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Interés del trabajo y objetivos 

 3

 

 La sequía es un fenómeno hidrológico extremo que puede definirse como una 
disminución coy untural significativ a de los recursos hídricos durante un período 
suficientemente prolongado que afecta a un á rea extensa con consecuencias 
socioeconómicas adv ersas.  La sequía es un fenómeno " normal"  y  recurrente del 
clima,  que ocurre en todas las regiones climá ticas,  pero sus características v arían 
de unas regiones a otras.  E n cualquier caso,  no se trata ú nicamente de un fenómeno 
físico o un ev ento de la naturalez a,  sino que tiene efectos económicos y  
medioamb ientales importantes tanto en países en v ía de desarrollo como en países 
desarrollados,  que hacen patente la v ulnerab ilidad de las sociedades ante este 
fenómeno de la naturalez a.   
  E n la T ierra,  existen grandes z onas afectadas por la sequía,  siendo muy  
comú n en regiones á ridas y  semi-á ridas donde las lluv ias son escasas y  errá ticas,  
con tasas de ev apotranspiración que exceden a las precipitaciones.  A demá s el 
camb io climá tico glob al que está  afectando a nuestro planeta es el responsab le de 
que numerosas á reas terrestres esté n sometidas a periodos de sequía cada v ez  
má s frecuentes y  de may or duración,  efecto que es especialmente palpab le en las 
regiones de clima mediterrá neo.  E n la actualidad E spañ a se encuentra inmersa en 
una situación de sequía.  La ú ltima situación similar se prolongó entre los añ os 1 9 9 0  
y  1 9 9 5 ,  periodo en el que las lluv ias entre los meses de O ctub re y  M ay o fueron,  
excepto en 1 9 9 1 -9 2 ,  incluso superiores a las que se han registrado en el añ o 2 0 0 5 .  
Los meteorólogos consideran que la situación de sequía que afecta a E spañ a se 
suele « producir con una regularidad de diez  añ os»  y  que el fenómeno es aleatorio,  
aunque guarda relación con el fenómeno glob al de camb io climá tico.   

A  pesar de llev ar muchas dé cadas de inv estigación en agricultura,  la sequía 
continua siendo un reto para las ciencias agrarias.  La sequía afecta a muchos 
procesos nutricionales,  fisiológicos y  b ioquímicos en las plantas y  causa una 
reducción de las cosechas que oscila entre el 1 0  y  el 9 0 % ,  dependiendo de la 
sev eridad y  el estadío de la planta en el momento de sufrir sus efectos.  D esde el 
punto de v ista gené tico,  la resistencia a la sequía es un proceso complej o porque el 
funcionamiento de una especie v egetal o cultiv ar depende de la sev eridad,  la 
duración y  el estadío de desarrollo de la planta.  P ara complicar el tema,  la sequía 
interacciona frecuentemente con otros estreses ab ióticos y  b ióticos.   

