente:

2yl ADN (10 ng de pldasmido conteniendo el inserto de ADN a marcar)
2yl Tampon de la Taq polimerasa (10x)
1yl MgCl250 mM

1y dATP (100 uM)

1yl dGTP (100 uM)

1yl dTTP (100 uM)

5ul P -dCTP (10 pcurios/ul)

1yl Cebador M13 5' (10 uM)

1yl Cebador M13 3' (10 uM)

0,2 yl Taq Polimerasa

4.8 pyl H20 destilada estéril

El programa de PCR seguido fue el que se muestra a continuacion:
(95 °C, 5 min) x 1 ciclo

(94 °C, 45 seg; 56 °C, 30 seg; 72 °C, 45 seg) x 32 ciclos

(72 °C, 5 min; 4 °C, <) x 1 ciclo

5.14.4. Purificacion de las sondas marcadas radiactivamente

Para purificar las sondas marcadas se utilizo el kit comercial Mini Quick Spin TM
Columns, (Boehringer Manheim, Indianapolis, IN, USA) que retiene y purifica el ADN
marcado.

5.14.5. Pre-hibridacion e hibridacion

El procedimiento que se siguié fue el siguiente:
1. La membrana se coloca en un tubo de hibridacion con el ARN hacia arriba y pre-
hibridé durante al menos 2 h con la solucion de hibridacién a 65 °C y agitacion.
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2. Paralelamente la sonda se desnaturalizé calentando a 95 °C durante 5 min e
incubando inmediatamente en hielo 5 min.

3. La solucién de hibridacién se elimina del tubo y se afiade nueva solucion de
hibridacion.

4. La membrana hibrida toda la noche a 65 °C en agitacion.

5. La solucidn de hibridacion se elimina y se llevan a cabo los siguientes lavados:

e 2 lavados de 5 min con 2x SSC + 0.1% SDS a temperatura ambiente.

e 2 lavados de 15 min con 0.5x SSC + 0.1% SDS a 65 °C y agitacién.

Solucién de_hibridacién: Denhardt (5x), SSC (5x), SDS 0,5%

5.14.6. Deteccion y revelado

Las membranas se expusieron a peliculas fotogrdficas KODAK X-RAY-OMAT a -
80 °C, protegidas con cassettes especiales. El tiempo de exposicion dependié del grado
de marcaje que presentaban las membranas fras los lavados.

El revelado se realizé sumergiendo las peliculas en liquido de revelado fotografico
durante 3 6 4 min, dependiendo de la sefial obtenida. Tras esto, las peliculas se fijaron
sumergiéndolas en liquido fijador fotogrdfico durante otros 3 6 4 min. Las peliculas se
lavaron con agua para eliminar restos del liquido fijador y se dejaron secar al aire. Las
bandas obtenidas se cuantificaron utilizando el programa informdtico Quantity One
(Bio-Rad- Hemel Hempstead, UK).

5.15. Andlisis de la expresion génica mediante técnicas de PCR cuantitativa a
tiempo real
5.15.1. Retrotranscripcion /in vitro: sintesis de ADNc

La sintesis del ADNc se realizé a partir de 1 uyg de ARN ftotal usando la
reversotranscriptasa SuperScript IT (Invitrogen, USA) por el método de los cebadores
aleatorios, usando las condiciones del fabricante, que se detallan a continuacion:

1. Se mezclan en un tubo de microcentrifuga:

1pg  ARN total
1ul  Cebadores aleatorios (100 ng/ul, Boehringer, Alemania)
1ul  dNTP mix (10 mM)
hasta 12 ul  H,O-DEPC
2. Mezclar por pipeteo e incubar la mezcla 5 min a 65 °C
3. Pasar a hielo inmediatamente y afiadir:
4yl Tampdn de primera cadena
2ul 0IMDTT
1ul  Inhibidor de RNasa, (Invitrogen, 40U/ul)
consiguiendo un volumen total de 19 pl.
4. Mezclar suavemente e incubar 2 min a 25 °C
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5. Afadir 1 pl del enzima SuperScript IT RT (200 U/ul) y mezclar pipeteando
suavemente.

Incubar 50 min a 42 °C.

Inactivar la reaccién incubando 15 min a 70 °C

El tubo de microcentrifuga con el ADNc se guardé a -20 °C

® N

5.15.2. PCR cuantitativa a tiempo real

Las PCRs cuantitativas a tiempo real se realizaron en un termociclador iCycler

(BioRad).

Cada reaccion contenia:

1l dilucién 1:10 ADNc

25 ul Tampén 10x sin Mg

15 ul MgCl, 50 mM

5 ul dNTPs 10 mM

0,5 ul cebador 5' (10 uM)

0,5 ul cebador 3' (10 uM)

25l solucién SyBr Green 1x en agua Milli-Q
0,1yl Taq Platinum (Invitrogen, 5 U/ul)

Completar con agua hasta alcanzar los 25 pl

Solucion de SyBr Green (500x):18ul DMSO, 1 ul fluoresceina (Molecular Probes), 1 ul SyBr
Green (Molecular Probes). Proteger de la luz, guardar a 4 °C y desechar tras 7-10 dias.

Se utilizd en cada caso un programa de PCR especifico en funcién de los
cebadores utilizados y de la diana de ADN a amplificar.

5.16. Secuenciacion

Las reacciones de secuenciacién se realizaron en el Servicio de Secuenciacién del
Instituto de Parasitologia y Biomedicina Lopez Neyra (CSIC, Granada). Las secuencias se
determinaron mediante secuenciacion de cadena Unica, usando un secuenciador
automdtico Perkin-Elmer ABI Prism 373. Cada reaccion consistia de 100-200 ng de ADN
molde y 6.4 pmol de cebador.

6. METODOS BIOINFORMATICOS
6.1. Identificacion de la secuencia de interés en las bases de datos

Con el fin de encontrar genes implicados en la tolerancia al déficit hidrico, se
analizaron las bases de datos publicas disponibles en la red (http://www.ebi.ac.uk). Las
secuencias alli encontradas se compararon con las secuencias aminoacidicas de genes de
otros organismos disponibles en las bases de datos usando el algoritmo Blastx (Altschul
et al, 1990). Los alineamientos mdltiples se llevaron a cabo con el programa CLUSTALW
(Thompson et al., 1994).
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6.2. Disefio de cebadores

Los cebadores se disefiaron empleando el programa Amplify 3.1.4 para MacOS,
Bill Engels, University of Wisconsin (USA) . Para mds informacidn visitar la pdgina web
http://engels.genetics.wisc.edu/amplify/index.html.

6.3. Comparacion de secuencias

El grado de homologia de las secuencias obtenidas en este estudio con las de
otros organismos presentes en las bases de datos se determiné usando los programas
BLAST y FASTA, disponibles en la red (http://www.ebi.ac.uk/o bien en
http://www.ncbi.nlm.nih.gov/).

6.4. Obtencion de secuencia aminoacidica

La determinacién de la secuencia aminoacidica a partir de la secuencia
nucleotidica se realizé con la herramienta "Translate" de Expasy (http://expasy.org).

7. ANALISIS ESTADISTICO

Los resultados de todas las grdficas y tablas presentadas en esta Tesis Doctoral
se sometieron a un ANOVA. Cuando se detectaron diferencias significativas como
consecuencia de los tratamientos aplicados, se procedié a calcular estas mediante el
test de rango mdltiple de Duncan (Duncan, 1955) a un nivel de significacién P< 0.05.

En los experimentos de regulacién de la expresion génica, la cuantificacién de la
expresion se llevé a cabo mediante PCR cuantitativa a tiempo real. Los experimentos se
repitieron fres veces y el valor del Ct de cada muestra se determiné por triplicado. Se
selecciond un experimento representativo y se calculé la media de las tres repeticiones y
el error estdndar de la misma.
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ACTIVIDADES 'ANTIOXIDANTES EN PLANTAS MICORRIZADAS DE
SOJA BAJO DEFICIT HIDRICO Y SU POSIBLE VINCULACION CON
EL PROCESO DE SENESCENCIA NODULAR

Resumen

Los mecanismos por los cuales la simbiosis micorricica protege a las plantas
de soja (Glycine max) frente a la senescencia nodular prematura inducida por
déficit hidrico se investigan aqui mediante la evaluacién de la actividad de un
conjunto de enzimas antioxidantes y su relacion con la senescencia nhodular. Se
procedié a determinar las actividades superéxido dismutasa (SOD), catalasa
(CAT), ascorbato peroxidasa (APX) y glutation reductasa (GR) en plantas de soja
en condiciones OJptimas y sometidas a déficit hidrico, inoculadas con
Bradyrrhizobium japonicum solamente o en combinacion con Glomus mosseae. En
raiz, solo la actividad GR fue mayor en las plantas micorrizadas que en las no
micorrizadas. Las otras actividades antioxidantes fueron similares, o mds bajas
(APX) en plantas micorrizadas sometidas a estrés que en las correspondientes
plantas no micorrizadas. Igualmente, en nddulos, las actividades SOD, CAT y APX
fueron menores en plantas micorrizadas sometidas a estrés hidrico que en plantas
no micorrizadas, mientras que, de nuevo, la actividad GR fue mayor en nédulos de
plantas micorrizadas. Por lo tanto, proponemos que la existencia de una actividad
GR consistentemente mayor en raices y nddulos de plantas micorrizadas puede
haber contribuido a disminuir el dafio oxidativo a biomoléculas que estdn implicadas
en la senescencia nodular prematura. Mecanismos adicionales de evitacién de la
sequia inducidos por la simbiosis MA pueden también haber contribuido a un menor
estrés oxidativo en plantas micorrizadas.

Palabras clave: antioxidante, simbiosis micorricico arbuscular, sequia, senescencia nodular.

93



Capitulo 1

ANTIOXIDANT ACTIVITIES IN MYCORRHIZAL SOYBEAN PLANTS
UNDER DROUGHT STRESS AND THEIR POSSIBLE RELATIONSHIP
TO THE PROCESS OF NODULE SENESCENCE

Summary

The mechanisms by which the mycorrhizal symbiosis protects soybean
(&lycine max) plants against premature nodule senescence induced by drought
stress is investigated here by evaluating the activity of a set of antioxidant
enzymes in relation to nodule senescence. The activitiy of superoxide dismutase
(S0D), catalase (CAT), ascorbate peroxidase (APX) and glutathione reductase
(6R) was determined in well-watered or drought-stressed soybean plants
inoculated with Bradyrrhizobium japonicum alone or in combination with Glomus
mosseae. In roots, only the GR activity was higher in mycorrhizal than in non-
mycorrhizal plants. The other antioxidant activities were similar (SOD and CAT)
or lower (APX) in droughted mycorrhizal plants than in the corresponding non-
mycorrhizal ones. Similarly, in nodules, the SOD, CAT and APX activities were
lower in droughted mycorrhizal plants than in non-mycorrhizal plants while, again,
the GR activity was higher in nodules from mycorrhizal plants. We propose that
the consistently higher GR activity in roots and nodules of mycorrhizal plants
might have contributed to decrease the oxidative damage to biomolecules, which
is involved in premature nodule senescence. The possibility that additional
drought-avoidance mechanisms induced by the AM symbiosis also contributed to
the lower oxidative stress in mycorrhizal plants is also considered.

Key words: antioxidant, arbuscular mycorrhizal symbiosis, drought, nodule
senescence

1.1. Introduction

The role of the arbuscular mycorrhizal (AM) symbiosis in the alleviation of
drought-induced nodule senescence in soybean plants has been recently
investigated (Ruiz-Lozano et al/, 2001). We observed that, under drought
conditions, inoculation of soybean plants with the AM fungus &lomus mosseae
enhanced nodule dry weight and increased its leghemoglobin and protein contents
as well as the nodule activity (measured as acetylene reductase activity, ARA).
Thus, we demonstrated that AM symbiosis alleviates drought-induced nodule
senescence in legume plants.
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The process of nodule senescence has been correlated with a marked
decline in the major activities involved in removal of reactive oxygen species
(ROS) (Evans et al, 1999; Becana et al, 2000). This is important because
oxidative damage to biomolecules has been proposed as one of the most important
mechanisms triggering nodule senescence in stressed nodules (Gogorcena et al.,
1995, 1997; Escuredo et al, 1996; Becana et al, 2000). Legume nodules have a
high capacity to produce ROS, even though the concentration of free O, in the
central zone is only 5-60 nM (Hunt and Layzell, 1993). The high concentration of
oxygen-labile proteins, leghemoglobin and catalytic Fe in the nodules and the
tendency of the oxygenated form of leghemoglobin to autoxidize are conductive
to the production of ROS in the nodule cytosol (Dalton, 1995). This, in turn, can
damage biomolecules such as lipids and proteins, thereby contributing to nodule
senescence (Escuredo et al, 1996).

The most remarkable result found in our previous study concerned the
measurement of oxidative damage to biomolecules. Drought considerably
enhanced oxidative damage to lipids and proteins in nodules of non-mycorrhizal
plants whereas mycorrhizal freatments were protected against oxidative damage.
Therefore, we concluded that the alleviation of oxidative damage in nodules of
AM plants could be an important mechanism involved in the protective effects of
the AM symbiosis against premature nodule senescence (Ruiz-Lozano et a/, 2001).

At this stage of the research two possibilities can be envisaged to explain
the low oxidative damage found in nodules of mycorrhizal plants. Either
mycorrhizal plants suffered less drought stress due to a primary drought-
avoidance effect by the symbiosis (e.g. by direct water uptake by fungal hyphae
from sources inaccessible to non-mycorrhizal plants and transfer to the host
plant) and that kept plants protected against the generation of ROS, or
mycorrhizal plants increased the activities of a set of enzymes involved in the
elimination of active oxygen species. Plant cells contain an array of protective and
repair systems that minimize the occurrence of oxidative damage. According to
Smirnoff (1993), these can be divided into two categories: systems that react
with active forms of oxygen and keep them at a low level [i.e. superoxide
dismutases (SODs), catalase (CAT), or peroxidases], and systems that regenerate
oxidized antioxidants [glutathione (6SH), glutathione reductase (GR), ascorbate
and mono- and dehydroascorbate reductases]. The first group of enzymes are
involved in the detoxification of O,” radicals and H,O;, thereby preventing the
formation of ‘OH radicals. The GR, as well as the 6SH, are important components
of the ascorbate-glutathione pathway responsible for the removal of H,O; in
different cellular compartments (Dalton, 1995; Jiménez et al., 1997).

In this study we analyzed the activity of representatives of the two
enzymatic categories proposed by Smirnoff (1993) in root and nodule tissues. The
aim was to get some clues on the mechanisms by which the mycorrhizal symbiosis
protects legume plants against the premature nodule senescence induced by
drought stress.
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1.2. Materials and Methods
1.2.1. Experimental design and statistical analysis

The experiment consisted of a randomized complete block design with two
inoculant treatments: (1) plants inoculated with the nitrogen-fixing bacteria
Bradyrhizobium japonicum, strain USDA 110 (Br), (2) plants inoculated with the
mycorrhizal fungus &lomus mosseae (Nicol. and Gerd.) Gerd. and Trappe and B.
Japonicum (6m+Br). Twelve replicates of each treatment were done totalling 24
pots (one plant per pot) so that half of them were cultivated under well-watered
conditions throughout the entire experiment, while the other half were drought-
stressed for 10 days before harvest.

Data were subjected to analysis of variance (ANOVA) with microbial
treatment, water supply and microbial treatment-water supply interaction as
sources of variation, and followed by Duncan”s multiple range test (Duncan, 1955).
Percentage values were arcsin transformed before statistical analysis.

1.2.2. Soil and biological materials

Loamy soil was collected from the Zaidin Experimental Station (6ranada,
Spain), sieved (2 mm), diluted with quartz-sand (<1 mm) (1:1, soil:sand, v/v) and
sterilized by steaming (100°C for 1 h for 3 days). The soil had a pH of 8.1 (water);
1.81% organic matter, nutrient concentrations (mg kg™): N, 2.5; P, 6.2 (NaHCO;-
extractable P); K, 132.0. The soil texture was made up of 35.8% sand, 43.6% silt
and 20.5% clay.

Soybean (&lycine max L. cv Williams) seeds were sterilized in a 15% H,0,
solution for 8 min, then washed several times with sterile water to remove any
trace of chemical that could interfere in seed germination, and placed on sterile
vermiculite at 25 °C to germinate. Three-day-old seedlings were transferred to
plastic pots containing 600 g of the sterilized soil/sand mixture. A suspension (2
ml seed™) of the diazotrophic bacterium Bradyrhizobium japonicum, strain USDA
110 (10° cell mI™), was sprinkled over the seedling at the time of planting.

Mycorrhizal inoculum was bulked in an open-pot culture of Zea maysL. and
consisted of soil, spores, mycelia and infected root fragments. The AM species
was Glomus mosseae (Nicol. and Gerd.) Gerd. and Trappe, isolate BEG 122. Ten
grams of inoculum were added to Gm+Br pots at sowing time just below soybean
seedlings.

1.2.3. Growth conditions

Plants were grown in a controlled environmental chamber with 70-80% RH,
day/night temperatures of 25/15°C, and a photoperiod of 16 h at a photosynthetic
photon flux density (PPFD) of 460-500 umol m® s™ (Licor, Lincoln, NE, USA, model
LI-188B).

Soil moisture was measured with a ML2 ThetaProbe (AT Delta-T Devices
Ltd., Cambridge, UK), which measures volumetric soil moisture content by
responding to changes in the apparent dielectric constant of moist soil.
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Volumetric soil water content is the ratio between the volume of water present
and the total volume of the soil sample. It is a dimensionless parameter,
expressed either as a percentage (% vol) or as a ratio (m* - m3). Water was
supplied daily to maintain constant soil water content close to field capacity (17%
volumetric soil moisture) during the first 5 weeks of plant growth. At this time
half of the plants were allowed to dry until soil water content reached 80% field
capacity (12% volumetric soil moisture) and maintained under such conditions for
10 days. In order to control the level of water stress, the pot water content was
daily measured with the ThetaProbe ML2 (at the end of the afternoon) and the
amount of water lost was added to each pot in order to maintain soil water
content at the desired level.

Each week throughout the experiment, plants received 10 ml of Hewitt’s
nutrient solution lacking N and P (Hewitt, 1952). Three weeks after planting, Br
plants received nutrient solution amended with 0.35 mM K;HPO, (Goicoechea et
al, 1997). That P concentration was chosen in an attempt to obtain well-watered
plants of similar size and P content in both microbial treatments.

1.2.4. Parameters measured
1.2.4.1. Biomass production

At harvest (45 days after planting), the root system was separated from
the soil and nodule fresh weight (FW) determined. Shoot dry weight (DW) was
measured after drying in a forced draught oven at 70 °C for two days.

1.2.4.2. Symbiotic development

The percentage of mycorrhizal root infection was estimated by visual
observation of fungal colonization after clearing washed roots in 18% KOH and
staining with 0.05% trypan blue in lactophenol (v/v), according to Phillips and
Hayman (1970). Parameters of mycorrhizal colonization were determined according
to Trouvelot et al/ (1986). The colonization frequency (F%) is a ratio between
colonized root fragments and total number of root fragments observed. It gives an
estimation of the root length colonized by the fungus. The colonization intensity
(M%) is an estimation of the amount of root cortex which became mycorrhiza.
Finally, the arbuscule abundance a% gives an estimation of the arbuscule richness
in the mycorrhizal root fraction. Four replicates per freatment were used.

1.2.4.3. Nodule activity

Nitrogenase activity was estimated by the C,H, reduction technique
(Hardy et al, 1973). Although ARA measured in closed vessels does not represent
the true nitrogenase activity (Minchin et a/,, 1983), it can be appropriate in assays
for comparative purposes (Irigoyen et al, 1992). Intact nodulated roots were
enclosed in a 300-ml glass flask and 15 ml of C,H, were added. The flask was
incubated at room temperature for 15 min. Samples of 500 ul were withdrawn
from the flask and the ethylene content was quantified with a Hewlett Packard
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model 5890 gas chromatograph equipped with a Poropak-R column and a hydrogen
flame ionization detector.

1.2.4.4. Hydrogen peroxide concentration and oxidative damage to lipids

For determination of hydrogen peroxide concentration in nodules, aliquots
of nodules were homogeneized with an ice-cold potter in HCI 25 mM and filtered
through four layers of nylon cloth. The supernatants were adjusted to pH 7.0 for
subsequent H;O. quantification, which was performed by the 4-aminoantipyrine
method (Frew et a/, 1983).

Lipid peroxides from roots and nodules were extracted by grinding 0.5 g or
0.25 g, respectively, with and ice-cold potter and 6 ml of 100 mM potassium
phosphate buffer (pH 7.4) as described previously (Ruiz-Lozano et a/, 2001). Lipid
peroxidation was estimated as the content of 2-thiobarbituric acid-reactive
substances (TBARS) and expressed as equivalents of malondialdehyde (MDA)
according to Halliwell and Gutteridge (1989).

1.2.4.5. Preparation of root and nodule extracts

Enzymes were extracted at 0-4 °C from 1 g (f wt) root tissues using a
mortar and pestle with 50 mg polyvinylpolypyrrolidone (PVPP) and 10 ml of the
following optimized medium: 50 mM K-phosphate buffer pH 7.8 containing 0.1 mM
EDTA for SOD, CAT and ascorbate peroxidase (APX) (Gogorcena et al., 1995).
The same medium supplied with 10 mM B-mercaptoethanol was used for
glutathione reductase (Moran et al, 1994). For nodules, enzymes were extracted
from 0.3 g (f. wt) aliquots in 5 ml of the above-mentioned media using an ice-cold
potter. Extracts were filtered through four layers of nylon cloth and centrifuged
at 20,000 g, 20 min, 0-4 °C. The supernatants were kept at -70 °C for subsequent
enzymatic assays.

Soluble protein was determined by the dye binding microassay (Bio-Rad)
using BSA as the standard.

1.2.4.6. Enzyme assays

Total SOD activity (EC 1.15.1.1) was measured according to Beyer and
Fridovich (1987) based on the ability of SOD to inhibit the reduction of nitroblue
tetrazolium (NBT) by superoxide radicals generated photochemically. One unit of
SOD was defined as the amount of enzyme required fo inhibit the reduction rate
of NBT by 50% at 25 °C. CAT activity (EC 1.16.1.6) was measured by the
disappearance of H,O, (Aebi, 1984). The reaction mixture (3ml) contained 10.6
mM H,O,. The reaction was initiated by adding 25 ul of the extract and
monitoring the change in absorbance at 240 nm and 25 °C for 3 min. APX activity
(EC 1.11.1.11) was measured in a 1-ml reaction volume containing 50 mM potassium
phosphate buffer (pH 7.0), 0.1 mM hydrogen peroxide and 0.5 mM ascorbate.
Adding the H,0, started the reaction and the decrease in absorbance at 290 nm
was recorded for 1 min to determine the oxidation rate of ascorbate (Amako et
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al, 1994). Finally, GR activity (EC 1.6.4.2) was determined by the procedure of
Carlberg and Mannervik (1985). The reaction mixture (1 ml) contained 0.1 M
HEPES pH 7.8, ImM EDTA, 3 mM MgCl;, 0.5 mM oxidized glutathione, 0.2 mM
NADPH and 150 pl of the enzyme extract. The rate of NADPH oxidation was
monitored by the decrease in absorbance at 340 nm for 2 min. Two blanks, one
without the enzyme extract and the other without oxidized glutathione were used
as controls.

1.3. Results
1.3.1. Plant biomass and symbiotic development

Shoot d. wt was higher in the mycorrhizal treatments (well-watered
and drought stressed) than in the corresponding non-mycorrhizal controls (Table
1). Drought stress decreased shoot dry weight in all plants, but stressed
mycorrhizal plants had 15% more shoot d. wt than stressed non-mycorrhizal
treatment.

Mycorrhizal infection

Treatment Shootd.wt Nodulefwt F M = a |
Br WW 2.40b 0.35¢c 0b Ob Ob
BrDS 2.00c 0.18d 0b 0b 0b
Br + Gm WW 2.90a 0.75a 95a 75a 81a
Br+ Gm DS 2.30b 0.50b 94a 68a 88a

Table 1. Shoot dry weight (mg plant™), nodule fresh weight (g plant™') and mycorrhizal root infection
(F%, M%, and a%) in non-mycorrhizal (Br) or mycorrhizal (Br+Gm) soybean plants grown under well-
watered (WW) or drought stress (DS) conditions. Means followed by the same letter are not significantly
different (P < 0.05) as determined by Duncan's multiple-range test (n = 5).

The nodule fresh weight was always higher in mycorrhizal than in non-
mycorrhizal plants, regardless of the water treatment (Table 1).

No mycorrhizal colonization was observed in plants not provided with AM
inoculum. The values of F, M and a were similar in both mycorrhizal tfreatments
(unaffected by drought stress).

1.3.2. Nodule functioning and protein content

Nitrogenase activity was measured by the ARA test in total roots. ARA
activity was higher in 6Gm+Br than in Br plants (Figure 1). This increase was
considerably more evident under drought stress conditions (240% increase).
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Nodules of mycorrhizal plants cultivated under well watered conditions had
enhanced protein content as compared to the non-mycorrhizal plants (Figure 1).
Drought decreased the protein content in nodules from the mycorrhizal plants, but
it was similar to that of nodules from non-mycorrhizal plants.
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Figure 1. Acetylene reductase activity (ARA) (umol ethylene h”' g f. wt nodule) and protein content
(mg g f. wt'! nodule) in nodules of soybean plants cultivated under well-watered (WW) or drought-stress
(DS) conditions. Treatments are designed as Br, Bradyrhizobium japonicum and Gm+Br, Glomus
mosseae plus B. japonicum.

1.3.3. Hydrogen peroxide accumulation and oxidative damage to lipids

No significant differences among the different treatments were found in
hydrogen peroxide concentration in nodules (Figure 2).
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Figure 2. Hydrogen peroxide concentration (nmol H,O, g”' f. wt nodule) in nodules of soybean plants
cultivated under well-watered (WW) or drought-stress (DS) conditions. Treatments are designed as Br,
Bradyrhizobium japonicum and Gm+Br, Glomus mosseae plus B. japonicum.
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In roots, the oxidative damage to lipids increased as consequence of
drought (Figure 3).
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Figure 3. Oxidative damage to lipids (nmol MDA g’ f. wt) in roots and nodules of soybean plants
cultivated under well-watered (WW) or drought-stress (DS) conditions. Treatments are designed as Br,
Bradyrhizobium japonicum and Gm+Br, Glomus mosseae plus B. japonicum.

The increase was higher in non-mycorrhizal plants (by 42%) than in the
mycorrhizal ones (by 15%). The oxidative damage to lipids was also higher in
nodules from non-mycorrhizal plants than in those from mycorrhizal plants and
that happened both under well-watered and under drought stress conditions.
However, the differences in lipid peroxidation between nodules of mycorrhizal
and non-mycorrhizal plants were higher under drought stress conditions (31%
more lipid peroxidation in non-mycorrhizal plants) than under well-watered
conditions (21% more lipid peroxidation in non-mycorrhizal plants).

1.3.4. Antioxidant activities

The specific SOD activity in roots was similar in all freatments. In
contrast, in nodules, SOD activity was higher in non-mycorrhizal than in
mycorrhizal plants (Figure 4A).

CAT activity in roots was 60% higher in mycorrhizal than in non-
mycorrhizal plants under well-watered conditions (Figure 4B). Non-mycorrhizal
plants subjected to drought showed the highest CAT activity in nodules.

APX in roots was enhanced by drought stress both in mycorrhizal and in
non-mycorrhizal plants (Figure 4C). The highest APX activity was found in
droughted non-mycorrhizal plants, which showed an increase of 80% relative to
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the droughted mycorrhizal plants. In nodules, however, the highest APX activity
was found in well-watered non-mycorrhizal plants. Drought decreased APX
activity by 23% in such treatment. The lowest APX activity was found in nodules
from well-watered mycorrhizal plants although drought increased the APX
activity in AM plants to a level similar to that of droughted non-mycorrhizal
plants.

The most significant result was obtained regarding GR activity (Figure 4D).
In roots, mycorrhizal plants had higher GR activity than non-mycorrhizal ones (over
350% increase). Drought had no significant effect on GR activity of roots of either
treatment. In nodules, again the mycorrhizal treatment had more GR activity than
the non-mycorrhizal ones. The difference was more evident under drought stress
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Figura 4. A. Superoxide dismutase (SOD) activity (units min" mg™ protein); B. Catalase (CAT) activity
(umol min"' mg" protein); C. Ascorbate peroxidase (APX) activity (nmol min' mg' protein);D.
Gluthation reductase (GR) activity (nmol min™! mg'1 protein). All of these determinations ware made in
roots and nodules of soybean plants cultivated under well-water (WW) or drought-stress (DS) conditions.
Treatments are designed as Br, Bradyrhizobium japonicum and Gm+Br, Glomus mosseae plus B.

Jjaponicum.
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1.3.5. Water consumption

The daily water consumption was measured with the Thetaprobe ML2x by
determining the volumetric soil moisture in each pot. Since pots were daily
watered to reach 17% of volumetric soil moisture (well-watered treatments) or
12% of volumetric soil moisture (drought stressed treatments), the reading of
the ThetaProbe ML2x before watering was used to estimate water consumption
per plant and per day. Under well-watered conditions, no differences in soil
moisture were observed between mycorrhizal and non-mycorrhizal plants (Figure
8). In contrast, under drought stress conditions mycorrhizal plants depleted more
the soil water content (average volumetric soil moisture of 7.55%) than non-
mycorrhizal plants (average volumetric soil moisture of 8.15%). Such difference in
volumetric soil moisture is equivalent to 3 ml pot? day’ of extra water
consumption in mycorrhizal plants.
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Figure 5. Volumetric soil moisture (% vol) before watering in pots containing soybean plants cultivated
under well-watered (WW) or drought-stress (DS) conditions. Treatments are designed as Br,
Bradyrhizobium japonicum and Gm+Br, Glomus mosseae plus B. japonicum.

1.4 Discussion

Many of the degenerative reactions associated with several biotic, abiotic
and xenobiotic stresses are mediated by ROS. The term ROS is generic,
embracing not only free radicals such as superoxide and hydroxyl radicals, but
also H,O; and singlet oxygen. While it is generally assumed that the hydroxyl
radical and singlet oxygen are so reactive that their production must be minimized
(Jakob and Heber, 1996), O, and H,O; are synthesized at very high rates even
under optimal conditions (Noctor and Foyer, 1998). The chief toxicity of O, and
H0:; is thought fo reside in their ability to initiate cascade reactions that result
in the production of the hydroxyl radicals. These radicals (and their derivatives)
are among the most reactive species known to chemistry, capable of reacting
indiscriminately fo cause oxidative damage to biomolecules such as lipid
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peroxidation, denaturation of proteins and mutation of DNA (Halliwell and
Gutteridge, 1989; Bowler et al, 1992).

We concluded in our previous study that alleviation of oxidative damage to
biomolecules in nodules might be involved in the protective effect of AM symbiosis
against nodule senescence (Ruiz-Lozano et a/, 2001). In this study we have
evidenced again a significantly lower oxidative damage to lipids in roots and nodules
of droughted mycorrhizal plants than in non-mycorrhizal plants. Hence, in this
investigation we analyzed in root and nodule tissues the activities of four enzymes
well documented as involved in ROS scavenging.

The efficient destruction of O;” and H;O, requires the action of several
antioxidant enzymes acting in synchrony. Superoxide is rapidly converted to H.O,
by the action of SOD (Bowler et al, 1992). However, dismutation of O,” simply
serves to convert one destructive ROS to another. Since H,O: is a strong oxidant
that rapidly oxidizes thiol groups, it cannot be allowed to accumulate to excess
(Noctor and Foyer 1998). CATs convert H,O, to water and molecular oxygen in
peroxisomes. These enzymes have extremely high maximum catalytic rates but low
substrate affinities (Willekens et a/, 1995). Furthermore, the absence of CAT in
the chloroplast precludes a role in protection of the thiol-regulated enzymes of
the Calvin cycle. An alternative mode of H,O, destruction is via peroxidases, which
are found throughout the cell and which have a much higher affinity for H.O, than
CAT (Jiménez et al, 1997). Plants contain high activities for the enzymes of the
ascorbate-glutathione cycle in which H,0, is scavenged. In the first step of this
pathway, APX, which is the most important peroxidase in H.O, detoxification
(Noctor and Foyer, 1998), catalyzes the reduction of H,O, to water by ascorbate,
and the resulting monodehydroascorbate and dehydroascorbate are reduced back
to ascorbate by monodehydroascorbate reductase (MR) and by dehydroascorbate
reductase (DR) plus GR, respectively (Iturbe-Ormaetxe et a/, 2001).

Curiously, the hydrogen peroxide concentration measured in nodules in this
study was similar in all freatments. However, it should be considered that H,O; is
involved in virtually all major areas of aerobic biochemistry (e.g. respiratory and
photosynthetic electron transport; oxidation of glycolate, xanthine and glucose)
and is produced in copious quantities by several enzyme systems (Noctor and Foyer,
1998). Moreover, in some circumstances, the destructive power and signalling
potential of ROS such as H,O, are utilized as an effective means of defense
(Levine et al, 1994; Foyer et al, 1997).

The results obtained in relation to four antioxidant activities showed that
only the GR activity was higher in mycorrhizal roots than in the non-mycorrhizal
ones. The other antioxidant activities were similar (SOD and CAT) or lower (APX)
in the droughted mycorrhizal roots than in the corresponding non-mycorrhizal ones.
Similarly, in nodules, the SOD, CAT and APX activities were lower in the droughted
mycorrhizal plants than in the non-mycorrhizal plants while, again, the GR activity
was higher in nodules from mycorrhizal plants. In previous works where several
enzymes have been studied under the same stress condition differential responses
have frequently been observed (Walker and McKersie, 1993; Willekens et al., 1994;
Conklin and Last, 1995). Moreover, determinations of total activities in crude
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homogenates may not adequately reflect the importance of compartment-specific
changes (Noctor and Foyer, 1998) since it is not considering the activities at the
sites where antioxidants are synthesized and required, i.e. the various nodule and
root cell organelles (Mittova et a/,, 2000).

In all living organisms, glutathione (6SH) is the major low molecular weight
thiol-containing compound. It is present in millimolar concentrations in different
tissues, where it is a general reductant (Foyer et al, 1991). In addition, it has
several important functions, including the removal of foxic oxygen derivatives in
the ascorbate-glutathione cycle, the induction of enzymes, and it participates in
sulphur metabolisms and gene expression (Foyer et al, 1995). Some legumes
contain homogluthatione (hGSH) instead of or in addition to GSH. It is not known
why hGSH is restricted to legumes and what specific role, if any, this thiol may
play in nodule functioning. Matamoros et a/. (1999) measured the thiol composition
in 8 legumes of agronomic interest, including soybean. This study showed that
hGSH predominated in soybean, bean and mungbean plants. In any case, both thiol
compounds (6SH and hGSH) were present in nodules of these plants. The same
study also showed that, under induced premature nodule senescence, the
concentration of GSH in nodules of bean became higher than that of hGSH, while
no measurement was done in soybean.

Although it has been suggested that enhanced GSH content is not in itself
sufficient to improve resistance to high rates of ROS production (Noctor and
Foyer, 1998), the increase of GR activity (the enzyme which regenerates the
oxidized GSH into its reduced form) observed in mycorrhizal plants could be of
importance regarding alleviation of damage caused by drought stress. In a recent
study Kranner (2002) correlated the amount of reduced GSH with different
degrees of desiccation tolerance in lichens. GR has been postulated to play an
important role in plant protection against various forms of stress (Aono et al,
1995). Enhanced GR activity has been associated with increases in ascorbate
contents (Foyer et al, 1995), better protection of ascorbate and glutathione pools
against paraquat stress (Foyer et al, 1991; 1995), decreased sensitivity to
photoinhibition (Foyer et a/, 1995), and mitigated foliar damage during exposure to
paraquat (Aono et al, 1993). Moreover, the decrease in GR activity has been
correlated with enhanced paraquat sensitivity in tobacco plants (Aono et a/, 1995).

In conclusion, the results obtained in this study suggest that the
consistently higher GR activity in roots and nodules of mycorrhizal plants might
have generated reduced antioxidants (GSH), which helped to decrease the
oxidative damage to biomolecules that is involved in premature nodule senescence.
In fact, the ASC-GSH cycle, of which the GR together with APX are important
components, is one of the main antioxidant defenses in plants (Becana et al,
2000) and is also present in the cytosol of nodule cells (Dalton, 1995). It has been
proposed that the impairment of the ASC-GSH cycle in the nodules may be a
common feature in the process of nodule senescence (Escuredo et al,, 1996). This
idea agrees with recent findings by Burritt et al. (2002) who have postulated that
the ability of seaweeds plants to prevent or reduce the production of ROS was
due to increased activity of the enzymes required to regenerate ascorbate and
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glutathione, as is the case of GR. However, we would also expect an increased APX
activity in nodules of droughted mycorrhizal plants, while it was similar fo that
found in nodules of droughted non-mycorrhizal plants. Hence, it seems unlikely
that only the increase of GR activity is responsible of the important protective
effect observed (Ruiz-Lozano et a/, 2001). We propose that other mechanisms
might have contributed to the protection of soybean plants against drought-
induced nodule senescence. One possibility is that AM symbiosis leads to a lower
drought-induced oxidative stress in mycorrhizal plants due to primary drought-
avoidance mechanisms such as the higher water retention properties of a
mycorrhizal soil as compared to the soil of non-mycorrhizal plants (Augé et al,
2001a, b), as well as to the ability of AM hyphae to take up water from sources
inaccessible to the non-mycorrhizal roots and transfer to the host plant (Hardie,
1985; Ruiz-Lozano and Azcén, 1995). Data on daily plant water consumption
showed a higher ability of mycorrhizal plants to deplete soil water when water
availability was limited and support the hypothesis that a primary drought-
avoidance mechanisms, namely direct water uptake by hyphae, is also involved in
the protection of mycorrhizal soybean plants against premature drought-induced
nodule senescence.
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INFLUENCIA DE LA SIMBIOSIS MICORRICICO ARBUSCULAR (MA)
SOBRE EL POTENCIAL HIDRICO. ACUMULACION DE SOLUTOS Y
ESTRES OXIDATIVO EN PLANTAS DE SOJA
SOMETIDAS A DEFICIT HIDRICO

Resumen

Este estudio ha investigado varios aspectos relacionados con la tolerancia a
la sequia en plantas de soja micorrizadas. La investigacion ha incluido tanto parte
aérea como raiz con el fin de poder revelar el tejido diana donde se manifiestan los
efectos de la MA frente al estrés hidrico. Las plantas de soja micorrizadas y no
micorrizadas fueron cultivadas tanto en condiciones dptimas como en condiciones
de déficit hidrico, y se determinaron pardmetros como el estatus hidrico de la
hoja, acumulacidn de solutos y dafio oxidativo a lipidos. Los resultados mostraron
que las plantas MA se vieron protegidas frente a la sequia, como lo demuestra su
mayor produccion de biomasa de parte aérea. El potencial hidrico de la hoja fue
también mayor en plantas MA estresadas (-1.9 MPa) que en las plantas nho
micorrizadas (-2.5 MPa). Las raices MA acumularon mds prolina que las raices no
MA, mientras que se observé el efecto contrario en parte aérea. La peroxidacién
lipidica fue un 55% menor en parte aérea de plantas micorrizadas sometidas a
estrés hidrico que en las plantas no micorrizadas sometidas a estrés. Dado que nho
se encontré correlacion directa entre el menor dafio oxidativo a lipidos en plantas
MA y la actividad de los enzimas antioxidantes, parece que la simbiosis MA
primero mejoré el ajuste osmotico en raices, lo que podria haber contribuido a
mantener un gradiente de potencial hidrico favorable a la entrada de agua desde el
suelo a la raiz. Ello permitird un mayor potencial hidrico en las hojas de plantas MA
durante la sequia y las protegeria frente al estrés oxidativo generado por el
déficit hidrico. Estos efectos resultarian en un incremento de la tolerancia de las
plantas MA frente a la sequia.