D urante las ú ltimas tres dé cadas la inv estigación sob re la simb iosis 
micorrícico arb uscular ( M A )  y  sus repercusiones en agricultura ha incrementado 
notab lemente su interé s entre la comunidad científica,  tanto desde la perspectiv a 
de la nutrición de las plantas como de la tolerancia a sequía,  a las b aj as 
temperaturas,  el b iocontrol de patógenos de raíz  o a sus implicaciones en 
fitoremediación.  A demá s,  el grado de respuesta de las plantas a la simb iosis M A  es 
particularmente significativ o en regiones á ridas y  semi-á ridas donde la producción 
v egetal está  normalmente limitada por deficiencias nutricionales e hídricas.   
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D iv ersos estudios a niv el ecofisiológico sob re el papel de la simb iosis M A  
frente al dé ficit hídrico han demostrado que dicha simb iosis origina una alteración 
en las tasas de mov imiento de agua dentro,  hacia y  fuera de las plantas 
hospedadoras,  con los consiguientes efectos sob re la hidratación de los tej idos y  la 
fisiología de la planta.  E n los primeros trab aj os sob re este tema,  se concluía que la 
simb iosis M A  prob ab lemente afectab a las relaciones hídricas de las plantas de una 
forma indirecta,  a trav é s de una mej ora de la nutrición fosforada de las mismas.  
E sta idea de que los efectos de las M A  sob re las relaciones hídricas de las plantas 
eran de naturalez a meramente nutricional prev aleció durante v arios añ os.  S in 
emb argo,  otros estudios posteriores demostraron que las relaciones hídricas e 
intercamb io gaseoso de las plantas podía ser afectada por la simb iosis M A  de 
forma independiente de la nutrición fosforada,  y  esto supuso un paso decisiv o en 
los estudios de relaciones hídricas en la simb iosis M A .  A sí,  hoy  en día está  
totalmente aceptado que la simb iosis M A  modifica las relaciones hídricas de las 
plantas,  de una forma totalmente independiente del incremento en la captación de 
P .  Los estudios realiz ados a niv el ecofisiológico en las ú ltimas dé cadas han 
permitido sugerir posib les mecanismos a trav é s de los cuales la simb iosis 
micorrícica incrementa la tolerancia de las plantas frente a la limitación hídrica.  
N o ob stante,  estos mecanismos son muy  complej os y  las b ases moleculares de los 
mecanismos relacionados con la tolerancia a la sequía de las plantas hospedadoras 
no se conocen aú n.  Lo que si está  claro es que la simb iosis M A  afecta a la fisiología 
de la planta hospedadora como resultado de una interacción molecular entre amb os 
miemb ros de la simb iosis y  que se requiere un esfuerz o encaminado a orientar las 
inv estigaciones hacia la comprensión de la regulación molecular de dicha simb iosis.  
E s por ello que el ob j etiv o principal de la presente T esis D octoral es el ev aluar la 
posib le implicación de un determinado grupo de genes caracteriz ados por ser genes 
de respuesta al dé ficit hídrico,  en la may or tolerancia de las plantas micorriz adas 
frente a la sequía.  E l trab aj o se inicia con la determinación de los mecanismos 
fisiológicos y  b ioquímicos implicados en la protección de leguminosas frente a la 
sequía.   
Objetivos específicos: 

1 )  D eterminar las b ases de la protección de leguminosas frente al fenómeno 
de senescencia nodular prematura inducida por sequía.   

2 )  E v aluar la posib le participación de de un conj unto de genes,  conocidos por 
su respuesta al dé ficit hídrico,  en el aumento de la tolerancia de plantas 
micorriz adas frente al mismo.  E ste conj unto de genes incluy e:  

a)  G enes que codifican proteínas LE A  
b )  G enes que codifican P 5 C S  
c)  G enes que codifican A Q P  
d)  G en fú ngico que codifica una proteína 1 4 -3-3  
e)  G en fú ngico que codifica una proteína B iP  
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Figura 1. Esquema del ciclo hidrológico 
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Figura 2. Potencial hídrico en el sistema suelo-planta-atmósfera. El valor más negativo de Ψ se encuentra 
en la atmósfera. En la planta existe un gradiente, siendo el potencial más negativo en las hojas y menos 
negativo en las raíces, donde Ψ se aproxima al del suelo. (Tomado de Azcón-Bieto y Talón, 2002) 
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Fotografía 1. En esta imagen de satélite se puede ver la cuenca del Mediterráneo y cómo el color verde, 
muy abundante en el Norte de Europa (son las áreas con más vegetación), se vuelven poco a poco más 
marrones a medida que bajamos hacia el Sur y sobre todo en el Norte de África. Esto significa que la 
vegetación es más densa en las zonas más verdes y nos da una idea de cómo el agua está distribuida en el 
espacio. Índice de diferencia de vegetación normalizada (NDVI) G. Begni, MEDIAS-France 
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Fotografía 2. Vista aérea del desierto de Tabernas en Almería (izquierda). Imagen de un cultivo afectado 
por sequía (derecha) 
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Tabla 1. Principales dianas y posibles modelos de acción de la tolerancia al estrés en plantas. AP2, APETELA 2; 
AQP, aquaporina; AtMyb, factor de transcripción de mieloblastosis de Arabidopsis thaliana;  AtRR1, reguladores de 
la respuesta a dos componentes de Arabidopsis thaliana; CBF, factor de unión-C/DRE; CpMyb, factor de 
transcripción de mieloblastosis de C. plantagineum; DMSP, dimetilsulfoniopropionato; DREB, proteína de unión 
(DRE) responsable de la deshidratación; TF, factor de transcripción. (Cushman y Bohnert, 2000). 
 