Palabras clave: Simbiosis micorricico arbuscular, sequia, ajuste osmdtico, dafio oxidativo.
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ARBUSCULAR MYCORRHIZAL INFLUENCE ON LEAF WATER
POTENTIAL, SOLUTE ACCUMULATION, AND OXIDATIVE STRESS
IN SOYBEAN PLANTS SUBJECTED TO DROUGHT STRESS

Abstract

This study investigated several aspects related to drought tolerance in
arbuscular mycorrhizal (AM) soybean plants. The investigation included both shoot
and root tissues in order to reveal the preferred target tissue for AM effects
against drought stress. Non-AM and AM soybean plants were grown under well-
watered or drought-stressed conditions, and leaf water status, solute
accumulation, oxidative damage to lipids and other parameters were determined.
Results showed that AM plants were protected against drought, as evidenced by
their significantly higher shoot biomass production. The leaf water potential was
also higher in stressed AM plants (-1.9 MPa) than in non-AM plants (-2.5 MPa). The
AM roots had accumulated more proline than non-AM roots, while the opposite was
observed in shoots. Lipid peroxides were 55% lower in shoots of droughted AM
plants than in droughted non-AM plants. Since there was no correlation between
the lower oxidative damage to lipids in AM plants and the activity of antioxidant
enzymes, it seems that first the AM symbiosis enhanced osmotic adjustment in
roots, that could contribute fo maintain a water potential gradient favorable to
the water entrance from soil into the roots. This enabled higher leaf water
potential in AM plants during drought and kept the plants protected against
oxidative stress, and these cumulative effects increased the plant tolerance to
drought.

Key words: arbuscular mycorrhizal symbiosis, drought, osmotic adjustment,
oxidative damage.

2.1. Introduction

Drought stress is considered one of the most important abiotic factors
limiting plant growth and yield in many areas (Kramer and Boyer, 1997) and
arbuscular mycorrhizal (AM) symbiosis can protect host plants against its
detrimental effects (for reviews see Augé, 2001, Ruiz-Lozano, 2003). Although
mycorrhizal effects on plant water relations are not as dramatic and consistent as
those on P acquisition and host growth, it is accepted that modest changes, if
sustained, can have meaningful effects on plant fitness (Augé, 2001). Several
studies on the topic have demonstrated that the contribution of the AM symbiosis
to plant drought tolerance results from a combination of physical, nutritional,
physiological and cellular effects (Ruiz-Lozano, 2003). This appears to be due in
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many instances to differences in tissue hydration between AM and non-AM plants:
one treatment group manages to either absorb more water or lose less water as
the soil dries (Augé et al, 200la). However, this seems not to be the only
mechanism by which AM symbiosis enhances drought tolerance of plants.
Additional mechanisms have been proposed such as enhanced osmotic adjustment
and leaf hydration or reduced oxidative damage caused by the reactive oxygen
species (ROS) generated during drought (Ruiz-Lozano, 2003). In fact, it has been
shown that mycorrhizal colonization and drought interact in modifying free amino
acid and sugar pools in roots (Augé et al, 1992). A greater osmotic adjustment has
been also reported in leaves of mycorrhizal basil plants than in nonmycorrhizal
ones during a lethal drought period (Kubikova et a/, 2001). In the same way, AM
plants had postponed declines in leaf water potential (¥) during drought stress
(Davies et al, 1992; Subramanian et al, 1997; El-Tohamy et a/,, 1999) and leaf ¥
returned to non-AM level more quickly in AM than non-AM maize plants after the
relief of drought (Subramanian et a/, 1997). In contrast, leaf ¥ was similar in AM
and non-AM plants when water was not limiting (Ebel et a/, 1996, Bryla and
Duniway, 1997). Finally, mycorrhizal lettuce plants showed increased superoxide
dismutase (SOD) activity under drought stress and this correlated fo plant
protection against drought (Ruiz-Lozano et a/, 1996; 2001a). In the same way, AM
soybean plants subjected to drought had lower oxidative damage to lipids and
proteins in nodules than non-AM plants, and this was linked with protection against
nodule senescence (Ruiz-Lozano et a/, 2001b; Porcel et al., 2003).

While several studies have focussed on the physiological, biochemical and
molecular responses of shoot plant tissues to drought, few studies have
considered the root systems at the same time, although this organ constitutes the
primary site of drought perception and plays an important role in drought stress
resistance and recovery. Root size and architecture are important factors for
determining yield performance, particularly under conditions of limited water
availability (Price et a/, 2000). Roots are also actively involved in the perception
and transduction of the drought stress signal and the information seems to be
transferred to the whole plant via growth regulators (ABA or ethylene) that
induce stomatal closure (Dubos and Plomion, 2003).

This study extends to the root system previous investigations on soybean
shoot and nodule tissues in order to elucidate the preferred target tissue for AM
effects against drought stress. For that, the effects of AM symbiosis on solute
accumulation and on the oxidative damage to lipids and antioxidant activities in
root and shoots of soybean plants were evaluated.

2.2. Materials and Methods

2.2.1. Experimental design and statistical analysis

The experiment consisted of a randomized complete block design with two
inoculation treatments: (1) control nonmycorrhizal plants (2) plants inoculated
with the mycorrhizal fungus &lomus intraradices Schenck and Smith. Ten
replicates of each treatment were done totalling 20 pots (one plant per pot) so
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that half of them were cultivated under well-watered conditions throughout the
entire experiment, while the other half were drought-stressed for 10 days
before harvest.

Data were subjected to analysis of variance (ANOVA) with mycorrhizal
treatment, water supply and mycorrhizal treatment-water supply interaction as
sources of variation, and followed by Duncan’s multiple range test (Duncan, 1955).
Percentage values were arcsin transformed before statistical analysis.

2.2.2. Soil and biological materials

Loamy soil was collected from the Zaidin Experimental Station (6ranada,
Spain), sieved (2 mm), diluted with quartz-sand (<1 mm) (1:1, soil:sand, v/v) and
sterilized by steaming (100 °C for 1 h for 3 days). The soil had a pH of 8.1 (water,
10 g soil in 25 ml water); 1.81% organic matter, available nutrient concentrations
(mg kg): N, 2.5; P, 6.2 (NaHCO;-extractable P); K, 132.0. The soil texture was
made up of 35.8% sand, 43.6% silt and 20.5% clay.

Soybean (&lycine max L. cv Williams) seeds were sterilized in a 15% H,O,
solution for 8 min, then washed several times with sterile water to remove any
trace of chemical that could interfere in seed germination, and placed on sterile
vermiculite at 25 °C to germinate. Three-day-old seedlings were transferred to
plastic pots containing 600 g of the sterilized soil/sand mixture. A suspension (1
ml seed™) of the diazotrophic bacterium Bradyrhizobium japonicum, strain USDA
110 (10° cell mI™), was sprinkled over all seedlings at the time of planting.

Mycorrhizal inoculum was bulked in an open-pot culture of Zea maysL. and
consisted of soil, spores, mycelia and colonized root fragments. The AM species
was &lomus intraradices Schenck and Smith, isolate EEZ 6, BEG 121. Ten grams of
inoculum were added to the appropriate pots at sowing time just below soybean
seedlings.

2.2.3. Growth conditions

Plants were grown in a controlled environmental chamber with 70-80% RH,
day/night temperatures of 25/15°C, and a photoperiod of 16 h at a
photosynthetic photon flux density (PPFD) of 460 umol m? s™ (Licor, Lincoln, NE,
USA, model LI-188B).

Soil moisture was measured with a ML2 ThetaProbe (AT Delta-T Devices
Ltd., Cambridge, UK), which measures volumetric soil moisture content by
responding to changes in the apparent dielectric constant of moist soil. Water
was supplied daily to maintain constant soil water content close to field capacity
(17% volumetric soil moisture, as determined experimentally using a pressure
plate apparatus and applying a pressure of one third atmosphere for 48h, and
then determining the volumetric soil moisture) during the first 5 weeks of plant
growth. At this time half of the plants were allowed to dry until soil water
content reached 70% field capacity (three days needed), which corresponded to
10% volumetric soil moisture (also determined experimentally in a previous assay).
Plants were maintained under such conditions for additional 10 days. In order to

119



Capitulo 2

control the level of drought stress, the soil water content was daily measured
with the ThetaProbe ML2 (at the end of the afternoon) and the amount of water
lost was added to each pot in order fo return soil water content at the desired
10% of volumetric soil moisture (70% of field capacity). However, during the 24h-
period comprised between each rewatering the soil water content was
progressively decreasing until a minimum value of 55% of field capacity.

Each week throughout the experiment, plants received 10 ml of Hewitt’s
nutrient solution lacking N and P (Hewitt, 1952). Three weeks after planting, non-
AM plants received nutrient solution amended with 0.35 mM K,HPO4 (Goicoechea
et al, 1997). That P concentration was chosen to obtain well-watered plants of
similar size and P content in both plant tfreatments.

2.2.4. Parameters measured
2.2.4.1. Biomass production

At harvest (48 days affer planting), the shoot and root system were
separated and the shoot dry weight (DW) measured after drying in a forced hot-
air oven at 70 °C for two days.

2.2.4.2. Symbiotic development

The percentage of mycorrhizal root infection was estimated by visual
observation of fungal colonization after clearing washed roots in 10% KOH and
staining with 0.05% trypan blue in lactophenol (v/v), according to Phillips and
Hayman (1970). The extent of mycorrhizal colonization was calculated according
to the gridline intersect method (Giovannetti and Mosse, 1980).

2.2.4.3. Leaf water potential

The mid-day leaf water potential (¥) was determined with a C-52
thermocouple psychrometer chamber and a HR-33T dew point microvoltmeter
(Wescor Inc, Logan, UT, USA). Leaf discs corresponding to the third youngest
leave were cut, placed inside the psychrometer chamber and allowed to reach
temperature and water vapour equilibrium for 30 min before measurements were
made by the dew point method.

2.2.4.4. Proline and total soluble sugars

Free proline and total soluble sugars were extracted from 1 g of fresh root
and leaves (Bligh and Dyer, 1959). The methanolic phase was used for
quantification of both substances. Proline was estimated by spectrophotometric
analysis at 515 nm of the ninhydrin reaction, according to Bates et al (1973).
Soluble sugars were analyzed by 0.1 ml of the alcoholic extract reacting with 3 ml
freshly prepared anthrone (200 mg anthrone + 100 ml 72% (w:w) H,SO,) and
placed in a boiling water bath for 10 min according o Irigoyen et al (1992). After
cooling, the absorbance at 620 nm was determined in a Shimadzu UV-1603
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spectrophotometer. The calibration curve was made using glucose in the range of
20 to0 400 pg ml™.

2.2.4.5. Hydrogen peroxide concentration and oxidative damage to lipids

For the deftermination of hydrogen peroxide concentration aliquots (0.5 g)
of roots and leaves were homogeneized with an ice-cold potter in HCl 25 mM and
filtered through four layers of nylon cloth. The supernatants were adjusted to pH
7.0 for subsequent H,O, quantification, which was performed by the 4-
aminoantipyrine method (Frew et a/,, 1983).

Lipid peroxides were extracted by grinding 0.5 g of roots or leaves with
and ice-cold mortar and 6 ml of 100 mM potassium phosphate buffer (pH 7).
Homogenates were filtered through one Miracloth layer and centrifuged at
15,000 g for 20 min. The chromogen was formed by mixing 200 ul of supernatants
with 1 ml of a reaction mixture containing 15% (w/v) trichloroacetic acid (TCA),
0.375% (w/v) 2-thiobarbituric acid (TBA), 0.1% (w/v) butyl hydroxytoluene, 0.25
N HCl and by incubating the mixture at 100 °C for 30 min (Minotti and Aust,
1987). After cooling at room temperature, fubes were centrifuged at 800 g for 5
min and the supernatant was used for spectrophotometric reading at 535 nm.
Lipid peroxidation was estimated as the content of 2-thiobarbituric acid-reactive
substances (TBARS) and expressed as equivalents of malondialdehyde (MDA)
according to Halliwell and Gutteridge (1989). The calibration curve was made using
MDA in the range of 0.1-10 nmol. A blank for all samples was prepared by
replacing the sample with extraction medium, and controls for each sample were
prepared by replacing TBA with 0.25 N HCIl. In all cases, 0.1% (w/v) butyl
hydroxytoluene was included in the reaction mixtures fo prevent artifactual
formation of 2-thiobarbituric acid-reactive substances (TBARS) during the acid-
heating step of the assay.

2.2.4.6. Preparation of extracts from roots and shoots

Enzymes were extracted at 0-4 °C from 1 g (fresh weight (FW)) of root or
shoot tissues using a mortar and pestle with 50 mg polyvinylpolypyrrolidone (PVPP)
and 10 ml of the following optimized medium: 50 mM K-phosphate buffer pH 7.8
containing 0.1 mM EDTA for superoxide dismutase (SOD), catalase (CAT) and
ascorbate peroxidase (APX) (Gogorcena et al, 1995). The same medium supplied
with 10 mM B-mercaptoethanol was used for glutathione reductase (GR) (Moran et
al, 1994). Extracts were filtered through four layers of nylon cloth and
centrifuged at 20,000 g, 20 min, 0-4 °C. The supernatants were kept at -70 °C for
subsequent enzymatic assays.

Soluble protein was deftermined by the dye binding microassay (Bio-Rad,
Madrid, Spain) using BSA as the standard (Bradford, 1976).
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2.2.4.7. Enzyme assays

Total SOD activity (EC 1.15.1.1) was measured according fo Beyer and
Fridovich (1987) based on the ability of SOD to inhibit the reduction of nitroblue
tetrazolium (NBT) by superoxide radicals generated photochemically. One unit of
SOD was defined as the amount of enzyme required fo inhibit the reduction rate
of NBT by 50% at 25 °C. CAT activity (EC 1.16.1.6) was measured by the
disappearance of H,O, (Aebi, 1984). The reaction mixture (3ml) contained 10.6
mM H,O,. The reaction was initiated by adding 25 ul of the extract and
monitoring the change in absorbance at 240 nm and 25 °C for 3 min. APX activity
(EC 1.11.1.11) was measured in a 1 ml reaction volume containing 50 mM potassium
phosphate buffer (pH 7.0), 0.1 mM hydrogen peroxide and 0.5 mM ascorbate.
Adding the H,0, started the reaction and the decrease in absorbance at 290 nm
was recorded for 1 min to determine the oxidation rate of ascorbate (Amako et
al, 1994). Finally, GR activity (EC 1.6.4.2) was determined by the procedure of
Carlberg and Mannervik (1985). The reaction mixture (1 ml) contained 0.1 M
HEPES pH 7.8, ImM EDTA, 3 mM MgCl;, 0.5 mM oxidized glutathione, 0.2 mM
NADPH and 150 pl of the enzyme extract. The rate of NADPH oxidation was
monitored by the decrease in absorbance at 340 nm for 2 min. Two blanks, one
without the enzyme extract and the other without oxidized glutathione were used
as controls.

2.3. Results
2.3.1. Plant biomass and mycorrhizal colonization

Under well-watered conditions, shoot DWs of AM and non-AM soybean
plants were similar (Table 1).

Shoot DW?2 Root DW?2 Leaf w2

wpien) G ok R

AM plants
Well-watered 1.20a 0.95a -1.5¢
Drought-stressed 0.70b 0.57b -1.9b
Non-AM plants
Well-watered 1.27a 1.11a -1.6¢
Drought-stressed 0.55¢ 0.50b -2.5a
Significance of sources of variation
Mycorrhizae (M) ** ns *
Water regime (W) rx ** o
Mx W * ns *

Table 1. Shoot and root dry weight (g plant) and mid-day leaf water potential (¥, MPa) in AM or non-
AM soybean plants grown under well-watered or drought-stressed conditions.

* Means followed by the same letter are not significantly different (P < 0.05) as determined by Duncan's
multiple-range test (n = 5). Significance of the sources of variation is also displayed. * P< 0.05; ** P<
0.01; * **P< 0.001; ns, not significant.
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Drought stress decreased plant growth in both treatments (a decrease of
57% in non-AM plants and 42% in AM plants). In any case, drought-stressed AM
plants showed enhanced shoot DW (27%) as compared to non-AM plants. Root DW
was similar in AM and non-AM soybean plants at whatever water regime.

No mycorrhizal colonization was observed in plants not provided with AM
inoculum. Mycorrhizal plants showed about 50% of mycorrhizal root length both
under well-watered and drought-stressed conditions.

2.3.2. Leaf water potential (¥)

The leaf ¥ determined at the end of the drought period was similar in AM
and non-AM plants cultivated under well-watered conditions (Table 1). Drought
stress decreased ¥, but the decrease was larger in non-AM plants (-2.5 MPa)
than in AM plants (-1.9 MPa). The time-course of leaf ¥ during the entire drought
period showed a similar pattern for AM and non-AM plants, both under well-
watered and under drought stress conditions, with droughted non-AM plants
always exhibiting lower leaf ¥ than the corresponding AM plants (Figure 1).
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Figure 1. Time-course of midday leaf water potential (MPa) in AM or non-AM soybean plants cultivated
under well-watered (Ww) or under drought stressed (Ds) conditions. The measurements were taken

during the period that half of plants were subjected to drought stress.

2.3.3. Proline and total soluble sugar accumulation

Accumulation of proline increased considerably in roots as consequence of
drought stress and AM plants accumulated 14% more proline in roots than non-AM
plants (Figure 2; Table 2). In shoots drought stress also induced the accumulation
of proline. However, in such plant tissue, AM plants accumulated 39% less proline
than non-AM plants.
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i TS oot
Root_Sheot _Root, ShootyfigoluSlia

Mycorrhizae (M) *a * * * ** *
Water regime (W) b b ** * * *
M xW * * ns ns ns ns

Table 2. Significance of the sources of variation for proline and soluble sugar (SS) contents, and for
oxidative damage to lipids (ODL).

*P<0.05; ** P< 0.01; * **P< 0.001; ns, not significant.
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Figure 2. Proline content (umol g' FW) in shoots and roots of AM or non-AM soybean plants cultivated
under well-watered or under drought stress conditions

Under well-watered conditions, total soluble sugars in roots were higher in
AM plants than in non-AM plants (Figure 3; Table 2).
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Figure 3. Soluble sugars content (mg g’ FW) in shoots and roots of AM or non-AM soybean plants
cultivated under well-watered or under drought stress conditions.

Drought stress increased sugar accumulation, in both freatments, but no
significant differences between treatments were found under such conditions
according to ANOVA. In shoots, total soluble sugar was similar in both
treatments under well-watered conditions. Drought increased the sugar content in
non-AM plants by (116%), while AM plants showed similar sugar content than
under well-watered conditions.

2.3.4. Hydrogen peroxide accumulation and oxidative damage to lipids

No significant differences among the different treatments were found in
hydrogen peroxide concentration in roots or in shoots (data not shown). Roots of
all treatments accumulated about 150 nmol H,0, 9'1 FW, while shoots accumulated
about 10 times more.

In roots, the oxidative damage to lipids increased as consequence of
drought only in non-AM plants (Figure 4; Table 2).
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Figure 4. Oxidative damage to lipids (nmol MDA g FW) in shoots and roots of AM or non-AM soybean
plants cultivated under well-watered or under drought-stressed conditions.

AM plants showed similar level of lipid peroxidation under both water
conditions. However, under drought conditions, roots of AM plants exhibited 13%
less lipid peroxides than roots of non-AM plants. In shoots, the different
behaviour of AM and non-AM plants was more evident. Drought enhanced lipid
peroxidation in non-AM plants by 78%, while lipid peroxidation in shoots of AM
plants remained unaffected. In any case, under drought conditions, shoots of AM
plants had 55% less lipid peroxides than shoots of non-AM plants.

2.3.5. Antioxidant activities

In roots, SOD activity was similar in the different treatments, except for
drought-stressed AM roots, which had significantly lower SOD (Table 3). In
shoots, AM plants had lower SOD activity than non-AM plants when cultivated
under well-watered conditions and higher activity when cultivated under drought
stress conditions.

CAT activity showed an opposite behaviour in roots and in shoots (Table 3).
In roots, CAT activity only increased in AM plants as consequence of drought. In
shoots the CAT activity of AM plants was higher than in non-AM plants under
well-watered conditions, but under drought stress conditions the CAT activity of
AM plants decreased, reaching a similar value than in non-AM plants.
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APX resulted always higher in non-AM plants than in AM plants (Table 3).
Drought stress increased the APX activity in shoots of both AM and non-AM

plants in comparison fo well-watered conditions. Mycorrhizal roots had
significantly lower APX regardless of well-watered or drought-stressed
conditions.

GR activity was notably enhanced by drought stress in roots of non-AM
plants and decreased in roots of AM plants (Table 3). Drought-stressed AM and
non-AM shoots had similar GR activities while under well-watered conditions, the
GR activity increased by 40-fold in non-AM compared with AM plants.

SOoD? CAT? APX® GR®

reatments Root Shoot Root S
AM plants
Well-watered 10.2a 1.6¢c 3.3b 2.4a 0.5¢c 6.9c 1.6b 0.2c
Drought-stressed 7.0b 2.4b 5.3a 1.2c 0.6c 18.1b 0.6c 0.9b
Non AM plants
Well-watered 8.7a 2.9a 4.7ab 1.8b 1.6a 13.5b 1.5bc 4.0a
Drought-stressed 9.0a 1.5¢ 6.0a 1.4bc 1.2b 24.7a 3.3a 1.4b
Significance of sources of variation
Mycorrhizae (M) * ** ns * > *
Water regime (W) * b * * * *
MxW ns ns ns ns * ns ns

Table 3. SOD, CAT, APX and GR activities in roots and shoots of AM or non-AM soybean plants
grown under well-watered or drought-stressed conditions.

"Means followed by the same letter are not significantly different (P < 0.05) as determined by
Duncan's multiple-range test (n = 5). Significance of the sources of variation is also displayed. * P<
0.05; ** P< 0.01; * **P< 0.001; ns, not significant.

2.4. Discussion

Water deficit has profound effects on crop production. Even plants with an
optimum water supply experience transient water shortage periods, where water
absorption cannot compensate for water loss by transpiration (Kramer and Boyer,
1997). Arbuscular mycorrhizal symbiosis has been shown to increase plant
tolerance to water deficit, although the exact mechanisms involved are still a
matter of debate (Augé, 2001; Ruiz-Lozano, 2003).

This study investigated physiological and biochemical aspects related to
water relations and drought folerance in AM and non-AM plants subjected to
drought stress. AM plants showed higher tolerance to the drought stress imposed
(only for 10 d) than non-AM plants, as shown by their enhanced shoot biomass
production (27%), higher (less negative) leaf ¥ under such conditions or lower lipid
peroxidation.

Drought stressed plants have been shown to accumulate organic osmolytes
such as sugars and amino acids (proline) that are known to contribute to the host
plant tolerance under water-deficit conditions (Schellembaum et a/, 1998; Trotel-
Aziz et al, 2000). The enhanced sugar content in AM roots under well-watered
conditions may be due to the sink effect of the mycorrhizal fungus demanding
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sugars from shoots tissues. Under drought the sugar content in roots was similar
in both treatments, suggesting that osmotic adjustment occurred. In contrast, in
shoots the sugar content of droughted AM plants was considerably lower than in
non-AM plants. Schellembaum et a/. (1998) suggested that the AM fungus can be a
strong competitor for root-allocated carbon under conditions limiting
photosynthesis. These authors proposed that the lower hexose accumulation in
leaves of mycorrhizal plants in drought could be due to a lower availability of
photosynthates for storage in these tissues. However, another explanation is also
possible, that AM shoots were less strained by drought than non-AM ones. The
lower accumulation of compatible solutes may indicate that the plants more
successfully avoided drought stress (Augé, 2001). In fact, proline, the other
osmoregulator measured in this study, also accumulated less in shoots of AM
plants than in non-AM plants. The higher leaf ¥ in stressed AM plants (-1.9 MPa)
than in non-AM plants (-2.5 MPa) also support this last hypothesis (Subramanian et
al, 1995). In contrast, in roots proline accumulated more in AM plants than in non-
AM ones. The accumulation of proline and total soluble sugar in roots could have
provided the root with an osmotic mechanism to maintain a favourable ¥ gradient
for water entrance into the roots (Irigoyen et al, 1992) leading, therefore, to a
lower stress injury in the plant.

In addition to acting as an osmoprotectant, proline also serves as a sink for
energy to regulate redox potentials, as a hydroxyl radical scavenger, as a solute
that protects macromolecules against denaturation, and as a means of reducing
acidity in the cell (Smirnoff, 1993; Kishor et a/, 1995). This can be important for
AM plants since drought also induces an oxidative stress, which, it has been
pointed out, is responsible for many of the degenerative reactions caused by
drought. The oxidation of membrane lipids is a reliable indication of uncontrolled
free radical production and hence of oxidative stress (Noctor and Foyer, 1998).
Accordingly, the amount of lipid peroxides was quantified in roots and shoots. In
roots, the lipid peroxidation in AM plants subjected to drought was 13% lower
than in droughted non-AM plants. In shoots, lipid peroxidation was 55% lower in
droughted AM plants than in droughted non-AM plants. Curiously, the hydrogen
peroxide concentration measured in this study was similar in all treatments.
However, it should be remembered that H;O; is involved in virtually all major
areas of aerobic biochemistry (e.g. respiratory and photosynthetic electron
transport; oxidation of glycolate, xanthine and glucose) and is produced in copious
quantities by several enzyme systems, even under optimal conditions (Noctor and
Foyer, 1998). Moreover, in some circumstances, the destructive power and
signalling potential of ROSs such as H;O, are utilized as an effective means of
defence (Levine et al, 1994; Foyer et al., 1997).

The activities of four antioxidant enzymes were measured for correlation
with the oxidative damage to lipids. Results showed that there was no relationship
between the antioxidant activities and the decrease in lipid peroxidation in roots
and shoots of droughted AM plants. In addition, only shoot SOD and shoot APX
activities showed a significant interaction between mycorrhization and water
regime, while no significant interaction was observed for the other activities. In
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general, the results obtained for the four antioxidant activities agree with
previous results obtained in roots of soybean plants inoculated with &. mosseae
(Porcel et al, 2003). The only exception was found in relation to the GR activity
that, in the present study involving &. intraradices, was lower in roots of
droughted AM plants than in the corresponding non-AM plants, while in the
previous study, involving &. mosseae, the GR activity increased in AM plants
(Porcel et al, 2003). However, it must be borne in mind that the AM fungi utilized
in both studies were different and that dissimilar behaviour of AM fungi in
relation to several plant enzymatic activities has been often reported (Azcén et
al, 1996; Azcén and Tobar 1998; Calvente, 2003). In contrast to the GR activity,
the lower oxidative damage to lipids in AM plants seems to be a consistent effect
of AM symbiosis, regardless of the fungal species involved in the association
(Ruiz-Lozano et al., 2001b; Porcel et al, 2003; the present results).

In addition to the above-discussed drought-tolerance mechanisms, the AM
contribution to plant drought tolerance might also have occurred through drought
avoidance mechanisms such as hyphal water uptake (Hardie, 1985; Ruiz-Lozano and
Azcon, 1995; Marulanda et al, 2003) or increased water uptake related to
mycorrhizal changes in root morphology (Kothari et a/, 1990) or soil structure
(Augé et al, 2001a). Such mycorrhizal effects could allow plants to remain more
hydrated than non-AM plants as soil dries (Augé et al, 2001b). Data from the
present study, such as the higher mid-day leaf ¥ in AM than in non-AM plants, the
lower accumulation of soluble sugar and proline in shoots of AM than in non-AM
plants or the lower lipid peroxidation in AM than in non-AM plants without a
correlation with enhanced antioxidant activities in such plants, suggest that
possibility.

The overall data show that both root and shoot tissues are influenced by
AM symbiosis by means of drought-avoidance and drought-tolerance mechanisms.
It seems that first the AM symbiosis enhances osmotic adjustment in roots which
could contribute to maintaining a ¥ gradient favourable to the water passing from
soil into the roots. This enables higher leaf ¥ in AM plants during drought and
keeps the plants protected against oxidative stress, and these cumulative effects
increase the plant drought tolerance.
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EVALUACION DEL PAPEL DE GENES QUE CODIFICAN DEHIDRINAS
(LEA, D-11) BATO CONDICIONES DE DEFICIT HIDRICO EN
PLANTAS MICORRIZADAS DE Glycine maxY Lactuca sativa

Resumen

En este estudio se ha determinado si la simbiosis micorricico arbuscular
(MA) es capaz de alterar el patron de acumulacién de transcritos de dehidrina
(LEA, grupo D-11) bajo condiciones de déficit hidrico, y si esta posible alteracién
estd relacionada con la proteccion de las plantas hospedadoras frente a la sequia.
Se han clonado dos genes que codifican dehidrinas de Glycine max (gmlea 8y
gmlea 10) y uno de Lactuca sativa (/slea 1). Se ha analizado su contribucién a la
respuesta frente a la sequia en plantas micorrizadas de soja y lechuga. Los
resultados con las plantas de soja mostraron que la mayoria de los tratamientos no
presentaron expresion del gen LEA cuando se cultivaron en condiciones dptimas de
riego. La mayor expresién se encontré en las plantas control no inoculadas
sometidas a sequia. Sélo las plantas inoculadas Unicamente con Bradyrhizobium
Japonicum mostraron un significativo nivel de expresiéon del gen LEA bajo
condiciones optimas y un nivel inferior de expresién bajo condiciones de estrés
hidrico. Los mismos resultados se confirmaron en posteriores experimentos y en la
dltima fase de un experimento de evolucién temporal de la expresién. En lechuga,
el gen /s/ea 1 también fue inducido por estrés hidrico en todos los tratamientos.
Sin embargo, el nivel de induccion fue claramente mayor en raices de plantas no
inoculadas que en raices de los dos tratamientos MA ensayados. La totalidad de los
resultados demostré que los niveles de acumulacién de transcritos en los
tratamientos micorrizados sometidos a sequia fueron considerablemente mds bajos
que en las correspondientes plantas no micorrizadas, indicando que la acumulacién
de proteinas LEA no es un mecanismo por el cual la simbiosis MA proteja a las
plantas hospedadoras frente a la sequia.

Palabras clave: simbiosis micorricico arbuscular, déficit hidrico, dehidrina, proteina LEA
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EVALUATION OF THE ROLE OF GENES ENCODING FOR DEHYDRIN
PROTEINS (LEA D-11) DURING DROUGHT STRESS IN ARBUSCULAR
MYCORRHIZAL Glycine max AND Lactuca sativa PLANTS

Abstract

In this study, it has been determined whether the arbuscular
mycorrhizal (AM) symbiosis is able to alter the pattern of dehydrin (LEA D-11
group) transcript accumulation under drought stress, and whether such possible
alteration functions in the protection of the host plants against drought. Two
dehydrin-encoding genes have been cloned from &Glycine max (gmlea 8 and gmlea
10) and one from Lactuca sativa (/slea 1) and they have been analysed for their
contribution fo the response against drought in mycorrhizal soybean and lettuce
plants. Results with soybean plants showed that most of the treatments did not
show LEA gene expression under well-watered conditions. The higher gene
expression was found in non-inoculated plants subjected to drought. Only plants
singly inoculated with Bradyrhizobium japonicum showed an important level of LEA
gene expression under well-watered conditions and reduced level under drought
stress conditions. The same results were confirmed in subsequent experiments
and at the latest stage of a time-course experiment. In lettuce, /s/ea I gene was
also induced by drought stress in all freatments. However, the level of induction
was clearly higher in roots from non-inoculated plants than in roots from the two
AM treatments assayed. The overall results demonstrated that the levels of /ea
transcript accumulation in mycorrhizal treatments subjected to drought were
considerably lower than in the corresponding non-mycorrhizal plants, indicating
that the accumulation of LEA proteins is not a mechanism by which the AM
symbiosis protects their host plant.

Key words: arbuscular mycorrhizal symbiosis, dehydrin, drought stress,
LEA protein.

3.1. Introduction

Water deficit is one of the most common environmental stress factors
experienced by soil plants. It interferes with both normal development and
growth and has a major adverse effect on plant survival and productivity
(Colmenero-Flores et al, 1997; Kramer and Boyer, 1997). However, plants can
respond to drought stress at morphological, anatomical and cellular levels with
modifications that allow the plant to avoid the stress or to increase its tolerance
(Bray, 1997). The morphological and anatomical adaptations can be of vital
importance for some plant species, but they are not a general response of all plant
species. By contrast, the cellular responses to water deficit seem to be conserved
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in the plant kingdom. In addition, most terrestrial plants can establish a symbiotic
association with a group of soil fungi called arbuscular mycorrhizal (AM) fungi
(Smith and Read, 1997). The AM symbiosis is present in all natural ecosystems,
even in those affected by adverse environmental conditions (Barea and Jeffries,
1995). A number of studies have demonstrated that the AM symbiosis can
protect the host plants against the detrimental effects of drought stress (for
reviews see Augé, 2001; Ruiz-Lozano, 2003). It is accepted that the contribution
of the AM symbiosis to plant drought tolerance results from a combination of
physical, nutritional and cellular effects (Ruiz-Lozano, 2003). Studies carried out
so far have suggested several mechanisms by which the AM symbiosis can
alleviate drought stress in host plants. The most important are: direct uptake and
transfer of water through the fungal hyphae to the host plant (Hardie, 1985;
Allen, 1991; Ruiz-Lozano and Azcén, 1995; Marulanda et a/., 2003), better osmotic
adjustment of AM plants (Augé et al,, 1992; Ruiz-Lozano et al,, 1995a; Kubikova et
al, 2001), enhancement of plant gas exchange (Augé et al, 1987; 1992; Ruiz-
Lozano et al, 1995a, b; Duan et al, 1996; Goicoechea at al, 1997, Green et al,,
1998), changes in soil water retention properties (Augé et a/, 2001; 2004) and
protection against the oxidative damage generated by drought (Ruiz-Lozano et a/,
1996, 2001a, b; Porcel et al, 2003; Porcel and Ruiz-Lozano, 2004).

Among a diversity of responses, plants can adapt to water deficit by the
induction of specific genes (Zhu et a/, 1997) such as the gene family encoding for
a group of proteins called late embryogenesis abundant (LEA) proteins. These
proteins accumulate in seeds during their maturation phase, when folerance to
desiccation is required (Close, 1996). A variety of studies have demonstrated that
LEA proteins also accumulate in vegetative plant tissues during periods of water
deficit, which reinforced a role for these proteins as desiccation protectants
(Moons et al, 1997). It has been proposed that, during cellular dehydration, LEA
proteins play an important role in maintenance of the structure of other proteins,
vesicles, or endomembrane structures, in the sequestration of ions such as
calcium, in binding or replacement of water, and functioning as molecular
chaperones (Close 1996; Heyen et al, 2002; Koag et al, 2003). Currently, it is
known that over-expression of LEA proteins in plants and yeast confers tolerance
to osmotic stresses (Xu et al, 1996; Imai et al, 1996). Dehydrins are an
important group of LEA proteins (LEA D-11 family). They represent the most
conspicuous soluble proteins induced by a dehydration stress and have been
observed in over 100 independent studies of drought stress, cold acclimation,
salinity stress, embryo development and responses to ABA. Among the water-
stress-induced proteins so far identified, dehydrins are the most frequently
observed (Close, 1997; Cellier et al, 1998). It seems that dehydrins play a
fundamental role in the dehydration response of plants to a range of
environmental and developmental stimuli (Close, 1996). The multiple targets of
dehydrins (euchromatin, cytosol, cytoskeleton) suggest that the direct
consequences of dehydrin activity are biochemically diverse.

Although in recent years there has been an increase in the understanding
of the water relations of AM plants and the physiological processes involved in
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the enhanced tolerance of mycorrhizal plants to water limitation, there are still
many unknown aspects which must be elucidated (Ruiz-Lozano, 2003). Moreover, a
molecular basis for the tolerance to water stress in AM plants remains far from
being understood. No studies have been published so far on dehydrins (LEA D-11
group) in mycorrhizal plants. As these proteins seems to be part of the universal
plants responses against dehydration, it is of interest to determine whether the
AM symbiosis is able to alter the pattern of dehydrin accumulation under drought
stress and whether such possible alteration functions in the protection of the
host plants against drought. As a first approach, in the present study two
dehydrin-encoding genes from &lycine max (gmlea 8 and gmlea 10) and one from
Lactuca sativa (/slea 1) have been cloned and their contribution to the response
against drought in mycorrhizal soybean and lettuce plants has been analysed.

3.2. Materials and Methods

3.2.1. Experimental designs and statistical analysis

First experiment (with Glycine max)

The experiment consisted of a randomized complete block design with six
inoculation treatments: (1) plants inoculated with the nitrogen-fixing bacteria
Bradyrhizobium japonicum, strain USDA 110 (Br), (2) plants inoculated with the
arbuscular mycorrhizal (AM) fungus Glomus mosseae (Nicol. and Gerd.) Gerd. and
Trappe and B. japonicum (6m+Br), (3) plants inoculated with the AM fungus
Glomus intraradices (Schenck and Smith) and B. japonicum (Gi+Br) (4) plants
inoculated with 6. mosseae (6m), (B) plants inoculated with &. intraradices (Gi),
and (6) non-inoculated control plants (NI). These six inoculation treatments
included the different combinations of microorganisms able fo establish a
symbiotic association with soybean root. There were 12 replicates of each
treatments, totalling 72 pots (one plant per pot), so that half of them was
cultivated under well-watered conditions throughout the entire experiment, while
the other half was drought-stressed for 10 days before harvest (35 d after
inoculation).

Second experiment (with Glycine max)

The experiment consisted of a randomized complete block design with
three inoculation freatments: (1) plants inoculated with the nitrogen-fixing
bacteria Bradyrhizobium japonicum, strain USDA 110 (Br), (2) plants inoculated
with the AM fungus &lomus mosseae (Nicol. and Gerd.) Gerd. and Trappe and B
Japonicum (6Gm+Br) and (3) non-inoculated control plants (NI). For each treatment
plants were cultivated at four time intervals: 5, 12, 20 or 35 d after inoculation
(dai). There was a variable number of replicates of each treatment, ranging from
12 replicates for plants harvested after only 5 d, to 6 replicates for plant
harvested after 35 d, totalling 108 pots (one plant per pot). Half of the plants
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was cultivated under well-watered conditions throughout the entire experiment,
while the other half was drought-stressed for 5 d (for plants harvested 5 dai) or
for 10 d (for the rest of treatments) before harvest.