 

La complejidad de la adaptación al estrés: principales dianas en la ingeniería de tolerancia al estrés

Clase de diana Ejemplos Posible modelo(s) de acción

Osmoprotectores Aminoácidos (prolina, ectoína)
Compuestos dimetil-sulfonio (glicina-betaína, DMSP)
Polioles (manitol, D-ononitol, sorbitol)
Azúcares (sacarosa, trealosa, fructano)

Ajuste osmótico; protección
proteína/membrana; secuestro
reactivos (OH-)

Secuestradores
oxígeno reactivo

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

Detoxificación de especies reactivas
del oxígeno

Proteínas del estrés Proteínas LEA Desconocido, estabilización proteinas,
chaperonas, secuestro de iones,
estabilización de proteína/membrana

Proteínas choque térmico Varias proteínas de choque de frío, calor, salino en 
muchos compartimentos celulares

Modulación translacional

Transportadores ion/protón Transportadores de alta afinidad por K+; canales de baja
afinidad por K+; ATPasas de membrana plasmática, vacuolar
pre-vacuolar y organular, y transportadores de iones (H+-ATPasa,
antiporter Na+/K+

Captación y transporte de K+/Na+; 
establecimiento de gradiente de protones;
eliminación y secuestro de iones (tóxicos) del
citoplasma y orgánulos

Fluidez de membrana Acidos grasos desaturados Cantidades de dienoico y fluidez incrementada;
tolerancia al frío

Estatus hídrico Aquaporinas o canales de agua (facilitadores de solutos: urea,
glicerol, CO2, y otros incluyendo iones); concentración CO2

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

Componentes señalización Homólogos de histidin-kinasas (AtRR1/2), MAP kinasas (HOG); 
Protein-kinasas dep de Ca2+, inositol kinasas...

Señales de transducción mediadas por sensores
Ca2+/fosforilación

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

Inducción/activación de la transcripción

Reguladores del crecimiento Rutas biosintéticas alteradas o niveles conjugados de ácido 
abscísico, citokininas y/o brasinosteroides
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Figura 3. Metabolismo de la prolina a partir de  glutamato. GSA: glutamil-γ-semialdehído; P5C: ∆1-
pirrolina-5-carboxilato; P5CS: ∆1-pirrolina-5-carboxilato sintetasa; P5CR: P5C reductasa; γGK: γ-
glutamil kinasa; GSADH: glutamil-γ-semialdehído deshidrogenasa; P5CDH: P5C deshidrogenasa; 
ProDH: prolina deshidrogenasa. 
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Figura 4. Principales vías de síntesis de la glicina betaína. CMO: colina monooxigenasa; BADH: betaína 
aldehído deshidrogenasa; Fd (red) y Fd (ox), ferredoxina en forma reducida y oxidada respectivamente; 
GSMT: glicin-sarcosina metiltransferasa; SDMT: sarcosin dimetiltransferasa. 
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Figura 5. Metabolismo del manitol en plantas. mtlD: gen que codifica la enzima manitol-1-fosfato 
deshidrogenasa 
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Figura 6. Metabolismo del pinitol en Mesembryanthemum crystallinum; IMT1: enzima mio-inositol O-
metil transferasa; OEP1: enzima ononitol epimerasa 
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Figura 7. Imagen tridimensional de una aquaporina (izquierda). Esquema de la localización, estructura y 
función de las aquaporinas (derecha).   
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Figura 8. Representación esquemática de la estructura de un monómero de aquaporina, con sus seis 
dominios transmembrana (1-6) y cinco bucles que los conectan (A-E). Se muestran los motivos NPA 
altamente conservados���
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Figura 9. Control de la transcripción y abundancia de proteínas. Se sabe que la sequía y salinidad, como 
otros estímulos ambientales, actúan sobre la transcripción de genes de  aquaporinas y posiblemente 
interfieran con la translación y degradación de éstas, determinando así la abundancia de proteínas. La 
formación de PIP-heterotetrámeros se demostró en oocitos de Xenopus leavis (Fetter et al., 2004) pero 
todavía es una hipótesis en células vegetales. Este mecanismo puede favorecer la transferencia de 
homólogos PIP1 a la membrana plasmática (PM) (Adaptado de Luu y Maurel, 2005)  
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Figura 10. Clasificación de los sistemas protectores y reparadores en plantas frente al daño oxidativo 
según Smirnoff (1993) 
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�
Figura 11. Ciclo del ascorbato-glutation (SOD, superóxido dismutasa; CAT, catalasa; APX, ascorbato 
peroxidasa; MDHAR, monodehidroascorbato reductasa; DHAR, dehidroascorbato reductasa; GR, 
glutation reductasa; MDHA, monodehidroascorbato; GSSG, glutation oxidado; GSH, glutation reducido) 
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  Figura 12. Filogenia y nomenclatura de las proteínas 14-3-3. 
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�

Figura 13. Estructura fundamental de las 14-3-3 que muestra las distintas regiones de la proteína. Los 
porcentajes indican el grado de conservación de la secuencia de aminoácidos entre todas las isoformas 
(Adaptado de Chung et al., 1999). 
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Figura 14. Estructura cristalina de un dímero de 14-3-3. La estructura central del dímero está compuesta  
por hélices antiparalelas. Cada monómero del dímero crea un surco que forma la interfase donde se une a 
la diana. (Adaptado de Ferl, 2004). 
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Figura 15.  Regulación metabólica de la NR (nitrato reductasa) y SFS (sacarosa fosfato sintasa). Ambas 
están reguladas en dos pasos que implican la fosforilación del enzima diana seguido de la unión de la 14-
3-3. El primer paso es la fosforilación 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 
unión de Mg++ a la 14-3-3 origina un cambio estructural que permite la unión a la proteína fosforilada y la 
inactivación del proceso. (Adaptado de Chung et al., 1999) 
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Figura 16. Regulación de la H+-ATPasa de membrana plasmática por las proteínas 14-3-3 y la fusicocina 
(FC). La unión de la proteína 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 unión a la FC y por tanto la unión de ésta 
estabiliza el complejo, desplazando el dominio C-terminal y activando completamente a la H+-ATPasa. 
(Adaptado de Chung et al., 1999). 
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Fotografía 3. Niveles altos de BiP confieren tolerancia al estrés hídrico en plantas transgénicas 35S-
BiPS7 de tabaco (generación T1 resistente a la kanamicina) que fueron sometidas al mismo estrés que las 
plantas control mostradas en la parte inferior. (Alvim et al., 2001). 
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Fotografía 4. Imagen que muestra el fósil Rhynie, de 370 millones de años (izquierda) e imagen 
mostrando las micorrizas arbusculares en la actualidad (derecha). 
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Figura 17. (A) Filogenia propuesta para los hongos MA basada en las secuencias de la subunidad 
pequeña (SSU) del ARNr. Tomado de Schüβler et al. (2001a). (B) Estructura taxonómica propuesta del 
phylum Glomeromycota en base a las secuencias de la SSU del ARNr. 
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Fotografía 5. (A) Espora de Glomus mosseae. Cortesía de Bundrett (B) Esporas de Glomus intraradices. 
Cortesía de P. Tiwari y A. Adholeya��
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Fotografía 6. (A) Imagen de la estructura de un arbúsculo de Glomus mosseae en Allium porrum. (B) 
Imagen de un arbúsculo –A- de Glomus spp en Asarum canadense.  
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Fotografía 7. Vesículas de Glomus intraradices a lo largo de la raíz colonizada teñida con tripan blue. 
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Figura 18. Ciclo de vida de Glomus intraradices. 
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Fotografía 8. BAS dispuestos a lo largo de las hifas del micelio del hongo MA. 
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Figura 19. Transporte del P en plantas micorrizadas. (a) La raíz de la planta crea una zona de 
agotamiento de P causada por la captación de P y la baja tasa de difusión 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 captación 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 translocación transmembrana 
del P está mediada por transportadores de P que residen el la membrana de las células de la 
correspondiente interfase. (Adaptado de Karandashov y Bucher, 2005). 
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Ca(NO3)2 · 4H2O 9 x 103 101,54 20
NaH2PO4 · 2H2O 300 18,4 2,5
MgSO4 · 7H2O 150 18,4 20
EDTA-Fe 67 2,45 10
MnSO4 · 7H2O 13 1,35 1
CuSO4 · 5H2O 1 2,4 0,1
ZnSO4 · 2H2O 1 4,22 0,1
H3BO3 30 18,6 0,1
Na2MoO4 · 2H2O 0,15 0,35 0,1
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Figura 1. Método de Trouvelot 
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Componentes Gel concentrador Gel separador

Tampón concentrador 1.3 ml ---------
Tampón separador -------- 2.5 ml
Acrilamida 40% 0.5 ml 3.6 ml
Bis-acrilamida 2% 0.3 ml 2 ml
H2O-destilada 2.9 ml 1.9 ml
APS 10% 60 µµµµl 160 µµµµl 
TEMED 20 µµµµl 15 µµµµl
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Medio extracción para SOD y CAT

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

Medio extracción para APX

Tampón PK 50 mM pH 7.8
EDTA 0.1 mM
PVPP 1% (p/v)
Ácido ascórbico 4 mM

Medio extracción para GR

Tampón PK 50 mM pH 7.8
EDTA 0.1 mM
PVPP 1% (p/v)
ββββ-mercaptoetanol 10 mM
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PVPP 1% (p/v)
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Figura 2. Esquema representativo de la disposición de elementos durante la transferencia del ARN a membrana. 
Sobre una torre de papel absorbente se colocan 2 trozos del mismo tamaño del gel de papel Whatman, 
preferiblemente del nº 3. Sobre estos, se dispone la membrana previamente cortada al tamaño del gel, a 
continuación el gel con los pocillos hacia arriba y encima de todo film transparente que cubra todo el dispositivo 
perfectamente para evitar pérdidas. Por último se coloca un peso para asegurar la transferencia. 
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Table 1. Shoot dry weight (mg plant-1), nodule fresh weight (g plant-1) 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).  
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Mycorrhizal infection

F M aTreatment Shoot d. wt Nodule f. wt

Br WW 2.40b                   0.35c               0b         0b                 0b
Br DS                     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 

Mycorrhizal infection

F M aTreatment Shoot d. wt Nodule f. wt

Br WW 2.40b                   0.35c               0b         0b                 0b
Br DS                     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 
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Figure 1. Acetylene reductase activity (ARA) (µmol ethylene h-1 g-1 f. wt nodule) and protein content 
(mg g f. wt-1 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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Figure 2. Hydrogen peroxide concentration (nmol H2O2 g

-1 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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Figure 3. Oxidative damage to lipids (nmol MDA g-1 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.�
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Figura 4. A. Superoxide dismutase (SOD) activity (units min-1 mg-1 protein); B. Catalase (CAT) activity 
(µmol min-1 mg-1 protein); C. Ascorbate peroxidase (APX) activity (nmol min-1 mg-1 protein);D. 
Gluthation reductase (GR) activity (nmol min-1 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. 
japonicum. 
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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.  
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Table 1. Shoot and root dry weight (g-1 plant) and mid-day leaf water potential (Ψ, MPa) in AM or non-
AM soybean plants grown under well-watered or drought-stressed conditions.  

 
a 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.�

AM plants
Well-watered 1.20a 0.95a -1.5c
Drought -stressed 0.70b 0.57b -1.9b

Non-AM plants
Well-watered 1.27a 1.11a -1.6c
Drought -stressed 0.55c 0.50b -2.5a

Significance of sources of variation
Mycorrhizae (M) ** ns *
Water regime (W) *** ** ***
M x W * ns *

Treatment Shoot DWa

(g plant-1)
Root DWa

(g plant-1)
Leaf ΨΨΨΨ a

(MPa)

AM plants
Well-watered 1.20a 0.95a -1.5c
Drought -stressed 0.70b 0.57b -1.9b

Non-AM plants
Well-watered 1.27a 1.11a -1.6c
Drought -stressed 0.55c 0.50b -2.5a

Significance of sources of variation
Mycorrhizae (M) ** ns *
Water regime (W) *** ** ***
M x W * ns *

Treatment Shoot DWa

(g plant-1)
Root DWa

(g plant-1)
Leaf ΨΨΨΨ a

(MPa)

AM plants
Well-watered 1.20a 0.95a -1.5c
Drought -stressed 0.70b 0.57b -1.9b

Non-AM plants
Well-watered 1.27a 1.11a -1.6c
Drought -stressed 0.55c 0.50b -2.5a

Significance of sources of variation
Mycorrhizae (M) ** ns *
Water regime (W) *** ** ***
M x W * ns *

Treatment Shoot DWa

(g plant-1)
Root DWa

(g plant-1)
Leaf ΨΨΨΨ a

(MPa)
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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. 
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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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Proline content (µmol g-1 FW) in shoots and roots of AM or non-AM soybean plants cultivated 
under well-watered or under drought stress conditions 
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Figure 3. Soluble sugars content (mg g-1 FW) in shoots and roots of AM or non-AM soybean plants 
cultivated under well-watered or under drought stress conditions.  
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Figure 4. Oxidative damage to lipids (nmol MDA g-1 FW) in shoots and roots of AM or non-AM soybean 
plants cultivated under well-watered or under drought-stressed conditions.  
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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.  
 