Third experiment (with Lactuca sativa)

The experiment consisted of a randomized complete block design with
three inoculation treatments: (1) plants inoculated with the AM fungus &lomus
mosseae (Nicol. and Gerd.) Gerd. and Trappe (6m), (2) plants inoculated with the
AM fungus Glomus intraradices (Schenck and Smith) (Gi) and (3) non-inoculated
control plants (NI). Ten replicates of each freatment were done, totalling 30 pots
(one plant per pot), so that half of them was cultivated under well-watered
conditions throughout the entire experiment, while the other half was drought-
stressed for 10 d before harvest.

Data were subjected to analysis of variance (ANOVA) with microbial
treatment, water supply, and microbial treatment-water supply interaction as
sources of variation, and followed by Duncan”s multiple range test (Duncan, 1955).
Percentage values were arcsin transformed before statistical analysis.

3.2.2. Soil and biological materials

Loamy soil was collected from the Zaidin Experimental Station (6ranada,
Spain), sieved (2 mm), diluted with quartz-sand (<1 mm) (1:1, soil:sand, v/v) and
sterilized by steaming (100 °C for 1 h for 3 d). The soil had a pH of 8.1 (water);
1.81% organic matter, nutrient concentrations (mg kg™): N, 2.5; P, 6.2 (NaHCO;-
extractable P); K, 132.0. The soil texture was made up of 35.8% sand, 43.6% silt
and 20.5% clay.

Soybean (&lycine max L. cv Williams) seeds were sterilized in a 15% H,O,
solution for 8 min, then washed several times with sterile water to remove any
trace of chemical that could interfere in seed germination, and placed on sterile
vermiculite at 25 °C to germinate. Three-day-old seedlings were transferred to
plastic pots containing 600 g of sterilized soil/sand mixture (1:1, v/v). When
appropriate, a suspension (2 ml seed) of the diazotrophic bacterium
Bradyrhizobium japonicum, strain USDA 110 (10® cell ml™) was sprinkled over the
seedling at the time of planting.

Three seeds of lettuce (Lactuca sativa L. cv. Romana) were sown in pots
containing 500 g of the same soil/sand mixture as described above and thinned to
one seedling per pot after emergence.

Mycorrhizal inoculum for each endophyte was bulked in an open-pot culture
of Allium cepa L. and consisted of soil, spores, mycelia and infected root
fragments. The AM species were &lomus mosseae (Nicol. and Gerd.) Gerd. and
Trappe, isolate BEG 122 and Glomus intraradices (Schenck and Smith) isolate BEG
121. Ten grams of inoculum of the two G/omus isolates, possessing similar infective
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characteristics (about 115 infective propagules per gram, according to the MPN
test), were added to appropriate pots at sowing fime just below soybean seedlings
or lettuce seeds.

Uninoculated control plants for each microbial treatment received the
same amount of autoclaved rhizobial and/or mycorrhizal inoculum.

3.2.3. Growth conditions

Plants were grown in a controlled environmental chamber with 70-80% RH,
day/night temperatures of 25/15 °C, and a photoperiod of 16 h at a
photosynthetic photon flux density (PPFD) of 460 umol m? s™ (Licor, Lincoln, NE,
USA, model LI-188B).

Soil moisture was measured with a ML2 ThetaProbe (AT Delta-T Devices
Ltd., Cambridge, UK), which measures volumetric soil moisture content by
responding to changes in the apparent dielectric constant of moist soil. Water
was supplied daily to maintain constant soil water content close to field capacity
(17% volumetric soil moisture, as determined experimentally using a pressure
plate apparatus and applying a pressure of one third atmosphere for 48h, and
then determining the volumetric soil moisture) during the first 4 weeks of plant
growth (first and third experiments). At that time, half of the plants was allowed
to dry until soil water content reached 70% field capacity (two days were
needed), which corresponded to 10% volumetric soil moisture (also determined
experimentally in a previous assay), while the other half was maintained at field
capacity. Plants were maintained under such conditions for additional 10 d. In
order fo control the level of drought stress, the soil water content was daily
measured with the ThetaProbe ML2 (at the end of the afternoon) and the amount
of water lost was added to each pot in order to return soil water content at the
desired 10% of volumetric soil moisture (70% of field capacity). However, during
the 24h-period between each rewatering, the soil water content was
progressively decreasing until a minimum value of 60% of field capacity. For the
second experiment, half of the plants was maintained at field capacity during the
entire experiment, while the other half was drought stressed as indicated above
for 5 d (plants harvested 5 dai) or for 10 d for the rest of harvests.

Each week throughout the experiment, soybean plants received 10 ml of
Hewitt’s nutrient solution lacking N and P (Hewitt, 1952). Three weeks after
planting, plants received nutrient solution amended with N and/or P as follows
(Goicoechea et al, 1997): 0.18 mM KHPO4 and 2 mM NH4NO; (NI plants), 0.35
mM  K:HPO, (Br plants), 3 mM NH/NOs; (6m and Gi plants). Nutrient
concentrations were chosen in an attempt to obtain well-watered plants of similar
size and nutrient contents in all the microbial treatments.

Each week throughout the experiment, uninoculated control lettuce plants
received 10 ml of Hewitt”s nutrient solution (Hewitt, 1952), modified to contain 4
mM N + 1 mM P. Mycorrhizal plants did not receive nutrient solution. The use of
such fertilization level for non-mycorrhizal plants was devised o obtain well-
watered control plants of similar size and nutrient contents to the AM plants
tested in this assay.
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3.2.4. Symbiotic development

The percentage of mycorrhizal root infection in soybean and lettuce plants
was estimated by visual observation of fungal colonization after clearing washed
roots in 10% KOH and staining with 0.05% trypan blue in lactic acid (v/v),
according to Phillips and Hayman (1970). The extent of mycorrhizal colonization
was calculated according to the gridline intersect method (Giovannetti and Mosse,
1980). Nodule number in soybean roots was determined using a binocular
microscope.

3.2.5. Relative water content

The relative water content (RWC) in plant shoots was determined as
previously described by Ruiz-Lozano and Azcén (1997).

3.2.6. RNA isolation and synthesis of first strand cDNA

Total RNA was isolated from soybean or leftuce roots by
phenol/chloroform extraction (Kay et a/, 1987). DNase treatment of total RNA
was performed according tfo Promega’s recommendations. Total RNAs (2.5 1g)
from soybean and from lettuce roots subjected to drought stress were reverse
transcribed to first strand cDNA using AMV-RT enzyme (Finnzymes, Espoo,
Finland) and oligo(dT),; primer (Promega, Madison, WI), in a final volume of 25 ¢
with the buffer and temperature recommended by the enzyme supplier.

Total RNA was also isolated from soybean nodules (0.3 g FW) that had
been previously separated from the roots at the harvest time and kept at -80 °C
in order to be used for molecular and biochemical determinations. The RNA from
nodules was extracted using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany).

3.2.7. Cloning the gmlea and /s/ea genes

Dehydrins (LEA D-11 family) have specific conserved domains such as the
S, Y and K segments (Dure, 1993). While the S segment is a tract of Ser residues,
the Y (VDYGNP) and the K (EKKGIMDKIKEKLPG) segments are useful for
degenerate primer design. These two stretches were used to design degenerate
oligonucleotide primers as described by Numberg et a/. (1989): primer forward 5'
GTC GAC GA(GA) TAC GG(CT) AAC CC-3' and primer reverse 5'-CC (AG)GG
(CA)AG (CT)TTCTC (CT)TT (AG) CT-3". Using cDNA from either soybean or from
lettuce roots subjected to drought stress as template, a cDNA fragment of
about 610 bp was amplified for soybean with these primers and the polymerase
chain reaction (PCR), while for lettuce the cDNA fragment amplified was about
340 bp. PCR was carried out in a final volume of 50 ul containing 10mM Tris-HCI
pH 8.3, 50 mM KCl, 2.5 mM MgCl,, 0.25 mM dNTPs, 100 pmol of each primer and 2
units of Tag DNA polymerase (Sigma, St. Louis, MO, USA). A Perkin/Elmer
thermocycler (model 2400) was employed with the following values: initial
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denaturation at 95 °C for 5 min, followed by 35 denaturation cycles at 95 °C for
45 s, annealing at 52 °C for 45 s, elongation at 72 °C for 75 s, and a final
elongation at 72 °C for 5 min. The amplified cDNA was purified following
electrophoresis through a 1.2% agarose gel with the QTAEX II Gel Extraction Kit
(Qiagen, Hilden, Germany) and cloned into pGME plasmid (Promega). Recombinant
plasmids were used to transform competent £ co/i DH-5a cells. Positive clones
screened by PCR were subcultured and plasmid DNA isolated using QIAprep®
Spin Miniprep kit (Qiagen).

3.2.8. Sequencing the cloned cDNA and analysis

Sequencing was performed by the dideoxy-sequencing method (Sanger et
al, 1977) using fluorescent dye-linked universal M13 primers and a Perkin-Elmer
ABI Prism model 373 DNA sequencer. Similarity searches were carried out using
the BLAST software or the FASTA program, available on-line from the National
Center for Biotechnology Information (NCBI).

3.2.9. Northern blot analysis

Total RNA (15 pg) was separated by electrophoresis on 1.2% agarose gel
containing 2.2 M formaldehyde and blotted onto Hybond-N+ nylon membranes
(Amersham, Little Chalfont, UK) by capillarity (Sambrook et a/, 1989). Equal RNA
loading and transfer were verified by methylene blue staining of nylon membranes
before hydridization (Herrin and Schmidt, 1988). Blots were prehybridized for 2-
3 h at 42 °C in 5X Denhardt's solution, 5X SSC, 0.5% SDS and hybridized with
gmlea 8, gmlea 10 or Islea 1 specific probes obtained by radioactive PCR labelling
of plasmid inserts. Unincorporated *P was removed using Mini Quick Spin™
columns (Boehringer Manheim, Indianapolis, IN). A fotal of 10’ cpm probe was
heat-denatured and used to hybridize the blots overnight at 65 °C under
standard conditions (Sambrook et al, 1989). After washing twice for 5 min at
room temperature in 2X SSC and 0.1% SDS, and twice for 15 min at 65 °C with
0.5X SSC and 0.1% SDS, membranes were exposed overnight to Kodak X-RAY-
OMAT at -70 °C. Signals on autoradiograms were analyzed and quantified using
Quantity One software (Bio-Rad, Hemel Hempstead, UK). Transcript accumulation
levels for each gene probe were normalized according to the amount of rRNA in
the corresponding membrane, which had been also quantified with Quantity One
software. Each quantification of signals on autoradiograms and of rRNA was
repeated three times and the average value was used for normalization. Northern
blot analyses were repeated two times with different set of plants.
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3.2.10. Nucleotide sequence accession number

The nucleotide sequences corresponding to gm/ea 8 and gmlea 10 and /s/ea 1
cDNAs have been deposited in the EMBL database under accession numbers
AJ704825, AJ704824 and AJ704826, respectively.

3.3. Results
3.3.1. Symbiotic development in soybean and lettuce plants

Non-inoculated soybean plants did not show any mycorrhizal infection or
nodules from Bradyrhizobium (Table 1).

NI 84 a Ob Oc
Br 83 a Ob 52 a
Gm 82 ab 92 a Oc
Gm+Br 83 a 96 a 43 ab
Gi 85 a 88 a Oc
Gi+Br 84 a 96 a 30Db
Droughted
NI 71e 0b Oc
Br 74 de Ob 37b
Gm 77 cd 89 a Oc
Gm+Br 78 bc 95 a 35Db
Gi 79 bc 87 a Oc
Gi+Br 78 bc 86 a 29b

Table 1. Relative water content (RWC, %) in soybean shoots and percentage of mycorrhizal infection
and nodule number in soybean roots. Treatments are designed as NI, non-inoculated controls; Br,
Bradyrhizobium japonicum; Gm, Glomus mosseae; Gi, Glomus intraradices; Gm+Br, G. mosseae plus B.
Jjaponicum; Gi+Br, G. intraradices plus B. japonicum. Plants were either well-watered or drought
stressed for 10 days.

*Within each column, means followed by the same latter are not significantly different (P<0.05) as
determined by Duncan’s multiple range test (n = 4).

Plants inoculated with 6. mosseae or &. intraradices showed an important
level of colonization, but no differences were observed among the different AM
treatments. The number of nodules varied with the microbial freatment. The
highest nodule number was found in plants singly inoculated with 8. japonicum and
cultivated under well-watered conditions. No significant differences were found
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for this parameter between the two AM treatments. Drought stress decreased
the number of nodules only in plants singly inoculated with B. japonicum.

In the second experiment, plants harvested 5 dai did not show intraradical
mycorrhizal structures, only some appresoria on the roots were observed, while no
nodules were detected (Table 2).

5 dai
NI 85a 79c 0d od Oe Oe
Br 84a 80bc od od Oe Oe
Gm+Br 83ab 79c¢ 0d od Oe Oe
12 dai
NI 84a 77cd od od Oe Oe
Br 84a 78c¢ od od 10d 7d
Gm+Br 85a 77cd 17c 1i5¢ 10d 8d
20 dai
NI 84a 72¢f od od Oe Oe
Br 86a 73ef od 0d 14 ¢ 14 ¢
Gm+Br 83a 73ef 30b 25b 15¢ 14c¢c
35 dai
NI 83a 71f od od Oe Oe
Br 85a 72ef od od 23b 20b
Gm+Br 83a 75de b55a 47a 30a 21b

Table 2. Relative water content (RWC, %) in soybean shoots, percentage of mycorrhizal infection and
nodule number in soybean roots. Plants were harvested at 5, 12, 20 or 35 days after inoculation (dai).
Treatments are designed as NI, non-inoculated controls; Br, Bradyrhizobium japonicum and Gm+Br, G.
mosseae plus B. japonicum; Plants were either well-watered (ww) or drought stressed (ds) before harvest.

*Within each column, means followed by the same latter are not significantly different (P< 0.05) as
determined by Duncan’s multiple range test (n = 4).

At 12 dai the level of AM infection was about 15% in 6. mosseae-inoculated
plants under both well-watered and drought stressed conditions. The number of
nodules ranged from 7 to 10 for Br or Gm+Br plants, with no significant
differences between both treatments. At 20 dai the level of AM infection was
over 25% in 6. mosseae-inoculated plants and the number of nodules averaged 14
in all B japonicum-inoculated treatments. Finally, at 35 dai, the AM infection was
close to 50% in &. mosseae-inoculated plants and the number of nodules ranged
from 20 to 30 in B. japonicum-inoculated treatments.

Lettuce plants exhibited a good percentage of mycorrhizal infection for
both AM fungi and there were no significant differences between well-watered or
drought stressed treatments (Table 3).
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Well-watered

NI 88 a 0b

Gm 86 a 75a

Gi 85a 82 a
Droughted

NI 70 c 0b

Gm 75b 77 a

Gi 74 b 87 a

Table 3. Relative water content (RWC, %) in lettuce shoots and percentage of mycorrhizal infection in
lettuce roots. Treatments are designed as NI, non-inoculated controls; Gm, Glomus mosseae and Gi,
Glomus intraradices; Plants were either well-watered or drought stressed for 10 days.

*Means followed by the same latter are not significantly different (P< 0.05) as determined by Duncan’s
multiple range test (n = 4).

3.3.2. Relative water content

No significant differences in the RWC of soybean and lettuce plants were
found when cultivated under well-watered conditions, regardless of the microbial
treatment (Tables 1, 2, 3). By contrast, when plants were cultivated under
drought stress conditions, mycorrhizal plants maintained higher RWC values as
compared to non-mycorrhizal ones (Tables 1, 3). The only exception o this was
found in the time-course experiment (Table 2), since AM plants showed similar
values of RWC than non-AM plants (5, 12 and 20 dai). Only at 35 dai, plants
colonized by &. mosseae had a significantly higher RWC than non-inoculated
plants.

3.3.3. Cloning gmlea and /slea genes

The use of the degenerate primers designed on the Y and K segments of
dehydrins allowed to obtain several clones containing inserts of the expected size
using cDNA from soybean and from lettuce roots. The sequencing of five of the
clones obtained from soybean cDNA showed that two of them contained a cDNA
insert putatively encoding for LEA proteins. These clones were named gm/ea 8 and
gmlea 10. The first clone (gm/ea 8) contained a cDNA fragment of 591 bp
encoding for a putative protein of 77% identity with a dehydrin protein from
Glycine max (accession Q39805, e = 1e®®). The second clone (gm/ea 10) contained
a cDNA fragment of 641 bp encoding for a putative protein of 65% identity with
another dehydrin protein from Glycine max (accession CAE47771, e = 2e"®). The
homology between gm/ea 8 and gm/ea 10 nucleotide sequences was 83%.

In the case of lettuce, three clones were sequenced, of which only one
contained a cDNA insert putatively encoding for a LEA protein. Such clone was
named /s/ea 1. Tt contained a cDNA fragment of 338 bp that showed 92% identity
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at the nucleotide level with a dehydrin gene from Aster tripolium (accession
AB090885, e = 6e?°). The putative protein encoded by this cDNA gave 35%
identity with a dehydrin from Aster tripolium (accession BAC57962, e = 2e™).

3.3.4. Northern blot analysis with soybean RNAs

Both cDNA inserts from soybean (gm/ea 8 and gm/ea 10) were used as
probes in northern blot analyses with soybean roots RNA from a variety of
microbial treatments (see experimental design). The results obtained were very
similar for both gm/ea probes (Figure 1).

NI Br Gm Gm+Br Gi Gi+Br

wwds ww ds wwds wwds wwds ww ds

aee ® ¢ = 8

g » ® =~ 9
WOSLPNIOOOw

gmlea 8

gmlea 10

26S rRNA

100 -
90 A
80 A
70 -
60 -

50 -
40 -
30 -
20 -
10 .
0

Figure 1. Northern blot of total RNA (15 pg) from soybean roots. Treatments are designed as NI, non-
inoculated controls; Br, Bradyrhizobium japonicum; Gm, Glomus moosseae; Gm+Br, G. mosseae plus B.
Jjaponicum;, Gi, Glomus intraradices; Gi+Br, G. intraradices plus B. japonicum. Plants were either well-
watered (ww) or drought stressed (ds) for 10 days. The lower panel shows a representative example of
the amount of 26S rRNA loaded for each treatment (methylene blue staining). Histogram shows the
relative gene expression (after normalization to rRNA) presented as percentage of the value for
droughted non-inoculated plants

Relative gene expression (%)

Most of the treatments did not show LEA gene expression under well-
watered conditions. The highest gene expression was found in non-inoculated
plants subjected to drought that was set as 100% in arbitrary units after
normalization according to the amount of ribosomal RNA loaded in the blots. Only
plants singly inoculated with B. japonicum showed an important level of LEA gene
expression under well-watered conditions (83% compared to non-inoculated plants
subjected to drought) and reduced LEA gene expression under drought stress
conditions (only 38% of non-inoculated plants, being more visible with the gm/ea
10probe).
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Plants singly inoculated with &. mosseae only showed detectable LEA gene
expression under drought stress (50% of the level found in non-inoculated plants),
while those dually inoculated with B. japonicum plus &. mosseae exhibited very
little LEA gene expression under well-watered conditions (more visible with the
gmlea 8 probe). In any case, the level of expression in that treatment was less
than 3% of the expression found in non-inoculated plants. These plants showed
LEA gene expression under drought stress conditions (50% of non-inoculated
plants). Plants singly inoculated with &. intraradices only showed detectable LEA
gene expression under drought stress conditions, but this expression was
considerably lower than with the other fungal treatment (14% of non-inoculated
plants). Finally, plants dually inoculated with B. japonicum plus &. intraradices only
exhibited LEA gene expression under drought stress conditions (94% of non-
inoculated plants).

Since plants inoculated only with B. japonicum showed a different and
unexpected pattern of LEA transcript accumulation as compared to the other
treatments, we repeated the northern blot analysis with a different set of plants
(data not shown). The results obtained agreed with the previous findings since
plants inoculated only with B. japonicum showed once more important LEA
transcript accumulation under well-watered conditions; and plants inoculated with
G. intraradices only rendered again low level of LEA tfranscript accumulation.
Following the unexpected results obtained for the expression of LEA genes in
roots of plants singly inoculated with B japonicum we planned a time-course
experiment in order to study the expression level of such genes at different time
intervals both in non-inoculated soybean plants and after inoculation with either
B. japonicum or with B. japonicum plus 6. mosseae. Plants harvested 5 dai did not
show gml/ea 10 transcript accumulation under any condition (Figure 2). At 12 dai,
gmlea 10 transcript accumulation was visible in the three treatments but only
when subjected to drought. After normalization, the level of gene expression in
arbitrary units was 100% for non-inoculated plants, 115% for B. japonicum-
inoculated plants and 102% for Gm+Br plants. At 20 dai, again the LEA transcript
only accumulated in the three treatments subjected to drought, although the
level of expression was considerably lower in the non-inoculated plants (set as
100%) compared to the other two treatments (about 210% as compared to non-
inoculated plants). Finally at 35 dai, the pattern of LEA transcript accumulation
returned to similar levels to those observed in plants from the first experiment
(Figure 1) since plants inoculated only with B japonicum showed an important
expression level under well-watered conditions (about 78% as compared to non-
inoculated plants) and few expression under drought conditions (9% as compared
to droughted non-inoculated plants). Plants dually inoculated with B. japonicum
plus &. mosseae also showed little expression under well-watered conditions (11%
of non-inoculated plants), but enhanced expression under drought stress (70% of
non-inoculated plants).
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NI Br Gm+Br
ww ds ww ds ww ds

5 dai . 4

12 dai

20 dai

35 dai

26S rRNA
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Figure 2. Northern blot of total RNA (15 pg) from soybean roots. Plants were harvested 5, 12, 20 or 35
days after inoculation (dai). Treatments are designed as NI, non-inoculated controls; Br, Bradyrhizobium
Jjaponicum; Gm+Br, G. mosseae plus B. japonicum. Plants were either well-watered (ww) or drought
stressed (ds) for 10 days. The lower panel shows a representative example of the amount of 26S rRNA
loaded for each treatment (methylene blue staining). Histogram shows the relative gene expression (after
normalization to rRNA) presented as percentage of the value for droughted non-inoculated plants.

RNA from soybean root nodules was also used for northern blot analysis of
LEA transcript accumulation. Figure 3 shows results obtained with gm/ea 10 probe
in nodules from plants inoculated only with 8. japonicum or dually inoculated with
B. japonicum plus 6. mosseae. In contrast to what happened in roots, it is clearly
visible that there was no expression of that LEA gene in nodules of B. japonicum-
inoculated plants under well-watered conditions, while the expression notably
increased in nodules of these plants when subjected to drought stress (which was
set as 100%). In nodules from plants dually inoculated with both symbiotic
microorganisms the level of LEA gene expression under drought stress conditions
was lower than in the non-AM plants (45% of Br plants).
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Figure 3. Northern blot of total RNA (10 pg) from soybezii nodules. Treatments are designed as Br,
Bradyrhizobium japonicum and Gm+Br, G. mosseae plus B. japonicum. Plants were either well-watered
(ww) or drought stressed (ds) for 10 days. The lower panel shows the amount of 26S rRNA loaded for
each treatment (methylene blue staining). Histogram shows the relative gene expression (after
normalization to rRNA) presented as percentage of the value for droughted non-inoculated plants.

3.3.5. Northern blot analysis with lettuce RNA

In order to test the behaviour of LEA genes in non legume plants and to
avoid the interference of AM symbiosis with that of Bradyrhizobium symbiosis,
the cDNA cloned from lettuce (/s/ea 1) was also used for northern blot analysis
with RNA from non-inoculated of AM lettuce roots that cultivated either under
well-watered or drought stressed conditions. Results showed that /s/ea 7 gene was
also induced by drought stress in the three treatments assayed (Figure 4).
However, the level of induction was clearly higher in roots from non-inoculated
plants than in roots from both AM treatments. After normalization to the
corresponding RNA loaded in the blots, the level of /s/ea 1 gene expression in non-
inoculated plants was set as 100%. The level of /s/ea 1 gene expression in plants
colonized by &. mosseae was 51% as compared to non-inoculated plants, and the
level of expression in plants colonized by &. /ntraradices was 64% as compared to
the non-inoculated plants.
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Figure 4. Northern blot of total RNA (15 ug) from lettuce roots. Treatments are designed as NI, non-
inoculated controls; Gm, Glomus mosseae; Gi, Glomus intraradices; Plants were either well-watered
(ww) or drought stressed (ds) for 10 days. The lower panel shows the amount of 26S rRNA loaded for
each treatment (methylene blue staining). Histogram shows the relative gene expression (after
normalization to rRNA) presented as percentage of the value for droughted non-inoculated plants.

Relative gene expression (%)

3.4. Discussion

The changes induced in the host plant by the AM symbiosis in order to
enhance its tolerance to drought seem to be varied (Augé, 2001; Ruiz-Lozano,
2003). In this work we have extended previous physiological observations by
studying the possible participation of LEA proteins in the enhanced tolerance to
drought stress in mycorrhizal soybean and lettuce plants at the molecular level.
As Harrison (1999) stated in a review on molecular aspects of this symbiosis,
little is still known about how AM fungi influence plant gene expression.

The analysis of gm/ea genes expression showed that, in general, these
genes responded to drought and were only expressed in drought stressed
treatments, suggesting that these dehydrins are important for the plant response
against drought stress (Robertson and Chandler, 1992; Colmenero-Flores et al,
1997; Cellier et al., 1998; Giordani et al,, 1999). However, contrasting results were
obtained in plants singly inoculated with B. japonicum, where gm/ea genes were up
regulated in roots under well-watered conditions. By contrast, no up regulation of
gmlea 10 was observed in nodules from well-watered plants inoculated only with 8.
Japonicum. In nodules, the expression of gmlea 10 gene was induced only under
drought stress conditions.

Giordani et al. (1999) have demonstrated the existence of two regulation
pathways for dehydrin accumulation in sunflower, an ABA-dependent and an ABA-
independent one, which may have cumulative effects. The influence of ABA on
LEA gene expression could explain why the gm/ea genes were up-regulated in
roots from nodulated non-AM soybean plants cultivated under well-watered
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conditions. This could be simply an unspecific response mediated by ABA. In fact,
there have been several studies showing that four phytohormones, including ABA,
are present in nodulated roots at concentrations higher than in uninfected roots
(Hirsch and Fang, 1994). By contrast, the levels of gm/ea genes expression in
nodulated, drought stressed AM plants were similar to those from non-inoculated
plants or to those from not-nodulated AM plants. It has been proposed that
mycorrhization can also alter the levels of ABA in the host plant and that, under
drought stress, the levels of ABA are lower in AM than in non-AM plants (Duan et
al, 1996; Goicoechea et al, 1997; Ludwig-Miiller, 2000; Estrada-Luna and Davies,
2003). This could explain the decrease in gm/ea genes expression in these double
inoculated plants as compared to single nodulated soybean plants.

In the time-course study we observed that at 12 and at 20 dai, soybean
plants inoculated with only B. japonicum or in combination with &. mosseae showed
a higher level of dehydrin gene expression relative to non-inoculated plants. This
effect must be linked to the time-dependent nature of the interaction between
the root and both symbiotic microorganisms. In fact, at 12 and 20 dai both
symbioses should not be completely functional. This is even more evident in the
case of the AM symbiosis that, at these stages, may still show a low number of
arbuscules (Gianinazzi-Pearson and Dénarié, 1997). It is expected that the
influence of both symbioses on the fwo regulatory pathways of /ea gene
expression is different at 12 and 20 dai than at 35 dai, when both symbioses must
be completely functional. In support of that, we found that the RWC of AM plants
was significantly different to non-inoculated plants but only at 35 dai.

Another effect observed in this study in the case of soybean (but not of
lettuce) was the lower gm/ea gene expression in roots from plants colonized by &.
intraradices alone compared to that of plants colonized by &. mosseae alone (see
Figure 1). However, functional diversity among different AM fungi has been widely
observed in several aspects of the symbiosis. Burleigh et a/. (2002) showed that
the functional diversity between AM fungal species occurs not only at the level of
mycorrhiza formation, plant nutrient uptake or plant growth, but also at the
molecular level. These authors studied seven AM fungal species and found that
the seven species widely varied in their influence on the root expression of
M1PTZ2 and M14 genes from Medicago truncatula and also of LePT! and TPSI!
genes from Lycopersicon esculentum involved in plant P nutrition.

In any case, a consistent effect observed both for soybean and lettuce
plants is that the expression of gm/ea and /s/ea genes decreased in drought
stressed AM plants as compared to non-inoculated plants, conversely to our initial
hypothesis expecting a possible role of LEA proteins in the alleviation of drought
stress by the AM symbiosis. This can be related to hormonal or any other
developmental change induced in AM plants. It is also possible that AM plants
were less strained by drought stress and thus the level of /ea gene expression
was lower in AM than in non-AM plants. In previous studies in which other authors
and ourselves have found physiological or biochemical mechanisms involved in the
enhanced tolerance to drought stress in AM plants it has been proposed that
primary drought-avoidance mechanisms (i.e. direct water uptake by hyphae) or
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increased water uptake related to mycorrhizal changes in root morphology
(Kothari et al, 1990) or soil structure (Augé et al, 2001; 2004) might have
contributed to the AM protection of host plants against drought (Porcel et al,
2003). Indeed, a recent study has revealed that, apart from direct hyphal water
uptake, it seems that the AM symbiosis enhances first osmotic adjustment in
roots, and this could contribute to maintain a water potential gradient favourable
to the water entrance from soil into the roots. This would enable higher leaf
water potential in AM plants during drought and would keep plants protected
against oxidative stress. All these cumulative effects would increase the plant
tolerance to drought (Porcel and Ruiz-Lozano, 2004). The hypothesis about AM
plants being less strained by drought stress than non-AM plants and consequently
having a lower /ea gene induction under drought stress conditions is supported by
the RWC data, which are significantly higher in AM plants than in non-AM plants.
Also, previous studies with soybean plants subjected to a similar drought stress
level have shown that AM plants exhibit higher leaf water potential than non-AM
plants (Porcel and Ruiz-Lozano, 2004).

In conclusion, our results demonstrate that the cloned /ea genes clearly
responded to drought stress and they are accumulated under drought conditions
in roots and nodules of soybean plants and also in roots of lettuce plants,
contributing to their protection against drought. Mycorrhization of these plants
with either &. mosseae or 6. intraradices did not induce the expression of the /ea
genes analyzed. Moreover, the levels of /ea transcript accumulation in mycorrhizal
treatments subjected to drought were considerably lower than those of the
corresponding non-mycorrhizal plants, indicating that the accumulation of LEA
proteins is not a mechanism by which the AM symbiosis protects their host plant
and suggesting that mycorrhizal plants were less strained by drought due to
primary drought-avoidance mechanisms.
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EVALUACION DEL PAPEL DE LOS GENES QUE CODIFICAN PARA
A'-PIRROLIN-5-CARBOXILATO SINTETASA (P5CS) BAJO
CONDICIONES DE DEFICIT HIDRICO EN PLANTAS MICORRIZADAS
DE Glicine maxy Lactuca sativa

Resumen

En este estudio se procedié a determinar si la simbiosis micorricico
arbuscular (MA) es capaz de alterar el patrén de expresién del gen Al-pirrolin-5-
carboxilato sintetasa (p5cs) bajo condiciones de déficit hidrico y si esta posible
alteracién se relaciona con la proteccién de la planta hospedadora frente a la
sequia. Para llevar a cabo este objetivo, se procedié a clonar un gen que codifica
para P5CS en Glicine max (gmp5cs) y otro en Lactuca sativa (/sp5cs) y se analizé su
contribucion a la respuesta frente la sequia en plantas de soja y lechuga control y
MA. El andlisis de la expresién de gmpbcs 'y Ispbcs mostré que estos genes
estaban inducidos por estrés hidrico. La mayor expresion génica se encontro en las
plantas control no inoculadas sometidas a sequia. No obstante, se obtuvo un
resultado contradictorio en plantas de soja inoculadas dnicamente con
Bradyrhizobium japonicum, donde el gen gmp5cs mostré unos niveles de induccion
muy bajos en raices sometidas a déficit hidrico. Ademds, tanto en soja como en
lechuga micorrizadas se observé una menor acumulacion de transcritos p5cs bajo
estrés hidrico que en las plantas control no inoculadas. Estos resultados indican
indican que la induccién del gen p5cs no es un mecanismo por el cual la simbiosis MA
proteja a la planta hospedadora frente a la sequia.

Palabras clave: Simbiosis micorricico arbuscular, déficit hidrico, prolina, A'-pirrolin-5-
carboxilato sintetasa (P5CS).
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EVALUATION OF THE ROLE OF GENES ENCODING FOR
A'-pyrroline-5-carboxylate synthetase (P5CS) DURING DROUGHT
STRESS IN ARBUSCULAR MYCORRHIZAL
Glycine max AND Lactuca sativa PLANTS

Abstract

In this study we have determined whether the arbuscular mycorrhizal
(AM) symbiosis is able to alter the pattern of A'-pyrroline-5-carboxylate
synthetase (p5cs) gene expression under drought stress and whether such
possible alteration functions in the protection of the host plants against drought.
To achieve this, we cloned a P5CS-encoding gene from Glycine max (gmp5cs) and
another from Lactuca sativa (/sp5cs) and analyzed their contribution to the
response against drought in control and AM soybean and lettuce plants. The
analysis of gmp5cs and /sp5cs gene expression showed that these genes were up-
regulated by drought stress. The highest gene expression was found in non-
inoculated plants subjected to drought. A contrasting result was obtained in
soybean plants singly inoculated with Bradyrhizobium japonicum, where the
gmp5cs gene showed little up-regulation in roots under drought stressed
conditions. Moreover, both soybean and lettuce AM plants showed lower p5cs
transcript accumulation under drought stress than non-inoculated plants. The
present results indicate that the induction of p5cs gene is not a mechanism by
which the AM symbiosis protects their host plant against drought.

Key words: arbuscular mycorrhizal symbiosis, drought stress, proline, A'-
pyrroline-5-carboxylate synthetase (P5CS)

4.1. Introduction

Plants are, in nature, frequently exposed to adverse environmental
conditions that have a negative effect on plants physiology. Water deficit is one
of the most common environmental stress factors experienced by soil plants. It
interferes with both normal development and growth and has a major adverse
effect on plant survival and productivity [13, 36].

The arbuscular mycorrhizal (AM) fungi are widespread microorganisms able
to establish a symbiotic association with the roots of most terrestrial plants. AM
plants have improved ability for nutrient uptake and tolerance to biotic and abiotic
stresses while the fungus acquires a protected ecological niche and plant
photosynthates [64]. The AM symbiosis is present in all natural ecosystems, even
in those affected by adverse environmental conditions [7], and it can be defined
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as a specialized system for nutrient uptake and transfer, more efficient than
roots alone [66]. Nevertheless, the physiological role of the AM symbiosis is not
limited to uptake and transfer of nutrients to the host plant. Many other
beneficial effects for the host plant and for ecosystems have been described
[64], including enhancement of tolerance to drought stress [3, 5, 49, b1, 53, 56].
It is currently accepted that the contribution of the AM symbiosis to plant
drought folerance results from a combination of physical, nutritional and cellular
effects [51].

Plants, can also respond to drought stress at morphological, anatomical and
cellular levels with modifications that allow the plant to avoid the stress or to
increase its tolerance [11]. The typical first response of all living organisms to
water deficit is osmotic adjustment. To counter with drought stress, many plants
increase the osmotic potential of their cells by synthesizing and accumulating
compatible osmolytes such as proline that participates in the osmotic adjustment
[32, 35, 42]. However, proline performs also an important function as a protective
compatible osmolyte in scavenging of free radicals and facilitating a correction of
altered redox potential by replenishment of the NADP+ supply [23, 26].
Accumulation of proline is due primarily to de novo synthesis, although a reduced
rate of catabolism has also been observed [35]. The first two steps of proline
biosynthesis are catalized by A'-pyrroline-5-carboxylate synthetase (P5CS) by
means of its y-glutamil kinase and glutamic-y-semialdehyde dehydrogenase
activities. Subsequently, the A'-pyrroline-5-carboxylate (P5C) formed is reduced
by P5C reductase (P5CR) to proline [32]. The rate-limiting step in this pathway is
represented by the y-glutamil kinase activity of P5CS, which is sensitive to
feedback inhibition by relatively low levels of proline [63]. In addition, in
Arabidopsis, the P5CS-encoding gene is induced by drought stress, salinity and
ABA, but P5CR is not [68]. The overexpression of the P5CS-encoding gene in
transgenic tobacco plants has been shown to increase proline production and to
confer tolerance of such plants to osmotic stress [35]. Hence, the P5CS-encoding
gene is of key importance for the biosynthesis of proline in plants [1].

Investigations carried out so far on osmorregulation in the AM symbiosis
are scarce and somewhat contradictory. While some studies have shown an
increase in proline accumulation in mycorrhizal plants subjected to drought [6, 22,
53], the same studies also demonstrated that the increase in proline accumulation
was quite variable depending on the AM fungus involved. For instance, while plants
colonized by &. deserticola accumulated 120 nmol of proline per g fresh weight,
plants colonized by &. intraradices only accumulated 41 nmol proline per g fresh
weight [53]. It has also been shown that under low Ca in the medium AM plants
accumulated more proline than non-AM plants when subjected to PEG-induced
drought stress, while under high Ca in the medium this was not so [52]. On the
contrary, other studies regarding drought [50] or salt stress [54] have shown a
lower proline accumulation in AM plants than in non-AM ones.

Although in recent years there has been an increase in the understanding
of the water relations of AM plants and the physiological processes involved in the
enhanced tolerance of mycorrhizal plants to water limitation, there are still many
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unknown aspects which must be elucidated [51]. Moreover, a molecular basis for
the tolerance to water stress in AM plants remains far from being understood.
The establishment of the expression pattern of genes such as p5cs in AM plants
under osmotic stress conditions, should provide an insight into the role of the AM
symbiosis in the process of osmotic adjustment during drought stress. As a first
approach, in the present study we have cloned a P5CS-encoding gene from &lycine
max (gmp5cs) and another from Lactuca sativa (/spbcs) and analyzed their
contribution to the response against drought in mycorrhizal soybean and lettuce
plants.

4. 2. Materials and Methods

4.2.1. Experimental designs

First experiment (with Glycine max)

When considering experiments with legume plants the control plants are
not only the non-inoculated plants, but also the plant singly inoculated with the
corresponding RAizobium. For that reason this experiment was designed to cover
the different inoculation combinations of Bradyrhizobium japonicum and the two
AM fungi used. The experiment consisted of six inoculation treatments: (1) plants
inoculated with the nitrogen-fixing bacteria Bradyrhizobium japonicum, strain
USDA 110 (Br), (2) plants inoculated with the arbuscular mycorrhizal (AM) fungus
Glomus mosseae (Nicol. and Gerd.) Gerd. and Trappe and B. japonicum (Gm+Br), (3)
plants inoculated with the AM fungus Glomus intraradices (Schenck and Smith)
and B. japonicum (Gi+Br) (4) plants inoculated with &. mosseae (6m), (5) plants
inoculated with &. intraradices (Gi), and (6) non-inoculated control plants (NI).
Twelve replicates of each freatment were done totalling 72 pots (one plant per
pot) so that half of them were cultivated under well-watered conditions
throughout the entire experiment, while the other half were drought-stressed for
10 days before harvest.