aMeans 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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AM plants
Well-watered 10.2a 1.6c 3.3bx 2.4ax 0.5c 06.9c 1.6bx 0.2c
Drought-stressed 07.0b 2.4b 5.3ax 1.2cx 0.6c 18.1b 0.6cx 0.9b

Non AM plants
Well-watered 08.7a 2.9a 4.7ab 1.8bx 1.6a 13.5b 1.5bc 4.0a
Drought-stressed 09.0a 1.5c 6.0ax 1.4bc 1.2b 24.7a 3.3ax 1.4b

Significance of sources of variation
Mycorrhizae (M) * ** ns * ** ** * *
Water regime (W) * *** * * * ** * *
M x W ns * ns ns ns * ns ns

Treatments
SODa CATa APXa GRa

Root   Shoot Root    Shoot Root     Shoot Root     Shoot
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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. 
japonicum; Gi+Br, G. intraradices plus B. japonicum. Plants were either well-watered or drought 
stressed for 10 days.  
	

aWithin 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). 
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Treatment RWCa AM (%)a Nodule numbera

Well-watered
NI 84 a 0 b 0 c
Br 83 a 0 b 52 a
Gm 82 ab 92 a 0 c
Gm+Br 83 a 96 a 43 ab
Gi 85 a 88 a 0 c
Gi+Br 84 a 96 a 30 b

Droughted
NI 71 e 0 b 0 c
Br 74 de 0 b 37 b
Gm 77 cd 89 a 0 c
Gm+Br 78 bc 95 a 35 b
Gi 79 bc 87 a 0 c
Gi+Br 78 bc 86 a 29 b

Treatment RWCa AM (%)a Nodule numbera

Well-watered
NI 84 a 0 b 0 c
Br 83 a 0 b 52 a
Gm 82 ab 92 a 0 c
Gm+Br 83 a 96 a 43 ab
Gi 85 a 88 a 0 c
Gi+Br 84 a 96 a 30 b

Droughted
NI 71 e 0 b 0 c
Br 74 de 0 b 37 b
Gm 77 cd 89 a 0 c
Gm+Br 78 bc 95 a 35 b
Gi 79 bc 87 a 0 c
Gi+Br 78 bc 86 a 29 b
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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.  
�

aWithin 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). 
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5 dai
   NI 85 ax 79 cx x0 d x0 d x0 e x0 e
   Br 84 ax 80 bc x0 d x0 d x0 e x0 e
   Gm+Br 83 ab 79 cx x0 d x0 d x0 e x0 e

12 dai
   NI 84 a 77 cd x0 d x0 d x0 e x0 e
   Br 84 a 78 cx x0 d x0 d 10 d x7 d
   Gm+Br 85 a 77 cd 17 c 15 c 10 d x8 d

20 dai
   NI 84 a 72 ef x0 d x0 d x0 e x0 e
   Br 86 a 73 ef x0 d x0 d 14 c 14 c
   Gm+Br 83 a 73 ef 30 b 25 b 15 c 14 c

35 dai
   NI 83 a 71 fx x0 d x0 d x0 e x0 e
   Br 85 a 72 ef x0 d x0 d 23 b 20 b
   Gm+Br 83 a 75 de 55 a 47 a 30 a 21 b

Treatment RWCa AM (%)a Nodule numbera

ww         ds ww         ds ww         ds

5 dai
   NI 85 ax 79 cx x0 d x0 d x0 e x0 e
   Br 84 ax 80 bc x0 d x0 d x0 e x0 e
   Gm+Br 83 ab 79 cx x0 d x0 d x0 e x0 e

12 dai
   NI 84 a 77 cd x0 d x0 d x0 e x0 e
   Br 84 a 78 cx x0 d x0 d 10 d x7 d
   Gm+Br 85 a 77 cd 17 c 15 c 10 d x8 d

20 dai
   NI 84 a 72 ef x0 d x0 d x0 e x0 e
   Br 86 a 73 ef x0 d x0 d 14 c 14 c
   Gm+Br 83 a 73 ef 30 b 25 b 15 c 14 c

35 dai
   NI 83 a 71 fx x0 d x0 d x0 e x0 e
   Br 85 a 72 ef x0 d x0 d 23 b 20 b
   Gm+Br 83 a 75 de 55 a 47 a 30 a 21 b

Treatment RWCa AM (%)a Nodule numbera

ww         ds ww         ds ww         ds
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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.  
	