Second experiment (with Glycine max)

The experiment consisted of a randomized complete block design with
three inoculation treatments: (1) plants inoculated with the nitrogen-fixing
bacteria Bradyrhizobium japonicum, strain USDA 110 (Br), (2) plants inoculated
with the AM fungus &lomus mosseae (Nicol. and Gerd.) Gerd. and Trappe and B
Japonicum (6Gm+Br) and (3) non-inoculated control plants (NI). For each treatment
plants were cultivated at four time intervals: 5, 12, 20 or 35 days after
inoculation (dai). A variable number of replicates of each treatment was done,
ranging from 12 for plants to be harvested after only 5 dai to 6 for plant to be
harvested after 35 dai, totalling 108 pots (one plant per pot) so that half of them
were cultivated under well-watered conditions throughout the entire experiment,
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while the other half were drought-stressed for 5 days (for plants harvested 5
dai) or for 10 days (for the rest of treatments) before harvest.

Third experiment (with Lactuca sativa)

The experiment consisted of a randomized complete block design with
three inoculation treatments: (1) plants inoculated with the AM fungus &lomus
mosseae (Nicol. and Gerd.) Gerd. and Trappe (6m), (2) plants inoculated with the
AM fungus Glomus intraradices (Schenck and Smith) (Gi) and (3) non-inoculated
control plants (NI). Ten replicates of each treatment were done totalling 30 pots
(one plant per pot) so that half of them were cultivated under well-watered
conditions throughout the entire experiment, while the other half were drought-
stressed for 10 days before harvest.

Fourth experiment (with Lactuca sativa)

The experiment consisted of a randomized complete block design with two
inoculation treatments: (1) plants inoculated with the AM fungus G&Glomus
intraradices (Schenck and Smith) (Gi) and (2) non-inoculated control plants (NI)
and two rates of proline added to the medium: (1) 10 mM proline (+Pro) or no
proline added (-Pro). Ten replicates of each treatment were done totalling 80 pots
(one plant per pot) so that half of them were cultivated under well-watered
conditions throughout the entire experiment, while the other half were drought-
stressed for 10 days before harvest.

4.2.2. Soil and biological materials

Loamy soil was collected from the Zaidin Experimental Station (6ranada,
Spain), sieved (2 mm), diluted with quartz-sand (<1 mm) (1:1, soil:sand, v/v) and
sterilized by steaming (100°C for 1 h for 3 days). The soil had a pH of 8.1 (water);
1.81% organic matter, nutrient concentrations (mg kg™): N, 2.5; P, 6.2 (NaHCO;-
extractable P); K, 132.0. The soil texture was made up of 35.8% sand, 43.6% silt
and 20.5% clay.

Soybean (&lycine max L. cv Williams) seeds were sterilized in a 15% H,O,
solution for 8 min, then washed several times with sterile water to remove any
trace of chemical that could interfere in seed germination, and placed on sterile
vermiculite at 25 °C to germinate. Three-day-old seedlings were transferred to
plastic pots containing 600 g of sterilized soil/sand mixture (1:1, v/v). When
appropriate, a suspension (2 ml seed) of the diazotrophic bacterium
Bradyrhizobium japonicum, strain USDA 110 (10% cell ml™) was sprinkled over the
seedling at the time of planting.

Three seeds of lettuce (Lactuca sativa L. cv. Romana) were sown in pots
containing 500 g of the same soil/sand mixture as described above and thinned to
one seedling per pot after emergence.
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Mycorrhizal inoculum for each endophyte was bulked in an open-pot culture
of Allium cepa L. and consisted of soil, spores, mycelia and infected root
fragments. The AM species were Glomus mosseae (Nicol. and Gerd.) Gerd. and
Trappe, isolate BEG 122 and Glomus intraradices (Schenck and Smith) isolate BEG
121. Ten grams of inoculum of the two G/omus isolates, possessing similar infective
characteristics (about 115 infective propagules per gram, according to the MPN
test), were added to appropriate pots at sowing time just below soybean seedlings
or lettuce seeds.

Uninoculated control plants for each microbial treatment received the
same amount of autoclaved rhizobial and/or mycorrhizal inoculum.

4.2.3. Growth conditions

Plants were grown in a controlled environmental chamber with 70-80% RH,
day/night temperatures of 25/15°C, and a photoperiod of 16 h at a
Photosynthetic photon flux density (PPFD) of 460 umol m? s™ (Licor, Lincoln, NE,
USA, model LI-188B).

Soil moisture was measured with a ML2 ThetaProbe (AT Delta-T Devices
Ltd., Cambridge, UK), which measures volumetric soil moisture content by
responding to changes in the apparent dielectric constant of moist soil. Water
was supplied daily to maintain constant soil water content close to field capacity
(17% volumetric soil moisture, as determined experimentally using a pressure
plate apparatus and applying a pressure of one third atmosphere for 48 h, and
then determining the volumetric soil moisture) during the first 4 weeks of plant
growth (first experiment). At this time half of the plants were allowed to dry
until soil water content reached 70% field capacity (two days needed), which
corresponded to 10% volumetric soil moisture (also determined experimentally in a
previous assay), while the other half was maintained at field capacity. Plants were
maintained under such conditions for additional 10 days. In order to control the
level of drought stress, the soil water content was daily measured with the
ThetaProbe ML2 (at the end of the afternoon) and the amount of water lost was
added to each pot in order to return soil water content at the desired 10% of
volumetric soil moisture (70% of field capacity). However, during the 24h-period
comprised between each rewatering the soil water content was progressively
decreasing until a minimum value of 60% of field capacity. For the second
experiment, half of the plants was maintained at field capacity during the entire
experiment, while the other half was drought stressed as indicated above for 5
days (plants harvested 5 dai) or for 10 days for the rest of harvests. In the third
and fourth experiments plants were maintained at field capacity during 5 weeks
and then half of the plants was subjected to drought stress (70% of field
capacity) for fwo weeks, while the other half remained under well-watered
conditions.

Each week throughout the experiment, soybean plants received 10 ml of
Hewitt’s nutrient solution lacking N and P [29]. Three weeks after planting,
plants received nutrient solution amended with N and/or P as follows [21]: 0.18
mM KzHPO4 and 2 mM NH,NO, (NI plants), 0.35 mM K,HPO, (Br plants), 3 mM
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NH,NO, (6m and Gi plants). Nutrient concentrations were chosen in an attempt to

obtain well-watered plants of similar size and nutrient contents in all the
microbial treatments.

Each week throughout the experiment, uninoculated control lettuce plants
received 10 ml of Hewitt’s nutrient solution [29], modified to contain 4 mM N + 1
mM P. Mycorrhizal plants did not receive nutrient solution. The use of such
fertilization level for non-mycorrhizal plants was meant to obtain well-watered
control plants of similar size and nutrient contents to the AM plants tested in
this assay.

In the second experiment with lettuce, proline was added as an aqueous
solution at a rate of 30 ml per week, so that at the end of the experiment the
total amount of proline added was 10 mM per pot.

4.2.4. Symbiotic development

The percentage of mycorrhizal root infection in soybean and lettuce plants
was estimated by visual observation of fungal colonization after clearing washed
roots in 10% KOH and staining with 0.05% trypan blue in lactic acid (v/v),
according to Phillips & Hayman [47]. The extent of mycorrhizal colonization was
calculated according to the gridline intersect method [20]. Nodule number in
soybean roots was determined using a binocular microscope.

4.2.5. Proline content

Free proline was extracted from 0.3 g of fresh tissue and determined by
spectrophotometric analysis at 515 nm of the ninhydrin reaction, according to
Bates et al. [8].

4.2.6. RNA isolation and synthesis of first strand cDNA

Total RNA was isolated from soybean or leftuce roots by
phenol/chloroform extraction [34]. DNase treatment of total RNA was
performed according to Promega’'s recommendations. Total RNAs (2.5 yg) from
soybean and from leftuce roots subjected to drought stress were reverse
transcribed to first strand cDNA using AMV-RT enzyme (Finnzymes, Espoo,
Finland) and oligo(dT),; primer (Promega, Madison, WI), in a final volume of 25
with the buffer and temperature recommended by the enzyme supplier.

Total RNA was also isolated from soybean nodules (0.3 g fwt) that had
been previously separated from the roots at the harvest time and kept at -80 °C
in order to be used for other biochemical determinations. The RNA from nodules
was extracted using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany).

4.2.7. Cloning the gmp5cs and /sp5cs genes

Several stretches of conserved amino acids were apparent from the
compilations of sequences for the P5CS protein in plants. Two stretches were

170



Capitulo 4

used to design degenerate oligonucleotide primers as described by Numberg et al.
[43]: primer forward 5'-6GT GT(TA) CTC CT6 AT(TG) GT(TC) TTT GA-3' and
primer reverse 5'-CC (TC)TC AAC (TC)CC (TG)AC (TA)GG (AT)CC-3'. Using cDNA
from either soybean or from lettuce roots subjected to drought stress as
template, a cDNA fragment of about 840 bp was amplified with these primers and
the polymerase chain reaction (PCR). PCR was carried out in a final volume of 50 pl
containing 10mM Tris-HCl pH 8.3, 50 mM KCl, 2.5 mM MgCl,, 0.25 mM dNTPs, 100

pmoles of each primer and 2 units of Tag DNA polymerase (Sigma, St. Louis, MO,
USA). A Perkin/Elmer thermocycler (model 2400) was employed with the following
values: initial denaturation at 95 °C for 5 min, followed by 35 denaturation cycles
at 95 °C for 45 sec, annealing at 52 °C for 45 sec, elongation at 72 °C for 75 sec,
and a final elongation at 72 °C for 5 min. The amplified cDNA was purified
following electrophoresis through a 1.2% agarose gel with the QIAEX IT Gel
Extraction Kit (Qiagen, Hilden, Germany) and cloned into pGEM plasmid (Promega).
Recombinant plasmids were used to transform competent £ co/i DH-5a cells.
Positive clones screened by PCR were subcultured and plasmid DNA isolated using
QIAprep® Spin Miniprep kit (Qiagen).

4.2.8. Sequencing the cloned cDNA and analysis

Sequencing was performed by the dideoxy-sequencing method [57] using
fluorescent dye-linked universal M13 primers and a Perkin-Elmer ABI Prism model
373 DNA sequencer. Similarity searches were carried out in the EMBL databank,
using the BLAST software or the FASTA program available on-line from the
National Centre for Biotechnology Information (NCBI).

4.2.9. Northern blot analysis

Total RNA (15 pg) was separated by electrophoresis on 1.2% agarose gel
containing 2.2 M formaldehyde and blotted onto Hybond-N+ nylon membranes
(Amersham, Little Chalfont, UK) by capillarity [55]. Equal RNA loading and
transfer were verified by methylene blue staining of nylon membranes before
hydridization [28]. Blots were prehybridized 2-3 h at 42 °C in 5X Denhardt's
solution, 5X SSC, 0.5% SDS and hybridized with gmp5cs or Isp5cs specific probes
obtained by radioactive PCR labelling of plasmid inserts. Unincorporated **P was
removed using Mini Quick Spin™ columns (Boehringer Manheim, Indianapolis, IN).
A total of 107 cpm probe was heat-denatured and used to hybridize the blots
overnight at 65°C under standard conditions [55]. After washing twice for 5 min
at room temperature in 2X SSC and 0.1% SDS, and twice for 15 min at 65°C with
0.5X SSC and 0.1% SDS, membranes were exposed overnight to Kodak X-RAY-
OMAT at -70 °C. Signals on autoradiograms were analyzed and quantified using
Quantity One software (BioRad, Hemel Hempstead, UK). Transcript accumulation
levels for each gene probe were normalized according to the amount of rRNA in
the corresponding membrane, which had been also quantified with Quantity One
software. Each quantification of signals on autoradiograms and of rRNA was
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repeated three fimes and the average value was used for normalization. Northern
blot analyses were repeated twice with different set of plants.

4.2.10. Nucleotide sequence accession number

The nucleotide sequences corresponding to gmp5cs and /sp5cs cDNAs have
been deposited in the EMBL database under accession numbers AJ715851, and
AJ715852 respectively.

4.2.11. Statistical analysis

Data on proline content and root fresh weight were subjected to analysis
of variance (ANOVA) with microbial treatment, water regime and microbial
treatment-water regime interaction as sources of variation, and followed by
Duncan’s multiple range test [18].

4 _.3. Results

4.3.1. Symbiotic development in soybean and lettuce plants

No AM colonization or nodules were observed in non-inoculated soybean
plants. The percentage of AM infection in plants from the first experiment
ranged from 86% to 92% and the number of nodules in B. japonicum-inoculated
plants from 30 to 50 (data not shown). In the time-course experiment,
mycorrhizal infection inside roots and nodule formation were visible 12 dai and
both symbioses were progressing until the last harvest (35 dai). The AM
colonization at 12 dai was 17% (ww) and 15% (ds) of mycorrhizal root length, at 20
dai it reached 30% (ww) and 25% (ds) and at 35 dai it was 55% (ww) and 47(ds),
while the number of nodules ranged from 20 to 30 in B japonicum-inoculated
plants (data not shown).

The percentage of AM colonization was about 80% in both lettuce
experiments and resulted unaffected by drought stress and by proline addition
(data not shown).

4.3.2. Root development

The root fresh weight of soybean plants (experiment 1) is shown in Figure
1. Drought stress reduced root fresh weight in all treatments. Plants dually
inoculated with &. /intraradices plus B. japonicum showed the highest root
development under drought stress conditions, while non-inoculated plants showed
the lowest root development.

The root fresh weight of lettuce plants (experiment 1) also was reduced by
drought stress in all treatments (Figure 2). However, the reduction in root
development was lower in both AM treatments than in the non-AM plants.
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ww ds ww ds ww ds ww ds ww ds ww ds
NI Br Gm Gm+Br Gi Gi+Br

Figure 1. Root fresh weight of soybean plants. Treatments are designed as NI, non-inoculated controls; Br,
Bradyrhizobium japonicum; Gm, Glomus mosseae; Gm+Br, G. mosseae plus B. japonicum; Gi, Glomus
intraradices; Gi+Br, G. intraradices plus B. japonicum. Plants were either well-watered (ww) or drought
stressed (ds) for 10 days.

Root fresh weight (g plant'1)

wWWwW ds wwW ds ww ds
NI Gm Gi

Figure 2. Root fresh weight of lettuce plants. Treatments are designed as NI, non-inoculated controls;
Gm, Glomus mosseae; Gi, Glomus intraradices; Plants were either well-watered (ww) or drought stressed
(ds) for 10 days.

4.3.3. Cloning gmp5cs and /sp5cs genes

The use of the degenerate primers designed on conserved segments of
P5CS allowed to obtain several clones containing inserts of the expected size
using cDNA from soybean and from lettuce roots subjected to drought stress.
The sequencing of several of the clones obtained from soybean cDNA showed
that one of them contained a cDNA insert putatively encoding for a P5CS protein.
The clone was named gmp5cs. Such clone contained a cDNA fragment of 831 bp
and the putative protein encoded gave 76% identity with a P5CS protein from
Vigna unguiculata (accession QQAYM4, e = 1le™).

In the case of lettuce, we also sequenced several clones and only one of
them contained a cDNA insert putatively encoding for a P5CS protein. Such clone
was named /sp5cs. It contained a cDNA fragment of 839 bp. The putative protein
encoded by that cDNA gave 72% identity with the P5CS from
Mesembryanthemum crystallinum (accession 065361, e = 1le™'),
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4.3.4. Northern blot analysis with soybean RNAs and proline content

The cDNA insert from soybean (gmp5cs) was used as probe in northern
blot analyses with RNA from soybean roots from a variety of microbial
treatments (see experimental design). The results obtained are shown in Figure 3.
The higher gene expression was found in non-inoculated plants subjected to
drought that was set as 100% in arbitrary units after normalization of northern
according to the amount of ribosomal RNA loaded in the blots. Under well-
watered conditions, all the treatments showed slight but constitutive gene
expression, which ranged from 1.8% for plants singly inoculated with B. japonicum
to 0.1% for plants singly inoculated with &. mosseae or with &. intraradices.
Drought stress up-regulated the level of gmp5cs transcript accumulation in all
treatments. Only plants singly inoculated with B. japonicum showed a reduced level
of up-regulation in gmp5cs gene expression under drought stress conditions (only
12% of non-inoculated plants). Plants singly inoculated with &. mosseae showed up-
regulation of gmp5cs gene expression under drought stress (47% of the level
found in non-inoculated plants), and a similar level of gene expression was found in
those dually inoculated with B. japonicum plus &. mosseae under drought stress
conditions (51% of non-inoculated plants). Plants singly inoculated with &
intraradices only showed detectable gmp5cs gene expression under drought
stress conditions, but this expression was lower than in the other fungal
treatment (23% of non-inoculated plants). Finally, plants dually inoculated with 8.
Japonicum plus &. intraradices also exhibited gmpbcs gene expression under
drought stress conditions (50% of non-inoculated plants).

NI Br Gm Gm+Br Gi Gi+Br

ww ds ww ds ww ds ww ds ww ds ww ds

gmp5cs ” " _ i - “-" ?
26S rRNA - <0 . L ... .....

Proline
nmol g fw-

12¢ 60.1a 34e 9.5d 2.5¢ 393b 1.8e¢ 35.5bc 1.7¢ 30.1c 2.8¢ 41.0pb

Figure 3. Northern blot of total RNA (15 pg) from soybean roots. Treatments are designed as NI, non-
inoculated controls; Br, Bradyrhizobium japonicum; Gm, Glomus mosseae; Gm+Br, G. mosseae plus B.
Jjaponicum; Gi, Glomus intraradices; Gi+Br, G. intraradices plus B. japonicum. Plants were either well-
watered (ww) or drought stressed (ds) for 10 days. The percentage of gene expression is indicated by
numbers close to each northern (nq means “not quantifiable””). The second panel shows the amount of 26S
rRNA loaded for each treatment (methylene blue staining). The third panel shows the proline content in
these roots.

The proline content was also maximum in non-inoculated plants subjected
to drought stress (Figure 3), followed by all the AM plants subjected to drought.
However, plans singly inoculated with &. intraradices or with B. japonicum
accumulated less proline under drought stress than the rest of treatments (as
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also happened with the gmp5cs transcripts). The level of proline accumulated in
roots from well-watered plants was low in all freatments.

RNA from soybean root nodules was also extracted and used for northern
blot analysis of p5cs transcript accumulation. Figure 4 shows results obtained
with gmp5cs probe in nodules from plants inoculated only with B. japonicum or
dually inoculated with B. japonicum plus &. mosseae (the fungus that had showed a
more normal behaviour in relation Yo gmp5cs gene expression as compared to &.
intraradices, see Figure 3).

Br Gm+Br
gmp5bcs
26S rRNA
Proline
nmol g fw! 18c 234a 12¢c 88b

Figure 4. Northern blot of total RNA (10 pg) from soybean nodules. Treatments are designed as Br,
Bradyrhizobium japonicum and Gm+Br, G. mosseae plus B. japonicum. Plants were either well-watered
(ww) or drought stressed (ds) for 10 days. The percentage of gene expression is indicated by numbers
close to each northern (nq means “not quantifiable”). The second panel shows the amount of 26S rRNA
loaded for each treatment (methylene blue staining). The third panel shows the proline content in these
nodules.

It is clearly visible that in nodules of B. japonicum-inoculated plants there
was no expression of gmp5cs gene in well-watered plants, while the expression
increased notably in nodules of these plants when subjected fo drought stress
(which was set as 100%). In nodules from plants dually inoculated with both
symbiotic microorganisms the level of gmp5cs gene expression under drought
stress conditions was lower than in the nonAM plants (8% of Br plants).

Proline also accumulated considerably more in nodules of non-AM plants
subjected to drought than in the corresponding AM plants. Following the low up-
regulation of gmp5cs gene expression and low proline accumulation in roots from
plants singly inoculated with 8. japonicum and subjected to drought, we planed a
time-course experiment in order to study the expression level of gmp5cs gene at
different time intervals in non-inoculated soybean plants or after inoculation with
either B. japonicum or with B. japonicum plus 6. mosseae (the fungus that had
showed a more normal behaviour in relation to gmp5cs gene expression as
compared to &. intraradices, see Figure 3). All plants harvested at 5 dai showed a
low but constitutive level of gmp5cs transcript accumulation under whatever
conditions (Figure 5).
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NI Br Gm+Br

ww ds ww ds ww ds

5dai |

26S rRNA

12 dai

26S rRNA

20 dai

26S rRNA

35 dai

26S rRNA

Figure 5. Northern blot of total RNA (15 pg) from soybean roots with gmp5Scs. Plants were harvested 5,
12, 20 or 35 days after inoculation (dai). Treatments are designed as NI, non-inoculated controls; Br,
Bradyrhizobium japonicum; Gm+4Br, G. mosseae plus B. japonicum. Plants were either well-watered
(ww) or drought stressed (ds) for 10 days. The percentage of gene expression is indicated by numbers
close to each northern (nq means “not quantifiable”). The panel under each northern shows the amount of
26S rRNA loaded for each treatment (methylene blue staining).

At 12 dai, gmp5cs transcript accumulation was up-regulated in the three
treatments when subjected to drought. However, plants dually inoculated with 8.
Japonicum plus &. mosseae, showed a considerably lower up-regulation of gene
expression. After normalization, the level of gene expression in arbitrary units
was 100% for non-inoculated plants, 98% for B. japonicum-inoculated plants and
32% for dually inoculated plants. At 20 dai, again gmp5cs transcript accumulated
in the tree freatments subjected to drought, but, surprisingly, the level of
expression was considerably lower in the non-inoculated plants (set as 100%) than
in the other two treatments (about 210% of non-inoculated plants). Finally at 35
dai, the patter of gmpbcs transcript accumulation returned similar to that
observed in plants from the first experiment (Figure 3) since non-inoculated
plants exhibited the highest levels of transcript accumulation under drought
stress (set as 100%), while plants inoculated only with B. japonicum showed little
gmp5cs gene expression under drought conditions (15% of non-inoculated plants).
Plants dually inoculated with B. japonicum plus &. mosseae also showed enhanced
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gene expression under drought stress, but lower than in non-inoculated plants
(75% of non-inoculated plants).

4.3.5. Northern blot analysis with lettuce RNA and proline content

In order to test the behaviour of the P5CS gene in a non legume plant and
avoid the interference of AM symbiosis with that of Bradyrhizobium symbiosis,
the cDNA clone from lettuce (/sp5cs) was also used for northern blot analysis
with RNA from non-inoculated of AM lettuce roots cultivated under well-watered
or drought stressed conditions.

NI Gm Gi

ww ds ww ds ww ds

Ispbcs | W —— —

26S rRNA

Proline
nmolng'1 38c 300a 114 185b 5d 178b

Figure 6. Northern blot of total RNA (15 pg) from lettuce roots. Treatments are designed as NI, non-
inoculated controls; Gm, Glomus mosseae; Gi, Glomus intraradices; Plants were either well-watered
(ww) or drought stressed (ds) for 10 days. The percentage of gene expression is indicated by numbers
close to each northern (nq means “not quantifiable”). The second panel shows the amount of 26S rRNA
loaded for each treatment (methylene blue staining). The third panel shows the proline content in these
roots.

Results (Figure 6) showed that under well-watered conditions there was a
low but constitutive /sp5cs gene expression the three treatments assayed (more
visible in non-inoculated plants). Drought stress induced /sp5cs transcript
accumulation in the three treatments. However, the level of induction was higher
in roots from non-inoculated plants than in roots from both AM treatments. After
normalization to the corresponding RNA loaded in the blots, the level of /sp5cs
gene expression in non-inoculated plants was set as 100%, the level of /sp5cs gene
expression in plants colonized by & mosseae was 70% as compared to non-
inoculated plants, and the level of expression in plants colonized by &. intraradices
was 72% as compared to the non-inoculated plants.

The highest accumulation of proline was observed in non-inoculated plants
subjected to drought stress, followed by both AM stressed ftreatments (Figure 6).
Non-inoculated plants accumulated slightly higher levels of proline under well-
watered conditions than well-watered AM plants.

We planed a second experiment with lettuce plants added or not of proline
(the osmolyte in whose biosynthesis participates the P5CS). In that case, since
both AM fungi tested affected in a similar way the expression of /sp5cs gene, we
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used &. intraradices as the colonizing AM fungus because in previous experiments
with lettuce plants it has shown to be very effective protecting the host plants
against drought [41]. The expression of /sp5cs genes was analyzed in roots of AM
or control lettuce plants added or not of 10 mM proline during the growth period.
Results obtained (Figure 7) showed that in root tissues of non-inoculated plants
Isp5cs transcripts accumulated both under well-watered and under drought
stressed conditions (regardless of proline addition), while in &. intraradices-
colonized plants, the expression was only detected under drought stressed
conditions (regardless of proline addition).

NI Gi NI+Pro Gi+Pro

wds ww ds ww ds wwds

Isp5cs

26S rRNA

Proline
nmol g fw!

Figure 7. Northern blot of total RNA (15 ug) from lettuce roots added or not of 10mM proline (+Pro).
Treatments are designed as NI, non-inoculated controls; Gi, Glomus intraradices; Plants were either
well-watered (ww) or drought stressed (ds) for 10 days. The percentage of gene expression is indicated
by numbers close to each northern (nq means “not quantifiable”). The second panel shows the amount of
26S rRNA loaded for each treatment (methylene blue staining). The third panel shows the proline content
in these roots.

The highest expression of /sp5cs gene was found in roots from non-
inoculated plants without proline addition, both under well-watered and under
drought stress conditions. The two values of non-inoculated plants, after
normalization according to the RNA loaded in the membrane, were set up as 98%
and 100%, respectively. Plants colonized with &. intraradices and not supplied with
proline only showed 17% of /sp5cs transcript accumulation under drought stress
conditions. The addition of proline to non-inoculated plants decreased the level of
Ispbcs transcript accumulation to 31% under well-watered conditions and to 56%
under drought stress conditions. The addition of proline to plants colonized by &.
intraradices slightly enhanced the accumulation of /sp5cs transcript until 29% as
compared to the same plants not supplied with proline.

Non-inoculated plants subjected to drought and not supplied with proline
accumulated the highest amount of proline (Figure 7). The two plant treatments
added of proline and subjected to drought also accumulated important amounts of
proline. Curiously, the non-inoculated plants cultivated under well-watered
conditions also showed significant levels of proline and accumulated a similar
amount of proline as the stressed AM plants not supplied with proline.
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4 4 Discussion

As a soil dries out and its water potential becomes more negative, plants
must decrease their water potential Yo maintain a favourable water flow gradient
from soil into roots. The most important mechanism to achieve such an effect,
known as osmotic adjustment or osmoregulation, is to decrease the plant osmotic
potential by active accumulation of organic ions or solutes [30, 42]. Of these
metabolites, proline is probably the most widespread in plants [2, 44, 65, 69]. It
has been shown that proline accumulates under conditions of water shortage, high
salinity, chilling, heat and heavy metal exposure. It plays a major role in
osmorregulation and osmotolerance [15]. Moreover, it has been shown to protect
enzymes from inactivation by salinity, heat, chilling and dilution /n vitro [16, 59].

In previous studies we have shown several physiological and biochemical
mechanisms by which the AM symbiosis protected the host plants against the
detrimental effects of drought [51]. In contrast, molecular investigations in AM
symbiosis have been far less common to date than physiological studies. In this
study we have extended previous physiological observations by studying at the
molecular level the possible participation of genes encoding for P5CS, the enzyme
catalyzing the rate-limiting step in proline biosynthesis [2, 35, 71], in the
enhanced tolerance to drought stress in mycorrhizal soybean and lettuce plants.
In fact, several investigations on the relationship between the expression of the
key gene involved in the synthesis of proline and the accumulation of proline under
water stress indicate that the level of proline in plants is mainly regulated at the
transcriptional level during water stress [1, 2, 14, 32, 68, 69, 70].

The analysis of gmp5cs and /sp5cs gene expression showed that, in general,
these genes responded to drought and were up-regulated in drought stressed
treatments, suggesting that they are important for the plant response against
stresses involving water deficit [24, 35, 46, 69]. A contrasting result was
obtained, however, in soybean plants singly inoculated with B. japonicum, where
the gmp5cs gene showed little up-regulation in roots under drought stressed
conditions. This result was latter confirmed in the time-course experiment at 35
dai. Hence, a question raises; why the level of gmp5cs gene expression did not
increase at these plant stages in nodulated non-AM plants after drought stress?.
To answer this question it must be considered that drought stress also induces
synthesis and accumulation of abscisic acid (ABA), which mediates the plant
responses to water deficiency, mostly by promoting stomatal closure [25], but
also by inducing the expression of water deficit-responsive genes such as p5cs[1,
10, 11, 12, 62]. In addition, it has been demonstrated that the expression of p5cs
genes has two regulatory pathways, an ABA-dependent and an ABA-independent
pathway, and that both can act simultaneously [1, 19, 58, 61, 70]. Hence, a possible
answer to the above question is that nodulation itself can be affecting one of
these regulatory pathways for P5CS accumulation (i.e. the ABA-independent
pathway), avoiding the accumulation of pbcs transcripts. In contrast, the
mycorrhization of nodulated plants restore, at least in part, the normal p5cs
transcripts accumulation pattern by compensating in some way such ABA-
independent pathway.
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In nodules of plants singly inoculated with B. japonicum, the pattern of
gmp5cs gene expression was the expected one, namely up-regulation under
drought stress conditions. An elevated rate of proline biosynthesis in nodules has
been suggested to stimulate ureide synthesis in legumes and to help transfer
redox potential from the nodule cytoplasm to the bacteroids [37]. Our results
also showed that the amount of proline accumulated in nodules was higher than in
soybean roots. Proline may also act as a carbon and nitrogen source for the
bacteroids. An additional an important role of proline in nodules may be its
involvement in osmoregulation [14]. In fact, the osmoticum in infected nodule cells
is known to be 4- to 5-fold higher than in root cells [67]. Hence, the up-regulation
of gmp5cs in nodules of droughted plants may represent an osmoregulatory
adaptation fo increased concentration of solutes. What is not explained by that
hypothesis is why the expression of the gmp5cs gene in nodules from soybean
plants dually inoculated with the & mosseae and with B japonicum was
considerably lower than in the corresponding non-mycorrhizal plants. However, it
has been proposed that mycorrhization can alter the levels of ABA in the host
plant and that under drought stress the levels of ABA are lower in AM than in
non-AM plants [17, 21, 39]. Hence, an ABA-dependent regulation pathway could
explain the decrease in gmp5cs gene expression in nodules of these double
inoculated plants as compared to those of single nodulated soybean plants.

The last mechanism may explain, in the same way, why the levels of gmp5cs
and /sp5cs gene expression are lower in roots from droughted soybean and lettuce
AM plants than in roots from droughted soybean and lettuce non-inoculated
plants.

The regulation of gene expression by ABA or water stress varies
depending on the tissue or on the developmental stage of plant [33, 60].
Furthermore, p5cs genes can be also under developmental regulation [2, 70].
These findings can explain the little gmp5cs gene expression during the first
stages of the fime-course experiment and why the gene expression increased in
subsequent stages of the time-course.

Proline has been demonstrated to ameliorate dehydration-induced
perturbation in proteins [45], and exogenously supplied proline confers osmotic
tolerance to the plants and cultured cells [44]. In this study, the addition of
proline to lettuce plants reduced the expression of /sp5cs gene in all cases,
except in G. intraradices-inoculated plants subjected to drought. It is known that
P5CS protein (and, probably, p5cs gene expression) is feedback inhibited by
proline [63]. Such feedback inhibition of P5CS by proline is lost under drought
stress due to conformational changes in the P5CS protein [9, 27, 31, 40, 71].
However, it has been proposed that in some circumstances the feedback inhibition
of P5CS protein (and we assume that also of p5cs gene, as mentioned above) is not
completely eliminated under drought stress conditions [31], which could explain
that /sp5cs gene did not increase significantly the transcript accumulation levels
after addition of proline in non-inoculated or in 6. /ntraradices-inoculated plants.

In any case, a consistent effect observed both in soybean and in lettuce
plants is that, contrarily to our initial hypothesis expecting a possible increase of
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p5cs gene expression in AM plants and contributing to the alleviation of drought
stress by the AM symbiosis, the expression of gmpb5cs and /s/p5cs genes
decreased in drought stressed AM plants as compared to non-inoculated plants.
As mentioned above, this effect can be related to an hormonal or other
developmental change induced in AM plants, but it is also possible that AM plants
were simply less strained by drought stress and by that reason the level of p5cs
genes expression was lower in AM than in non-AM plants. In previous studies in
which we and other authors have found physiological or biochemical mechanisms
involved in the enhanced tolerance to drought stress in AM plants it has also been
proposed that primary drought-avoidance mechanisms (i.e. direct water uptake by
hyphae) or increased water uptake related to mycorrhizal changes in root
morphology [38] or soil structure [4, 5] might have contributed to the AM
protection of host plants against drought [48]. Also, a recent study has revealed
that, apart from direct hyphal water uptake, it seems that first the AM
symbiosis enhances osmotic adjustment in roots, that can contribute to maintain a
water potential gradient favourable to the water entrance from soil into the
roots. This enables higher leaf water potential in AM plants during drought and
keeps the plants protected against oxidative stress, and all these cumulative
effects increases the plant tolerance to drought [49].

In conclusion, our results demonstrate that the cloned p5cs genes
responded clearly to drought stress and were up-regulated under drought
conditions in soybean and lettuce plants, contributing to their protection against
drought. Mycorrhization of these plants with either &. mosseae or 6. intraradices
did not induce the expression of the p5cs genes analyzed. Moreover, the levels of
pbcs transcript accumulation in mycorrhizal freatments subjected to drought
were considerably lower than in the corresponding non-mycorrhizal plants,
indicating that the induction of p5cs gene is not a mechanism by which the AM
symbiosis protects their host plant, and suggesting that AM plants were less
strained by drought than non-AM plants due to primary drought-avoidance
mechanisms.
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LA DISMINUCION DE LA EXPRESION DEL GEN NTAQPI EN
PLANTAS DE TABACO NO AFECTA AL PATRON DE COLONIZACION
RADICAL POR HONGOS MICORRICICO ARBUSCULARES PERO
DISMINUYE SU EFICIENCIA SIMBIOTICA
EN CONDICIONES DE SEQUIA

Resumen

En este trabajo, investigamos en dos lineas de tabaco (Nicotiana tabacum)
(salvaje o mutante antisentido) si la disminucién en la expresién del gen NTAQP1,
que codifica para una aquaporina de membrana plasmdtica afecta al patron de
colonizacién micorricico arbuscular (MA) o a la eficiencia simbiética de hongos MA.
Los dos objetivos se estudiaron bajo condiciones éptimas y condiciones de déficit
hidrico. Ambas lineas de plantas tuvieron un patron de colonizacién radical similar
bajo condiciones éptimas y de déficit hidrico. Por el contrario, bajo condiciones de
estrés, las plantas MA de fenotipo salvaje crecieron mds rdpidamente que las
plantas MA antisentido. El intercambio gaseoso de la planta también dependié de la
expresion del gen NtAQP! y fue paralelo a los incrementos en el crecimiento. Se
discute mds en detalle las implicaciones que tiene la mejora del transporte de agua
via simplasto a través de NtAQP1 para la eficiencia de la simbiosis MA bajo
condiciones de déficit hidrico.

Palabras clave: Aquaporina, Mutante antisentido, Micorriza arbuscular, Sequia, Eficiencia
simbidtica.
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IMPAIRMENT OF NtAQPI GENE EXPRESSION IN TOBACCO PLANTS
DOES NOT AFFECT ROOT COLONISATION PATTERN BY
ARBUSCULAR MYCORRHIZAL FUNGI BUT DECREASES THEIR
SYMBIOTIC EFFICIENCY UNDER DROUGHT

Abstract

We investigated in two tobacco (MNicotiana tabacum) plant lines (wildtype or
antisense mutant) whether the impairment in the plasma membrane aquaporin
(NtAQPI) gene expression affects the arbuscular mycorrhizal (AM) fungal
colonization pattern or the symbiotic efficiency of AM fungi. The two objectives
were investigated under well-watered and drought stress conditions. Both plant
lines had similar pattern of root colonization under well-watered and drought
stress conditions. In contrast, under drought stress, AM wildtype plants grew
faster than mycorrhizal antisense plants. Plant gas exchange also appeared to
depend on the expression of NtAQPI and paralleled the determined growth
increments. The implications of enhanced symplastic water transport via NtAQP1
for the efficiency of the AM symbiosis under drought stress conditions are
further discussed.

Key words: Aquaporin, antisense mutant, arbuscular mycorrhizae, drought,
symbiotic efficiency.

5.1. Introduction

The arbuscular mycorrhiza is a symbiotic association between a plant root
and a fungus. By this, the AM fungus occupies a protected ecological niche and
receives plant photosynthates, while the plant improve their ability for nutrient
uptake and tolerance to biotic and abiotic stresses (Smith and Read 1997). Among
the abiotic stresses, water deficit is considered one of the most important
factors limiting plant growth and yield (Kramer and Boyer 1997). Several eco-
physiological studies investigating the role of AM symbiosis in protection against
drought stress have demonstrated that the symbiosis often results in altered
rates of water movement into, through and out of the host plants, with
consequences on tissue hydration and plant physiology (for reviews see Augé
2001; Ruiz-Lozano 2003).

Some studies have demonstrated that AM symbiosis induces the
expression of a gene encoding a tonoplast-located aquaporin in parsley and in
alfalfa (Roussel et al 1997; Krajinski et al. 2000). Aquaporins facilitate the
membrane water transport along a water potential gradient. These proteins
belong to the large major intrinsic protein (MIP) family of transmembrane
proteins and are represented in all kingdoms (Chrispeels and Agre 1994). Two
major classes of plant aquaporins, located in the plasma membrane or tonoplast,
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respectively, have been identified so far (Johnson et a/ 1990; Kammerloher et al.
1994). It has been suggested that vacuolar and plasma membrane aquaporins,
acting in concert, are responsible for the cytosolic osmoregulation that is
necessary for maintaining normal metabolic processes. However, inhibition studies
of aquaporins in vivo and antisense mutant studies have also suggested that, in
addition to cytosolic osmorregulation, aquaporins are important for the bulk flow
of water in plants (Grote et al 1998; Kjelbom et al 1999; Martre et a/ 2002
Javot et al. 2003). The high expression of genes encoding aquaporins in tissues
involved in water transport suggests a role in transcellular water flow frough
living cells (Barrieu et a/. 1998; Aharon et al. 2003).

The NtAQP1 aquaporin of tobacco was isolated and characterized as a
plasma membrane intrinsic aquaporin (Biela et a/ 1999). Using RNA gel blot and
whole mount hybridisation, Otto and Kaldenhoff (2000) found NtAQPI gene
expression in almost all organs of tobacco, with the highest levels in the root. In
s/tu immunological studies indicated NtAQP1 protein accumulation in the root
exodermis and endodermis, in the cortex, close to the vascular bundles, in the
xylem parenchyma, and in cells of the stomatal cavities. The aquaporin was found
at sites of anticipated high water fluxes from and to the apoplast or symplast. In
a subsequent report, Siefritz et a/. (2002) could attribute the NtAQP1 function
to cellular and whole-plant water relations.