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


8
898	�,���*1,	5 ��,3	)�+�,+�	

 G 
��	��	!	������	!!�
������	������36 7�
!��
#������������������������1�
��
!
����1��������	,���������
�1����1���
����
��	�	
����
���
������
!������	�

�	���
�
�������� �2 ������ ��� @�� A�&� .#� �
��
����� 1���� ������� 1�
�� ����	,����� ����
�
�

����� ��
���� �
��	�	
���� �#�


�	���� ������� ��	���	���� �	���
� 36 7� ,������ ���
�
���
��� �
� �
���#�


�	���� 
���� �2 ������ ���A�&� 2 ���
��#��)����	
�� �
� ��	��1���
!
���� 	�� ���� �	����
�
��� �)��
	����� �2 �����@��� �	���� � � � ������� ��
1��� �	�	��
�
,������ 
!� 36 7� ����� �
��� � � ������� �?�� �@� ���� @+� ��	�&� 4��#� ��� A?� ��	�� �������
�
�
�	���� �#� ( &� �
������ ���� �� �	��	!	�����#� �	���
� 36 7� ����� �
��	�
��������
������&��


8
8
8	���+*+;	;- �,�	�+6	�0�,�	;,+,0	

2 �������
!�����������
�����
	��
�����	�����
������U �����<����������
!�
���#�
	������
1����
�
���	����,�
�����
�����
���	�	���	���
���
!������)��������	���
��	����� G � �!

���
#���������!

����������


��&�2 �����%����	���
!�!	,��
!�����
��
����
���	����!

���
#������� G � ���
1���������1
�
!�������
���	�������� G � �
	���
�������	,��#����
�	���!

���� ��

��	��&�2 �������
����1�
��������������*�����
������ �+ &� 2 ��� !	
��� ��
��� ������� *�� �
���	���� �� �� G � � !
������� 
!� ?9�� ���
���
�	��� !

� �� �����	,�� �

��	�� 
!� ::O � 	����	�#� 1	��� �� ���#�
	�� �

��	�� !

��
( �#�	�����)��������	
��T A9*+?����W����*?�&�2 ������
�����
�����������+���
���	����
���� G � �!
�������
!�BC��������
�	���!

��������	,���

��	��
!�B?O �	����	�#�1	���
��
���
����#�
	���

��	��!

��( �#�	�����)��������	
��7� �C:::�����W�@��:A�&�2 ���
�
�
�
�#����1����������*������������+������
�	�����%�������1���*AO &��

0�� ���� ����� 
!� ��������� ��
��� ��
���� 1�
�� ��%�������� 
!� 1�	��� 
��#� 
���
�
���	���� �� �� G � � 	���
�� �����	,��#����
�	��� !

� �� ��� � �

��	�&� ' ������
���1���
�������������&�0���
���	�������� G � �!
�������
!�AA*�����������
1���9@O �	����	�#�

Treatment RWCa AM (%)a
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Figure 1. Northern blot of total RNA (15 µg) from soybean roots. Treatments are designed as NI, non-
inoculated controls; Br, Bradyrhizobium japonicum; Gm, Glomus moosseae; 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. 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 
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Figure 2. Northern blot of total RNA (15 µg) 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 
japonicum; 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. 
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Figure 3. Northern blot of total RNA (10 µg) 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 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. 
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Figure 4. Northern blot of total RNA (15 µg) 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. 
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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. 
 

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.  
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Figure 3. Northern blot of total RNA (15 µg) from soybean roots. 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. 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. 
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Figure 4. Northern blot of total RNA (10 µg) 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. 
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Figure 5. Northern blot of total RNA (15 µg) from soybean roots with gmp5cs. Plants were harvested 5, 
12, 20 or 35 days after inoculation (dai). Treatments are designed as NI, non-inoculated controls; Br, 
Bradyrhizobium japonicum; 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 panel under each northern shows the amount of 
26S rRNA loaded for each treatment (methylene blue staining).  
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Figure 6. Northern blot of total RNA (15 µg) 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. 
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Figure 7. Northern blot of total RNA (15 µg) 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. 
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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). 
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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). 
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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). 
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Table 1. CO2-exchange rate (CER, µmol CO2 m-2 s-1), transpiration (mmol H2O m-2 s-1), water use 
efficiency (WUE, mmol CO2/ mol H2O) and stomatal conductance (mmol H2O m-2 s-1) 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.  