Since AM fungi have been shown to enhance gene expression for tonoplast
located aquaporins during root colonization, the goal of the present work was to
investigate whether the impairment in NtAQP! gene expression affects the AM
fungal colonization pattern and to find out if such an impairment has any effect
on the symbiotic efficiency of AM fungi. The two objectives were investigated
under well-watered and drought stress conditions in wildtype and antisense
tobacco plants previously shown to have the NtAQPI gene expression reduced by
80% (Siefritz et al 2002). Two AM fungi having diverse colonization patterns
were examined, Glomus mosseae and Glomus intraradices.

5.2. Materials and Methods

5.2.1. Experimental design and statistical analysis

The experiment consisted of a three factors randomized complete block
design of: (1) two tobacco plant lines, (2) mycorrhizal treatment consisting of two
Glomus species or uninoculated control plants and (3) two water treatments (well-
watered or drought stressed), with five replications per treatment totalling 60
pots (one plant per pot).

Within each water treatment, data were subjected fo analysis of variance
(ANOVA) with plant line, AM fungus and plant line-AM fungus interaction as
sources of variation, and followed by Duncan’s multiple range test (Duncan 1955).
As percentage values do not follow a normal distribution (they cannot be less than
O nor more than 100), they were arcsin transformed for normalization before
statistical analysis.
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5.2.2. Soil and biological materials

Loamy soil was collected from the Zaidin Experimental Station (6ranada,
Spain), sieved (2 mm), diluted with quartz-sand (<1 mm) (1:1, soil:sand, v/v) and
sterilized by steaming (100 °C during 1 h for 3 consecutive days). The soil had a
pH of 8.1 (water); 1.81% organic matter, nutrient concentrations (mg kg™): N, 2.5;
P, 6.2 (NaHCOs-extractable P); K, 132.0. The soil texture was made up of 35.8%
sand, 43.6% silt and 20.5% clay.

Seeds of Nicotiana tabacum (wildtype and antisense mutant) were surface
sterilized with 70% ethanol for 2 min and with 2.5% sodium hypochloride for 10
min, then washed several fimes with sterile water to remove any trace of chemical
that could interfere in seed germination. After sterilization, wildtype seeds were
sown on plates containing 1/2 MS medium (Murashige and Skoog 1962) and
antisense seeds on plates containing the same medium supplemented with
kanamycin (100 pg/ml) for selection of antisense plants. After ten days of
incubation at 25 °C, seedlings were fransferred to pots containing 500 g of the
sterilized soil/sand mixture.

Mycorrhizal inoculum was bulked in an open-pot culture of Zea maysL. and
consisted of soil, spores, mycelia and infected root fragments. The AM species
were Glomus mosseae (Nicol. and Gerd.) Gerd. and Trappe, isolate BEG 122 and
Glomus intraradices Schenck and Smith, isolate BEG 121. Ten grams aliquots of
each inoculum, with similar infective characteristics (an average of 50 propagules
per gram according to the most probable number test), were placed below tobacco
seedlings. This amount of inoculum was selected in preliminary tests as optimum to
produce a good infection level according to the fotal amount of soil in the pot.
Non-mycorrhizal treatments received the same quantity of autoclaved inoculum
together with a 2-ml aliquot of a filtrate (< 20 um) of the AM inoculum in an
attempt to provide a general microbial population free of AM propagules.

5.2.3. Growth conditions

Plants were grown in a controlled environmental chamber with 70-80% RH,
day/night temperatures of 25/15°C, and a photoperiod of 16 h at a
photosynthetic photon flux density (PPFD) of 350 umol m? s™ (Licor, Lincoln, NE,
USA, model LI-188B).

Soil moisture was measured with a ML2 ThetaProbe (AT Delta-T Devices
Ltd., Cambridge, UK), which measures volumetric soil moisture content by
responding to changes in the apparent dielectric constant of moist soil (Roth et a/.
1992; White et al. 1994). Volumetric soil water content is the ratio between the
volume of water present and the total volume of the soil sample. It is a
dimensionless parameter, expressed either as a percentage (% vol) or as a ratio
(m*m>). For half of the plants water was supplied daily to maintain constant soil
water content close to field capacity (17% volumetric soil moisture). For the
other half of the plants water was supplied daily to maintain constant soil water
content close to 70% field capacity (10% volumetric soil moisture) and maintained
under such conditions during the entire experiment. In order to control the level
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of water stress, the pot water content was daily measured with the ThetaProbe
ML2 (at the end of the afternoon) and the amount of water lost was added to
each pot in order to maintain soil water content at the desired 17% (well-watered
plants) or 10% (droughted plants) of volumetric soil moisture.

5.2.4. Parameters measured
5.2.4.1. Biomass production

At harvest (8 wk after planting) the root system was separated from the
shoot and the fresh weights were recorded. Shoot dry weight was determined
after drying in a forced draught oven at 70 °C for two days.

5.2.4.2. Symbiotic development

The roots were carefully washed and stained by the normal non-vital
trypan blue (TB) staining of all fungal tissues (Phillips and Hayman 1970).
Mycorrhizal development was evaluated by the method of Trouvelot et a/ (1986)
(for more information visit, http://www.dijon.inra.fr/mychintec/Mycocalc-
prg/download.html). The colonization frequency (F%) is a ratio between colonized
root fragments and total number of root fragments observed. It gives an
estimation of the root length colonized by the fungus. The colonization intensity
(M%) is an estimation of the amount of root cortex occupied by fungal structures.
Finally, the arbuscule abundance (A%) gives an estimation of the arbuscule
richness in root system. Four replicates per freatment were used.

5.2.4.3. Solute accumulation

At harvest, free proline and total soluble sugars (TSS) were extracted
from 1 g fw leaves as described by (Bligh and Dyer 1959). The methanolic phase
was used for quantification of both substances. Proline was estimated by
spectrophotometric analysis at 515 nm of the ninhydrin reaction, according to
Bates et al. (1973). TSS were analyzed by 0.1 ml of the alcoholic extract reacting
with 3 ml freshly prepared anthrone (200 mg anthrone + 100 ml 72% (w:w) H.S04)
and placed in a boiling water bath for 10 min according o Irigoyen et al (1992).
After cooling, the absorbance at 620 nm was determined in a Shimadzu UV-1603
spectrophotometer (Shimadzu Corporation, Kyoto, Japan). The calibration curve
was made using glucose in the range of 20 to 400 pg/ml.

5.2.4.5. Gas exchange

The CO; exchange rate (CER), transpiration rate, instantaneous water use
efficiency (WUE) and stomatal conductance were measured on the third leaf
from each plant. Atmospheric CO, was measured 5 m above ground level.
Photosynthetic photon flux density (PPFD) was 1180 umol m? s™ in order to ensure
that no limitation in photon irradiance occurred. Light was provided by a halogen
lamp (General Electric 300 PAR 56/WFL). A model LCA-3 portable, integrated
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infrared CO, analyzer (Analytical Development Co., Hoddesdon, UK) was used for
these defterminations. Measurements were made 2 h after the light was turned
on. Precautions were faken according to Long and Hdllgren (1987) fo prevent
diurnal, intra-plant and inter-plant variations in plant gas exchange.

5.3. Results
5.3.1.Shoot and root biomass production

Under well-watered conditions uninoculated wildtype and antisense plants
did not show any significant difference in shoot or root growth (Figure 1).
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Figure 1. Shoot dry weight (A) and root fresh weight (B) in wildtype (WT) or antisense (AS) tobacco
plants inoculated or not with G. mosseae (M) or G. intraradices (I) and cultivated under well-watered
conditions or subjected to drought stress. Means followed by the same letter are not significantly
different (P < 0.05) as determined by Duncan's multiple-range test (n = 5).

Inoculation with &. mosseae increased shoot biomass production more than
8-fold in wildtype plants and more than 7-fold in the antisense plants. Inoculation
with &. intraradices also enhanced shoot biomass production in both wildype and
antisense plants to a comparable level. The root fresh weigh was slightly more
enhanced by mycorrhization in wildtype plants than in antisense plants (Figure 1).

Under drought stress conditions, uninoculated control plants of both
phenotypes showed again a similar shoot and root biomass production and
inoculation with both AM fungi increased shoot dry weight in both plant lines. In
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any case, the increase in shoot dry weight was more effective in wildtype plants
(8-fold) than the antisense plants (4-fold). In addition, for antisense plants under
drought stress, &. intraradices enhanced more (55%) shoot biomass production
than &. mosseae. Similarly, root fresh weight was not enhanced by &. mosseae in
antisense plants.

5.3.2. AM colonization

After AM infection a similar colonization frequency (F) was obtained under
all investigated treatments (Figure 2). In contrast to drought conditions, where
similar values were observed, well-watered wild type plants inoculated with &.
mosseae showed a slight decrease in F value. Colonization intensity (M) as well as
arbuscule abundance (A) were lower in &. mosseae-colonized plants.
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Figure 2. Frequency (F%) and intensity (M%) of root AM colonization, and arbuscule richness (A%) in
wildtype (WT) or antisense (AS) tobacco plants inoculated or not with G. mosseae (M) or G. intraradices
(I) and cultivated under well-watered conditions or subjected to drought stress. Means followed by the
same letter are not significantly different (P < 0.05) as determined by Duncan's multiple-range test (n =

5).
5.3.3. Solute accumulation

Non-mycorrhizal wildtype and antisense plants accumulated more proline
than mycorrhizal plants (Figure 3A). Under well-watered conditions, no
differences in proline accumulation were observed among mycorrhizal treatments.
In contrast, under drought stress antisense plants inoculated with either AM
fungus accumulated more proline than the corresponding wildtype plants
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inoculated with the same fungus. The increase was 200% for &. mosseae-colonized
plants and 93% for &. intraradices-colonized plants.

TSS increased in both plant lines as a consequence of mycorrhization both
under well-watered and under drought stress conditions (Figure 3B). The only
exception was found in antisense plants colonized by &. mosseae that, under
drought stress conditions showed equal soluble sugar accumulation than
nonmycorrhizal plants.

pmol proline g fwt"

TSS pug g fw

Wt AS WtM ASM Wil ASI Wt AS WtM ASM Wil ASI

Well-watered Droughted

Figure 3. Proline (A) and total soluble sugar (B) accumulation in wildtype (WT) or antisense (AS)
tobacco plants inoculated or not with G. mosseae (M) or G. intraradices (I) and cultivated under well-
watered conditions or subjected to drought stress. Means followed by the same letter are not significantly
different (P < 0.05) as determined by Duncan's multiple-range test (n = 5).

5.3.4. Gas exchange measurement

Mycorrhization enhanced leaf transpiration under all treatments (Table 1).
Well-watered plant lines exhibited a similar transpiration rate after AM
colonization. However, antisense lines colonized by 6. mosseae displayed a slightly
lower transpiration. Under drought, both mycorrhizal wildtype plants showed
increased transpiration rates in comparison to the mycorrhizal antisense plants.

Like the transpiration rates, the CER was enhanced by mycorrhization
(Table 1). Under well-watered conditions wildtype plants exhibited higher
photosynthetic activity when colonized by &. mosseae than when colonized by &.
intraradices. Antisense plants showed similar photosynthetic rate with both AM
fungi. Under drought stress conditions, mycorrhizal wildtype plants had higher
photosynthetic activity than the corresponding mycorrhizal antisense plants.
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Under well-watered conditions, WUE was lower in wildtype plants colonized
by &. intraradices than in nonmycorrhizal plants and no significant differences
were observed among the rest of freatments (Table 1). In contrast, under
drought stress, both plant lines colonized by &. /ntraradices showed the highest
WUE. No significant differences between mycorrhizal and nonmycorrhizal plants
were found for each 6. mosseae-inoculated plant line.

Stomatal conductance was also enhanced by mycorrhization in both plant
lines (Table 1). Under well-watered conditions, no differences were found in
wildtype plants as a consequence of the colonizing fungus. In contrast, in
antisense plants & mosseae produced the lowest stimulation of stomatal
conductance, while &. intraradices produced the highest one. Under drought
stress conditions, colonization by & mosseae enhanced more stomatal
conductance in wildtype than in antisense plants, while &. intraradices behave
similarly with both plant lines.

et e CER Transpiration

Well-watered

WT 8.3d 16¢c 53a 082d
AS 7.2d 19c 3.9bc 095d
WTM 61.0a 141a 4.4 abc 580 b
ASM 486b 10.7b 4.6 ab 446 ¢
WTI 38.6¢C 144 a 2.7d 540 b
ASI 48.1b 13.7 ab 3.5cd 690 a

Significance of sources of variation

Plant line (P)

Mycorrhizal fungus (F)

PxF

Droughted
WT 2.0d 1.0d 20c 40d
AS 15d 0.9d 1.8cd 30d
WTM 9.3b 39a 24b 180 a
ASM 32c 20c 1.6d 85¢c
WTI 11.2a 39a 29a 150 b
ASI 8.7b 28b 3.1a 140 b

Significance of sources of variation

Plant line (P)
Mycorrhizal fungus (F)
PxF

Table 1. CO,-exchange rate (CER, pmol CO, m? s'l), transpiration (mmol H,O m> s'l), water use
efficiency (WUE, mmol CO,/ mol H,0O) and stomatal conductance (mmol H,O m?s')in wildtype (WT)
or antisense (AS) tobacco plants inoculated or not with G. mosseae (M) or G. intraradices (I) and
cultivated under well-watered conditions or subjected to drought stress. Means followed by the same
letter are not significantly different (P < 0.05) as determined by Duncan's multiple-range test (n = 5).
Significance of the sources of variation is also displayed. * P< 0.05; ** P< 0.01; * **P< 0.001; ns, not
significant.

5.4. Discussion

The AM system is an excellent example for the extensive morphological
alterations that plant root cells undergo in order o accommodate the presence of
symbionts. Cytoskeleton elements are rearranged, the nucleus increases in size,
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amyloplasts lose their starch content and changes occur in the membrane systems
of arbuscule-containing cells. The plant plasma membrane extends to form a novel
periarbuscular membrane, which closely surrounds the fungal hyphae resulting in
an estimated 3- to 10-fold increase in the outer plant cell surface (Bonfante and
Perotto 1995; Gianinazzi-Pearson 1996).

Since most of the mycorrhiza-induced changes in plant root cells concern
cytoplasmic or vacuolar membrane systems, a variation of expression patterns
concerning genes that encode membrane-associated proteins can be expected
(Krajinski et a/. 2000). Conformingly, it has been shown that in mycorrhizal roots
gene activity for plant-encoded aquaporins is upregulated and expression is
localized in the highly compartmented vacuole of arbuscule-containing cells
(Roussel et al 1997; Krajinski et al. 2000). It has been proposed that these
aquaporins probably optimize nutrient and water exchange between both
symbiotic partners. They may also permit efficient osmoregulation of the highly
compartmented root cells (Maurel et a/ 2003). Considering that, and the fact
that the periarbuscular membrane is derived from the plasmamembrane rather
than the tonoplast, we have studied the effect of the plasma-membrane intrinsic
aquaporin NtAQP1 on the pattern of mycorrhizal colonization and/or on the fungal
symbiotic efficiency. Data from this study show that plant lines with a reduced or
a natural level of NtAQP1 had similar pattern of root colonization under well-
watered and drought stress conditions. The differences found under well-watered
conditions concern the AM fungal species involved in the symbiosis. 6. mosseae
showed lower colonization intensity (M) and arbuscule abundance (A) than 6.
intraradices as has been observed before (Graham et a/ 1996). With regard to
colonization efficiency &. /intraradices is a more aggressive AM fungus than &.
mosseae. The lack of effect of the impairment in NtAQPI gene expression on the
AM fungal colonization ability would suggest either that NtAQP1 function is
irrelevant for the process of root colonization or it may suggest that the
impairment in NtAQPI gene expression has been compensated by other
mechanisms such as by changing the abundance or the activity of other aquaporins
(Eckert et al 1999; Johansson et al 2000). However, the possibility that the
reduced NtAQPI gene expression can be compensated by changing the abundance
or the activity of other aquaporins has been ruled out. Siefritz et a/ (2002)
analized the consequences of antisense NYAQP! on other aquaporins expression
and they found that only the closely related NtPIPla gene showed reduced
expression, although less severe than that of NtAQPI gene. The RNA levels of
other aquaporin genes belonging to different subfamilies were unaffected by
antisense NtAQPI expression. Thus they suggested that results obtained by
subsequent analysis of the antisense plants using plant physiology techniques can
only be ascribed to the function of NtAQPI and closely related PIPI genes.

Plant growth and development depend strongly on water absorption from
the soil and its movement from the roots to other plant parts. Moreover, plant
water status is important not only for growth under favourable environmental
conditions; the ability of plants to tolerate water deficits and high salt levels also
depends heavily on their water status, which is altered in response to
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environmental conditions (Aharon et a/. 2003). Long-distance water transport is
carried out in the vascular tissues, where water is transported by bulk flow and
membrane barriers are in most cases non-existent. In contrast, short-distance
transport and fransport in non-vascular tissues frequently involve fransport
across membranes, which include transport through proteinaceous water channels
aquaporins. It has been proposed that rapid transmembrane water flow is possible
due to the presence of aquaporins, and that the rate of water flux may be
controlled by changing the abundance or the activity of the aquaporins (Eckert et
al. 1999; Johansson et a/. 2000).

In this study, both plant lines were cultivated under well-watered
conditions and under drought stress. Under well-watered conditions uninoculated
plants (antisense and wildtype) showed very similar growth rate or proline and
TSS accumulation. Shoot biomass production improved drastically in both plant
types after mycorrhizal colonization and the accumulation of TSS in mycorrhizal
plants could have contributed to such an effect (Kameli and Losel 1993). Under
drought stress, however, mycorrhizal wildtype plants grew faster than
mycorrhizal NtAQP1 antisense plants, indicating that the symbiotic efficiency of
both AM fungi (in terms of plant biomass production) was greater with wildtype
than with antisense plants. The lower symbiotic efficiency of AM fungi with AS
plants was evidenced not only under drought stress, but also under well-watered
conditions in the case of &. mosseae. Mainly when the colonizing fungus was the
more aggressive &. intraradices the ability of the plant to increase membrane
water permeability by NtAQP1 seems fo be beneficial in terms of biomass
production. The ability of the plant for a rapid growth as an adaptation to changed
environmental conditions could indeed be assured by the function of NtAQP1.
Other examples were provided by Siefritz et al (2004) in studies about
developmental regulation and function in growth processes of NtAQP1. The plant
gas exchange also appears to depend on the expression of NtAQPI, because
increase and decrease of franspiration, photosynthetic activity and stomatal
conductance parallels the determined growth increments. In recent works, Aharon
et al (2003) and Uehlein et a/ (2003) showed that heterologous respectively
homologous over-expression of an Arabidopsis plasma membrane aquaporin or
NtAQP!I in tobacco significantly increased plant growth rate, transpiration rate,
stomatal density and photosynthetic efficiency when plants were cultivated under
favourable growth conditions. In contrast to our results, such over expression had
no beneficial effect under salt stress and was deleterious during drought (Aharon
et al. 2003). However, the status of mycorrhization was not determined in these
experiments and artificial increase of membrane water permeability by over
expression of an arbitrarily chosen aquaporin gene in all tissues of the plant could
have unpredictable effects on plant water relations and also on cell stability.

The lower proline content in wildtype plants can be an indication that these
plants had a better water status and needed lower osmotic adjustment. In
contrast, antisense plants had to accumulate more proline in order to decrease
osmotic potential in their tissues (more active osmorregulation, suggesting an also
possibly lower water status). This agree with the fact that nonmycorrhizal plants
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always accumulated more proline (mainly under drought stress), indicating that
they were more strained by drought stress than mycorrhizal plants as has been
reported previously (Augé 2001; Ruiz-Lozano 2003).

Taken together, the present results indicate that enhanced symplastic
water transport via the plasma membrane aquaporin NtAQP1 is important for the
efficiency of AM symbiosis, at least under drought stress conditions. This
confirms the results obtained by Siefritz et a/ (2002), which show a measurable
and visible effect of NtAQPI expression under drought stress and the report by
Ruiz-Lozano (2003) indicating that AM symbiosis contributes to the modulation of
the total amount of water, thereby modifying plant water status and plant growth.
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EXPRESION DE GENES PIP DE AQUAPORINAS EN PLANTAS
MICORRICICO ARBUSCULARES DE Glycine max Y Lactuca sativa EN
RELACION CON LA TOLERANCIA AL ESTRES HIDRICO

Resumen

Si bien es cierto que el descubrimiento de las aquaporinas en plantas ha
significado un cambio paradigmdtico en el conocimiento de las relaciones hidricas
en las plantas, la relacién existente entre aquaporinas y las respuestas de las
plantas a la sequia adn no estd clara. Ademds, hasta ahora no se ha investigado la
contribucion de los genes de aquaporinas a la mejora de la tolerancia a la sequia en
plantas MA. Por lo tanto hemos estudiado a nivel molecular si la expresion de los
genes que codifican aquaporinas en raices estd alterada por la simbiosis MA como
mecanismo para mejorar la tolerancia al déficit hidrico en la planta hospedadora.
En este estudio se clonaron varios genes que codifican aquaporinas de membrana
plasmdtica (PIPs) de soja y lechuga y se estudié su patron de expresion en plantas
MA y control cultivadas bajo condiciones dptimas de riego o en condiciones de
déficit hidrico. Los resultados mostraron que las plantas MA respondieron al
estrés hidrico inhibiendo la expresion de los genes PIP estudiados asi como
anticipando su inhibicion en relacion a las plantas controles. Las posibles
implicaciones fisioldgicas de la inhibicion de estos genes PIP como mecanismo para
disminuir la permeabilidad de la membrana y permitir la conservacion de agua en
las células son tratados mds en detalle.

Palabras clave: simbiosis micorricico arbuscular, tolerancia a la sequia, aquaporina PIP,
déficit hidrico.
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PIP AQUAPORIN GENE EXPRESSION IN ARBUSCULAR
MYCORRHIZAL &Glycine max AND Lactuca sativa PLANTS IN
RELATION TO DROUGHT STRESS TOLERANCE

Abstract

Although the discovery of aquaporins in plants has resulted in a paradigm
shift in the understanding of plant water relations, the relationship between
aquaporins and plant responses to drought still remains elusive. Moreover, the
contribution of aquaporin genes to the enhanced tolerance to drought in AM plants
has never been investigated. Therefore, we studied, at a molecular level, whether
the expression of aquaporin-encoding genes in roots is altered by the AM
symbiosis as a mechanism to enhance host plant tolerance to water deficit. In this
study, genes encoding plasma membrane aquaporins (PIPs) from soybean and
lettuce were cloned and their expression pattern studied in AM and non-AM plants
cultivated under well-watered or drought stressed conditions. Results showed
that AM plants responded to drought stress by down-regulating the expression of
the PIP genes studied and anticipating its down-regulation as compared to non-AM
plants. The possible physiological implications of this down-regulation of PIPgenes
as a mechanism to decrease membrane water permeability and to allow cellular
water conservation is further discussed

Key words: arbuscular mycorrhizal symbiosis, drought tolerance, PIP
aquaporin, water deficit

6.1. Introduction

The arbuscular mycorrhizal (AM) symbiosis is the visible result of the
interaction between a plant root and a fungus. By this, the AM fungus occupies a
protected ecological niche and receives plant photosynthates, while plants improve
their ability for nutrients uptake and their tolerance to biotic and abiotic
stresses (Smith and Read, 1997). Among the abiotic stresses, water deficit is one
of the most common environmental stress factors experienced by soil plants. It
interferes with both normal development and growth and has a major adverse
effect on plant survival and productivity (Kramer and Boyer, 1997; Sheng et al,
2004). Several eco-physiological studies investigating the role of AM symbiosis in
protection against drought stress have demonstrated that the symbiosis often
results in altered rates of water movement into, through and out of the host
plants, with consequences on tissue hydration and plant physiology (for reviews
see Augé, 2001, 2004; Ruiz-Lozano, 2003).

The AM system is an excellent example for the extensive morphological
alterations that plant root cells undergo in order to accommodate the presence of
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symbionts. Cytoskeleton elements are rearranged, the nucleus increases in size,
amyloplasts lose their starch content and changes occur in the membrane systems
of arbuscule-containing cells. The plant plasma membrane extends to form a novel
periarbuscular membrane, which closely surrounds the fungal hyphae resulting in
an estimated 3- to 10-fold increase in the outer plant cell surface (Bonfante and
Perotto 1995; Gianinazzi-Pearson, 1996). Since most of the mycorrhiza-induced
changes in plant root cells concern cytoplasmic or vacuolar membrane systems, a
variation of expression patterns concerning genes that encode membrane-
associated proteins can be expected (Krajinski et a/, 2000). Accordingly, it has
been shown that in mycorrhizal roots a gene encoding for a plant aquaporin is up-
regulated and the expression is localized in the highly compartmented vacuole of
arbuscule-containing cells (Roussel et al, 1997; Krajinski et al, 2000). Several
aquaporin-encoding genes have also been shown to be up-regulated in
ectomycorrhizal poplar plants, and this was correlated with an increased water
transport capacity of mycorrhizal poplar roots (Marjanovic et a/, 2005). Finally, it
has been also shown that the impairment of a PIP gene in an antisense tobacco
mutant reduced the symbiotic efficiency of two AM fungi under drought stress
conditions (Porcel et al., 2005a).

Aquaporins are water channel proteins that facilitate and regulate the
passive movement of water molecules down a water potential gradient. These
proteins belong to the large major intrinsic protein (MIP) family of
transmembrane proteins and are represented in all kingdoms (Chrispeels and Agre
1994; Maurel, 1997; Tyerman et a/, 2002). Two major classes of plant aquaporins,
located in the plasma membrane (PIPs) or tonoplast (TIPs), respectively, have
been identified so far (Johnson et al, 1990; Kammerloher et al, 1994). Other two
classes of plant aquaporins are the homologues to the soybean Nodulin-26
aquaporin (NIPs) and the small basic intrinsic proteins (SIPs). The localization and
function of SIPs are unknown at the moment (Johanson et a/, 2001; Luu and
Maurel, 2005).

The rate of water flux into or out of a cell is determined by the water
potential gradient that acts as the driving force for transport and by the water
permeability of the membrane. Aquaporin proteins facilitate osmosis by forming
water-specific pores as an alternative to water diffusion through the lipid bilayer,
thus increasing the water permeability of the membrane (Schdfner, 1998;
Kjelbom et a/, 1999; Smart et al, 2001). It has been suggested that vacuolar and
plasma membrane aquaporins, acting in concert, are responsible for the cytosolic
osmoregulation that is necessary for maintaining normal metabolic processes
(Kjelbom, 1999). Moreover, inhibition studies of aquaporins /n vivo and antisense
transgenic studies have also suggested that aquaporins are crucial for the bulk
flow of water in plants (Grote et al, 1998; Kjelbom et al, 1999; Martre et al,
2002; Siefritz et al, 2002; Javot et al., 2003).

The discovery of aquaporins in plants has caused a significant change in the
understanding of plant water relations. However, the relationship that exists
between aquaporins and plant responses to drought still remains elusive and with
contradictory results (Aharon et al/, 2003; Lian et al/, 2004). Moreover, the
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contribution of aquaporin genes to the enhanced folerance fo drought in AM
plants has never been investigated. Krajinski et a/ (2000) proposed that the up-
regulation of aquaporins by the AM symbiosis probably optimizes nutrient and
water exchange between both symbiotic partners. They may also permit efficient
osmoregulation of the highly compartmented root cells (Maurel et a/, 2002).
However, the studies by Roussel et a/ (1997) and Krajinski et a/ (2000) were
carried out under well-watered conditions and they did not test the expression of
the aquaporin gene in AM plants under drought stress conditions.

Many studies have suggested that aquaporins contribute significantly to
the hydraulic conductivity of cells and that they have a role in cellular
osmoregulation (Kjelbom et a/, 1999; Martre et a/, 2002; Javot et al, 2003). In
recent years, much effort has been concentrated on investigating the function
and regulation of PIP aquaporins. These aquaporins seem to play a specifically
important role in controlling transcellular water transport. For instance, they are
abundantly expressed in roots where they mediate most of soil water uptake
(Javot and Maurel, 2002) and transgenic plants down-regulting one or more PIP
genes had lower root water uptake capacity (Siefritz et al, 2002; Javot et al,
2003). Since aquaporins are regulated both at transcriptional and activity levels
(Martre et al, 2002), we have considered of interest fo study whether the
expression of aquaporin-encoding genes in roots is altered by the AM symbiosis as
a mechanisms to enhance host plant tolerance to water deficit. To achieve this,
genes encoding plasma membrane aquaporins (PIPs) from soybean and lettuce were
cloned and their expression pattern studied, in AM and non-AM plants cultivated
under well-watered or drought stress conditions by using northern blot and
quantitative real-time PCR. At the same fime, PIP protein abundance was studied
by western blot.

6.2. Materials and Methods

6.2.1. Experimental designs

First experiment with Glycine max

The experiment consisted of a randomized complete block design with
three inoculation treatments: (1) non-inoculated control plants (NI), (2) plants
inoculated with the nitrogen-fixing bacteria Bradyrhizobium japonicum, strain
USDA 110 (Br) and (3) plants inoculated with the arbuscular mycorrhizal (AM)
fungus Glomus mosseae (Nicol. and Gerd.) Gerd. and Trappe and B. japonicum
(6m+Br). The use of these three inoculation treatments was decided because
legume plants, in their natural state, are nodulated. Hence, the non-AM control
plants were those inoculated only with B. japonicum (Br treatment). However, we
also included an absolute non-inoculated control treatment for comparison. Twelve
replicates of each microbial treatment were done, totalling 36 pots (one plant per
pot) so that half of them was cultivated under well-watered conditions
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throughout the entire experiment, while the other half was drought-stressed for
10 days before harvest (35 days after inoculation).

Second experiment with Glycine max

The experiment consisted of a randomized complete block design with the
same inoculation freatments described for the first experiment: For each
treatment plants were harvested at four time intervals: 5, 12, 20 or 35 days
after inoculation (dai). There were different number of replicates for each
treatment, ranging from 12 replicates for plants harvested after only 5 days, to 6
replicates for plant harvested after 35 days, totalling 108 pots (one plant per
pot). Half of the plants were cultivated under well-watered conditions throughout
the entire experiment, while the other half were drought-stressed for 5 days
(for plants harvested 5 dai) or for 10 days (for the rest of treatments) before
harvest.

Experiment with Lactuca sativa

The experiment consisted of a randomized complete block design with
three inoculation treatments: (1) non-inoculated control plants (NI), (2) plants
inoculated with the AM fungus Glomus mosseae (Nicol. and Gerd.) Gerd. and
Trappe (6m) and (3) plants inoculated with the AM fungus Glomus intraradices
(Schenck and Smith) (Gi). There were ten replicates of each treatment, totalling
30 pots (one plant per pot), so that half of them were cultivated under well-
watered conditions throughout the entire experiment, while the other half were
drought-stressed for 10 days before harvest.

Data were subjected to analysis of variance (ANOVA) with microbial
treatment, water supply and microbial freatment-water supply interaction as
sources of variation, and followed by Duncan”s multiple range test (Duncan, 1955).
Percentage values were arcsin transformed before statistical analysis.

6.2.2. Soil and biological materials

Loamy soil was collected from the Zaidin Experimental Station (6ranada,
Spain), sieved (2 mm), diluted with quartz-sand (<1 mm) (1:1, soil:sand, v/v) and
sterilized by steaming (100 °C for 1 h for 3 days). The soil had a pH of 8.1
(water); 1.81% organic matter, nutrient concentrations (mg kg'): N, 2.5; P, 6.2
(NaHCOj3-extractable P); K, 132.0. The soil texture was made up of 35.8% sand,
43.6% silt and 20.5% clay.

Soybean (&lycine max L. cv Williams) seeds were sterilized in a 15% H,0,
solution for 8 min, then washed several times with sterile water to remove any
trace of chemical that could interfere in seed germination, and placed on sterile
vermiculite at 25 °C to germinate. Three day old seedlings were transferred to
plastic pots containing 600 g of sterilized soil/sand mixture (1:1, v/v). When
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appropriate, a suspension (2 ml seed) of the diazotrophic bacterium
Bradyrhizobium japonicum, strain USDA 110 (10® cell mI™) was sprinkled over the
seedling at the time of planting.

Three seeds of lettuce (Lactuca sativa L. cv. Romana) were sown in pots
containing 500 g of the same soil/sand mixture as described above and thinned to
one seedling per pot after emergence.

Mycorrhizal inoculum for each endophyte was bulked in an open-pot culture
of Zea mays L. and consisted of soil, spores, mycelia and infected root fragments.
The AM species were Glomus mosseae (Nicol. and Gerd.) Gerd. and Trappe, isolate
BEG 122 and &lomus intraradices (Schenck and Smith) isolate BEG 121. Ten grams
of inoculum of the tfwo &lomus isolates, possessing similar infective
characteristics (about 80 infective propagules per gram, according to the most
probable number test), were added to appropriate pots at sowing time just below
soybean seedlings or lettuce seeds.

Uninoculated control plants for each microbial treatment received the
same amount of autoclaved rhizobial and/or mycorrhizal inoculum together with a
2-ml aliquot of a filtrate (< 20 um) of the AM inoculum in order to provide a
general microbial population free of AM propagules.

6.2.3. Choice of plant and fungal species

The choice of &Glycine max and Lactuca sativa is based on the fact that
both species are highly mycotrophic and responsive to drought stress, thus
representing a good system to study the effects of the AM symbiosis when coping
with drought stress.

The choice of 6. mosseae and &. intraradices as mycorrhizal fungi is based
on the fact that they have a clearly different physiological behaviour, including
symbiotic efficiency and colonization pattern of the host root. In addition, these
fungi have a clearly different ability to improve plant water uptake under drought
stress, as has been evidenced though a number of studies (Ruiz-Lozano et al,
1995; Tobar et al, 1994a,b; Marulanda et a/, 2003).

6.2.4. Growth conditions

Plants were grown in a controlled environmental chamber with 70-80% RH,
day/night temperatures of 25/15°C, and a photoperiod of 16 h at a
Photosynthetic photon flux density (PPFD) of 460 umol m? s™ (Licor, Lincoln, NE,
USA, model LI-188B).

Soil moisture was measured with a ML2 ThetaProbe (AT Delta-T Devices
Ltd., Cambridge, UK) as previously described (Porcel and Ruiz-Lozano, 2004;
Porcel et al, 2004, 2005b). Four weeks after planting half of the plants were
allowed to dry until soil water content reached 70% field capacity, while the
other half were maintained at field capacity. Plants were maintained under such
conditions for 10 days. The soil water content was daily measured with the
ThetaProbe ML2 (at the end of the afternoon) and the amount of water lost was
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added to each pot in order keep the soil water content at the desired level
(Porcel and Ruiz-Lozano, 2004; Porcel et al, 2004, 2005b). For the second
experiment, half of the plants were maintained at field capacity during the entire
experiment, while the other half were drought stressed as indicated above for 5
days (plants harvested 5 dai) or for 10 days for the rest of harvests.

Each week throughout the experiment, soybean plants received 10 ml of
Hewitt’s nutrient solution lacking N and P (Hewitt, 1952). Three weeks after
planting, plants received nutrient solution amended with N and/or P as follows
(Goicoechea et al, 1997): 0.18 mM K:HPO4 and 2 mM NH4NO; (NI plants), 0.35
mM KoHPO,4 (Br plants). Nutrient concentrations were chosen in an attempt to
obtain well-watered plants of similar size and nutrient contents in all the
microbial treatments.

Each week throughout the experiment, uninoculated control lettuce plants
received 10 ml of Hewitt”s nutrient solution (Hewitt, 1952), modified to contain 4
mM N + 1 mM P. Mycorrhizal plants did not receive nutrient solution. The use of
such fertilization level for non-mycorrhizal plants was meant to obtain well-
watered control plants of similar size and nutrient contents to the AM plants
tested in this assay.

6.2.5. Symbiotic development

The percentage of mycorrhizal root infection in soybean and lettuce plants
was estimated by visual observation of fungal colonization after clearing washed
roots in 10% KOH and staining with 0.05% trypan blue in lactic acid (v/v),
according to Phillips and Hayman (1970). The extent of mycorrhizal colonization
was calculated according to the gridline intersect method (Giovannetti and Mosse,
1980). Nodule number in soybean roots was determined using a dissecting
microscope.

6.2.6. Relative water content

The relative water content (RWC) in plant shoots was determined at the
harvest time as previously described by Ruiz-Lozano and Azcén (1997).

6.2.7. Leaf water potential

The leaf water potential (¥) was determined one day before harvest with a
C-52 thermocouple psychrometer chamber and a HR-33T dew point
microvoltmeter (Wescor Inc, Logan, UT, USA). Leaf discs were cut, placed inside
the psychrometer chamber and allowed to reach temperature and water vapour
equilibrium for 30 min before measurements were made by the dew point method.
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6.2.8. RNA isolation and synthesis of first strand cDNA

Total RNA was isolated from soybean or lettuce roots by
phenol/chloroform extraction (Kay et a/, 1987). DNase treatment of total RNA
was performed according to Promega’s recommendations. Total RNAs (2.5 1g)
from soybean and from lettuce roots subjected to drought stress were reverse
transcribed to first strand cDNA using AMV-RT enzyme (Finnzymes, Espoo,
Finland) and oligo(dT):s primer (Promega, Madison, WI), in a final volume of 25 ¢l
with the buffer and temperature recommended by the enzyme supplier.

6.2.9. Cloning the 6mPIP and LsPIP genes

Several strefches of conserved amino acids were apparent from the
compilations of sequences for aquaporins in plants and fungi. Two stretches were
used to design degenerate oligonucleotide primers as described by Numberg et a/.
(1989): primer forward 5' CA(CT) AT(CA) AAC CC(AG) GC(GA) GTG AC-3' and
primer reverse 5'-C CAT GAA (AC)AC (AC)6C AAA (TA)CC (AG) AT-3'. Using
cDNA from either soybean or from lettuce roots subjected to drought stress as
template, a cDNA fragment of about 335 bp was amplified with these primers and
the polymerase chain reaction (PCR). PCR was carried out as described previously
(Porcel et al, 2004, 2005b). The amplified cDNA was purified following
electrophoresis through a 1.2% agarose gel with the QTAEX II Gel Extraction Kit
(Qiagen, Hilden, Germany) and cloned into pGEM plasmid (Promega). Recombinant
plasmids were used to transform competent £ co/i DH-5a cells. Positive clones
screened by PCR were subcultured and plasmid DNA isolated using QTAprep® Spin
Miniprep kit (Qiagen).

6.2.10. Sequencing the cloned cDNA and analyses

Sequencing was performed by the dideoxy-sequencing method (Sanger et
al, 1977) using fluorescent dye-linked universal M13 primers and a Perkin-Elmer
ABI Prism model 373 DNA sequencer. Similarity searches were carried out using
the BLAST software or the FASTA program, available on-line from the National
Centre for Biotechnology Information (NCBI).

6.2.11. Northern blot analysis

Northern blot with 6mPIPI1, GmPIPZ2, LsPIPI or LsPIPZ probes were carried
out as previously described (Ruiz-Lozano et a/, 2002; Porcel et a/, 2004, 2005b).
Hybridizations were carried out overnight at 65 °C under standard conditions
(Sambrook et al,, 1989). After washing twice for 5 min at room temperature in 2X
SSC and 0.1% SDS, and twice for 15 min at 65 °C with 0.5X SSC and 0.1% SDS,
membranes were exposed overnight to Kodak X-RAY-OMAT at -70 °C. Before
performing the northern blot, equal RNA loading and transfer to the nylon
membranes were verified by methylene blue staining of the membranes (Herrin
and Schmidt, 1988). The amount of rRNA in these membranes was quantified
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using Quantity One software (BioRad, Hemel Hempstead, UK). After the northern
blot the signals on autoradiograms were analyzed and quantified using the same
software. Transcript accumulation levels for each gene probe (in arbitrary units)
were divided by the corresponding amount of rRNA in the membrane (also in
arbitrary units). Each quantification of signals on autoradiograms and of rRNA in
the membranes was repeated three times and the average value for each was
used for normalization. Northern blot analyses were repeated two times with
different set of plants.

6.2.12. Quantitative real-time RT-PCR

6MPIPZ and LsPIPZ gene expression was studied by real-time PCR by using
iCycler (Bio-Rad, Hercules, California, USA). cDNAs were obtained from 2.5 ug of
total DNase-treated RNA in a 20 ul reaction containing 500 ng random hexamer
primer, 0.5 mM each dNTP, 10 mM DTT, 40 U of RNase inhibitor, 1x first strand
buffer (Invitrogen, Carlsbad, California, USA) and 200 U of Superscript II
Reverse Transcriptase (Invitrogen). The primer sets used to amplify GmPIPZ and
LsPIP2 genes in the synthesized cDNAs are shown in Table 1. Each 25 pl reaction
contained 1 ul of a dilution 1:10 of the cDNA, 200 nM dNTPs, 400 nM each primer,
3 mM MgCl;, 2.5 ul of 1x SyBR Green (Molecular Probes, Eugene, Oregon, USA),
and 0.5 U Platinum Tag DNA polymerase (Invitrogen) in 1x PCR buffer (20 mM
Tris-HCl, pH 8.4, 50 mM KCl).

AQPGmFor TTGGCGAGGAAGTTGTCGTTGC
AQPGmRev AGATCCAGTGTTCATCCCAACC
18SGmFor CGATCAGATACCGTCCTAGTC
18SGmRev CCAACTAAGAACGGCCATGCACC
AQPLsFor CAAATGGTCCTTCTACAGAGC
AQPLsRev CAAACACTGTGCAATCATGTATCC
18SLsFor CAGGTCCAGACATAGTAAGA
18SLsRev GACCATTCAATCGGTAGGAGC

The annealing temperature used for all primer sets from soybean was 60 °C and 56 °C
for primers used with lettuce.

Table 1. Primers used in this study.

The PCR program consisted in a 4 min incubation at 95 °C to activate the
hot-start recombinant 7ag DNA polymerase, followed by 30 cycles of 45 s at 95
°C, 45 s at 60 °C, and 45 s at 72 °C, where the fluorescence signal was measured.
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The specificity of the PCR amplification procedure was checked with a heat
dissociation protocol (from 70 °C to 100 °C) after the final cycle of the PCR. The
efficiency of the primer set was evaluated by performing real-time PCR on several
dilutions of plasmid DNA. The results obtained on the different treatments were
standardized to the 18S rRNA levels, which were amplified with the primers 18S
shown in Table 1.

Real-time PCR experiments were carried out at least five times, with the
threshold cycle (Ct) determined in triplicate. The relative levels of transcription
were calculated by using the 2**“ method (Livak and Schmittgen, 2001). Negative
controls without cDNA were used in all PCR reactions.

6.2.13. Western blot analysis

The microsome purification, SDS-PAGE gel, transferring proteins to
nitrocellulose membrane, and blocking were all carried out as described by Aroca
et al/ (2005). The membranes were incubated in Tris-buffered-saline buffer
(TBS) with 0.05% Tween 20 in presence of PIP1 or PIP2 antibodies from
Arabidopsis thaliana (Kammerloher et a/, 1994; Daniels et a/, 1994). Each antibody
was incubated 1:500 dilution overnight at 4 °C and the secondary antibody (Mouse
anti-chicken IgG coupled to horseradish peroxidase; Sigma) 1:5,000 1 h at room
temperature. The signal was developed using a chemiluminescent substrate (West-
Pico, Super Signal; Pierce, Rockford, IL). Quantification of inmunoblots was
carried out as described previously (Aroca et a/., 2005).

6.2.14. Nucleotide sequence accession number

The nucleotide sequences corresponding to 6mPIPI, GmPIPZ, LsPIPI and
LsPIP2 cDNAs have been deposited in the EMBL database under accession
numbers AJ937960, AJ937961, AJ937962 and AJ937963, respectively.

6.3. Results

6.3.1. Symbiotic development in soybean and lettuce plants

No AM colonization or nodules were observed in non-inoculated soybean
plants. In the first experiment with soybean the percentage of AM infection was
near 65% (Br+Gm plants), with no significant differences between well-watered
and drought stressed conditions. The number of nodules in B. japonicum-
inoculated plants ranged from 30 to 50 (data not shown). In the second
experiment with soybean (time-course experiment) mycorrhizal infection inside
roots and nodule formation were visible 12 dai and both symbioses were
progressing until the last harvest (35 dai). The AM colonization at 12 dai was 17%
(ww) and 15% (ds) of mycorrhizal root length, at 20 dai it reached 30% (ww) and
25% (ds) and at 35 dai it was 55% (ww) and 47% (ds), while the number of nodules
ranged from 20 to 30 in B. japonicum-inoculated plants (data not shown).
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In lettuce (third experiment), the percentage of AM colonization was near
70% for 6. mosseae-inoculated plants and near 84% for &. intraradices-inoculated
plants. The AM infection resulted unaffected by drought stress (data not shown).

6.3.2. Relative water content

Soybean plants from the first experiment showed no significant
differences in RWC when cultivated under well-watered conditions (Figure 1B).
Drought stress decreased the RWC in all the treatments, but AM plants
maintained a significantly higher RWC than both non-AM treatments.

Soybean plants from the time-course experiment also showed no
significant differences in their relative water content when cultivated under well-
watered conditions (Figure 2B). Drought decreased their RWC in all treatments
but at 20 and 35 dai AM plants showed higher RWC than non-AM plants. Lettuce
plants showed a similar trend, with no significant differences in RWC under well-
watered conditions and higher RWC of AM plants than non-AM plants when
subjected to drought (Figure 3B).

6.3.3. Leaf water potential (¥)

The leaf water potential of soybean (first experiment) and lettuce plants
(third experiment) was unaffected by the microbial treatment when cultivated
under well-watered conditions (Table 2). In contrast, under drought stress
conditions ¥ was higher (less negative) in AM plants than in non-AM plants.

, b4
Treatment WelluwaM
Soybean
NI -1.4c -2.4a
Br -1.6¢ -2.3a
Gm+Br -1.5¢ -1.9b
Lettuce
NI -1.1¢c -2.0a
Gm -1.1c -1.6b
Gi -1.3c -1.7b

Tabla 2. Leaf water potential (¥, MPa) in soybean and lettuce plants. Treatments for soybean are
designed as NI, noninoculated controls; Br, Bradyrhizobium japonicum; Br+Gm, B. japonicum plus G.
mosseae and for lettuce as NI, noninoculated controls; Gm, Glomus mosseae and Gi, Glomus
intraradices. Plants were either well-watered or drought stressed for 10 days.

Within each plant species, means followed by the same latter are not significantly different (P< 0.05) as
determined by Duncan’s multiple range test (n = 4).
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6.3.4. Cloning 6mPIP and LsPIP genes

The use of the degenerate primers for aquaporins allowed us to obtain
several clones, which contained inserts of the expected size using cDNA from
soybean and from lettuce roots. The sequencing of four of the clones obtained
from soybean cDNA showed that all of them contained a cDNA insert putatively
encoding for aquaporins. These four clones corresponded to two different
sequences named 6mPIPI and GmPIPZ. The first clone (6mPIPI) contained a cDNA
fragment of 335 bp encoding for a putative protein of 88% identity with PIP1
from Medicago truncatula (accession Q946J9, e = 1e'%). The second clone
(6mPIP2) contained a cDNA fragment of 331 bp encoding for a putative protein
of 83% identity with a PIP2 from Zea mays (accession Q9ATM4, e = 7e*). The
homology between 6mPIPI and GmPIPZ nucleotide sequences was 68%.

In the case of lettuce, another four clones were sequenced, that
corresponded to two different sequences putatively encoding for aquaporins.
Such clones were named LsPIPI and LsPIPZ. The first clone (LsPIPI) contained a
cDNA fragment of 334 bp. The putative protein encoded by this cDNA gave 92%
identity with a PIP1 from Vitis berfandieri (accession QIM7B2, e = 4e™?). The
second clone (LsPIP2) contained a cDNA fragment of 331 bp. The putative protein
encoded by this cDNA gave 93% identity with a PIP2 from Vitis vinifera
(accession QBPXHO, e = 2e”*). The homology between LsPIP! and LsPIPZ
nucleotide sequences was 75%.

6.3.5. Northern blot analysis with soybean RNAs

Both cDNA inserts from soybean (6mPIPI and GmPIPZ) were used as
probes in northern blot analyses with soybean roots RNA from non-mycorrhizal
and mycorrhizal freatments (see experimental design). The expression of both
genes resulted down-regulated by drought stress (Figure 1).

6mPIPI showed the highest expression level in plants cultivated under well-
watered conditions. The gene expression corresponding to non-inoculated control
plants was set as 100% in arbitrary units after normalization according to the
amount of ribosomal RNA loaded in the blots. The three treatments decreased in
a similar way (by 25-30%) 6mPIPI gene expression when cultivated under drought
stress conditions. A similar trend was found for 6mPIPZ gene expression (Figure
1), with the exception of nodulated control plants (Br) that exhibited a decreased
gene expression also under well-watered conditions. Drought stress decreased
6mPIP2 transcript accumulation in a higher extent than for 6mPIPI, ranging from
45% decrease in NI plants to 60% decrease in AM plants.
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Figure 1. A. Northern blot of total RNA (15 ug) from soybean roots using GmPIPI and GmPIP2 gene
probes. Treatments are designed as NI, non-inoculated controls; Br, Bradyrhizobium japonicum; Br+Gm,
B. japonicum plus G. mosseae. Plants were either well-watered (ww) or drought stressed (ds) for 10 days.
The lower panels show the amount of 26S rRNA loaded for each treatment (methylene blue staining).
Numbers close to each northern represent the relative gene expression (after normalization to rRNA) as a
percentage of the value for well-watered noninoculated plants. B. Relative water content of soybean
plants grown under well-watered conditions (white column) or subjected to drought stress (black
column).

6.3.6. Quantitative real-time RT-PCR in soybean

As both genes showed a similar pattern of gene expression in AM versus
non-AM plants and also in drought stressed versus well-watered plants, we
designed specific primers only for one of the genes in order to follow its
expression pattern also by quantitative real-time PCR. We selected 6mPIPZ since
there are evidences that PIP2 are more active in water flow across plasma
membranes than PIP1 (Chaumont et a/, 2000; Fetter et al, 2004; Bots et al,
2005). The data on gene expression obtained for plants from the first experiment
(Figure 4) corroborated the pattern of gene expression found with northern blot.
In fact, non-inoculated plants showed the highest gene expression under well-
watered conditions and an important decrease under drought stress. Nodulated
non-AM plants (Br) showed again a reduced gene expression level even under well-
watered conditions, while AM plants also showed higher 6mPIP2 gene expression
under well-watered conditions and significant down-regulation under drought
stress conditions.
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Figure 4. Fold change in GmPIP2 gene expression determined by quantitative real-time PCR using gene-
specific primers for GmPIP2 and 18S rRNA. The fold change in GmPIP2 gene expression was
calculated using the 248Ct method. Treatments are designed as NI, non-inoculated controls; Br,
Bradyrhizobium japonicum; Br+Gm, B. japonicum plus G. mosseae. Plants were either well-watered
(ww) or drought stressed (ds) for 10 days. Data represent the mean of five replicates. Bars represent SE.

6.3.7. Time-course analysis of 6mPIP2

Based on the results obtained by northern blot and by quantitative PCR
which showed a down-regulation of PIP genes under drought stress conditions, but
no important differences between non-AM and AM plants, we planned a time-
course experiment in order fo study the expression level of 6mPIPZ gene at
different time intervals of the symbioses in soybean roots. Plants harvested at 5
dai showed little variation in 6mPIP2 transcript accumulation under any condition
(Figure 2A).

Only the AM plants exhibited a higher down-regulation (by 20%) of
6mPIPZ gene expression under drought stress conditions than the rest of
treatments. At 12 dai, the two non-AM treatments continued showing little
variation in gene expression under all conditions. AM plants showed again a
significant down-regulation (by 55%) of 6mPIP2 gene expression under drought
stress conditions than the rest of treatments. At 20 dai, all the treatments
showed down-regulation of 6mPIPZ gene under drought, but this down-regulation
was lower for the fwo nonAM plants (the decrease ranged from 12% for NI plants
to 40% for Br plants) than for the AM plants (the decrease was 71%). Finally, at
35 dai the pattern of 6mPIPZ gene expression was similar to that obtained in the
first northern blot (Figure 1A) or by means of quantitative PCR (Figure 4). In
fact, in all these cases plants were of the same age and at the same
developmental stage. The most remarkable result was that under drought stress
conditions non-inoculated plants down-regulated &6mPIPZ gene expression o a
similar extent as AM plants. Nodulated control plants (Br) showed reduced gene
expression even under well-watered conditions.
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Figure 2. A. Northern blot of total RNA (15 pg) from soybean roots using GmPIP2 gene probe. Plants
were harvested 5, 12, 20 or 35 days after inoculation (dai). Treatments are designed as NI, noninoculated
controls; Br, Bradyrhizobium japonicum; Br+Gm, B. japonicum plus G. mosseae. Plants were either
well-watered (ww) or drought stressed (ds) for 10 days. The lower panel shows a representative example
of the amount of 26S rRNA loaded for each treatment (methylene blue staining). Numbers close to each
northern represent the relative gene expression (after normalization to rRNA) as a percentage of the value
for well-watered noninoculated plants. B. Relative water content of soybean plants grown under well-
watered conditions (white column) or subjected to drought stress (black column).

6.3.8. Northern blot analysis with lettuce RNA

In order to test the behaviour of AQP genes in a non-legume plant and to
avoid the interference of the AM symbiosis with the Bradyrhizobium symbiosis,
the cDNAs cloned from lettuce (LsPIP! and LsPIPZ) were used for northern blot
analysis with RNA from non-inoculated or AM leftuce roots cultivated either
under well-watered or drought stressed conditions.
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Figure 3. A. Northern blot of total RNA (15 pg) from lettuce roots, using LsPIP] and LsPIP2 gene
probes. Treatments are designed as NI, noninoculated controls; Gm, Glomus mosseae and Gi, Glomus
intraradices. Plants were either well-watered (ww) or drought stressed (ds) for 10 days. The lower panels
show the amount of 26S rRNA loaded for each treatment (methylene blue staining). Numbers close to
each northern represent the relative gene expression (after normalization to rRNA) as a percentage of the
value for well-watered noninoculated plants. B. Relative water content of soybean plants grown under
well-watered conditions (white column) or subjected to drought stress (black column).

Two AM fungi (6. mosseae and G. intraradices) with clearly different
ability to improve plant water uptake under drought stress (Marulanda et al,
2003) were used. Results showed that both lettuce PIP genes behave similarly
(Figure 3A).

The highest gene expression was found in non-inoculated plants under well-
watered conditions that was set as 100% in arbitrary units. Gene expression in
these non-inoculated plants was slightly decreased by drought stress (14%
decrease for LsPIP1 and 11% decrease for LsPIP2). Both AM treatments showed a
reduced transcript accumulation for both PIP genes under well-watered
conditions, as compared to non-inoculated plants. While 6. mosseae-inoculated
plants decreased drastically (by near 90%) the level of gene expression under
drought stress conditions, G. intraradices-inoculated plants did not show such a
decrease.
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6.3.9. Quantitative real-time RT-PCR in lettuce

We designed specific primers only for one of the PIP genes in order fo
follow its expression pattern also by quantitative real-time PCR. As in the case of
soybean, we selected LsPIPZ.

Data from quantitative PCR experiments showed a similar pattern of
LsPIP2 gene expression to northern blot analysis, with the highest transcript
accumulation in non-inoculated plants under well-watered conditions and down-
regulation in these plants under drought stress conditions (Figure 5). Both AM
treatments showed a lower transcript accumulation than non-AM plants and, again,
6. mosseae-colonized plants showed a drastic down-regulation of LsPIPZ gene
expression under drought stress conditions. &. intraradices-colonized plants did
not show such a down-regulation of gene expression under drought stress as
compared to well-watered conditions.

Fold change in LsPIP2expression
©

;- NI. r]G_ rI]G._

ww ds ww ds ww ds

Figure 5. Fold change in LsPIP2 gene expression determined by quantitative real-time PCR in non-
inoculated control plants (NI) or in plants inoculated with G. mosseae (Gm) or with G. intraradices (Gi).
Plants were either well-watered (ww) or drought stressed (ds). Data represent the mean of five replicates.
Bars represent SE.

6.3.10. Western blot

We did western blot analyses on soybean and lettuce roots using PIP1 and
PIP2 antibodies from Arabidopsis thaliana. Unfortunately, none of the antibodies
recognized the corresponding protein in soybean. In lettuce, only PIP1 antibody
recognized the corresponding protein, while no results were obtained for PIP2
antibody. The gene expression study has focussed more on PIP2 but,
unfortunately, we only can correlate the gene expression study with data on
protein levels for LsPIPI gene. Results in lettuce are shown in Figure 6 and
paralleled results from northern blot shown in Figure 3B, demonstrating the
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important decrease of PIP1 protein accumulation in lettuce plants colonized by &.
mosseae under drought stress conditions.

NI Gm Gi

ww ds ww ds ww d kd
PIP1 | S8 S o |29

Figure 6. Western blot analysis of PIP1 protein accumulation in lettuce roots. Treatments are designed as
NI, noninoculated controls; Gm, Glomus mosseae and Gi, Glomus intraradices. Plants were either well-
watered (ww) or drought stressed (ds) for 10 days.

6.4. Discussion

Tolerance to drought stress in plants is a complex phenomenon and involves
many changes at both biochemical and physiological levels (Ingram and Bartels,
1996). Mechanisms of osmotic adjustment and modulation of tissue hydraulic
conductivity are required to maintain tissue water potential (Bohnert et a/, 1995).
Such mechanisms, which regulate water flux, are likely to be mediated, in part, by
aquaporins (Maurel, 1997).

The discovery of aquaporins has lead to the realization that water flow
across membranes may be regulated not only by osmotic pressure differences,
but also by modulating the abundance and/or the activity of aquaporins (Martre
et al, 2002). Water that is lost from the leaves through transpiration is
replenished by an apoplastic and transcellular water flow from cells that have a
higher water potential. Transcellular flow requires the movement of water across
the tonoplast and the plasma membrane and such transmembrane water movement
is facilitated by aquaporins (Maurel, 1997; Schdffner, 1998; Luu and Maurel,
2005). It has been proposed that regulation of PIPs in the plasma membrane of
root cells may play a key role in controlling radial water uptake, whereas TIPs may
rather determine a general role of the vacuole in buffering osmotic fluctuations
in the cytoplasm (Maurel et a/., 2002).

PIP aquaporins have been shown to be regulated by drought at the
transcript level (Mariaux et al, 1998). In this study all the genes studied showed
the highest sequence homology to PIP aquaporins. We aimed to investigate if the
AM symbiosis alters the pattern of PIP gene expression as a mechanism to
improve plant folerance to drought stress. Previous studies have shown that the
AM fungi can take up water from soil and transfer such water to the host plant.
This has been proposed as a mechanism that can help the plant fo cope with
drought stress (Hardie, 1985; Faber et al/, 1991; Ruiz-Lozano and Azcén, 1995;
Marulanda et al, 2003; Porcel et al,, 2003). If AM fungi are transferring water to
the root of the host plants, it is expected that the plant must increase its
permeability for water and that aquaporin genes should be up-regulated in order
to allow a higher rate of transcellular water flow (Javot and Maurel, 2002). In
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fact, aquaporins are enriched in zones of fast cell division and expansion, or in
areas where water flow or solute flux density would be expected to be high. This
included biotrophic interfaces between plants and symbiotic bacteria or fungi, as
is the case of the AM symbiosis (Tyerman et a/, 2002).

In contrast, o the above hypothesis, our results show that the genes
studied here are down-regulated both in soybean and lettuce under drought
stress and that such down-regulation is even more severe in AM plants than in
nonAM plants. A similar result has been obtained very recently by Ouziad et a/.
(2005) regarding the expression of PIP and TIP genes in roots of AM tomato
plants subjected to salt stress. The down regulation of the aquaporin genes is not
as evident in soybean plants from the first experiment, since the down-regulation
of both 6mPIP genes in AM and in noninoculated plants is of a similar magnitude
(Figures 1A and 4). However, when the expression of 6mPIPZ is analyzed in a
time-course, it is clearly visible that AM plants already down-regulated that gene
significantly at 5 dai and 12 dai, while both nonAM control plants still maintained
6mMPIPZ gene expression almost unaltered. At 20 dai, the more intense down-
regulation of that gene in AM plants than in both nonAM plants was still clearly
visible. Finally, at 35 days all treatments had the same level of 6mPIPZ gene
expression. This effect of the AM symbiosis anticipating the down-regulation of
GmPIPZ gene may have a physiological importance to help AM plants to cope with
drought stress. In fact, according to Aharon et al. (2003), the over-expression of
a PIP aquaporin in tfransgenic tobacco improves plant vigor under favorable growth
conditions, but the over-expression of such PIP gene has no beneficial effect
under salt stress, and has even negative effect during drought stress, causing
fast wilting. Hence, the decreased expression of plasma membrane aquaporin
genes during drought stress in AM plants can be a regulatory mechanism to limit
the water lost from the cells (Barrieu et a/, 1999). In support of this hypothesis
data on leaf ¥ and RWC show that AM plants (soybean and lettuce) had a less
negative ¥ and also higher water content than non-AM plants.

The up- or down-regulation by drought stress of mRNAs encoding
aquaporins homologues has been described in the roots of many plant species
(Javot and Maurel, 2002). There are currently fwo opposite descriptions of the
role of aquaporins in response to dehydration stress (Smart et a/, 2001). The
first is based on evidence that expression of some aquaporins is induced under
dehydration stress (Fray et al, 1994. Yamada et al, 1997; Barrieu et al, 1999;
Jang et al, 2004), which is predicted to result in greater membrane water
permeability and facilitated water transport. The second is based on the fact
that aquaporin activity is down-regulated under dehydration stress, which should
result in decreased membrane water permeability and may allow cellular water
conservation (Yamada et al, 1995; Johansson et al, 1998; Smart et a/, 2001)
during periods of dehydration stress.

Data obtained with lettuce plants also colonized by &. mosseae point in the
same direction, namely that under drought stress conditions there is a higher
down-regulation of the PIP genes studied (and also at the protein level, as
revealed by western blot) in AM plants than in non-AM plants. In contrast to &.

230



Capitulo 6

mosseae, plants colonized by &. intraradices do not exhibit such down-regulation
of PIP gene expression or protein accumulation. The expression of PIP genes
under drought stress in these plants is similar to control non-AM plants. However,
functional diversity among different AM fungi has been widely observed in
several aspects of the symbiosis. Burleigh et al (2002) showed that the
functional diversity between AM fungal species occurs not only at the level of
mycorrhiza formation, plant nutrient uptake or plant growth, but also at the
molecular level. These authors studied seven AM fungal species and found that
the seven species widely varied in their influence on the root expression of
M1PTZ2 and M14 genes from Medicago truncatula and also of LePT! and TPSI!
genes from Lycopersicon esculentum involved in plant P nutrition. In the same way,
previous studies from our research group showed a differential regulation by
both AM fungi of the expression of genes encoding late embryogenesis abundant
proteins (Porcel et al., 2005b).

The exact reason for the different influence of & mosseae and 6.
intraradices on lettuce PIP gene expression is not known. However, in a previous
study, also with leftuce, we evaluated the ability of six AM fungal species,
including 6. mosseae and 6&. intraradices, to enhance the amount of soil water
uptake by these plants (Marulanda et a/, 2003). The study demonstrated that
there were substantial differences among the six AM fungi used. One of the most
efficient fungi stimulating water uptake by plants was 6. intraradices, while 6.
mosseae showed a reduced ability to improve plant water uptake. This may
suggest that the strategy of both fungi to protect the host plant against water
deficit is different. 6. intraradices seems to have an important capacity to
enhance the rate of water uptake by lettuce roots. This means that the water
movement in these roots must be enhanced and thus, the root water permeability
must also increase, maybe by maintaining high levels of PIP aquaporin gene
expression as we observe in this study. Contrarily, 6. mosseae seems to direct its
strategy for plant protection against water deficit foward the conservation of
the water existing in the plant and by that reason down-regulates the expression
of PIP genes. Such down-regulation of PIP genes has been interpreted as a
mechanism fo decrease membrane water permeability and to allow cellular water
conservation (Yamada et al, 1995; Johansson et al., 1998; Smart et a/, 2001). In
any case, both strategies seems fo protect the host plant in a similar way since
lettuce plants had similar RWC and leaf ¥ regardless of the fungus colonizing
their roots.

A curious result obtained in this study concerns the reduced 6mPIPZ gene
expression in Br plants under well-watered conditions. Apart from the studies
describing the soybean Nodulin-26 aquaporin (Dean et al, 1999; Niemietz and
Tyerman, 2000), we do not know of any other study describing an effect of
Rhizobia on the expression of aquaporins or its meaning for the biological nitrogen
fixation. In any case, it is likely that this symbiosis can affect the expression of
aquaporin genes as consequence of the changes that the root cells must undergo
to accommodate the nodules. In addition, it must be considered that aquaporins
not only are water channels but they also allow passage to small neutral molecules
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such as glycerol or urea, or small gases such as ammonia or CO; (Luu and Maurel,
2005). Hence, it can not be discarded that the rhizobial symbiosis can be also
regulating the PIP gene expression under well-watered conditions.

In conclusion, results from this study suggest that AM plants respond to
drought stress by down-regulating the expression of the two PIP genes studied
and anticipating its down-regulation as compared to non-AM plants, rather than by
maintaining high levels of these PIP genes expression. This down-regulation of PIP
genes is likely to be a mechanism to decrease membrane water permeability and
to allow cellular water conservation. It must be considered, however, that as PIP
are members of a multi-gene family, other PIP isoforms in soybean and lettuce
plants may be regulated differently.
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IDENTIFICACION DE UN GEN DEL HONGO MICORRICICO
ARBUSCULAR (MA) Glomus intraradices, QUE CODIFICA UNA
PROTEINA 14-3-3, Y QUE RESULTA INDUCIDO POR DEFICIT
HIDRICO DURANTE LA SIMBIOSIS MA

Resumen

El presente estudio permitié identificar un gen de Glomus intraradices que
codifica una proteina 14-3-3, la hibridacién diferencial de una genoteca de ADNc
del hongo &. intraradices crecido in vitroy sometido a déficit hidrico mediante
adicién de PEG 6000 al 25%. Posteriormente se procedié a estudiar el patrdn de
expresion de este gen flngico bajo condiciones de estrés hidrico /n vitroy cuando
estaba formando una simbiosis natural con diferentes plantas hospedadoras. Los
resultados obtenidos sugieren que el gen 6/74-3-3 puede estar implicado en la
proteccion que la simbiosis MA confiere a la planta hospedadora frente a la sequia.
Estos hallazgos han proporcionado nuevas evidencias de que la contribucién de los
hongos MA a la mejora de la tolerancia a la sequia en la planta hospedadora puede
estar mediada por un grupo de proteinas (las 14-3-3) que regulan tanto rutas de
sefializacion metabdlicas como las proteinas efectoras implicadas en la respuesta
final de la planta ante un estimulo ambiental.

Palabras clave: simbiosis micorricico arbuscular, proteina 14-3-3, estrés hidrico
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IDENTIFICATION OF A GENE FROM THE ARBUSCULAR
MYCORRHIZAL (AM) FUNGUS Glomus intraradices ENCODING FOR A
14-3-3 PROTEIN, THAT IS UP-REGULATED BY DROUGHT STRESS

DURING THE AM SYMBIOSIS

Abstract

In the present study a 14-3-3 protein-encoding gene from G&Glomus
intraradices has been identified after differential hybridization of a cDNA
library constructed from the fungus growing /n vitro and subjected to drought
stress by addition of 25% PEG 6000. Subsequently we have studied its expression
pattern under drought stress /n vitro and also when forming natural symbioses
with different host plants. The results obtained suggest that &/74-3-3 gene may
be involved in the protection that the AM symbiosis confers to the host plant
against drought stress. Our findings provide new evidences that the contribution
of AM fungi to the enhanced drought tolerance of the host plant can be mediated
by a group of proteins (the 14-3-3) that regulate both signalling pathways and also
effectors proteins involved in the final plant responses.

Keywords: Arbuscular mycorrhizal symbiosis, 14-3-3 protein, drought
stress

7.1. Introduction

Drought stress is considered one of the most important abiotic factors
limiting plant growth and yield [26]. However, it has been shown that the
arbuscular mycorrhizal (AM) symbiosis can increase the plant survival and
production under drought stress conditions [1. 44]. Investigations on that topic
have demonstrated that the contribution of the AM symbiosis to plant drought
tolerance results from a combination of physical, nutritional, physiological and
cellular effects [44]. This appears to be due in many instances to differences in
tissue hydration between AM and non-AM plants: one freatment group manages to
either absorb more water or lose less water as the soil dries [4]. However, this
seems not to be the only mechanism by which AM symbiosis enhances drought
tolerance of plants. Additional mechanisms have been proposed such as: direct
uptake and transfer of water through the fungal hyphae to the host plant [21; 30;
45], better osmotic adjustment of AM plants [2; 27; 46], enhancement of plant
gas exchange [2; 3; 12; 18; 20; 46], changes in soil water retention properties [4;
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5] and protection against the oxidative damage generated by drought [37; 39; 47;
48; 49].

Living organisms can respond to drought stress at morphological, anatomical
and cellular levels, with modifications that allow these organisms to avoid the
stress or to increase its tolerance [7]. 14-3-3 proteins are ubiquitous eukaryotic
proteins that have wide-ranging regulatory functions by acting as
phosphoserine/phosphothreonine-binging proteins [42]. It is clear that these
proteins function in the regulation of signal transduction pathways, generally
functioning as adapters, chaperones, activators or repressors [34], and that they
regulate the activities of a wide array of fargets via direct protein-protein
interactions. Binding of 14-3-3 proteins to a target serves either to directly
regulate the activity of that protein, o affect its interactions with other protein
or to modify the intracellular localization of the target [41]. Targets for 14-3-3
include proteins involved in metabolism, signal transduction, chromatin function,
ion transport and vesicle trafficking [41].

14-3-3 protein family plays a central role in stress resistance, disease and
growth control during the cell life-cycle [10]. Plant 14-3-3 proteins bind a range of
transcription factors and other signalling proteins, and have roles regulating plant
development and stress responses. In the case of stress responses, support for
such roles comes from the observation of changes in 14-3-3 gene expression
during stress responses and from the detection of interactions between 14-3-3's
and proteins with signalling or protective functions [32; 43; 58].

Many studies on 14-3-3 proteins have been carried out in plants, animals
and yeasts. In contrast, there is no information about 14-3-3 proteins in AM fungi
or in the AM symbiosis. Although in recent years there has been an increase in the
understanding of the physiological processes involved in the enhanced tolerance of
mycorrhizal plants to water limitation, the exact mechanisms involved are still a
matter of debate [44]. In the present study a 14-3-3 protein-encoding gene from
Glomus intraradices has been identified following a non-targeted approach
(differential hybridization of a cDNA library constructed from the fungus
growing /n vitro and subjected to drought stress by addition of 25% PEG 6000).
Subsequently we have studied its expression pattern under drought stress /n vitro
and also when forming natural symbioses with different host plants. The
identification of this 14-3-3 protein-encoding gene in &. intraradices provides new
insights into the complex mechanisms by which AM fungi can protect the host
plants against water deficit.

7.2. Materials and Methods
7.2.1. In vitro mycorrhizal cultures

6. intraradices was established in monoxenic culture as described by St-
Arnaud et al. [55]. Briefly, clone DC2 of carrot (Daucus carota L.) Ri-T DNA
transformed roots were cultured with the AM fungus &. /ntraradices Smith and
Schenck (DAOM 197198, Biosystematic Research Center, Ottawa, Canada) in two-
compartment petri dishes. Cultures were initiated in one -compartment (“root
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compartment”) of each plate, which contained minimal medium. Fungal hyphae, but
not roots, were allowed to grow over to the second compartment (“hyphal
compartment”), which contained liquid minimal medium without sucrose (M-C
medium). The plates were incubated in the dark at 24 °C for 3 months. The hyphal
compartment medium was then carefully removed with a pasteur pipette and
added of new liquid minimal medium supplemented with 25% PEG 6000 (Sigma-
Aldrich Co., Madrid, Spain) in order to subject the extraradical hyphae to water
stress. The water potential of the minimal medium after PEG addition was -1.5
MPa, as measured with a C-52 thermocouple psychrometer chamber coupled to a
HR-33T dew point microvoltmeter (Wescor Inc, Logan, UT, USA). The
extraradical mycelium was allowed to grow under such conditions for five days and
then harvested and stored in liquid nitrogen for subsequent RNA extraction,
library construction and RT-PCR experiments.

7.2.2. Soil and biological material

Properties of soil and plants used in this study were as previously described
[36: 38; 39]. Loamy soil was collected from the Zaidin Experimental Station
(6ranada, Spain), sieved (2 mm), diluted with quartz-sand (<1 mm) (1:1, soil:sand,
v/v) and sterilized by steaming (100°C for 1 h on 3 consecutive days). The soil had
a pH of 8.1 (water); 1.81% organic matter, nutrient concentrations (mg kg'): N,
2.5; P, 6.2 (NaHCOj3-extractable P); K, 132.0. The soil texture was made up of
35.8% sand, 43.6% silt and 20.5% clay.

The plants used were soybean (&lycine max L. cv. Williams), lettuce
(Lactuca sativa L. cv. Romana), maize (Zea mays L. cv. Prisma) and tobacco
(Nicotiana tabacum L. cv. Samsun). Two plant lines (an aquaporin antisense mutant
and the corresponding wildtype) from Nicotiana tabaccum were used [38; 54]. All
plants were inoculated with the AM fungus &lomus intraradices (Schenck and
Smith) isolate BEG 121 (Gi). In all cases, half of the plants was cultivated under
well-watered conditions throughout the entire experiment (ww), while the other
half was drought-stressed for 10 days before harvest (ds) as previously described
[36; 38; 39].

7.2.3. Growth conditions

Plants were grown in a controlled environmental chamber with 70-80% RH,
day/night temperatures of 25/15°C, and a photoperiod of 16 h at a Photosynthetic
photon flux density (PPFD) of 460 umol m® s™ (Licor, Lincoln, NE, USA, model LI-
188B).

Soil moisture was measured with a ML2 ThetaProbe (AT Delta-T Devices
Ltd., Cambridge, UK), which measures volumetric soil moisture content by
responding to changes in the apparent dielectric constant of moist soil. Water was
supplied daily to maintain constant soil water content close to field capacity (17%
volumetric soil moisture, as determined experimentally) during the first 4 weeks
of plant growth. At that time, half of the plants was allowed to dry until soil water
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content reached 70% field capacity (two days needed), which corresponded to
10% volumetric soil moisture (also determined experimentally in a previous assay),
while the other half was maintained at field capacity. Plants were maintained
under such conditions for additional 8 days. In order to control the level of
drought stress, the soil water content was daily measured with the ThetaProbe
ML2 (at the end of the afternoon) and the amount of water lost was added to
each pot in order to return soil water content at the desired 10% of volumetric
soil moisture (70% of field capacity). However, during the 24h-period comprised
between each rewatering the soil water content was progressively decreasing until
a minimum value of 60% of field capacity.

7.2.4. Symbiotic development

The extent of mycorrhizal root colonization was calculated by the gridline
intersect method [17] after root staining according to Phillips and Hayman [35].

7.2.5. RNA isolation, construction of the cDNA library and screening

Total RNA was extracted from &. intraradices mycelia grown in monoxenic
culture and subjected to drought stress by addition of 25% PEG 6000. The RNA
was extracted using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). cDNA
was synthesized from 2.5 pg of total RNA using the Smart PCR cDNA Synthesis
Kit (Clontech, Palo Alto, California) and cloned into the bacteriophage lambda
ExCell vector (Amersham, Little Chalfont, UK) [50]. The library was screened by
differential hybridization of identical plaque lifts. Approximately 10* A
bacteriophage particles were plated at low density (1500-2000 pfu per plate) on
the host E coli (strain NM522). After incubation for 7 to 8 h at 37 °C, the
colonies were produced and the petri plates placed at 4 °C for 1h to harden the
top agarose. They were then overlaid with a Hybond-N" nylon membrane
(Amersham, Little Chalfont, UK) and left for 2 min at room temperature, or for 4
min for duplicate filters. DNA was denatured and fixed by autoclaving the filter
for 5 min at 120 °C. Each of the duplicate filters were then hybridized at 65 °C
with a total cDNA radioactive probe from mycorrhizal roots or from uninoculated
control roots, under standard conditions [51]. After washing twice for 5 min at
room temperature in 2X SSC and 0.1% SDS, and once for 15 min at 65 °C in 0.5X
SSC and 0.1% SDS, membranes were exposed overnight to Kodak X-RAY-OMAT at
-70 °C.

Differentially detected phage clones were used as template for a PCR-
based screening with universal M13 forward and reverse primers in order to verify
the purity of the clones as well as the size of the inserts. The PCR products
obtained were divided into two equal fractions, separated in agarose gels and
transferred onto nylon membranes [29]. Southern blot analysis was used to
confirm differentially expressed clones by probing the membranes with 3P-
labelled cDNAs from &. /ntraradices mycelia grown /n vitro and added or not added
of 25% PEG 6000.
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7.2.6. Sequencing the cloned cDNA and analyses.

Sequencing was performed by the dideoxy-sequencing method [52] using
fluorescent dye-linked universal M13 primers and a Perkin-Elmer ABI Prism model
373 DNA sequencer. Similarity searches were carried out in the EMBL databank,
using the BLAST software or the FASTA program available on-line from the
National Center for Biotechnology Information (NCBI).

Sequence alignments were performed using the program package ClustalW,
also available through the NCBI. After sequence alignments, a phylogenetic tree
was constructed using the Neighbour-Joining method from the program package
Phylip.