,6,	
 .$)�$$.�&	

� &�� � % � �)����� 
�� ��� ���������� �������� "��� �&�� ������
�������&����
����
�������
�����&����������������������������
������������������������&������������"�
�)�	
����'� ;)���3������� ��������� ���� ������������ �&���������� 
��������� 
�� �
$���

Well-watered
WT 08.3 d 01.6 cx 5.3 axx 082 d
AS 07.2 d 01.9 cx 3.9 bcx 095 d
WTM 61.0 a 14.1 ax 4.4 abc 580 b
ASM 48.6 b 10.7 bx 4.6 abx 446 c
WTI 38.6 c 14.4 ax 2.7 dxx 540 b
ASI 48.1 b 13.7 ab 3.5 cdx 690 a

Significance of sources of variation

Plant line (P) *** * * ***
Mycorrhizal fungus (F) ** * ** **
P x F *** ** * **

Droughted
WT 02.0 d 1.0 d 2.0 cx 040 d
AS 01.5 d 0.9 d 1.8 cd 030 d
WTM 09.3 b 3.9 a 2.4 bx 180 a
ASM 03.2 c 2.0 c 1.6 dx 085 c
WTI 11.2 a 3.9 a 2.9 ax 150 b
ASI 08.7 b 2.8 b 3.1 ax 140 b

Significance of sources of variation

Plant line (P) *** *** * *
Mycorrhizal fungus (F) ** * ** **
P x F *** ** * **

Treatment CER       Transpiration      WUE Conductance
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WTI 38.6 c 14.4 ax 2.7 dxx 540 b
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P x F *** ** * **
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Table 1. Primers used in this study. 
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Primer

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 ºC and 56 ºC 
for primers used with lettuce.

5’ 3’Primer

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 ºC and 56 ºC 
for primers used with lettuce.

5’ 3’Primer

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 ºC and 56 ºC 
for primers used with lettuce.

5’ 3’
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Tabla 2. Leaf water potential (Ψ, 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). 
 

ΨΨΨΨ
Treatment Well-watered                   Droughted

Soybean
NI -1.4c -2.4a
Br -1.6c                      -2.3a
Gm+Br -1.5c                      -1.9b

Lettuce
NI -1.1c -2.0a
Gm -1.1c                      -1.6b
Gi -1.3c                      -1.7b

ΨΨΨΨ
Treatment Well-watered                   Droughted

Soybean
NI -1.4c -2.4a
Br -1.6c                      -2.3a
Gm+Br -1.5c                      -1.9b

Lettuce
NI -1.1c -2.0a
Gm -1.1c                      -1.6b
Gi -1.3c                      -1.7b
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Figure 1. A.�Northern blot of total RNA (15 µg) from soybean roots using GmPIP1 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).  
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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 2-��Ct 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.  
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Figure 2. A. Northern blot of total RNA (15 µg) 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). 
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Figure 3. A. Northern blot of total RNA (15 µg) from lettuce roots, using LsPIP1 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). 
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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. 
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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. 
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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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Figure 2. Analysis of Gi14-3-3 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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Figure 3. Analysis of Gi14-3-3 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 µg). The lower panels show the amount of 26S rRNA loaded for each treatment (methylene 
blue staining). (B) real-time quantitative RT-PCR analysis of Gi14-3-3 gene expression.�
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Figure 4. Analysis of Gi14-3-3 gene expression in lettuce plants colonized by the AM fungus G. 
intraradices. See legend for Figure 3. 
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�

Figure 5. Analysis of Gi14-3-3 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. 
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Figure 6. Analysis of Gi14-3-3 gene expression in soybean plants colonized by the AM fungus G. 
intraradices. See legend for Figure 3. 
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Figure 7. Phylogenetic tree constructed after alignment of Gi14-3-3 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 
fumigatus 2 XM744371; 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 Z99292.1; 
Yarrowia lipolytica XM501483. 
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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). 
	

Treatment Maize Soybean Lettuce Tobacco

wildtype    antisense

Well-watered 89a               45a                81a             95a 94a
Droughted 92a               41a                78a            96a           91a

Treatment Maize Soybean Lettuce Tobacco

wildtype    antisense

Well-watered 89a               45a                81a             95a 94a
Droughted 92a               41a                78a            96a           91a
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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.  
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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 µg). Blots were hybridized with GiBiP probe and with the G. intraradices β-tubulin probe 
(Accession BE603903) for calibration of GiBiP gene expression. (B) real time quantitative RT-PCR 
analysis of GiBiP gene expression. 
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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. 
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Figure 5. Analysis of GiBiP gene expression in lettuce plants colonized by the AM fungus G. 
intraradices. See legend for Figure 2. 
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