7.2.7. Northern blot analysis

Total RNA (15 pg) extracted from roots of the different plant tfreatments
was separated by electrophoresis on 1.2% agarose gel containing 2.2 M
formaldehyde and blotted onto Hybond-N" nylon membranes (Amersham, Little
Chalfont, UK) by capillarity [51]. Equal RNA loading and transfer were verified by
methylene blue staining of nylon membranes before hydridization [22]. Blots were
prehybridized 2-3 h at 65 °C in 5X Denhardt’s solution, 5X SSC, 0.5% SDS and
hybridized with &/14-3-3 specific probe obtained by radioactive PCR labelling of
plasmid insert. Unincorporated **P was removed using Mini Quick SpinTM columns
(Boehringer Manheim, Indianapolis, IN). A total of 10’ cpm probe was heat-
denatured and used to hybridize the blots overnight at 65 °C under standard
conditions [51]. After washing twice for 5 min at room temperature in 2X SSC and
0.1% SDS, and twice for 15 min at 65 °C with 0.6X SSC and 0.1% SDS, membranes
were exposed overnight to Kodak X-RAY-OMAT at -70 °C. Signals on
autoradiograms were analyzed and quantified using Quantity One software
(BioRad, Hemel Hempstead, UK). Transcript accumulation levels were normalized
according to the amount of rRNA in the corresponding membrane, which had been
also quantified with Quantity One software. Each quantification of signals on
autoradiograms and of rRNA was repeated three times and the average value was
used for normalization. Northern blot analyses were repeated twice with
different set of plants.

7.2.8. Quantitative real time RT-PCR

6i14-3-3 gene expression was studied by real-time PCR by using iCycler
(Bio-Rad, Hercules, California, USA), as described by Gonzdlez-Guerrero et al.
[19]. cDNAs were obtained from 2.5 ng of total DNase-treated RNA in a 20 ul
reaction containing 500 ng random hexamer primer, 0.5 mM each dNTP, 10 mM
DTT, 40 U of RNase inhibitor, 1x first strand buffer (Invitrogen, Carlsbad,
California, USA) and 200 U of Superscript IT Reverse Transcriptase (Invitrogen).

The primer set used to amplify &/74-3-3 and 6i185 rRNA genes in the
synthesized c¢DNAs were the following (5° to 3'): 6il4-3-3Forw
cgcaatctectctecagtege; Gi14-3-3Rev gcaatagcatcatcaaatgc; Gi18SForw
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tgttaataaaaatcggtgcgttge; Gil8SRev aaaacgcaaatgatcaaccggac. Each 25
reaction contained 1 pl of a dilution 1:10 of the cDNA, 200 nM dNTPs, 400 nM
each primer, 3 mM MgCl,, 2.5 ul of 1x SyBR Green (Molecular Probes, Eugene,
Oregon, USA), and 0.5 U Platinum 7ag DNA polymerase (Invitrogen) in 1x PCR
buffer (20 mM Tris-HCI, pH 8.4, 50 mM KCl).

The PCR program consisted in a 4 min incubation at 95 °C to activate the
hot-start recombinant Tag DNA polymerase, followed by 30 cycles of 45 s at 95
°C, 45 s at 60 °C, and 45 s at 72 °C, where the fluorescence signal was measured.
The specificity of the PCR amplification procedure was checked with a heat
dissociation protocol (from 70 °C to 100 °C) after the final cycle of the PCR. The
efficiency of the primer set was evaluated by performing real-time PCR on several
dilutions of plasmid DNA. The results obtained on the different treatments were
standardized to the 18S rRNA levels, which were amplified with the primers
Gil18S previously shown.

Real-time PCR experiments were carried out at least five times, with the
threshold cycle (Ct) determined in triplicate. The relative levels of transcription
were calculated by using the 22*" method [28]. Negative controls without cDNA
were used in all PCR reactions.

7.2.9. Nucleotide sequence accession number
The nucleotide sequence corresponding to &i14-3-3 gene has been
deposited in the EMBL database under accession number AM049264.
7.3. Results
7.3.1. Symbiotic development

The percentage of mycorrhizal root colonization varied with the host plant
considered (Figure 1), ranging from 41% for soybean plants to 96% for tobacco
plants. The exposition of plants to drought stress for then days did not affect
the mycorrhizal root infection of any of the host plants assayed.
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0 T T T
maize lettuce soybean Tobacco WT Tobacco AS

Mycorrhizal colonization (%)

Figure 1. Percentage of mycorrhizal root infection by G. intraradices in the different plants used in this
study. Plants were either well-watered (coloured columns) or drought stressed for 10 days (black
columns). Data are means of four replicates and lines over the columns represent the standard error.
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7.3.2. Isolation of &/14-3-3 gene

The differential screening of the library allowed detection of a cDNA
clone hybridizing with the cDNA probe obtained from the fungus growing in
monoxenic culture in presence of 25% PEG, but not with the probe from the
fungus growing in minimal medium without PEG. The clone was sequenced and the
sequence obtained had 884 bp, including the 3' nontraslated region and the polyA.
The GC content of the coding sequence was 41%. The putative protein encoded by
such sequence had 260 amino acids and exhibited 80% of identity with the 14-3-3
protein from the funqus Lentinula edodes (accession QOUR29, E = %), published
by Zhou et al. [59].

7.3.3. Expression of 6/14-3-3 gene in vitro and ex vitro, during symbiosis
with different plants

The expression of 6/74-3-3 gene was studied by northern blot when enough
RNA was available and/or by quantitative real-time PCR when the amount of RNA
limited northern blot analysis.

We first analyzed the expression of &i74-3-3 gene when the fungus was
growing /n vitro and subjected to an osmotic stress by adding 25% PEG to the
growing medium (Figure 2). The addition of PEG to the medium increased &i74-3-3
gene expression by 1200%.

G. intraradices

20 -
15 -
10 -
5 -

0 ——
Control +PEG

Relative expression units

Figure 2. Analysis of Gil/4-3-3 gene expression by real time quantitative RT-PCR in the AM fungus G.
intraradices grown in vitro. The fungus was subjected to drought by addition of PEG (25%) to the
growing medium or maintained under control conditions without PEG.
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We then analyzed the expression of that fungal gene during natural
symbiosis with different plants cultivated under well-watered or under drought
stress conditions. The results obtained differed according to the host plant
assayed. The expression of &i14-3-3 gene increased by over 640% as a
consequence of drought when &. intraradices colonized maize plants, (Figure 3).

Zea mays

ww ds
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Gi14-3-3

26S rRNA

Relative expression units
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Figure 3. Analysis of Gil/4-3-3 gene expression in maize plants colonized by the AM fungus G.
intraradices. Plants were either well-watered (ww) or drought stressed (ds). (A) northern blot of total
RNA (15 pg). The lower panels show the amount of 26S rRNA loaded for each treatment (methylene
blue staining). (B) real-time quantitative RT-PCR analysis of Gil4-3-3 gene expression.

A lower increase (38%) in gene expression was observed in lettuce plants
subjected to drought stress (Figure 4), while in tobacco (Figure 5) the increase of
6i14-3-3 gene expression was by 823% and 127% for wildtype and antisense
plants, respectively.
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Figure 4. Analysis of Gil4-3-3 gene expression in lettuce plants colonized by the AM fungus G.
intraradices. See legend for Figure 3.
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Nicotiana tabacum
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Figure 5. Analysis of Gil4-3-3 gene expression in two tobacco plant lines (wildtype or an aquaporin
antisense mutant) colonized by the AM fungus G. intraradices. See legend for Figure 3.

When the host plant was the soybean, &/74-3-3 gene expression could not
be detected by northern blot, and only real-fime quantitative PCR allowed
quantification of gene expression that, curiously, was not significantly affected by
drought stress (Figure 6).
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Figure 6. Analysis of Gil4-3-3 gene expression in soybean plants colonized by the AM fungus G.
intraradices. See legend for Figure 3.

7.3.4. Phylogenetic tree for &i14-3-3 nucleotide sequence

We constructed a phylogram showing the relationship between &6/74-3-3
nucleotide sequence and that of other fungi (Figure 7).
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Figure 7. Phylogenetic tree constructed after alignment of Gi/4-3-3 sequence from G. intraradices and
other fungi. The tree was constructed using the Neighbour-Joining method from the program package
Phylip. Scale represents the estimated number of nucleotide substitutions per sequence position.
Accession numbers of sequences used to construct the three are as follows: Arabidopsis thaliana
NM202155, that was set up as the outgroup in the three; Aspergillus fumigatus 1 NW876235; Aspergillus
Sfumigatus 2 XMT44371; Aspergillus nidulans XM658256; Candida albicans AF038154; Coprinopsis
cinerea DR775106; Debaryomyces hansenii NC006049; Glomus intraradices AM049264; Hypocrea
jecorina CF932611; Lentinula eodes AB029308; Neurospora crassa XM330735; Oidiodendron maius
CN200257; Paxillus involutus AY857493; Phanerochaete chrysosporium AY971673; Pneumocystis
carinii AF461162; Schizophyllum commune AY029473; Schizosaccharomyces pombe 799292.1;
Yarrowia lipolytica XM501483.

As can be seen the closest relative to &. intraradices was Pneumocystis
carinii, but the bootstrap values are low, indicating that their degree of
relationship is also low. Other fungi that showed a certain degree of relationship
with &. intraradices were Schizosaccharomyces pombe, Debaryomyces hansenii or
Candida albicans. Curiously, Oidiodendron maius (an ericoid mycorrhizal fungus) or
Paxillus involutus (an ectomycorrhizal fungus) are located far from &. intraradices
in the phylogram.
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7.4. Discussion

Abiotic stresses, such as drought, salinity or extreme temperatures share
a common osmotic component due to the generation of a water deficit for plants
and are serious threats to agriculture, resulting in the deterioration of the
environment. Osmotic stress is the primary cause of crop loss worldwide, reducing
average yields for most major crop plants by more than 50% [57]. Osmotic stress
evokes multiple responses that involve a series of physiological, biochemical and
molecular events in order to prevent cellular damage and to re-establish cellular
homeostasis [57].

Among the diverse roles of 14-3-3 proteins a common theme emerges of
adaptation to a changing environment. 14-3-3 proteins are found in association
with key control enzymes of primary metabolism, regulation of which could rapidly
alter metabolic flux in response to signals such as water, osmotic or salt stress
[15]. They could also regulate the expression of stress-inducible genes by
regulating the activity and or localisation of transcription factors [32]. The up-
regulation of &/14-3-3 gene under conditions of water deficit (induced /n vitro by
PEG addition or /n vivo by withholding plant irrigation) indicates that this fungal
gene has a role in the answer of the fungus against drought. This gene is probably
involved in the protection of the fungus itself (induction of the gene /n vitro) and
may be also involved in the protection of the host plant (induction of gene
expression when forming natural symbiosis with maize, lettuce and tobacco
plants). In this study PEG was used as osmoticum fo induce osmotic stress
responsive genes in &. intraradices and subsequent construction of a cCNA library
aimed at identifying such induces genes. The use of PEG as osmoticum in nutrient
solutions implies that the PEG is of high molecular weight, to avoid its uptake, that
the time of exposure do not exceed 6 days and that its degree of purity is high to
avoid contaminants [23; 40; 56]. All these precautions have been taken into
account in this study.

It has been demonstrated that one of the effects of 14-3-3 proteins
against osmotic stresses is carried out through the activation of the plasma
membrane proton ATPase [6; 9; 24]. The activity of plasma membrane H'-ATPase
is highly regulated by factors that affect the cell physiology, including stress
conditions [33], and enhanced ATPase activity is crucial for the protective system
that different organisms have developed against external adverse influences [53].
In the case of plants, the effects of 14-3-3 proteins are important for tolerance
to water limitation since it has been shown that the plasma membrane H'-ATPase
plays an essential role in the regulation of plant cell turgor. In fact, it exports
protons to create an electrochemical gradient across the plasma membrane, which
is then used by cell as the driving force for nutrient uptake, phloem loading, water
movement, stomatal closure and opening [11]. There is clear evidence for 14-3-3
mediated activation of the H-ATPase in response to osmotic stresses. It has been
demonstrated that osmotic stress induces a redistribution of 14-3-3 proteins
between the cytoplasm and the plasma membrane of sugar beet cells. This effect
is accompanied by an increase in H-pump activity [6; 9. 24]. Increased H’
transport through phosphorylation and 14-3-3 binding to the proton ATPase are
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part of the early responses of cells to perturbation in growth conditions such as
osmotic stress [14; 24].

It is noteworthy that the expression of H+-ATPases is also induced in
barley, transgenic tobacco and tomato roots infected with arbuscular mycorrhizal
fungi [13; 16; 31]. However, the possible participation of 14-3-3 proteins in the
corresponding pumping activity of AM symbiosis-induced ATPases has never been
investigated.

As well as H'-ATPases, other factors with potential roles in abiotic stress
responses have also been identified as targets of 14-3-3 proteins. A calcium-
dependent protein kinase (CDPK) isoform from Arabidopsis has been shown fo be
activated by 14-3-3 proteins [8]. CDPKs consitute a unique family of plant kinases
which are defined by a C-terminal calmodulin-like regulatory domain and have been
shown to be involved in drought and salinity responses [15]. Although physiological
processes regulated by CDPKs have remained largely elusive, a number of proteins
phosphorylated by these kinases have been identified [8].

Curiously, a no significant effect of drought stress on &/14-3-3 gene
expression has been observed in this study when the fungus is associated to
soybean plants. This result may be related to the fact that the AM colonization in
these plants was considerably lower than in the rest of freatments. In any case,
the induction of &i74-3-3 gene was more or less intense depending on the host
plant. This is quite evident with the fwo tobacco plants lines that exhibited a
higher induction of &/74-3-3 gene expression in wildtype plants and a lower
induction in the plant line that is more sensitive to drought (antisense). Antisense
tobacco plants show an 80% of inhibition of a plasma membrane intrinsic aquaporin
[54]. In previous studies we and other authors have demonstrated the high
sensitivity fo drought stress of antisense tobacco plants [38; 54]. The varying
results obtained with the different plants here assayed suggest that the
importance of &/14-3-3 when coping with drought stress may depend on the
intrinsic physiological characteristics of the host plant. Hence, it may be
speculated that 14-3-3 proteins take part of the mechanisms by which the AM
symbiosis enhances the tolerance of the host plant against drought, but that the
contribution and predominance of other mechanisms, as those already reported in
previous revisions on the subject [1; 44], when alleviating drought stress, may
depend on the physiological characteristic of the host plant.

In conclusion, the results obtained here suggest that Gil4-3-3 protein is
involved in the protection that the AM symbiosis confers to the host plant against
drought stress and that the real implication of these proteins depends on the
physiological characteristics of the host plant. In any case, as 14-3-3 proteins
regulate the activity of many proteins involved in signal transduction, there are
multiple levels at which 14-3-3 proteins may play roles in stress responses [43],
and the precise mechanism of Gil4-3-3-mediated drought stress tolerance
remains unknown. It is likely, however, that Gi-14-3-3 protein can regulate the
activity of plasma membrane H+-ATPases of either the fungus or the host plant, in
order to activate its pumping activity, which is essential to cope with osmotic
stress [11; 33; 53]. Additionally, Gi-14-3-3 protein can activate a fungal or plant
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calcium-dependent protein kinase in order to modulate the activity of final
effectors proteins involved in the response to the osmotic stress [8]. Our findings
provide new evidences that the contribution of AM fungi to the enhanced drought
tolerance of the host plant can be mediated by a group of proteins (the 14-3-3)
that regulate both signalling pathways and also proteins involved in the final
responses.
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UN GEN DEL HONGO MICORRICICO ARBUSCULAR (MA)
Glomus intraradices QUE CODIFICA UNA PROTEINA DE UNION
RESULTA INDUCIDO POR SEQUIA DURANTE LA
SIMBIOSIS MICORRICICA

Resumen

La contribucién de la simbiosis micorricico arbuscular (MA) a la tolerancia
de las plantas a la sequia da lugar a una combinacién de efectos fisicos,
nutricionales y celulares. Sin embargo, los mecanismos exactos implicados en esta
mejora son todavia un debate. En este estudio se ha identificado un gen del hongo
MA Glomus intraradices que codifica para BiP, mediante hibridacién diferencial de
una genoteca de ADNc del hongo crecido /n vitroy sometido a déficit hidrico por
adicién de 25% PEG 6000. Los resultados mostraron que su expresion estaba
inducida por déficit hidrico no sélo durante las condiciones /n vitro (cultivo
monoxénico MA) sino también ex vitro, cuando formaba simbiosis natural con
plantas. La identificacién del gen &/BiP ha proporcionado evidencias de que la
contribucion de los hongos MA a la mayor tolerancia de las plantas hospedadoras
frente a la sequia puede estar mediada por proteinas con actividad chaperona,
como la de las proteinas BiP.

Palabras clave: simbiosis micorricico arbuscular, BiP, déficit hidrico
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A GENE FROM THE ARBUSCULAR MYCORRHIZAL FUNGUS &lomus
intraradices ENCODING A BINDING PROTEIN IS UP-REGULATED BY
DROUGHT STRESS DURING THE MYCORRHIZAL SYMBIOSIS

Abstract

The contribution of the arbuscular mycorrhizal (AM) symbiosis to plant
drought folerance results from a combination of physical, nutritional and cellular
effects. However, the exact mechanisms involved in such enhanced tolerance are
still a matter of debate. In this study a BiP-encoding gene from the AM fungus
Glomus intraradices has been identified after differential hybridization of a
cDNA library constructed from the fungus growing /n vitro and subjected to
drought stress by addition of 25% PEG 6000. Results show that its expression
was up-regulated by drought stress not only during /n vitro conditions (AM
monoxenic cultures) but also ex vitro, when forming natural symbioses with plants.
The identification of &/BiP gene provides new evidences that the contribution of
AM fungi to the enhanced drought tolerance of the host plant can be mediated by
proteins with chaperone-like activity, such as that of BiP.

Keywords: Arbuscular mycorrhizal symbiosis, BiP, drought stress

8.1. Introduction

Water deficit is one of the most common environmental stress factors
experienced by soil plants. It interferes both with normal plant development and
growth, and has major adverse effects on plant survival and productivity (Kramer
and Boyer, 1997).

The arbuscular mycorrhizal (AM) symbiosis can increase the plant survival
and production under water deficit conditions (for reviews see Augé, 2001; Ruiz-
Lozano, 2003). It is currently accepted that the contribution of the AM symbiosis
to plant drought tolerance results from a combination of physical, nutritional and
cellular effects, although the exact mechanisms involved are still a matter of
debate (Ruiz-Lozano, 2003).

Living organisms can respond to drought stress at morphological, anatomical
and cellular levels, with modifications that allow these organisms to avoid the
stress or to increase its tolerance (Bray, 1997). Among a diversity of responses,
living organisms can adapt to water deficit by the induction of specific genes (Zhu
et al, 1997). One of these genes encodes for an important component of
endoplasmic reticulum (ER): the luminal binding protein (BiP). The protein BiP is a
molecular chaperone present in all kingdoms. The role of BiP in the ER is to
transiently bind to unfolded proteins and to prevent intramolecular and
intermolecular interactions that can result in permanent misfolding or aggregation,
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with the subsequent lost of their function (Gething and Sambrook, 1992;
Hendershot et al, 1996). Thus, both the increase of secretory activity and
accumulation of unfolded proteins within the ER, as usually happens under abiotic
stresses, result in the induction of BiP (Boston et al, 1996; Galili et al,, 1998).

Some studies have demonstrated that overexpression of BiP genes in
cultured mammalian cells and tobacco leaf protoplast attenuates ER stress caused
by ionophore or tunicamycin (Laitusis et a/, 1999; Leborgne-Castel et a/, 1999). It
is also well known that overexpression of BiP in mammalian cultured cells (Laitusis
et al, 1999) prevents the induction of unfolded protein response (UPR)-induced
genes and increases cell folerance to stress, suggesting that BiP directly alleviates
the ER stress. Plant BiP expression has been shown to respond to a variety of
abiotic and biotic stress conditions, such as water stress, fungus infestation,
insect attack, nutritional stress, cold acclimation and elicitors of the plant-
pathogenesis response (Anderson et a/, 1994; Denecke et al., 1995; Kalinski et al,
1995; Figueiredo et al, 1997; Fontes et al, 1999). Furthermore, it has been
demonstrated that constitutive overexpression of BiP in tobacco is enough to
confer tolerance to water stress (Alvim et a/,, 2001).

Many studies on BiP have been carried out in plants and animals, while little
information is available on fungi. The little information available on fungal BiP
focussed on yeasts. In Saccharomyces cereviseae, BiP is encoded by the KarZ2
gene (Normington et al, 1989). Expression of the KarZ2 gene is induced by stress,
heat shock and tunicamycin treatment (Normington et al, 1989; Gething, 1999). It
has been shown that the S. cerevisiase KAR2 (BiP) protein is essential for protein
folding in the ER lumen, for franslocation of newly synthesized secretory
precursors across the ER membrane and for the transport back across the
membrane of aberrant polypeptides destined for degradation by the proteasome.
KAR2 is also required for the stage of karyogamy that involves fusion of the
nuclear membranes, the outer of which is contiguous with the ER membrane
(Gething, 1999). Based on these findings it has been proposed that, the function
of BiP in fungi must be similar to that of animals or plants (Kasuya et al., 1999).

In contrast to yeast, there is no information about BiP expression in AM
fungi or during the AM symbiosis. Although in recent years there has been an
increase in the understanding of the physiological processes involved in the
enhanced tolerance of mycorrhizal plants to water limitation, there are still many
unknown aspects which must be elucidated (Ruiz-Lozano, 2003). In the present
study a BiP-encoding gene from Glomus intraradices has been identified after
differential hybridization of a cDNA library constructed from the fungus growing
in vitro and subjected to drought stress by addition of 25% PEG. Subsequently we
have studied its expression pattern under drought stress both under /n vitro
conditions and also ex vitro, when forming natural symbioses with different host
plants. The identification of this BiP-encoding gene in &. intraradices may provide
new insights info the complex mechanisms by which AM fungi can protect the host
plants against water deficit.
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8.2. Materials and Methods

8.2.1. In vitro mycorrhizal cultures

6. intraradices was established in monoxenic culture as described by St-
Arnaud et al. (1996). Briefly, clone DC2 of carrot (Daucus carota L.) Ri-T DNA
transformed roots were cultured with the AM fungus &. /ntraradices Smith and
Schenck (DAOM 197198, Biosystematic Research Center, Ottawa, Canada) in two-
compartment petri dishes. Cultures were initiated in one -compartment (“root
compartment”) of each plate, which contained minimal medium. Fungal hyphae, but
not roots, were allowed to grow over to the second compartment (“hyphal
compartment”), which contained liquid minimal medium without sucrose (M-C
medium). The plates were incubated in the dark at 24 °C for 3 months. The hyphal
compartment medium was then carefully removed with a pasteur pipette and
added of new liquid minimal medium supplemented with 25% PEG in order to
subject the extraradical hyphae to water stress. The water potential of the
minimal medium after PEG addition was -1.5 MPa, as measured with a C-52
thermocouple psychrometer chamber coupled to a HR-33T dew point
microvoltmeter (Wescor Inc, Logan, UT, USA). The extraradical mycelium was
allowed to grow under such conditions for five days and then harvested and
stored in liquid nitrogen.

8.2.2. Soil and biological material

Properties of soil and plants used in this study were as previously described
(Porcel and Ruiz-Lozano, 2004, Porcel et al/, 2005aq, b).

The plants used were soybean (&lycine max L. cv. Williams), lettuce
(Lactuca sativa L. cv. Romana), maize (Zea mays) and tobacco (Nicotiana tabacum).
Two plant lines (an aquaporin antisense mutant and the corresponding wildtype)
from Nicotiana tabaccum were used (see Porcel et al, 2005a; Siefrizt et al.,
2002). All plants were inoculated with the AM fungus &lomus intraradices
(Schenck and Smith) isolate BEG 121. In all cases, half of the plants was cultivated
under well-watered conditions throughout the entire experiment, while the other
half was drought-stressed for 10 days before harvest as previously described
(Porcel and Ruiz-Lozano, 2004, Porcel et al., 2005aq, b).

8.2.3. Growth conditions

Plants were grown in a controlled environmental chamber with 70-80% RH,
day/night temperatures of 25/15 °C, and a photoperiod of 16 h at a
Photosynthetic photon flux density (PPFD) of 460 umol m? s™ (Licor, Lincoln, NE,
USA, model LI-188B).

Soil moisture was measured with a ML2 ThetaProbe (AT Delta-T Devices
Ltd., Cambridge, UK), which measures volumetric soil moisture content by
responding to changes in the apparent dielectric constant of moist soil. Water
was supplied daily to maintain constant soil water content close to field capacity
(17% volumetric soil moisture, as determined experimentally) during the first 4
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weeks of plant growth. At that fime, half of the plants was allowed to dry until
soil water content reached 70% field capacity (two days needed), which
corresponded to 10% volumetric soil moisture (also determined experimentally in a
previous assay), while the other half was maintained at field capacity. Plants were
maintained under such conditions for additional 8 days. In order to control the
level of drought stress, the soil water content was daily measured with the
ThetaProbe ML2 (at the end of the afternoon) and the amount of water lost was
added to each pot in order to return soil water content at the desired 10% of
volumetric soil moisture (70% of field capacity). However, during the 24h-period
comprised between each rewatering the soil water content was progressively
decreasing until a minimum value of 60% of field capacity.

8.2.4. Symbiotic development

The extent of mycorrhizal root colonization was calculated by the gridline
intersect method (Giovannetti and Mosse, 1980) after root staining according to
Phillips and Hayman (1970).

8.2.5. RNA isolation, construction of the cDNA library and screening

Total RNA was extracted from &. intraradices mycelia grown in monoxenic
culture under control conditions or subjected to drought stress by addition of
25% PEG. The RNA was extracted using the RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany). cDNA was synthesized from 2.5 pg of total RNA using the Smart PCR
cDNA Synthesis Kit (Clontech, Palo Alto, California) and cloned into the
bacteriophage lambda as described by Ruiz-Lozano et a/. (2002). The library was
screened by differential hybridization as previously described (Ruiz-Lozano et a/,
2002).

Differentially detected phage clones were used as template for a PCR-
based screening with universal M13 forward and reverse primers in order to verify
the purity of the clones as well as the size of the inserts. The PCR products
obtained were divided into two equal fractions, separated in agarose gels and
transferred onto nylon membranes (Martin-Laurent et a/, 1995). Southern blot
analysis was used to confirm differentially expressed clones by probing the
membranes with *P-labelled cDNAs from & intraradices mycelia grown in
monoxenic culture added or not of 25% PEG.

8.2.6. Sequencing the cloned cDNA and analyses.

Sequencing was performed by the dideoxy-sequencing method (Sanger et
al, 1977) using fluorescent dye-linked universal M13 primers and a Perkin-Elmer
ABI Prism model 373 DNA sequencer. Similarity searches were carried out in the
EMBL databank, using the BLAST software or the FASTA program available on-
line from the National Center for Biotechnology Information (NCBI).
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8.2.7. Northern blot analysis

Northern blot analysis of &/BiP gene expression were carried out as
described previously (Ruiz-Lozano et al/, 2002; Porcel et al, 2005b). After
hybridization to the &/B/Pprobe, blots were stripped and rehybridized with the S-
tubulin gene probe from &. intraradices (Accession BE603903). &/B/P and f-
tubulin signals on autoradiograms were analyzed and quantified using Quantity
One software (BioRad, Hemel Hempstead, UK). Transcript accumulation levels
were normalized according to S-tubulin signals on autoradiograms (Ruiz-Lozano et
al, 2002). Each quantification was repeated three times and the average value
was used for normalization. Northern blot analyses were repeated twice with
different set of plants.

8.2.8. Quantitative real time RT-PCR

GiBIP gene expression was studied by real-time PCR by using iCycler (Bio-
Rad, Hercules, California, USA), as described by Gonzdlez-Guerrero et al. (2005).
The primer set used to amplify &/B/P and &/ 185 rRNA genes in the synthesized
cDNAs were the following (5' to 3'): GiBiPForw agatgctggcgtaattgctgg; GiBiPRev
tggcggcaccatatgcaacty; 18SGiForw  tgttaataaaaatcggtgcgttge;  18SGiRev
aaaacgcaaatgatcaaccggac. Real-time PCR experiments were carried out at least
five times, with the threshold cycle (Ct) determined in triplicate. The relative
levels of transcription were calculated by using the 2" method (Livak and
Schmittgen, 2001). Negative controls without cDNA were used in all PCR
reactions.

8.3. Results
8.3.1. Symbiotic development

The degree of mycorrhizal root infection varied with the plant considered
(Table 1), ranging from 41% for soybean plants to 96% for tobacco plants. Drought
stress for then days did not affect the mycorrhizal root infection of any of the
host plants assayed.

Lettuce Tobacco

Well-watered 89a 45a 8la 95a 94a
Droughted 92a 4la 78a 96a 9la

Table 1. Percentage of mycorrhizal root infection by G. intraradices in the different plants used in this
study. Means followed by the same letter are not significantly different (P < 0.05) as determined by
Duncan's multiple-range test (n = 4).
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8.3.2. Isolation of &iBiP gene

The differential screening of the library allowed detection of a cDNA clone
hybridizing with the cDNA probe obtained from the AM fungus &. /intraradices
growing in monoxenic culture in presence of 25% PEG 6000, but not with the
probe from the fungus growing in minimal medium without PEG. The clone was
sequenced and the sequence obtained gave a 100% of identity with accession
AJ319773, corresponding to the B/Pgene from &. intraradices.

8.3.3. Expression of &/BiP gene in vitro and ex vitro, during symbiosis with
different plants

The expression of &/B/P gene was studied by northern blot when enough
RNA was available and/or by quantitative real-time PCR when the amount of RNA
limited northern blot analysis.

We first analyzed the expression of &/BiP gene when the fungus was
growing /n vitro with carrot root organ cultures and subjected to an osmotic
stress by adding 25% PEG 6000 to the growing medium (Figure 1). The addition of
PEG to the medium increased &/BiP gene expression by 41%.

G. intraradices in vitro

HH

Relative expression units
O = NWHMOGUO

Gi control Gi+PEG

Figura 1. Analysis of GiBiP gene expression by real time quantitative RT-PCR in the AM fungus G.
intraradices grown in vitro. The fungus was subjected to drought by addition of PEG 6000 (25%) to the
growing medium or maintained under control conditions without PEG.

We then analyzed the expression of that fungal gene while forming natural
symbiosis with whole plants cultivated under well-watered or under drought stress
conditions. The results obtained differed according to the host plant assayed. The
expression of &/B/P gene increased by over 600% as a consequence of drought
when &. intraradices colonized maize plants, (Figure 2).
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Figure 2. Analysis of GiBiP gene expression in maize plants colonized by the AM fungus G.
intraradices. Plants were either well-watered (ww) or drought stressed (ds). (A) northern blot of total
RNA (15 pg). Blots were hybridized with GiBiP probe and with the G. intraradices B-tubulin probe
(Accession BE603903) for calibration of GiBiP gene expression. (B) real time quantitative RT-PCR
analysis of GiBiP gene expression.

A lower increase (52%) in gene expression was observed in soybean plants
subjected to drought stress (Figure 3) and also in wildtype tobacco plants (Figure
4), that increased by 106% &/BiP gene expression.

Glycine max

ww_ds
2 8
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GiBiP 5 6
2 T
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Figure 3. Analysis of GiBiP gene expression in soybean plants colonized by the AM fungus G.
intraradices. See legend for Figure 2.
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Figure 4. Analysis of GiBiP gene expression in two tobacco plant lines (wildtype or an aquaporin
antisense mutant) colonized by the AM fungus G. intraradices. See legend for Figure 2.

In contrast, when the host plant was the antisense tobacco line or lettuce,
GiBiP gene expression was not significantly affected by drought stress (Figures 4
and 5).

Lactuca sativa

ww ds ”0

Gigip | v 15

10 4

P-tubulin

WW ds

o] Relative expression units

Figure 5. Analysis of GiBiP gene expression in lettuce plants colonized by the AM fungus G.
intraradices. See legend for Figure 2.

8.3.4. Discussion

Protein folding in the ER is facilitated by molecular chaperones, which
prevent nonproductive intermolecular interactions of folding intermediates and
subsequent misaggregation of proteins within the lumen of the ER (Hammond and
Helenius, 1995). The induction of AB/P genes is achieved through a signalling
pathway named the UPR pathway, which coordinately up-regulates the
transcription of a set of ER-resident proteins, including BiPs (Alvim et a/, 2001).

The up-regulation of &/B/P gene under conditions of water deficit (induced
by PEG or by withholding plant irrigation) indicates that this fungal gene has a role
in the answer of the fungus against drought. This gene is probably involved in the
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protection of the fungus itself (as indicated by the induction of the gene within
the extraradical hyphae under /n vitro conditions) and may be also involved in the
protection of the host plant when forming a natural symbiosis (induction of gene
expression during the symbiosis with maize, soybean and wildtype tobacco). The
induction of BiP mRNA by osmotic stress may represent a primary response to
water stress that is activated as soon as the stress is sensed and may
accommodate a regulatory function (Cascardo et al., 2000). The protective role of
BiP against water stress may be associated with preservation of protein structure
and of high secretory activity mediated by the water stress adaptive cellular
response (Ingram and Bartels, 1996).

Curiously, we obtained quite different responses when the fungus was
associated to the two plants that are more sensitive fo drought. In previous
studies we have demonstrated the sensitivity to drought stress of lettuce and
tobacco antisense plants (Ruiz-Lozano et al, 1995; Porcel et al, 2005a). This is
especially clear for the antisense tobacco plants that show an 80% of inhibition of
an aquaporin and this result in a higher sensitivity to drought (Siefritz et al,
2002). Some studies have shown that the BiP stress response may differ
significantly in plants (Cascardo et al/, 2000). Hence, the results obtained in
lettuce and tobacco antisense plants showed that the protection the AM symbiosis
confers fo these plants against drought stress, evidenced in several former
studies (Ruiz-Lozano, 2003; Porcel et al, 2005q), is not mediated by BiP activity.
This protection should be mediated by other mechanisms, as those already
reported in previous revisions on the subject (Augé, 2001, Ruiz-Lozano, 2003).

In conclusion, the results obtained here suggest that BiP proteins could be
involved in the protection that the AM symbiosis confers to the host plant against
drought stress and that the real implication of these proteins depends on the
sensitivity of the host plant against water deficit. In any case, as there are
multiple targets proteins for BiP activity, pleiotropic physiological effects of BiP
under water stress have been proposed (Alvim et a/, 2001), and the precise
mechanisms of BiP-mediated water stress tolerance remain unknown. It is likely,
however, that &/B/P can facilitate the proper folding and maturation of water
stress-induced secretory proteins involved in the osmotic response mechanism. In
fact, drought-induced proteins, which are targeted to the secretory pathway have
been identified in a wide range of species (Ingram and Bartels, 1996; Ricardi et
al, 1998) and BiP has been shown to associate with water-stress induced proteins
(Cascardo et al, 2000). Our findings provide new evidences that the contribution
of AM fungi to the enhanced drought tolerance of the host plant can be mediated
by proteins with chaperone-like activity, such as that of BiP.

8.3.5. Acknowledgement

This work and R. Porcel were financed by CICYT-FEDER (Project AGL2002-
03952). We thank Dr. P. Lammers, New Mexico State University, for providing us
with the &. intraradices -tubulin probe.

275



Capitulo 8

8.3.6. References

Alvim, F.C., Carolino, S.M.B., Cascardo, J.C.M., Nunes, C.C., Martinez, C.A., Otdn,
W.C. and Fontes, EP.B. (2001) Enhanced accumulation of BiP in transgenic
plants confers tolerance to water stress. Plant Physiology 126: 1042-1054.

Anderson, J.V, Li, Q.B, Haskell, D.W. and Guy, C.L. (1994) Structural organization
of the spinach endoplasic reticulum luminal 70-kilodalton heat-shock cognate
gene and expression of 70-kilodalton heat-shock genes during cold acclimation.
Plant Physiology 104: 1359-1370.

Augé, R.M. (2001) Water relations, drought and vesicular-arbuscular mycorrhizal
symbiosis. Mycorrhiza 11: 3-42.

Boston, R.S., Viitanen, P.V. and Vierling, E. (1996) Molecular chaperones and
protein folding in the plants. Plant Molecular Biology 34:191-222.

Bray, E. A. (1997) Plant responses to water deficit. Trends Plant Sci. 2: 48-54.

Cascardo, J.C.M., Almeida, R.S., Buzeli, R.A.A., Carolino, S.M.B., Otoni, W.C. and
Fontes, E.P.B. (2000) The phosphorylation state and expression of soybean BiP
isoforms are differentially regulated following abiotic stresses. Journal of
Biological Chemistry 275: 14994-14500.

Denecke, J. and Vitale, A. (1995) The use of plant protoplasts to study protein
synthesis, quality control, protein modification and transport through the plant
endomembrane system. In Methods in Cell Biology Vol. 50. Edited by Galbraith,
D.W., Bohnert, H.J. and Bourque, D.P. pp. 335-348 Academic Press, San Diego,
CA.

Figueiredo, J.E.F., Cascardo, J.C.M., Carolino, S.M.B., Alvim, F.C. and Fontes, E.P.B.
(1997) Water-stress regulation and molecular analysis of the soybean BiP gene
family. Brazilian Journal of Plant Physiology 9: 103-110.

Fontes, M.A., Otoni, W.C., Carolino, S.M.B., Brommonshenkel, S.H., Fontes, EP.B.,
Fari, M. and Louro, R.P. (1999) Hyperhydricity in pepper plants regenerated in,
vitro: involvement of BiP (binding protein) and ultrastructural aspects. Plant
Cell Reporter 19: 81-87.

Galili, 6., Sengupta-Gopalam, C. and Ceriotti, A. (1998) The endoplasmic reticulum
of plant cells and its role in protein maturation and biogenesis of oil bodies.
Plant Molecular Biology 38: 1-29.

Gething, M.J. (1992) Role and regulation of the ER chaperone BiP. Cell and
Developmental Biology 10: 465-472.

Gething, M.J. and Sambrook, J. (1992) Protein folding in the cell. Nature 355: 33-
45,

Giovannetti, M. and Mosse, B. (1980) An evaluation of techniques for measuring
vesicular-arbuscular infection in roots. New Phytol. 84: 489-500.

Gonzalez-Guerrero, M., Azcén-Aguilar, C., Mooney, M., Valderas, A., MacDiarmid,
C.W., Eide, D.J. and Ferrol, N (2005) Characterization of a Glomus intraradices
gene encoding a putative Zn transporter of the cation diffusion facilitator
family. Fungal Genetics and Biology 42: 130-140.

Hammond, C. and Helenius, A. (1995) Quality control in the secretory pathway.
Current Opinion in Cell Biology 7: 523-529.

276



Capitulo 8

Hendershot, L., Wei, J., Gaut, J., Melnick, J., Aviel, S. and Argon, Y. (1996)
Inhibition of immunoglobulin folding and secretion by dominant negative BiP
ATPase mutants. Proceedings of the National Academy of Sciences of USA 93:
5269-5274.

Ingram, J. and Bartels, D. (1996) The molecular basis of dehydration in plants.
Annual Review of Plant Physiology and Plant Molecular Biology 47: 337-403.
Kalinski, A., Rowley, D.L., Loer, D.S., Foley, C., Buta, 6. and Herman, E. (1995)
Binding protein expression is subject to temporal, developmental and stress
induced regulation in terminally differentiated soybean organs. Planta 195: 611-

621.

Kasuya, T., Nakajima, H. and Kitamoto, K. (1999) Cloning and characterization of
the bipA gene encoding ER chaperone BiP from Aspergillus oryzae. Journal of
Bioscience and Bioengineering 88: 472-478.

Kramer, P.J. and Boyer, J.S. (1997) Water relations of plants and soils. Academic
Press. San Diego, USA.

Laitusis, A.L., Brostrom, M.A. and Brostrom, C.O. (1999) The dynamic role of
GRP78/BiP in the coordination of mRNA franslation with protein processing.
Journal of Biological Chemical 274: 486-493.

Leborgne-Castel, N., Jelitto-Van Dooren, EP.W.M., Crofts, A.J. and Denecke, J.
(1999) Overexpression of BiP in tobacco alleviates endoplasmic reticulum
stress. Plant Cell 11: 459-469.

Livak, K.J. and Schmittgen, T.D. (2001) Analysis of relative gene expression data
using real-time quantitative PCR and the 2*“' method. Methods 25: 402-408.

Martin-Laurent, F., Franken, P., and Gianinazzi, S. (1995) Screening of cDNA
fragments generated by differential RNA display. Analytical Biochemistry
228: 182-184.

Normington, K., Kohno, K., Kozutsumi, Y., Gething M.J. and Sambrook, J. (1989) 5.
cerevisiae encodes an essential protein homologous in sequence and function to
mammalian BiP. Cell 57: 1223-1236.

Phillips, J.M. and Hayman, D.S. (1970) Improved procedure of clearing roots and
staining parasitic and vesicular-arbuscular mycorrhizal fungi for rapid
assessment of infection. Transactions of the British Mycological Society 55:
159-161.

Porcel, R., Azcdn, R. and Ruiz-Lozano, J.M. (2005b) Evaluation of the role of genes
encoding for dehydrin proteins (LEA D-11) during drought stress in arbuscular
mycorrhizal Glycine max and Lactuca sativa plants. Journal of Experimental
Botany 56: 1933-1942.

Porcel, R., Gomez, M., Kaldenhoff, R. and Ruiz-Lozano, J.M. (2005a) Impairment of
N1AQP!I gene expression in tobacco plants does not affect root colonization
pattern by arbuscular mycorrhizal fungi but decreases their symbiotic
efficiency under drought. Mycorrhiza 15: 417-423.

Porcel, R. and Ruiz-Lozano, J.M. (2004) Arbuscular mycorrhizal influence on leaf
water potential, solute accumulation and oxidative stress in soybean plants
subjected to drought stress. Journal of Experimental Botany 55: 1743-1750.

277



Capitulo 8

Riccardi, F., Gazeau, P., Vienne, D. and Zivy, M. (1998) Protein changes in response
to progressive water deficit in maize. Plant Physiology 117: 1253-1263.

Ruiz-Lozano, J.M. (2003) Arbuscular mycorrhizal symbiosis and alleviation of
osmotic stress. New perspectives for molecular studies. Mycorrhiza 13: 309-
317.

Ruiz-Lozano, J.M., Azcén, R. and Gémez, M. (1995) Effects of arbuscular mycorrhizal
Glomus species on drought tolerance: physiological and nutritional plant
responses. Applied and Environmental Microbiology 61: 456-460.

Ruiz-Lozano, J.M., Collados, C., Porcel, R., Azcén, R. and Barea, J.M. (2002)
Identification of a ¢cDNA from the arbuscular mycorrhizal fungus &Glomus
intraradices which is expressed during symbiosis and up-regulated by N
fertilization. Molecular Plant-Microbe Interactions 15: 360-367.

Sanger, F., Nicklen, S. and Coulsen, AR. (1977) DNA sequencing with chain
terminating inhibitors. Proceedings of the National Academy of Sciences of
USA 74: 5463-5467.

Siefritz, F., Tyree, M.T., Lovisolo, C., Schubert, A. and Kaldenhoff, R. (2002) PIP1
plasma membrane aquaporins in tobacco: from cellular effects to function in
plants. Plant Cell 14: 869-876.

St-Arnaud, M., Hamel, C., Vimard, B., Caron, M., Fortin, J.A. (1996) Enhanced
hyphal growth and spore production of the arbuscular mycorrhizal fungus
Glomus intraradices in an in vitro system in the absence of host roots.
Mycologycal Research 100: 328-332.

Zhu, J K., Hasegawa, P.M. and Bressan, R. (1997) Molecular aspects of osmotic
stress in plants. Critical Review in Plant Sciences 16: 253-277.

278



Discusion general

A nivel mundial, la falta de agua es el factor limitante mds severo para el
crecimiento y la productividad de las plantas (Kramer y Boyer 1997), y esto es
especialmente palpable en los ecosistemas mediterrdneos. Se estima que alrededor
de un 28% de los suelos terrestres estdn demasiado secos para soportar un
correcto desarrollo de las plantas (Bray, 2004), de manera que la supervivencia y el
rendimiento de las cosechas se ve negativamente afectada por el déficit hidrico.
Afortunadamente, las plantas no crecen solas, sino que lo hacen asociadas a
numerosos microorganismos del suelo que interaccionan con ellas, dando lugar a
diversas acciones que producen beneficios para las plantas (Jeffries y Barea,
1994; Barea, 1998). Entre estos microorganismos destacan los hongos formadores
de MA. El papel ecofisiolégico de las MA no se limita a su participacién en la
captacion y transferencia de nutrientes hacia la planta hospedadora, sino que se
han descrito otros muchos efectos beneficiosos para la planta y para el
ecosistema. Por lo tanto, se considera que las MA desempeiian un papel crucial en la
supervivencia y desarrollo de las plantas, sobre todo en suelos sometidos a
condiciones de estrés como sequia, salinidad, cambios bruscos de temperatura o
deficiencia de nutrientes (Sdnchez-Diaz y Honrubia, 1994; Azcén-Aguilar y Barea,
1996; Ruiz-Lozano, 2003). En cualquier caso, los mecanismos exactos por los que se
consigue este efecto protector no son ain del todo conocidos. Este trabajo de
Tesis Doctoral pretende contribuir precisamente a incrementar el conocimiento
acerca de los mecanismos por los cuales la simbiosis MA incrementa la tolerancia
de las plantas frente al déficit hidrico.

El estudio se inicié6 evaluando la contribucion de la simbiosis MA en la
proteccion de las leguminosas frente al dafio en el funcionamiento de los nodulos
fijadores de N producido por la sequia. Las plantas de la familia Leguminoseae
pueden formar una doble simbiosis con bacterias fijadoras de N, de la familia
Rhizobiaceae, asi como con hongos formadores de MA. La simbiosis con los
rhizobios proporciona a la planta el N necesario para su crecimiento, mientras que
la importancia de la simbiosis MA en las leguminosas se ha atribuido
tradicionalmente a los altos requerimientos en P para los procesos de nodulacién y
fijacién de N, (Barea y Azcén-Aguilar, 1983). No obstante, el papel de los hongos
MA en esta simbiosis tripartita parece no limitarse a este efecto meramente
nutricional (Barea et al, 1988; Goicoechea et al, 1997). En efecto, el déficit
hidrico tiene un impacto negativo considerable en el funcionamiento de los nédulos
de leguminosas (Sprent, 1971). Entre otros efectos perniciosos, inhibe la
fotosintesis de la planta y afecta al delicado mecanismo de control del oxigeno en
los nédulos, que son procesos esenciales para que se pueda dar una fijacion de
nitrégeno activa (Sprent, 1971; Becana et al, 1986; Sprent y Zahran, 1988;
Irigoyen et al, 1992; Gogorcena et al., 1995), desencadenando asi el proceso de
senescencia nodular prematura. Un estudio realizado en nuestro laboratorio ha
puesto de manifiesto un efecto protector de la simbiosis MA frente a la
senescencia nodular prematura inducida por el déficit hidrico (Ruiz-Lozano et al,
2001b). En este estudio se comprobd que la simbiosis MA incrementé el peso seco
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de los nédulos en comparacion con las plantas no micorrizadas y aumenté la
actividad nodular (medida como actividad acetileno reductasa, ARA) en un 112%, el
contenido en leghemoglobina de los nédulos en un 25% y el de proteinas en un 15%.
En cualquier caso, los resultados mds interesantes se obtuvieron en relacién con el
dafo oxidativo a biomoléculas como lipidos y proteinas, que resulté incrementado
por el déficit hidrico en todos los tratamientos, pero fue considerablemente menor
en los nodulos de las plantas MA que en las plantas no micorrizadas. Es por ello que
se propuso que el mecanismo principal por el cual la simbiosis MA habia protegido a
las plantas de soja frente al fenémeno de senescencia nodular prematura era
mediante una disminucion del dafio oxidativo a biomoléculas (Ruiz-Lozano et al,
2001b).

Con estos antecedentes, el siguiente paso en esta investigacion sobre la
proteccion de la simbiosis MA frente a la senescencia nodular prematura inducida
por sequia en leguminosas debia estar, por tanto, encaminado a determinar las
causas de ese menor dafio oxidativo a biomoléculas en las plantas micorrizadas. Asi
es como se inicia el presente trabajo de Tesis Doctoral presentado en el capitulo
primero de esta memoria. De hecho, el menor dafio oxidativo en los nddulos de las
plantas micorrizadas se podia deber bien a que esas plantas hubieran sufrido
menos el déficit hidrico que las plantas no micorrizadas debido a mecanismos de
evitacion primaria del estrés (por ejemplo mediante captacién directa de agua por
las hifas flngicas y transferencia a la planta hospedadora), lo que las habria
protegido de la generacién de EROs, o bien a que las plantas micorrizadas hubieran
incrementado su hivel de proteccién frente a EROs mediante la induccion de
actividades antioxidantes. Los resultados obtenidos en relacion a la primera
hipétesis indican que, en condiciones de déficit hidrico, las plantas MA fueron
capaces de extraer diariamente mds agua del suelo que las no micorrizadas, lo que
estd de acuerdo con estudios previos que sugieren una mayor capacidad para
retener agua en los suelos donde crecen plantas micorrizadas (Augé et al, 2001,
2004) y también que las hifas flngicas pueden extraer agua desde fuentes no
accesibles para la raiz y transferirla a la planta hospedadora (Hardie, 1985; Ruiz-
Lozano y Azcén, 1995; Marulanda et a/, 2003).

El andlisis de cuatro actividades antioxidantes como SOD, CAT, APX y GR
demostro que sélo la actividad GR resulté consistentemente incrementada por la
simbiosis MA tanto en raices de soja como en los nédulos. La GR es el enzima que
regenera el glutation oxidato hasta su forma reducida en el ciclo del ascorbato-
glutation, siendo el glutation (6SH) el tiol de bajo peso molecular mds abundante
en todos los seres vivos (Foyer et al, 1991). El GSH se encuentra en
concentraciones milimolares en diferentes tejidos donde, generalmente, actua
como agente reductor. Ademds tiene otfras funciones importantes como la de
eliminar EROs en el ciclo del ascorbato-glutation o la induccion de enzymas, y
participa en el metabolismo del azufre y en la expresién de varios genes (Foyer et
al, 1995). Por lo tanto, este incremento de actividad GR en plantas MA puede ser
de importancia en relacién con la disminucion del dafio causado por el déficit
hidrico en las plantas de soja. De hecho, Kranner (2002) relacioné la cantidad de
GSH reducido con los diferentes grados de tolerancia a la desecacién en liquenes y
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se ha propuesto que la actividad GR juega un importante papel en la proteccion de
las plantas frente a varias formas de estrés (Aono et al, 1995). Asi, los resultados
de este estudio sugieren que los niveles consistentemente mayores de actividad GR
en las raices y nédulos de las plantas MA pueden haber contribuido a generar
antioxidantes reducidos (6SH) que ayudarian a disminuir el dafio oxidativo a
biomoléculas responsable, en dltima instancia, de la senescencia nodular prematura
(Becana et a/, 2000).

Asi pues, la simbiosis MA protegeria a las plantas de soja frente al
fendmeno de la senescencia nodular prematura inducida por sequia mediante una
combinacion de mejor explotaciéon de los recursos hidricos de la planta y de
incremento de las defensas antioxidantes con el consiguiente menor dafio oxidativo
a biomoléculas. Para estudiar mds en profundidad la repercusién de la mejor
explotacién de los recursos hidricos de la planta se planteé la investigacion
recogida en el capitulo segundo de esta memoria. Se trataba de evaluar los efectos
de la simbiosis MA sobre el estatus hidrico de las plantas de soja en condiciones
de déficit hidrico, con especial énfasis en pardmetros como el potencial hidrico o
el ajuste osmético, y sus repercusiones sobre el estrés oxidativo en estas plantas.
Los resultados obtenidos en este estudio muestran que las plantas MA presentaron
una mayor tolerancia al déficit hidrico impuesto. Asi, en condiciones de déficit
hidrico las plantas MA crecieron un 27% mds que las controles sin micorrizar o
presentaron un potencial hidrico foliar significativamente mayor (menos negativo)
asi como una reduccion del 55% del dafio oxidativo a lipidos en hojas. En relacién
con la osmoregulacidn, la acumulacion de azicares solubles en hoja fue menor en las
plantas MA sometidas a déficit hidrico que en las plantas control sin micorrizar.
Este hecho fue observado también por Schellembaum et al/ (1998), quienes
sugirieron que se podia deber a que los hongos MA pueden resultar unos
competidores importantes de fuentes carbonadas dirigidas hacia la raiz cuando las
condiciones de cultivo limitan la fotosintesis, como es el caso del déficit hidrico.
Sin embargo, la prolina también se acumulé menos en las hojas de las plantas MA
que en las de las plantas control, lo que sugiere que realmente estas plantas
sufrieron en menor medida los efectos del déficit hidrico debido a una evitacion
primaria del mismo (Subramanian et al, 1995), como lo demuestra los valores mds
altos de potencial hidrico en hojas de las plantas MA (-1.9 MPa) que en las plantas
sin micorrizar (-2.5 MPa). Curiosamente, en raiz, la prolina si se acumulé mds en las
plantas MA que en las plantas control sin micorrizar, de manera que proponemos
que la simbiosis MA primero aumenta el ajuste osmodtico en la raiz de la planta
hospedadora, lo que contribuye a mantener un gradiente de potencial hidrico
favorable a la entrada de agua desde el suelo hasta la raiz de la planta. Esto
permite a las plantas MA mantener un mayor potencial hidrico en sus tejidos
durante los periodos de déficit hidrico y protege a estas plantas frente al estrés
oxidativo, de manera que la acumulacion de estos efectos repercute en la mayor
tolerancia de las plantas MA frente al déficit hidrico.

Es bien sabido que la sequia induce una gran variedad de respuestas
fisioldgicas y bioquimicas en las plantas, de manera que hay una gran variedad de
genes de la planta cuya expresion se ha demostrado varia en respuesta a la sequia
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(Shinozaki y Yamaguchi-Shinozaki, 1997 Bray, 1997: 2004). Los productos de los
genes inducidos por este tipo de estreses se clasifican en dos grupos: los que
directamente protegen contra los estreses medioambientales y los que regulan la
expresion génica y la transduccion de sefiales en la respuesta al estrés (Shinozaki
y Yamaguchi-Shinozaki, 1997). En este trabajo de Tesis Doctoral, ademds del
estudio a nivel bioquimico que se acaba de discutir anteriormente, también se ha
evaluado si la simbiosis MA altera la expresion de una serie de genes de la planta
que se ha demostrado estdn implicados en la respuesta de la misma frente al
déficit hidrico. Entre estos genes hemos seleccionado aquellos que codifican un
grupo de proteinas LEA (del inglés late embryogenesis abundant), las dehidrinas
(Close, 1996). Asi mismo, hemos estudiado el gen que codifica P5CS, enzima
implicada en la biosintesis del osmoregulador prolina (Hu et a/, 1992) y también
genes que codifican aquaporinas, que en plantas regulan el flujo transcelular de
agua (Martre et al, 2002; Luu y Maurel, 2005).

Ademds de una aproximacion experimental dirigida hacia el estudio de genes
especificos (LEA, P5CS y aguaporinas), también se ha seguido una aproximacion
experimental no dirigida y consistente en la construccion de una genoteca de
ADNCc del hongo MA G. intraradices crecido en cultivo monoxenico y sometido a
déficit hidrico mediante la adicion de PEG 6000 al medio de cultivo liquido. El
andlisis diferencial de esta genoteca nos ha permitido identificar dos genes
fdngicos que codifican una proteina 14-3-3 y una proteina BiP, respectivamente, en
G. intraradices, que han sido objeto de estudio igualmente.

Este apartado de la Tesis se inicio evaluando el efecto de la simbiosis MA y
del déficit hidrico sobre la expresion de los genes /eay p5cs de soja y lechuga. El
interés por los genes /ea viene dado por la existencia de humerosas evidencias que
demuestran que las dehidrinas (grupo D11 de proteinas LEA) son el grupo de
proteinas que mds frecuentemente se acumulan en plantas bajo situaciones de
déficit hidrico (Close, 1997; Cellier et al, 1998). Parece que las dehidrinas juegan
un papel fundamental en la respuesta de deshidratacidn de las plantas frente a un
rango de estimulos ambientales (Close, 1996). La existencia de dianas mdltiples
para las proteinas LEA (cromatina, citosol, citoesqueleto) sugiere que las
consecuencias de su actividad son muy amplias desde un punto de vista bioquimico.
Asi, se ha demostrado que durante la deshidratacién de las células vegetales las
proteinas LEA juegan un importante papel en el mantenimiento de las estructuras
de otras proteinas, vesiculas, membranosas, en el secuestro de iones como el calcio
o en la union al agua (Close, 1996; Heyen et al., 2002; Koag et al., 2003).

En cuanto a los genes p5cs, el interés por su estudio radica en que la
proteina P5CS cataliza el paso fundamental y limitante en la biosintesis de prolina
(Hu et al, 1992; Kishor et al, 1995), uno de los solutos compatibles mds utilizados
por las plantas para los procesos de osmoregulacion bajo condiciones de déficit
hidrico (Morgan, 1984; Kishor et al, 1995). En general, la sobre-expresion de los
genes que codifican enzimas implicadas en la sintesis de osmolitos aumenta la
tolerancia al estrés osmotico. El aumento de la tolerancia al estrés podria deberse
a que la acumulacién de los osmolitos y la consiguiente disminucion del potencial
osmoético, permite un aumento en la absorcién del agua y el restablecimiento de la
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concentracién intracelular de sales. Sin embargo, las manipulaciones genéticas de
plantas para la produccion de solutos compatibles no siempre producen una
acumulacién del compuesto lo suficientemente elevada como para justificar un
ajuste osmético celular lo que sugiere que la funcién de estas sustancias no se
restringe exclusivamente al balance osmoético (Chen y Murata, 2002). Aparte de su
participacion en el equilibrio osmético, se han asignado otras funciones para estas
sustancias que permiten explicar el aumento de la tolerancia al estrés provocado
por su acumulacion a nivel celular. Entre estos posibles mecanismos de accién, se
encuentran: la induccién de cambios en el potencial de membrana y en la
permeabilidad de la misma para favorecer el transporte de diferentes iones, la
eliminacién de radicales libres y la actuacion como chaperonas al estabilizar
directamente membranas y/o proteinas (Lee et al, 1997; Hare et al, 1998;
Bohnert y Shen, 1999; Zhu, 2001; Apse y Blumwald, 2002; Rai, 2002).

Los resultados obtenidos con los genes /eay p5cs estudiados muestran que
ambos tipos de genes presentaron un comportamiento similar. Asi, excepto en las
plantas inoculadas sélo con B. japonicum, ambos tipos de genes se indujeron por
déficit hidrico en comparacién con el mismo tratamiento en condiciones dptimas,
indicando que, como se esperaba, ambos tipos de genes son importantes en la
respuesta de la planta frente al déficit hidrico (Colmenero-Flores et al, 1997;
Yoshiba et al, 1997; Cellier et al., 1998; Giordani et al., 1999; Hare et al, 2003).
Curiosamente, las plantas inoculadas sélo con B. japonicum (Br) mostraron altos
niveles de expresién de los genes /ea en condiciones optimas de riego y no
induccién de estos genes ni tampoco del gen p5cs a consecuencia del estrés. Para
entender estos resultados divergentes respecto al resto de tratamientos es
necesario tener en cuenta que la expresién tanto de genes /ea como pbcs estd
regulada por dos tipos de rutas: una dependiente de ABA que responde a los
niveles de esta hormona en la planta y otra independiente de ABA que responde al
estatus hidrico de la planta, y que ambas rutas pueden actuar simultdneamente y
tener efectos acumulativos (Skriver y Mundi, 1990; Chandler y Robertson, 1994;
Giordani et al, 1999; Abrahdm et al, 2003). Asi la ruta dependiente de ABA puede
explicar el que las plantas Br presentaran altos niveles de expresién de este gen
incluso en condiciones 6ptimas de riego pues se ha visto que el proceso de
nodulacién en leguminosas incrementa los niveles de cuatro fitohormonas,
incluyendo el ABA (Hirsch y Fang, 1994), por lo tanto, el efecto observado puede
ser sélo una respuesta inespecifica de los genes /ea a un aumento del ABA en las
raices de plantas Br.

En cualquier caso, un efecto consistentemente observado en este estudio
tanto con plantas de soja como de lechuga es que la expresion tanto de los genes
Jea como de los p5cs resulté inhibida por la simbiosis MA en las plantas sometidas a
déficit hidrico (resultado contrario a nuestra hipétesis de trabajo inicial, que
esperaba una induccion de estos genes por la simbiosis MA). Este efecto puede
estar relacionado con la ruta dependiente de ABA que regula la expresion de estos
genes ya que se ha observado que la micorrizacién puede disminuir los niveles de
ABA en las plantas colonizadas en situaciones de déficit hidrico (Duan et al/, 1996;
Goicoechea et al, 1997; Ludwig-Miiller, 2000; Estrada-Luna y Davies, 2003) lo que

285



Discusion general

redundaria en una menor induccién de estos genes en las plantas MA. De igual
modo, la ruta independiente de ABA también puede haber influido en esta menor
expresion de los genes /eay p5cs en las plantas micorrizadas sometidas a estrés.
Asi, hay numerosas evidencias de que las plantas MA sufren menos el déficit
hidrico que las no MA debido a mecanismos de evitacion primaria del estrés que
permiten a las plantas MA mantener un mejor estatus hidrico bajo condiciones de
estrés (Revisado por Augé, 2001; Ruiz-Lozano, 2003) y ello conduciria a una menor
expresion de los genes /ea y p5cs. De hecho, los datos del contenido hidrico
relativo (CHR) de este estudio o los de ¥ en hoja del segundo capitulo de esta
Tesis apuntan en este sentido, pues son signhificativamente mds altos en las plantas
MA sometidas a déficit hidrico que en las plantas ho MA, indicando que su estatus
hidrico era mejor.

Otro de los temas abordado en esta memoria de Tesis Doctoral es el de la
posible participacion de aquaporinas en los cambios inducidos por la simbiosis MA
en las plantas hospedadoras en relacién con el déficit hidrico. Las aquaporinas son
canales de agua que facilitan y regulan el movimiento pasivo del agua a través de un
gradiente de potencial hidrico (Luu y Maurel, 2005). Se ha demostrado que la
accion concertada de aquaporinas de membrana plasmdtica y de tonoplasto es la
responsable de la osmoregulacidn del citosol necesaria para que se pueda mantener
un metabolismo normal. También se ha comprobado que la accién de las aquaporinas
es fundamental para controlar el movimiento del agua en la totalidad de la planta
(Grote et al, 1998; Martre et al, 2002; Javot et al., 2003; Aharon et a/, 2003).
Pero, ademds, hay estudios que muestran que la expresién de genes que codifican
aquaporinas se ve inducida durante la simbiosis MA (Roussel et a/, 1997; Krajinski
et al, 2000; Marjanovic et al, 2005), lo que sugiere que pueden tener alguna
funcién durante la formacion de la simbiosis y/o en la actividad de la misma. De ahi
que el estudio de aquaporinas recogido en esta memoria de Tesis Doctoral se
iniciara comprobando el efecto que tenia la disminucién en la expresién de un gen
de aquaporina de tabaco (NtAQPI) sobre el patrén de desarrollo de la simbiosis
MA y también sobre la eficiencia simbidtica de los hongos MA (evaluada en
términos de crecimiento de la planta hospedadora).

Los resultados obtenidos en este estudio demuestran que ambas lineas de
plantas utilizadas (de fenotipo salvaje y de fenotipo mutante con un inhibicion del
80% en el gen NtAQPI) presentaron niveles similares de colonizacién y de
desarrollo de la simbiosis. Sélo se observaron diferencias en base al hongo
implicado en la simbiosis. Asi la intensidad de colonizacion y la riqueza de
arbusculos generados en estas plantas por &. mosseae fue menor que los generados
por &. intraradices. No obstante, este tipo de resultados se ha observado también
en otras plantas y se debe a propiedades intrinsecas de cada hongo (6raham et al,
1996). La falta de efecto de la inhibicién del gen NtAQP! sobre la capacidad
colonizadora de los hongos MA sugiere que bien la funcién de la proteina NtAQP1
no es relevante para el establecimiento de la simbiosis o bien su inhibicidn ha sido
compensada con alteracion de la abundancia de otras aquaporinas (Eckert et al,
1999; Johansson et a/.. 2000).
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La eficiencia simbidtica de los dos hongos utilizados, medida en términos de
produccion de biomasa por la planta hospedadora, disminuyé en las plantas de
fenotipo mutante sometidas a déficit hidrico en comparacion con las plantas de
fenotipo salvaje. Este efecto puede estar relacionado con el hecho de que esta
aquaporina parece funcionar nho solo como canal de agua sino también como canal
para el CO, de manera que tiene importancia fundamental para el mantenimiento de
la fotosintesis en las plantas (Aharon et a/., 2003; Uehlein ef a/,, 2003). De hecho,
en este estudio también observamos que la disminucién del desarrollo de las
plantas de tabaco mutantes en condiciones de déficit hidrico fue paralela a la
disminucién del intercambio de CO, de estas mismas plantas. Efecto atribuible, por
tanto, a la actividad de la proteina NtAQP1 (Aharon et al, 2003; Uehlein et al,
2003).

El descubrimiento de las aquaporinas en plantas ha significado un cambio
importante en la forma de entender las relaciones hidricas de las plantas dado que
permite entender que el movimiento de agua a través de las membranas puede ser
regulado no solo por fuerzas de origen osmadtico sino también mediante modulacion
de la abundancia y actividad de las aquaporinas (Martre et a/, 2002). En cualquier
caso, la relacién existente entre aquaporinas y las respuestas de las plantas al
déficit hidrico es adn un misterio y presenta resultados contradictorios (Aharon et
al, 2003; Lian et al, 2004). Pero ademds, la contribucién de las aquaporinas al
aumento de tolerancia a la sequia en plantas MA es un hecho que no se ha
investigado nunca.

Se ha demostrado que las aquaporinas de membrana plasmdtica (PIP)
resultan reguladas por el déficit hidrico a nivel de trascripcién (Mariaux et al,
1998). En el capitulo seis de esta Memoria todos los genes estudiados mostraron
su mayor homologia de secuencia con PIPs. La hipétesis de partida es que si los
hongos MA pueden transferir agua a la raiz de la planta hospedadora, como se ha
demostrado en varias investigaciones previas (Hardie, 1985; Faber et a/, 1991;
Ruiz-Lozano y Azcdn, 1995; Marulanda et a/,, 2003), entonces cabria esperar que la
planta deba de aumentar su permeabilidad al agua induciendo la acumulacion de
aquaporinas a fin de aumentar el flujo transcelular de agua (Javot y Maurel, 2002).
Sin embargo, los resultados obtenidos muestran que los genes PIP estudiados
resultaban inhibidos tanto en soja como en lechuga por el déficit hidrico y que esa
inhibicion era incluso mds severa en las plantas MA que en las no MA, en contra de
nuestra hipétesis inicial. Un resultado similar ha sido obtenido muy recientemente
por Ouziad et al. (2005) en genes PIP y TIP de plantas de fomate MA sometidas a
estrés salino.

En el caso de las plantas de soja el resultado mds curioso es que la simbiosis
MA adelanta en el tiempo la inhibicidn originada por la sequia del gen gmPIP2. Este
hecho puede tener su implicacion fisiolégica a la hora de ayudar a la planta
hospedadora a protegerse del déficit hidrico pues, segin Aharon et a/. (2003), la
mayor acumulacién de una aquaporina PIP en plantas de tabaco trangenicas puede
resultar beneficiosa para la planta en condiciones optimas dado que permite un
mayor flujo de agua. Sin embargo esa mayor acumulacién de aquaporinas PIP no
tiene efectos beneficiosos bajo condiciones de salinidad o, incluso, resultaba
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negativa para la planta, en condiciones de sequia, causando un marchitamiento
precoz de las mismas. Por lo tanto, la inhibicién de la expresion de gmPIPZ2 en
plantas de soja MA bajo condiciones de sequia puede constituir un mecanismo de
regulacion para evitar la perdida de agua de las células de la planta (Barrieu et al,
1999). En apoyo de esta hipédtesis, los datos de ¥ en hoja y de CHR muestran que
las plantas MA presentaban un mejor estatus hidrico que las plantas no MA.

En el caso de lechuga, los resultados obtenidos con las plantas colonizadas
por &. mosseae apuntan en la misma direccidn, es decir que bajo condiciones de
sequia hay una mayor inhibicion de los genes PIP en las plantas MA. Sin embargo,
las plantas colonizadas por &. intraradices no mostraron esa inhibicién de los genes
PIP a consecuencia del déficit hidrico. Este es un fenémeno con una dificil
explicacién, aunque hay varios estudios que muestran la existencia de diversidad
funcional entre diferentes hongos MA en varios aspectos de la simbiosis. Asi,
Burleigh et a/ (2002) estudiaron el efecto de siete especies de hongos MA sobre
la expresién de varios genes que codifican transportadores de fosfato en tomate o
alfalfa y encontraron que las siete especies afectaban de forma diferente la
expresion de cada uno de los genes, como ha ocurrido en este estudio con los genes
PIP. En cualquier caso, los resultados obtenidos aqui sobre los genes PIP pueden
ser relacionados con los de un estudio previo llevado a cabo también con plantas de
lechuga en el que se observé la diferente capacidad de seis hongos MA para captar
y transferir agua a la planta hospedadora. &. /ntraradices resulté uno de los hongos
mds eficientes en esa actividad, mientras que &. mosseae mostraba una capacidad
mucho menor (Marulanda et a/, 2003). Esto sugiere que la estrategia seguida por
ambos hongos puede ser también diferente. 6. mosseae, con menor capacidad de
transferir agua a la planta hospedadora podria optar por inhibir ciertas
aquaporinas, como hemos observado en este estudio, a fin de conservar el agua
existente en la planta. 6. /ntraradices, con mayor capacidad para transferir agua a
la planta hospedadora podria optar por mantener la permeabilidad radical al agua
manteniendo a su vez la acumulacion de aquaporinas, como ha ocurrido en este
estudio. En cualquier caso, ambas estrategias parecen proteger a la planta de un
modo similar pues los resultados de CHRy ¥ en hoja de lechuga eran similares con
independencia del hongo que colonizaba la raiz.

En esta memoria de Tesis Doctoral se ha abordado también el estudio de
dos genes fungicos con actividades similares (&/14-3-3y 6/BiP) dado que codifican
proteinas reguladoras y con actividad chaperona que necesitan unirse a otras
proteinas efectoras para realizar su funcién. Las proteinas 14-3-3 son proteinas
eucarioticas con un amplio rango de funciones reguladoras de la actividad de
proteinas efectoras, funcionando como adaptadores, chaperonas, activadores o
represores (Palmgren et al, 1998). De otro lado, las proteinas BiP (del Inglés
binding protein) son chaperonas moleculares presentes en el reticulo
endoplasmdtico celular. La funcion de las proteinas BiP es unirse de forma
transitoria a otras proteinas que han perdido su estructura terciaria previniendo
asi su desnaturalizacion total o precipitacién con la consiguiente perdida de su
funcion (Gething y Sambrook, 1992; Hendershot et al, 1996). Tanto las proteinas
14-3-3 como las BiP se han relacionado con la defensa de diferentes organismos
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frente a estreses bidticos y abiéticos, incluyendo el déficit hidrico (Figueiredo et
al,1997; Alvim et al, 2001; Roberts et a/, 2002; Wang et al., 2004).

Los resultados obtenidos demuestran que tanto el gen &/14-3-3 como &/BiP
resultan inducidos por el déficit hidrico (ya sea /n vitro mediante adicion de PEG o
/n vivo sometiendo a las plantas colonizadas por &. /intraradices a sequia) lo que
sugiere que estos genes deben estar implicados en la respuesta del hongo frente a
la limitacion hidrica. Estos genes pueden estar implicados tanto en la proteccion
del hongo per se (induccién de los genes in vitro) como en la proteccién de la planta
hospedadora (induccion de los genes durante la formacion de una simbiosis MA /n
vivo).

En el caso de las proteinas 14-3-3 se ha demostrado que uno de sus efectos
frente a estreses de tipo osmético lo llevan a cabo mediante la activacién de la
protén ATPasa de membrana (Chelysheva et a/, 1999; Bavakov et al., 2000; Kerkeb
et al, 2002). De hecho, la actividad de las protén ATPasas de membrana estd
fuertemente regulada por factores que afectan a la fisiologia de la célula, como
ocurre bajo condiciones de estrés (Palmgren, 1998) y el aumento de la actividad
ATPasa es crucial para la actividad de los diferentes sistemas de proteccién que
los organismos vivos han desarrollado frente influencias externas adversas
(Serrano, 1989). En el caso de las plantas, la tolerancia a la limitacién hidrica
depende de los efectos de las proteinas 14-3-3 dado que se ha demostrado que la
protén ATPasa de membrana juega un papel fundamental en la regulacién del turgor
de las células de la planta (Camparot et al, 2003). Asi se ha visto que los estreses
de tipo osmdtico inducen una redistribucion de proteinas 14-3-3 entre el
citoplasma y la membrana plasmdtica. Efecto que va acompafiado de un aumento
notable de la actividad de bombeo de protones de dichas membranas (Chelysheva
et al, 1999; Bavakov et al, 2000; Kerkeb et al., 2002).

La funcidn protectora de las proteinas BiP en situaciones de estrés parece
estar mediada por una actividad de estas proteinas facilitando la adopcién de una
estructura terciaria adecuada y la maduracién en el reticulo endoplasmdtico de
todo el conjunto de proteinas inducido por el déficit hidrico e implicadas en la
respuesta al mismo (Ingram y Bartels, 1996; Ricardi et a/, 1998; Cascardo et al,
2000; Alvim et al, 2001).

Curiosamente, los resultados de induccién de los genes 6i14-3-3y GiBiP en
las diferentes plantas utilizadas no son uniformes sino que muestran amplia
variacion en funcién de la planta hospedadora. En general, las plantas mas sensibles
al déficit hidrico, como es el caso de los mutantes antisentido para NfAQPI de
tabaco (Porcel et al., 2005; Siefritz et al, 2002) presentaron una menor induccién
de estos dos genes, lo que parece indicar que, aunque estos dos genes formen
parte de los mecanismos a través de los cuales la simbiosis MA aumente la
tolerancia de la planta hospedadora frente al déficit hidrico, la contribucién de
ambos depende de las caracteristicas fisioldgicas de la planta hospedadora.

El conjunto de los resultados obtenidos en esta Memoria de Tesis Doctoral
indican que hay, por tanto, unas vias de investigacién futura mds prometedoras que
ofras. Asi, parece descartable el seguir profundizando en el posible papel de los
genes /eay p5cs. Esto, debe considerarse, no obstante, con cautela dado que no
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hemos analizado todos los genes /ea existentes sino sdlo algunos representantes
del grupo de las dehidrinas. Sin embargo, los indicios obtenidos en los resultados
de estos dos genes (/ea'y p5cs) si indican que valdria la pena profundizar en las
posibles implicaciones del ABA en la modulacidn por parte de la simbiosis MA de las
respuestas de la planta hospedadora frente al déficit hidrico. Igualmente, los
resultados obtenidos con los genes de aquaporinas estudiados sugieren que habria
que profundizar en su estudio para correlacionar la induccién o inhibicién de los
mismos con los niveles de conductividad hidrdulica radical y el estatus hidrico de la
planta, asi como ampliar el nimero de genes de aquaporina a estudiar. Otro campo
de investigacion interesante es el que implica a genes que codifican proteinas con
actividad antioxidante como la GR, que a nivel bioquimico ha mostrado una
induccién importante en plantas micorrizadas. Finalmente, los interesantes
resultados obtenidos con genes que codifican proteinas reguladoras y con actividad
chaperona como las 14-3-3 y las BiP, cuyo efecto puede ser ejercido sobre un
amplio nimero de proteinas efectoras finales, abre también interesantes
perspectivas a la hora de elucidar los mecanismos moleculares implicados en el
efecto protector de la simbiosis MA frente al déficit hidrico.
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1) La existencia de una actividad GR consistentemente mds elevada tanto en
raices como en nédulos de las plantas de soja micorrizadas habria contribuido a
disminuir el dafio oxidativo a biomoléculas observado en estas plantas y a proteger
a las mismas frente al fenémeno de senescencia nodular prematura inducida por
sequia.

2) La proteccién por parte de la simbiosis MA frente al dafo oxidativo a
biomoléculas y al fendmeno de senescencia nodular prematura inducida por sequia
en plantas de soja se produce también mediante mecanismos de evitacion primaria
del estrés que permiten una mejora del ajuste osmdtico y un mantenimiento del
potencia hidrico en las plantas MA en condiciones de sequia.

3) La induccién de genes /ea no parece ser un mecanismo por el que la simbiosis
MA proteja a las plantas frente a los efectos negativos del déficit hidrico.

4) La acumulacién de genes p5cs no parece ser un mecanismo por el que la
simbiosis MA proteja a las plantas frente a los efectos negativos del déficit
hidrico.

5) La disminucién de la expresién de un gen de aquaporina en tabaco no afecta al
establecimiento y desarrollo de la simbiosis MA pero disminuye la eficiencia
simbidtica de los hongos MA en condiciones de déficit hidrico.

6) Las plantas MA responden ante el déficit hidrico inhibiendo la expresién de los
dos genes PIPestudiados y anticipando su inhibicién en comparacién con las plantas
no micorrizadas, lo que debe ser considerado como una estrategia dirigida hacia la
conservacién de agua en la planta.

7) Los genes 14-3-3y BiP de Glomus intraradices parecen estar implicados en la
proteccién de las plantas frente al déficit hidrico por parte de la simbiosis MA,
indicando que otro de los mecanismos por los que los hongos MA incrementan la
tolerancia de la planta hospedadora frente a la sequia puede estar mediado por
proteinas reguladoras como las 14-3-3 y por proteinas con actividad chaperona
como las BiP, que necesitan unirse a proteinas efectoras para realizar su funcion,
aspectos que hasta ahora nunca habian sido considerados en este campo de la
simbiosis MA.
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